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ABSTRACT
We present X-ray point-source catalogues for a deep ≈400-ks Chandra ACIS-I (Advanced
CCD Imaging Spectrometer) exposure of the SSA22 field. The observations are centred on
a z = 3.09 protocluster, which is populated by Lyman break galaxies (LBGs), Lyα emitters
(LAEs) and extended Lyα-emitting blobs (LABs). The survey reaches ultimate (3 count)
sensitivity limits of ≈5.7 × 10−17 and ≈3.0 × 10−16 erg cm−2 s−1 for the 0.5–2 and 2–8 keV
bands, respectively (corresponding to L2−10 keV ≈5.7 × 1042 erg s−1 and L10−30 keV ≈2.0 ×
1043 erg s−1 at z = 3.09, respectively, for an assumed photon index of � = 1.4). These limits
make SSA22 the fourth deepest extragalactic Chandra survey yet conducted, and the only one
focused on a known high-redshift structure. In total, we detect 297 X-ray point sources and
identify one obvious bright extended X-ray source over a ≈330 arcmin2 region. In addition
to our X-ray catalogues, we provide all available optical spectroscopic redshifts and near-
infrared and mid-infrared photometry available for our sources. The basic X-ray and infrared
properties of our Chandra sources indicate a variety of source types, although absorbed active
galactic nuclei (AGN) appear to dominate. In total, we have identified 12 X-ray sources (either
via optical spectroscopic redshifts or LAE selection) at z = 3.06 – 3.12 that are likely to
be associated with the SSA22 protocluster. These sources have X-ray and multiwavelength
properties that suggest they are powered by AGN with 0.5–8 keV luminosities in the range of
≈1043–1045 erg s−1. We have analysed the AGN fraction of sources in the protocluster as a
function of local LAE source density and find suggestive evidence for a correlation between
AGN fraction and local LAE source density (at the ≈96 per cent confidence level), implying
that supermassive black hole growth at z ≈ 3 is strongest in the highest density regions.

Key words: surveys – galaxies: active – galaxies: clusters: general – cosmology: observa-
tions – early Universe – X-rays: general.

1 IN T RO D U C T I O N

Deep X-ray surveys with Chandra and XMM–Newton have pro-
vided a unique perspective on the cosmic evolution of accreting
supermassive black holes (SMBHs) and high-energy activity from
normal galaxies (e.g. star formation processes, evolving stellar bi-
naries and hot gas cooling) over significant fractions of cosmic
history (see Fig. 1 and Brandt & Hasinger 2005 for a review).
Because of limitations originating from point-source confusion for

�E-mail: b.d.lehmer@dur.ac.uk

XMM–Newton at 0.5–2 keV flux levels below ≈ 10−16 erg cm−2 s−1,
the deepest views of the extragalactic X-ray Universe have come
exclusively from deep Chandra surveys with exposures �200 ks.

The deepest Chandra surveys to date are the ≈2-Ms Chandra
Deep Field-North (CDF-N; Alexander et al. 2003) and ≈2-Ms
Chandra Deep Field-South (CDF-S; Luo et al. 2008) surveys (here-
after the Chandra Deep Fields; CDFs). These have been supple-
mented by additional deep Chandra surveys [e.g. the ≈250-ks Ex-
tended CDF-S (E-CDF-S; Lehmer et al. 2005) and the 0.2–0.8 Ms
Extended Growth Strip (AEGIS-X; Laird et al. 2009)], which cover
larger solid angles than the CDFs and provide important X-ray in-
formation on rarer source populations. These deep Chandra surveys
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Figure 1. Locations of some well-known extragalactic X-ray surveys con-
ducted with Chandra (circles), XMM–Newton (squares) and ROSAT (trian-
gles) in the 0.5–2 keV flux limit versus solid angle � plane. Each survey has
a range of flux limits across its solid angle; we have generally shown the
most sensitive flux limit. This plot has been adapted from fig. 1 of Brandt
& Hasinger (2005) to show the part of parameter space most relevant for
SSA22; see table 1 of Brandt & Hasinger (2005) for references and descrip-
tions of many of the surveys plotted here. The grey curves show contours
regions of the flux limit versus solid angle plane where ≈100, 1000 and
10 000 sources are expected to be detected (based on the Bauer et al. 2004
number counts relation).

have been chosen to lie at high Galactic latitudes in regions of the
sky that have relatively low Galactic columns (�1020 cm−2) and
few local sources in the field, as to gain a relatively unobscured
and unbiased perspective of the distant (z � 0.1) Universe. Despite
these growing resources, there has not yet been an equivalent survey
targeting very high density regions of the z � 2 Universe where the
most massive SMBHs and galaxies are thought to be undergoing
very rapid growth (e.g. Kauffmann 1996; De Lucia et al. 2006).
In order to address this limitation and study the growth of SMBHs
and galaxies as a function of environment, we have carried out a
deep ≈400-ks Chandra survey (PI: D. M. Alexander) of the highest
density region in the z = 3.09 SSA22 protocluster.

The z = 3.09 SSA22 protocluster was originally identified by
Steidel et al. (1998), who found a significant overdensity (≈four–
six times higher surface density than the field) within an ≈8 ×
8 arcmin2 region (≈15 × 15 comoving Mpc2 at z = 3.09) through
spectroscopic follow-up observations of z ∼ 3 candidate Lyman
break galaxies (LBGs). Theoretical modelling indicates that the pro-
tocluster will evolve into a rich cluster with a total mass �1015 M�
at the present day (e.g. Coma; see Steidel et al. 1998 for details).
Since its discovery, the protocluster has also been found to contain
a factor of ≈6 overdensity of Lyα emitters (LAEs; Steidel et al.
2000; Hayashino et al. 2004; Matsuda et al. 2005) and many re-
markable bright extended Lyα-emitting blobs (LABs; Steidel et al.
2000; Matsuda et al. 2004), which are believed to be sites of mas-
sive galaxy formation powered by starburst/active galactic nuclei
(AGN) outflows (e.g. Bower et al. 2004; Geach et al. 2005, 2009;
Wilman et al. 2005). Therefore, SSA22 is an ideal field for studying
how SMBH growth depends on environment in the z � 1 Universe.

In addition to the LBG and LAE surveys, SSA22 has become
a premier multiwavelength survey field. The region has been im-
aged from space by Hubble Space Telescope (HST) in a sparse
mosaic of 12 Advanced Camera for Surveys (ACS) pointings us-
ing the F814W filter and by Spitzer over the entire field in four
Infrared Array Camera (IRAC) bands (3.6, 4.5, 5.8 and 8.0 μm)
and at 24 μm by MIPS (see Fig. 2). Additionally, the ground-

Figure 2. Coverage map of SSA22 showing Chandra (dotted blue polygon),
HST (green solid squares), Spitzer IRAC (orange short-dashed polygon)
and MIPS (red dot–dashed polygon) observational regions. Additionally,
we have highlighted the Steidel et al. (2003) LBG survey regions SSA22a
and SSA22b (solid black rectangles) and LAE source-density contours are
shown in grey (computed using LAEs from Hayashino et al. 2004 and a
spatially varying density extraction circle with radius of 3.0 arcmin) and
have levels of 0.8, 1.1, 1.4, 1.7 and 2.0 LAEs arcmin−2.

based observations are extensive and include imaging at radio
[1.4 GHz from the Very Large Array (VLA); Chapman et al. 2004],
submm (SCUBA 850 μm, AzTEC 1.1 mm and LABOCA 870 μm;
Chapman et al. 2001; Geach et al. 2005; Tamura et al. 2009), near-
infrared [IR; J, H and K bands from United Kingdom Infrared
Telescope (UKIRT) and Subaru; Lawrence et al. 2007; Uchimoto
et al. 2008] and optical wavelengths (e.g. Subaru B, V , R, i ′, z′ and
NB 497 bands; Hayashino et al. 2004). A variety of spectroscopic
campaigns have been conducted [e.g. at Kitt Peak, Subaru, Keck
and the Very Large Telescope (VLT); Steidel et al. 2003; Matsuda
et al. 2005; Garilli et al. 2008; Chapman et al., in preparation] and
others are currently underway.

Thus far, we have utilized the Chandra and multiwavelength data
presented here to conduct two scientific investigations including (1)
Lehmer et al. (2009), which finds that the growth of galaxies and
SMBHs in the z = 3.09 protocluster environment is enhanced by
a factor of ≈2–16 over that found in z ≈ 3 field galaxies (i.e. in
the CDFs), and (2) Geach et al. (2009), which uses the Chandra
data to study the host galaxies of LABs and concludes that AGN
and star formation activity provide more than enough ultraviolet
(UV) emission to power the extended Lyα emission. Additional
follow-up investigations and scientific studies are planned and will
be presented in subsequent papers.

In this paper, we present Chandra point-source catalogues and
data products derived from the ≈400-ks SSA22 data set. The pa-
per is organized as follows: In Section 2, we provide details of the
observations and data reduction. In Section 3, we present Chan-
dra point-source catalogues and details of our technical analyses.
In Section 4, we present basic multiwavelength properties of the
X-ray sources and conduct scientific analyses of sources within
the SSA22 protocluster. Finally, in Section 5, we analyse the X-
ray properties of the only obvious extended X-ray source in the
field J221744.6+001738. The observational procedures and data
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Table 1. Journal of SSA22 Chandra observations.

Obs. Obs. Exposure Aim point Roll
id start (UT) time (ks)a αJ2000 δJ2000 angle (◦)b

9717 2007 October 1, 06:48 116.0 22 17 36.80 +00 15 33.09 280.2
8035 2007 October 4, 04:28 96.0 22 17 36.80 +00 15 33.10 280.2
8034 2007 October 8, 17:36 108.9 22 17 36.80 +00 15 33.10 280.2
8036 2007 December 30, 01:21 71.1 22 17 37.27 +00 15 38.37 297.9

aAll observations were continuous. The short time intervals with bad satellite aspect are negligible
and have not been removed.
bRoll angle describes the orientation of the Chandra instruments on the sky. The angle is between
0◦ and 360◦, and it increases to the west of north (opposite to the sense of traditional position
angle). The total exposure time for the SSA22 observations is 392 ks and the exposure-weighted
average aim point is αJ2000 = 22 17 36.8 and δJ2000 = +00 15 33.1.

processing were similar in spirit to those presented in Lehmer et al.
(2005) and Luo et al. (2008); however, we have made wider use
of the Chandra data analysis software package ACIS EXTRACT ver-
sion 3.131 (Broos et al. 2002) while producing our point-source
catalogues (see Section 3 for further details).

Throughout this paper, we assume the Galactic column density
along the line of sight to SSA22 to be NH = 4.6 × 1020 cm−2

(e.g. Stark et al. 1992). The coordinates throughout this paper are
J2000. H 0 = 70 km s −1 Mpc−1, �M = 0.3 and �� = 0.7 are adopted
throughout this paper (e.g. Spergel et al. 2003), which give the age
of the Universe as 13.5 Gyr and imply a z = 3.09 look-back time
and spatial scale of 11.4 Gyr and 7.6 kpc arcsec−1, respectively.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 Instrumentation and observations

The ACIS-I (Advanced CCD Imaging Spectrometer) camera
(Garmire et al. 2003) was used for all of the SSA22 Chandra obser-
vations.1 The ACIS-I full field of view is 16.9 × 16.9 arcmin2 (i.e.
31.7 × 31.7 comoving Mpc2 at z = 3.09), and the sky-projected
ACIS pixel size is ≈0.492 arcsec (≈3.8 kpc pixel−1 at z = 3.09).
The point spread function (PSF) is smallest at the lowest photon
energies and for sources with small off-axis angles and increases in
size at higher photon energies and larger off-axis angles. For exam-
ple, the 95 per cent encircled-energy fraction radius at 1.5 keV
at 0–8 arcmin off-axis is ≈1.8– 7.5 arcsec (Feigelson, Broos &
Gaffney 2000; Jerius et al. 2000).2 The shape of the PSF is approx-
imately circular at small off-axis angles, broadens and elongates at
intermediate off-axis angles and becomes complex at large off-axis
angles.

The entire ≈400-ks Chandra exposure consisted of four separate
Chandra observations of ≈70–120 ks taken between 2007 Octo-
ber 1 and 2007 December 30 and is summarized in Table 1. The
four ACIS-I CCDs were operated in all of the observations; due to
their large angular offsets from the aim point, the ACIS-S CCDs
were turned off for all observations. All observations were taken
in Very Faint mode to improve the screening of background events
and thus increase the sensitivity of ACIS in detecting faint X-ray

1 For additional information on ACIS and Chandra see the Chandra Pro-
posers’ Observatory Guide at http://cxc.harvard.edu/proposer/
2 Feigelson et al. (2000) is available on the WWW at http://www.astro.
psu.edu/xray/acis/memos/memoindex.html

sources.3 Because of dithering and small variations in roll angles
and aim points (see Table 1), the observations cover a total solid
angle of 330.0 arcmin2, somewhat larger than a single ACIS-I ex-
posure (295.7 arcmin2). Combining the four observations gave a
total exposure time of 392 ks and an exposure-weighted average
aim point of αJ2000 = 22:17:36.8 and δJ2000 = + 00:15:33.1.

As discussed in Section 1, the SSA22 Chandra target centre
was chosen to coincide with the highest density regions of the
z = 3.09 SSA22 protocluster (see Fig. 2), where an additional
≈79 ks of ACIS-S imaging is already available (PI: G. Garmire). We
experimented with source searching utilizing both the new ≈400-
ks ACIS-I and previously available ≈79-ks ACIS-S observations
and found that the number of detected sources was not significantly
increased. To avoid the unnecessary complications of combining
data with significantly different aim points, backgrounds and PSFs,
we therefore chose to restrict our Chandra analyses to the ≈400-ks
ACIS-I observations alone.

2.2 Data reduction

Chandra X-ray Center (CXC) pipeline software was used for basic
data processing, and the pipeline version 7.6.11 was used in all
observations. The reduction and analysis of the data used Chandra
Interactive Analysis of Observations (CIAO) version 3.4 tools when-
ever possible;4 however, custom software, including the Tools for
ACIS Real-time Analysis (TARA) package, was also used extensively.

Each level one events file was reprocessed using the CIAO tool
ACIS PROCESS EVENTS to correct for the radiation damage sustained
by the CCDs during the first few months of Chandra operations
using the charge transfer inefficiency (CTI) correction procedure
of Townsley et al. (2000, 2002) and remove the standard pixel
randomization. Undesirable grades were filtered using the stan-
dard ASCA grade set (ASCA grades 0, 2, 3, 4, 6) and known bad
columns and bad pixels were removed using a customized stripped-
down version (see section 2.2 of Luo et al. 2008 for additional
details) of the standard bad pixel file. The customized bad pixel file
does not flag pixels that are thought to have a few extra events
per Ms in the 0.5–0.7 keV bandpass. These events are flagged
as bad pixels and removed in the standard CXC pipeline-reduced
events lists;5 however, events landing on these pixels with energies

3 For more information on the Very Faint mode see http://cxc.harvard.edu/
cal/Acis/Cal_prods/vfbkgrnd/ and Vikhlinin (2001).
4 See http://cxc.harvard.edu/ciao/ for details on CIAO.
5 http://cxc.harvard.edu/cal/Acis/Cal_prods/badpix/index.html
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above ≈0.7 keV are expected to be valid events. We, therefore,
chose to include these columns in our analyses.

After removing the bad pixels and columns, we cleaned the
exposures of cosmic ray afterglows and hot columns using the
ACIS DETECT AFTERGLOW procedure. We found that the use of this
procedure removed cosmic ray afterglows more stringently than
the ACIS RUN HOTPIX procedure used in the standard CXC reductions
without removing any obvious real X-ray sources.

Background light curves for all four observations were inspected
using EVENT BROWSER in the TARA (Broos et al. 2000) software pack-
age.6 None of the observations had significant flaring events, defined
by the background level being �1.5 times higher than nominal. We
therefore did not filter any of the observations for flaring events.

We registered our observations to the astrometric frame of the
UKIRT Infrared Deep Sky Survey (UKIDSS; e.g. Lawrence et al.
2007) Deep Extragalactic Survey (DXS). The DXS K-band imag-
ing covers the entire Chandra observed region of SSA22 (with total
area extending to ≈7 deg2) and reaches a 5σ limiting magnitude of
K ≈ 20.9 (Vega). The absolute astrometry for the DXS imaging has
been calibrated using large numbers of Galactic stars (≈60–1000
per observational frame) from the Two Micron All Sky Survey
(2MASS) data base and source positions are determined to be accu-
rate to �0.1 arcsec (see section 4 of Lawrence et al. 2007). We ran
WAVDETECT at a false-positive probability threshold of 10−5 on the
events files to create source lists for each of our four observations
(see Table 1). We then refined the positions of our four WAVDETECT

source lists using PSF centroiding and matched-filter techniques
provided by ACIS EXTRACT (see Section 3.2.1). Using these source
lists in combination with the DXS K-band catalogue, each aspect
solution and events list was registered to the K-band frame us-
ing the CIAO tools REPROJECT ASPECT and REPROJECT EVENTS, respec-
tively. The resulting astrometric reprojections gave nearly negligible
linear translations (<0.5 pixels), rotations (< 0.◦02) and stretches
(<0.01 per cent of the pixel size) for all four observations. The
observation with the smallest reprojections was observation 8034,
and we therefore reprojected the observational frames of observa-
tions 8035, 8036 and 9717 to align with observation 8034. Using
the astrometrically reprojected events lists, we combined the four
observations using DMMERGE to create a merged events list.

3 PRO D U C T I O N O F PO I N T- S O U R C E
C ATA L O G U E S

3.1 Image and exposure map creation

Using the merged events lists discussed in Section 2.2, we con-
structed images of the SSA22 field for three standard bands: 0.5–
8 keV (full band; FB), 0.5–2 keV (soft band; SB) and 2–8 keV (hard
band; HB). These images have 0.492 arcsec pixel−1. In Figs 3(a)
and (b), we display the full-band raw and the exposure-corrected
adaptively smoothed images (see e.g. Baganoff et al. 2003), respec-
tively.7 Note that our source detection analyses have been restricted
to the raw images.

We constructed exposure maps for the three standard bands.
These were created following the basic procedure outlined in sec-
tion 3.2 of Hornschemeier et al. (2001) and are normalized to the

6 TARA is available at http://www.astro.psu.edu/xray/docs
7 Raw and adaptively smoothed images for all three standard bands are
available at the SSA22 website (see http://astro.dur.ac.uk/∼dma/SSA22/).

effective exposures of sources located at the aim point. This proce-
dure takes into account the effects of vignetting, gaps between the
CCDs, bad column filtering and bad pixel filtering. Furthermore,
with the release of CIAO version 3.4, the spatially dependent degra-
dation in quantum efficiency due to contamination on the ACIS
optical blocking filters is now incorporated into the generation
of exposure maps.8 A photon index of � = 1.4, the slope of the
X-ray background in the 0.5–8 keV band (e.g. Marshall et al. 1980;
Gendreau et al. 1995; Hickox & Markevitch 2006), was assumed in
creating the exposure maps. The resulting full-band exposure map is
shown in Fig. 3(c). Fig. 4(a) displays the SSA22 survey solid angle
as a function of effective exposure for the three standard bands. The
majority of the ≈330 arcmin2 field (≈53–69 per cent depending on
the bandpass) has an effective exposure exceeding 300 ks.

3.2 Point-source searching and catalogue production

Our point-source catalogue production has been tailored to generate
source lists that can be directly comparable with those from previous
studies of the CDFs (e.g. Alexander et al. 2003; Lehmer et al.
2005; Luo et al. 2008) to enable comparative studies; however,
our procedure and main catalogue definitions differ in a number of
important ways. The main differences in the catalogue production
procedure adopted here are as follows.

1. We first created a candidate-list catalogue of sources de-
tected by WAVDETECT at a liberal false-positive probability threshold
of 10−5. We then created a more conservative main catalogue, in
which we evaluated the significance of each detected source can-
didate (see point 2 below) and included only X-ray sources that
had high statistical probabilities of being true sources considering
their local backgrounds. This approach produced point-source cat-
alogues that are of similar quality to those produced by running
WAVDETECT at the more typical false-positive probability threshold
of 10−6, but allowed for flexibility in the inclusion of additional le-
gitimate sources that fell below the 10−6 threshold (see Section 3.2.1
for further details).

2. While computing X-ray source properties and evaluating the
significance of each detected source (i.e. the probability of it being
a true source), we made wide use of the ACIS EXTRACT (hereafter
AE) point-source analysis software.9 AE contains algorithms that
allow for appropriate computation of source properties when mul-
tiple observations with different roll angles and/or aim points are
being combined and analysed (see discussion below for further de-
tails). Our adopted procedure has previously been utilized in similar
forms by other groups, including, e.g. the X-ray source catalogues
produced in the Chandra Orion Ultra-Deep Project (COUP; e.g.
Getman et al. 2005) and the AEGIS-X survey (e.g. Nandra et al.
2005; Laird et al. 2009).

3.2.1 Candidate-list catalogue production

We began by generating a candidate-list catalogue of X-ray point
sources using the CIAO tool WAVDETECT (Freeman et al. 2002). We
performed our searching in the three standard band (i.e. the FB,
SB and HB) images using a ‘

√
2 sequence’ of wavelet scales (i.e.

1,
√

2, 2, 2
√

2, 4, 4
√

2 and 8 pixels) and a false-positive probability

8 See http://cxc.harvard.edu/ciao/why/acisqedeg.html
9 The ACIS EXTRACT software is available on the WWW at http://www.
astro.psu.edu/xray/docs/TARA/ae_users_guide.html
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Figure 3. (a) Full-band (0.5–8 keV) raw image of the ≈400-ks SSA22 field. This image was constructed following the procedure outlined in Section 3.1 and
has been binned by a factor of 4 in both right ascension and declination. The location of the exposure-weighted average aim point has been shown with a cross
symbol and the extended source J221744.6+001738 ellipse has been outlined (see Section 5 for discussion). (b) Adaptively smoothed exposure-corrected
full-band image of SSA22. This image was created following the techniques discussed in Section 3.1. (c) Full-band exposure map of SSA22. The exposure map
was created following the procedure outlined in Section 3.1. The grey-scales are linear with the darkest areas corresponding to the highest effective exposure
times (with a maximum pixel value of ≈388 ks). Note the chip gaps in running between the four ACIS-I CCDs. (d) Full-band sensitivity map of SSA22. This
sensitivity map has been created following the procedure outlined in Section 3.3. The grey-scale levels (running from black to light grey) indicate regions with
flux limits (in units of erg cm−2 s−1) of < 2 × 10−16, 2– 5 × 10−16, 5–10 × 10−16 and >10−15, respectively.

Figure 4. (a) Total solid angle with at least the vignetting-corrected effective exposure indicated on the abscissa for each of the three standard bands. We find
that �60 per cent of the entire ≈330 arcmin2 field has an effective exposure exceeding 300 ks (vertical long-dashed line). (b) Solid angle versus flux limit for
the three standard bands. These curves were computed using the sensitivity maps described in Section 3.3. In the most sensitive region of the SSA22 field,
within the most sensitive 10 arcmin2 region (predominantly around the Chandra aim point), the flux limits are ≈1.7 × 10−16 (full band), ≈5.7 × 10−17 (soft
band) and ≈3.0 × 10−16 (hard band) erg cm−2 s−1.
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threshold of 10−5. We note that the use of a false-positive probability
threshold of 10−5 is expected to generate a non-negligible number of
spurious sources with low source counts (�2–3); however, as noted
by Alexander et al. (2001), real sources can be missed using a more
stringent source-detection threshold (e.g. 10−6). In Section 3.2.2, we
create a main catalogue of sources by determining the significance
of each source in our candidate-list catalogue and excising sources
with individual detection significances falling below an adopted
threshold.

Our candidate-list catalogue (constructed using a false-positive
probability threshold of 10−5) contained a total of 350 X-ray source
candidates. For this candidate list, we required that a point source be
detected in at least one of the three standard bands with WAVDETECT.
We utilize full-band source positions for all sources with full-band
detections; for sources not detected in the full band, we utilized, in
order of priority, soft-band and hard-band source positions. Cross-
band matching was performed using a 2.5-arcsec matching radius
for sources within 6.0 arcmin of the exposure-weighted mean aim
point and 4.0 arcsec for sources at off-axis angles >6.0 arcmin.
These matching radii were chosen based on inspection of histograms
showing the number of matches obtained as a function of angular
separation (e.g. see section 2 of Boller et al. 1998); with these radii,
the mismatch probability is expected to be �1 per cent over the
entire field. While matching the three standard band source lists, we
found that no source in one band matched to more than one source
in another band.

Using AE, we improved the WAVDETECT source positions using
centroiding and matched-filter techniques. The matched-filter tech-
nique convolves the full-band image in the vicinity of each source
with a combined PSF. The combined PSF is produced by combining
the ‘library’ PSF of a source for each relevant observation (from
Table 1), weighted by the number of detected counts.10 This tech-
nique takes into account the fact that, due to the complex PSF at
large off-axis angles, the X-ray source position is not always located
at the peak of the X-ray emission. For sources further than 8 arcmin
from the average aim point, the matched-filter technique provides
positions that have median offsets to potential K-band counter-
parts (within a matching radius of 1.5 arcsec) that are ≈0.1 arcsec
smaller than such offsets found for both centroid and WAVDETECT

source positions. For sources with off-axis angles θ < 8 arcmin, we
found that the centroid positions had the smallest median offsets
to K-band counterparts compared with matched-filter and WAVDE-
TECT positions. Thus, for our candidate-list source positions, we
utilized centroid positions for θ < 8 arcmin and matched-filter po-
sitions for θ ≥ 8 arcmin. The median source position shift relative
to WAVDETECT source positions was ≈0.26 arcsec (quartile range of
≈0.1–0.5 arcsec).

For our candidate-list catalogue sources, we performed photome-
try using AE. For each X-ray source in each of the four observations
listed in Table 1, AE extracted full-band source events and expo-
sure times (using the events lists and exposure maps discussed in
Sections 2.2 and 3.1, respectively) from all pixels that had exposure
within polygonal regions centred on the X-ray position. Each polyg-
onal region was constructed by tracing the ≈90 per cent encircled-
energy fraction contours of a local PSF measured at 1.497 keV that
was generated using CIAO tool MKPSF. Upon inspection, we found
16 sources (i.e. eight source pairs) had significantly overlapping
polygonal extraction regions. For these sources, we utilized smaller

10 The PSFs are taken from the CXC PSF library, which is available on the
WWW at http://cxc.harvard.edu/ciao/dictionary/psflib.html

extraction regions (ranging from 30–75 per cent encircled energy
fractions), which were chosen to be as large as possible without
overlapping. For each source, the source events and exposure times
from all relevant observations were then summed to give the total
source events Ssrc and exposure times Tsrc.

For each source in our candidate-list catalogue, local full-band
background events and exposure times were then extracted from
each observation. This was achieved by creating full-band events
lists and exposure maps with all candidate-list catalogue sources
masked out of circular masking regions of radius 1.1 times the
size of the ≈99.9 per cent encircled energy fraction at 1.497 keV
(estimated using each local PSF). The radii of the masked out re-
gions cover a range of ≈11.6–17.9 arcsec and have a median value
of ≈12.8 arcsec. Using these masked data products, AE then ex-
tracted events and exposure times from a larger background ex-
traction circular aperture that was centred on the source. The size
of the background extraction radius varied with each source and
was chosen to encircle ≈170 full-band (resulting in ≈40 soft-band
and ≈130 hard-band) background events for each observation. The
background extraction radius is therefore affected by the masking
of nearby sources and could potentially become large and non-local
for the case of crowded regions. However, our candidate-list cat-
alogue has negligible source crowding and therefore the radii of
our background extraction regions remain relatively small (≈22–
55 arcsec) and are therefore representative of the local backgrounds.
For each source, the background events and exposure times from all
relevant observations were then summed to give total background
events Sbkg and exposure times Tbkg.

The source and local background events extracted above were
then filtered by photon energy to produce source and local back-
ground counts appropriate for each of the three standard bands.
For each bandpass, net source counts NE1–E2 (where E1 and
E2 represent the lower and upper energy bounds, respectively,
of an arbitrary bandpass) were computed following NE1–E2 =
(SE1–E2

src − S
E1–E2
bkg Tsrc/Tbkg)/γ E1–E2

EEF , where γ
E1–E2
EEF is the encircled-

energy fraction appropriate for the source extraction region and
bandpass. For the soft and hard bands, γ 0.5−2 keV

EEF and γ 2−8 keV
EEF were

approximated using PSF measurements at 1.497 and 4.51 keV, re-
spectively. For the full band, we used the approximation γ 0.5−8 keV

EEF ≈
1/2 (γ 0.5−2 keV

EEF + γ 2−8 keV
EEF ). As a result of our liberal searching cri-

teria used for generating the candidate-list catalogue, many sources
have small numbers of counts. We find that 51 (3) candidate-list
catalogue sources have <5 (<0) net counts in all three of the stan-
dard bandpasses. In the next section, we evaluate the reliability of
the sources detected in our candidate-list catalogue on a source-
by-source basis to create a more conservative main catalogue of
reliable sources.

3.2.2 Main Chandra source catalogue selection

As discussed above, our candidate-list catalogue of 350 X-ray point
sources produced by running WAVDETECT at a false-positive proba-
bility threshold of 10−5 is expected to have a significant number of
false sources. If we conservatively treat our three standard band im-
ages as being independent, it appears that ≈130 (≈37 per cent) false
sources are expected in our candidate-list Chandra source catalogue
for the case of a uniform backgrounds over ≈1.3 × 107 pixels (i.e. all
three bands). However, since WAVDETECT suppresses fluctuations on
scales smaller than the PSF, a single pixel usually should not be con-
sidered a source detection cell, particularly at large off-axis angles.
Hence, our false-source estimates are conservative. As quantified in
section 3.4.1 of Alexander et al. (2003) and by source-detection
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Table 2. Main Chandra catalogue.

X-ray coordinates Detection probability Net counts
Source αJ2000 δJ2000 AE WAVDETECT Pos. error θ 0.5–8 keV 0.5–2 keV 2–8 keV
number (arcsec) (arcmin)

(1) (2) (3) (4) (5) (6) (7) (8)–(10) (11)–(13) (14)–(16)

1 22 16 51.96 +00 18 49.0 1.000 −8 3.60 11.77 32.1+10.0
−8.8 16.5+6.4

−5.2 15.6+8.4
−7.2

2 22 16 55.25 +00 21 54.2 1.000 −8 3.37 12.22 51.1+12.7
−11.5 32.8+8.5

−7.3 <30.3

3 22 16 56.32 +00 16 57.7 1.000 −8 2.27 10.34 48.0+10.6
−9.4 39.1+8.3

−7.0 <22.1

4 22 16 58.20 +00 21 58.6 1.000 −8 1.35 11.61 458.8+28.2
−27.0 249.7+19.2

−18.1 208.5+21.3
−20.1

5 22 16 58.19 +00 18 55.1 1.000 −8 2.21 10.22 48.3+16.0
−14.8 19.0+8.7

−7.5 29.5+14.1
−12.9

6 22 16 59.08 +00 15 13.4 1.000 −8 1.44 9.57 107.1+13.4
−12.2 75.6+10.7

−9.5 30.6+8.9
−7.6

7 22 17 00.33 +00 19 55.2 1.000 −8 1.30 10.12 201.9+21.0
−19.9 127.0+14.4

−13.2 73.9+16.1
−14.8

8 22 17 00.50 +00 21 23.7 1.000 −8 1.43 10.80 236.1+21.8
−20.6 158.5+15.7

−14.5 76.2+15.9
−14.6

9 22 17 02.23 +00 13 09.5 0.994 −7 2.08 9.00 26.8+13.3
−12.1 <19.5 26.0+12.2

−11.0

10 22 17 03.00 +00 15 25.7 0.997 −5 1.76 8.47 30.7+13.0
−11.8 <21.5 <34.5

11 22 17 04.90 +00 09 39.3 1.000 −8 1.06 9.92 315.8+23.6
−22.4 145.0+15.0

−13.8 171.3+18.9
−17.7

12 22 17 05.41 +00 15 14.0 1.000 −8 0.67 7.88 320.7+21.8
−20.6 208.6+16.9

−15.7 110.0+14.4
−13.2

13 22 17 05.63 +00 19 46.3 1.000 −6 1.80 8.87 37.2+12.4
−11.2 <17.8 35.3+11.5

−10.3

14 22 17 05.82 +00 22 27.7 0.993 −5 3.68 10.37 <46.3 12.6+11.1
−7.0 <39.7

15 22 17 05.83 +00 22 24.7 0.998 −7 2.74 10.34 28.2+16.4
−12.4 <32.2 <44.7

16 22 17 06.14 +00 13 38.0 1.000 −8 1.12 7.93 79.4+13.6
−12.4 39.0+8.9

−7.6 40.4+11.1
−9.9

17 22 17 06.69 +00 18 38.5 1.000 −6 1.71 8.15 27.3+10.7
−9.5 19.7+7.2

−6.0 <25.9

18 22 17 07.04 +00 14 29.8 0.997 −5 1.63 7.53 21.4+9.9
−8.7 <17.3 <26.4

19 22 17 07.73 +00 19 58.3 1.000 −8 1.56 8.51 44.6+12.4
−11.2 <17.0 42.2+11.7

−10.4

20 22 17 09.60 +00 18 00.1 1.000 −8 1.33 7.24 31.7+10.2
−9.0 24.1+7.3

−6.1 <23.4

21 22 17 09.82 +00 08 56.1 1.000 −8 1.45 9.46 99.4+15.6
−14.4 56.0+10.3

−9.1 43.2+12.4
−11.2

22 22 17 10.04 +00 13 03.5 1.000 −8 1.04 7.16 59.9+11.7
−10.5 42.9+8.9

−7.7 16.4+8.4
−7.2

23 22 17 10.10 +00 11 59.7 1.000 −8 0.80 7.57 162.9+16.4
−15.3 110.8+12.8

−11.6 50.8+11.1
−9.8

24 22 17 10.42 +00 06 03.9 1.000 −8 1.16 11.57 684.0+32.0
−30.9 424.1+23.7

−22.6 257.3+22.2
−21.0

25 22 17 10.60 +00 11 05.1 1.000 −8 1.43 7.96 39.9+11.7
−10.5 27.7+7.8

−6.6 <28.1

26 22 17 10.77 +00 17 16.7 0.999 −7 1.50 6.75 16.4+8.2
−7.0 <12.2 17.0+7.8

−6.5

27 22 17 11.13 +00 19 11.9 1.000 −8 1.18 7.39 48.6+11.2
−10.0 35.2+8.2

−7.0 <24.9

28 22 17 11.26 +00 19 54.6 1.000 −8 0.98 7.74 102.8+14.1
−12.9 63.2+10.3

−9.1 39.1+10.5
−9.2

29 22 17 11.94 +00 17 05.2 1.000 −8 1.09 6.41 33.1+9.3
−8.0 15.7+6.1

−4.8 17.4+7.7
−6.4

30 22 17 12.04 +00 12 44.1 1.000 −8 0.51 6.83 374.5+22.7
−21.5 33.9+8.0

−6.8 347.7+22.0
−20.8

Note. This table is presented in its entirety in the electronic version (see Supporting Information); an abbreviated version of the table is shown here for guidance
as to its form and content. The full table contains 44 columns of information for all 297 Chandra sources. Meanings and units for all columns have been
summarized in detail in Section 3.2.3.

simulations (Freeman, private communication), the number of false
sources is likely ≈two–three times less than our conservative esti-
mate, leaving only ≈40–65 false sources; still potentially a signif-
icant fraction (i.e. �19 per cent) of our candidate-list list of 350
point sources.

In order to produce a more conservative main catalogue of Chan-
dra point sources and remove likely false sources, we evaluated
for each source the binomial probability P that no source exists
given the measurements of the source and local background (see
Section 3.2.1 for details on the measurements of source and local
background events). The quantity P is computed using AE for each
of the three standard bands (see also appendix A2 of Weisskopf
et al. 2007 for further details). For a source to be included in our
main catalogue, we required P < 0.01 in at least one of the three

standard bands. This criterion gave a total of 297 sources, which
make up our main catalogue (see Section 3.2.3 and Table 2).

Our adopted binomial probability-based detection criterion has
a number of advantages over a direct WAVDETECT approach includ-
ing (1) the more detailed treatment of complex source extraction
regions for exposures with multiple observations that have different
aim points and roll angles, (2) better source position determination
before count extraction and probability measurements are made
and (3) a more transparent mathematical criterion (i.e. the binomial
probability) that is used for the detection of a source. However, this
approach has the disadvantage that we do not approximate the shape
of the PSF, as is done by WAVDETECT through the use of the ‘Mexi-
can Hat’ source detection wavelet. As we will highlight below, our
adopted procedure recovers almost all of the sources detected with
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Figure 5. Top: one minus the AE binomial probability that no source exists
(1 − P ) versus the logarithm of the minimum WAVDETECT probability for
the 350 sources in our candidate-list catalogue (small filled circles; see
Sections 3.2.1 and 3.2.2). We note that for a given value of the WAVDETECT

probability, the majority of the sources have 1 − P = 1, causing clumping of
the symbols. The dashed horizontal line at 1 − P = 0.99 shows the adopted
lower threshold used for including a source in our main catalogue. Bottom:
the percentage of sources in the candidate-list catalogue with 1 − P >

0.99, which were included in our main catalogue, as a function of minimum
WAVDETECT probability (five-pointed stars). The number of sources with 1 −
P > 0.99 versus the number of candidate-list catalogue sources detected at
each minimum WAVDETECT probability has been annotated in the figure. We
find that the fraction of candidate-list catalogue sources included in our main
catalogue falls from ≈99.5 to ≈56.9 per cent between minimum wavedetect
probabilities of 10−8 and 10−5.

WAVDETECT at a false-positive probability threshold of 10−6 and a
large number of additional real sources detected at 10−5; therefore,
this procedure is preferred over a direct WAVDETECT approach.

To give a more detailed WAVDETECT perspective on source signifi-
cance, we ran WAVDETECT over the three standard band images at ad-
ditional false-positive probability thresholds of 10−6, 10−7 and 10−8

and found detections for 248 (≈71 per cent), 211 (≈60 per cent)
and 190 (≈54 per cent) of the 350 candidate-list catalogue sources,
respectively. Out of the 53 sources that were excluded from our
candidate-list catalogue to form our main catalogue (297 sources;
down from the 350 sources in our candidate-list catalogue), nine had
WAVDETECT false-positive probability detection thresholds ≤10−6.
For convenience, in Appendix A we present the properties of the
nine sources with WAVDETECT detection threshold ≤10−6 that were
not included in the main catalogue. This provides the option for
the reader to construct a pure WAVDETECT catalogue down to a false-
positive probability threshold of 10−6, 10−7 or 10−8, to make it more
consistent with previous Chandra source catalogues.

In Fig. 5, we present the AE-determined binomial probabilities and
the fraction of sources included in the main catalogue as a function
of the minimum WAVDETECT probability for the 350 candidate-list
catalogue sources. Our main catalogue includes 58 sources that had
minimum WAVDETECT probabilities of 10−5. For these 58 sources,
we performed cross-band matching between the X-ray source po-
sitions and the K band and Spitzer 3.6, 4.5, 5.8 and 8.0 μm IRAC
source positions. In total, we find that 33 (≈56.9 per cent) of the 58
sources had at least one IR counterpart within a 1.5 arcsec match-
ing radius; by comparison, we find that the IR counterpart fraction
for the remaining main Chandra catalogue sources (i.e. those with

minimum WAVDETECT probabilities ≤10−6) is ≈89.1 per cent. We es-
timated the expected number of false matches by shifting the main
Chandra catalogue source positions by a constant offset (5.0 arcsec)
and rematching them to the IR positions. We performed four such
‘shift and rematch’ trials in unique directions and found that on an
average ≈8.2+2.1

−1.7 per cent of the shifted source positions had an IR
match. We therefore estimate that of the 58 main catalogue sources
that had minimum WAVDETECT probabilities of 10−5, at least ≈27–29
(≈46.6–50.4 per cent) have true IR counterparts that are associated
with the X-ray sources; we note that since these are typically fainter
X-ray sources we might expect a lower matching fraction than that
found for the brighter X-ray sources. This analysis illustrates that
our main catalogue selection criteria effectively identifies a signifi-
cant number of additional real X-ray sources below the traditional
10−6 WAVDETECT searching threshold through X-ray selection alone.

3.2.3 Properties of main catalogue sources

To estimate positional errors for all 297 sources in our main Chandra
catalogue, we performed cross-band matching between the X-ray
and K bands. As discussed in Section 2.2, the K-band sources
have highly accurate and precise absolute astrometric positions
(�0.1 arcsec positional errors) and reach a 5σ limiting magnitude
of K ≈ 20.9 (Vega), a regime where the source density is relatively
low (≈80 000 sources deg−2) and therefore ideal for isolating highly
confident near-IR counterparts to X-ray sources with little source
confusion. Using a matching radius of 2.5 arcsec, we find that 193
(≈65 per cent) X-ray sources have K-band counterparts down to
K ≈ 20.9. For 13 of our main catalogue sources, there was more
than one K-band counterpart within 2.5 arcsec. In these cases, we
chose the source with the smallest offset as being the most likely
counterpart. We computed the expected number of false matches
using the shift and rematch technique described in Section 3.2.2
and estimate that ≈26.3 (≈14 per cent) of the matches are false
(with a random offset of 1.72 arcsec). We note that our choice to
use the large 2.5 arcsec matching radius is based on the fact that
the Chandra positional errors are expected to be of this order for
low-count sources that are far off-axis where the PSF is large. A
more conservative matching criterion is used to determine likely
K-band counterparts, which are reported in the main catalogue (see
description of columns 17 and 18 of Table 2). In a small number
of cases, the X-ray source may be offset from the centroid of the
K-band source even though both are associated with the same galaxy
(e.g. a z � 0.3 galaxy with extended K-band emission from starlight
that also has an off-nuclear ultraluminous X-ray binary with LX ≈
1038–1040 erg s−1; see e.g. Hornschemeier et al. 2004; Lehmer et al.
2006).

In Fig. 6, we show the positional offset between the X-ray
and K-band sources versus off-axis angle. The median offset is
≈0.36 arcsec; however, there are clear off-axis angle and source-
count dependencies. The off-axis angle dependence is due to the
PSF becoming broad at large off-axis angles, while the count de-
pendency is due to the fact that sources having larger numbers of
counts provide a better statistical sampling of the local PSF. To
estimate the positional errors of our sources and their dependen-
cies, we implemented the parametrization provided by Kim et al.
(2007), derived for sources in the Chandra Multiwavelength Project
(ChaMP):

log�X = a0 + a1θ + a2 log C, (1)

where �X is the positional error in arcseconds, θ is the off-axis
angle in units of arcminutes, C is the net counts from the energy
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Figure 6. Positional offset versus off-axis angle for sources in the main
Chandra catalogue that were matched to near-IR sources from the UKIDSS
DXS K-band image to within 2.5 arcsec. Symbol grey-scales indicate various
ranges of net source counts including <20 (open circles), 20–50 (light
grey), 50–100 (dark grey) and >100 (filled black circles) net counts. Our
≈80 per cent positional error curves, computed following equation (1), have
been indicated for sources with 20, 50 and 100 net counts. For reference,
we have highlighted the median offset (1.72 arcsec; horizontal dashed line)
found for source matching to random positions; this was obtained using the
shift and rematch technique described in Section 3.2.2.

band used to determine the position and a0, a1 and a2 are constants.
In equation (1), a0 provides a normalization to the positional error
and a1 and a2 indicate the respective off-axis angle and source-
count dependencies. Initial values of a0, a1 and a2 were determined
by performing multivariate χ 2 minimization of equation (1), using
our main catalogue and the X-ray/K-band offsets as a proxy for
the positional error. Using the resulting best-fitting equation, the
value of a0 was subsequently adjusted upward by a constant value
until �80 per cent of the main catalogue sources with K-band
counterparts had �X values that were larger than their X-ray/K-band
offsets. This resulted in values of a0 = − 0.0402, a1 = 0.0960 and
a2 =− 0.3542; applying these values to equation (1) gives positional
errors with ≈80 per cent confidence. Note that the values of a1 and
a2 are similar to those found from ChaMP (see equation 12 of
Kim et al. 2007); however, due to differences in adopted confidence
levels (≈95 per cent for ChaMP) and the positional refinements
described in Section 3.2.1, our value of a0 is smaller by ≈0.4 dex.

The main Chandra source catalogue is presented in Table 2, and
the details of the columns are given below.

Column 1 gives the source number. Sources are listed in order
of increasing right ascension. Source positions were determined
following the procedure discussed in Section 3.2.1.

Columns 2 and 3 give the right ascension and declination of the
X-ray source, respectively. To avoid truncation error, we quote the
positions to higher precision than in the International Astronomical
Union (IAU) registered names beginning with the acronym ‘CXO
SSA22’ for ‘Chandra X-ray Observatory Small Selected Area 22.’
The IAU names should be truncated after the tenths of seconds in
right ascension and after the arcseconds in declination.

Columns 4 and 5 give the AE significance, presented as unity
minus the computed binomial probability P that no X-ray source
exists (1 − P ), and the logarithm of the minimum false-positive
probability run with WAVDETECT in which each source was detected,
respectively. Lower values of the binomial probability and false-
positive probability threshold indicate a more significant source
detection. We find that 189, 20, 30 and 58 sources have minimum

WAVDETECT false-positive probability thresholds of 10−8, 10−7, 10−6

and 10−5, respectively.
Column 6 gives the ≈80 per cent positional uncertainty in arc-

seconds, computed following equation (1) (see above), which is
dependent on the off-axis angle and the net counts of the source
in the detection band used to determine the photometric properties
(see columns 8–16).

Column 7 gives the off-axis angle for each source in arcminutes.
This is calculated using the source position given in columns 2 and
3 and the exposure-weighted mean aim point.

Columns 8–16 give the net background-subtracted source counts
and the corresponding 1σ upper and lower statistical errors (from
Gehrels 1986), respectively, for the three standard bands. Source
counts and statistical errors have been calculated by AE using the
position given in columns 2 and 3 for all bands and following the
methods discussed in detail in Section 3.2.1, and have not been cor-
rected for vignetting. We note that the extraction of source counts
and the computation of statistical errors was performed for all
sources in our candidate-list catalogue of sources detected using
WAVDETECT at a false-positive probability threshold of 1 × 10−5.
Since all candidate-list catalogue sources were masked when cal-
culating local backgrounds for our main catalogue sources (see
Section 3.2.1), this could in principle have a mild effect on back-
ground calculations in cases where lower significance candidate-list
catalogue sources (i.e. sources that would later not be included in the
main catalogue) were near main catalogue sources. We note, how-
ever, that since the number of candidate-list catalogue sources that
were excluded from our main catalogue is small (i.e. 53 sources),
there is little overlap between these sources and the background
extraction regions of our main catalogue. We found that 43 (≈14
per cent) of the 297 main catalogue background extraction regions
had some overlap with the ≈90 per cent PSF regions of at least one
of the 53 excluded candidate-list catalogue sources. Since the 53
excluded candidate-list catalogue sources already have count esti-
mates that were consistent with the local background, we conclude
that this will not have a significant effect on our main catalogue
source properties.

To be consistent with our point-source detection criteria defined
in Section 3.2.2, we considered a source to be ‘detected’ for pho-
tometry purposes in a given band if the AE-computed binomial prob-
ability for that band has a value of P < 0.01. When a source is not
detected in a given band, an upper limit is calculated; these sources
are indicated as a ‘−1’ in the error columns. All upper limits were
computed using the AE-extracted photometry (see Section 3.2.1)
and correspond to the 3σ level appropriate for Poisson statistics
(Gehrels 1986).

Columns 17 and 18 give the right ascension and declination
of the near-IR source centroid, which was obtained by matching
our X-ray source positions (columns 2 and 3) to DXS UKIDSS
K-band positions using a matching radius of 1.5 times the positional
uncertainty quoted in column 6. For five X-ray sources more than
one near-IR match was found, and for these sources the source with
the smallest offset was selected as the most probable counterpart.
Using these criteria, 183 (≈63 per cent) of the sources have K-band
counterparts. Note that the matching criterion used here is more
conservative than that used in the derivation of our positional errors
discussed above (i.e. the median value of 1.5 times the positional
uncertainty is ≈1.3 arcsec). Sources with no optical counterparts
have right ascension and declination values set to ‘00 00 00.00’ and
‘+00 00 00.0’.

Column 19 indicates the measured offset between the K-band
and X-ray source positions in arcseconds. Sources with no K-band
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counterparts have a value set to ‘−1.’ We find a median offset of
0.35 arcsec.

Column 20 provides the corresponding K-band magnitude (Vega)
for the source located at the position indicated in columns 17 and
18. Sources with no K-band counterpart have a value set to ‘−1.’

Columns 21–25 give the AB magnitudes for the Subaru B, V ,
R, i ′ and z′ optical bands, respectively. Information regarding the
Subaru observations can be found in section 2 of Hayashino et al.
(2004). The Subaru observations cover the entire Chandra observed
region of SSA22 and reach 5σ limiting depths of B = 26.5, V =
26.6, R = 26.7, i ′ = 26.4 and z′ = 25.7 AB magnitudes. Using a
constant 1.5 arcsec matching radius, we found that 175, 202, 211,
210 and 205 of the main catalogue sources had B-, V-, R-, i ′- and z′-
band counterparts, respectively; 213 of the main catalogue sources
had at least one optical counterpart. Based on the shift and rematch
technique described in Section 3.2.2, we estimate that ≈45.8+6.9

−6.7 are
expected to be false matches. When a counterpart is not identified
for a given IRAC band, a value of ‘−1’ is listed for that band.

Columns 26–29 give the AB magnitudes for the Spitzer IRAC
bands at 3.6, 4.5, 5.8 and 8.0 μm, respectively. Information regard-
ing the IRAC observations can be found in section 2.1 of Webb et al.
(2009). The IRAC observations cover the majority of the Chandra
observed region of SSA22 and reach 5σ limiting depths of 23.6,
23.4, 21.6 and 21.5 AB magnitudes for the 3.6, 4.5, 5.8 and 8.0 μm
bands, respectively. Using a constant 1.5 arcsec matching radius, we
found that 212, 217, 173 and 174 of the main catalogue sources had
3.6, 4.5, 5.8 and 8.0 μm counterparts, respectively; 234 of the main
catalogue sources have at least one IRAC counterpart. Based on the
shift and rematch technique described in Section 3.2.2, we estimate
that ≈21.3+5.7

−4.6 are expected to be false matches. When a counterpart
is not identified for a given IRAC band, a value of ‘−1’ is listed
for that band. We note that a small area of the Chandra exposure
has no overlapping IRAC observations (see Fig. 2), and sources in
these regions have a value of ‘−2’ listed in these columns.

Column 30 provides the best available optical spectroscopic
redshift for each X-ray source when the optical and X-ray posi-
tions were offset by less than 1.5 arcsec. Spectroscopic redshifts for
46 sources are provided: 31 sources from the Garilli et al. (2008)
catalogue of the VIMOS VLT Deep Survey (VVDS; Le Fèvre et al.
2005), two sources from the Steidel et al. (2003) LBG survey, four
sources from the Matsuda et al. (2005) LAE survey and nine sources
from a new spectroscopic campaign of Chapman et al. (in prepara-
tion). In total, nine of the sources had spectroscopic redshifts within
z = 3.06– 3.12 (�v ≈ 4000 km s−1), suggesting that they are likely
members of the SSA22 protocluster (see Section 4 for further de-
tails). Sources with no spectroscopic redshift available have a value
set to ‘−1.’

Column 31 indicates which optical spectroscopic survey provided
the redshift value quoted in column (30). Source redshifts provided
by Garilli et al. (2008), Steidel et al. (2003), Matsuda et al. (2005)
and Chapman et al. (in preparation) are denoted with the integer
values 1–4, respectively. Sources with no spectroscopic redshift
available have a value set to ‘−1.’

Columns 32–34 give the effective exposure times derived from
the standard-band exposure maps (see Section 3.1 for details on the
exposure maps). Dividing the counts listed in columns 8–16 by the
corresponding effective exposures will provide vignetting-corrected
and quantum efficiency degradation-corrected count rates.

Columns 35–37 give the band ratio, defined as the ratio of counts
between the hard and soft bands, and the corresponding upper and
lower errors, respectively. Quoted band ratios have been corrected
for differential vignetting between the hard band and soft band using

the appropriate exposure maps. Errors for this quantity are calcu-
lated following the numerical error propagation method described
in section 1.7.3 of Lyons (1991); this avoids the failure of the stan-
dard approximate variance formula when the number of counts is
small (see section 2.4.5 of Eadie et al. 1971) and has an error distri-
bution that is non-Gaussian. Upper limits are calculated for sources
detected in the soft band but not in the hard band and lower limits
are calculated for sources detected in the hard band but not in the
soft band. For these sources, the upper and lower errors are set to the
computed band ratio. Sources detected only in the full band have
band ratios and corresponding errors set to ‘−1.’

Columns 38–40 give the effective photon index (�eff ) with up-
per and lower errors, respectively, for a power-law model with the
Galactic column density. The effective photon index has been cal-
culated based on the band ratio in column 35.

For sources that are not detected (as per the definition discussed
above in the description of columns 8–16) in the hard band or soft
band, then lower or upper limits, respectively, are placed on �eff ;
in these cases, the upper and lower errors are set to the limit that is
provided in column 38. When a source is only detected in the full
band, then the effective photon index and upper and lower limits are
set to 1.4, a value that is representative for faint sources that should
give reasonable fluxes.

Columns 41–43 give observed-frame fluxes in the three standard
bands; quoted fluxes are in units of erg cm−2 s−1.

Fluxes have been computed using the counts in columns (8),
(11) and (14), the appropriate exposure maps (columns 32–34) and
the spectral slopes given in column 38. Negative flux values indi-
cate upper limits. The fluxes have been corrected for absorption by
the Galaxy but have not been corrected for material intrinsic to the
source. For a power-law model with � = 1.4, the soft-band and hard-
band Galactic absorption corrections are ≈12.6 and ≈0.4 per cent,
respectively. We note that, due to the Eddington bias, sources with
a low number of net counts (�10 counts) may have true fluxes
lower than those computed using the basic method used here (see
e.g. Vikhlinin et al. 1995; Georgakakis et al. 2008). However, we
aim to provide only observed fluxes here and do not make correc-
tions for the Eddington bias. More accurate fluxes for these sources
would require (1) the use of a number-count distribution prior to
estimate the flux probabilities for sources near the sensitivity limit
and (2) the direct fitting of the X-ray spectra for each observation;
these analyses are beyond the scope of the present paper.

Column 44 gives notes on the sources.
‘O’ refers to objects that have large cross-band (i.e. between the

three standard bands) positional offsets (>2 arcsec); all of these
sources lie at off-axis angles >5.5 arcmin.

‘S’ refers to close-double or close-triple sources where manual
separation was required (see discussion in Section 3.2.1).

‘D’ refers to a source having an obvious diffraction spike in the
K-band image, suggesting the source is likely a Galactic star.

‘LBG’ and ‘LAE’ indicate sources included in the Steidel et al.
(2003) LBG survey and the Hayashino et al. (2004) LAE survey,
respectively.

‘LAB’ indicates that the source was coincident with a LAB in
the Geach et al. (2009) study.

In Table 3 we summarize the source detections, counts and fluxes
for the three standard bands for the main Chandra catalogue. In total
297 point sources are detected (i.e. with AE-computed binomial
probabilities of P < 0.01) in one or more of the three standard
bands with 278, 248 and 206 sources detected in the full, soft and
hard bands, respectively. In Table 4 we summarize the number
of sources detected in one band but not in another. All but three
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Table 3. Summary of Chandra source detections.

Band Number of Detected counts per source Flux per source
(keV) sources Maximum Minimum Median Mean Maximuma Minimuma Mediana Meana

Full (0.5–8) 278 1965.4 4.8 33.5 105.4 −13.2 −15.8 −14.7 −14.3
Soft (0.5–2) 248 1228.9 3.0 18.2 68.5 −13.7 −16.3 −15.4 −14.9
Hard (2–8) 206 746.7 4.0 26.0 57.0 −13.4 −15.6 −14.7 −14.4

aValues in these columns represent the logarithm of the maximum, minimum, median and mean fluxes in units of erg cm−2 s−1.

Table 4. Sources detected in one band but not another.

Detection band Non-detected energy band
(keV) Full Soft Hard

Full band (0.5–8) . . . 46 75
Soft band (0.5–2) 16 . . . 82
Hard band (2–8) 3 40 . . .

Note. For example, of the 278 full-band detected sources, there were
46 sources detected in the full band that were not detected in the soft
band.

of the sources are detected in either the soft or full bands, which
is similar to that found for the ≈2-Ms CDF-N (one source) and
≈2-Ms CDF-S (three sources). From Tables 3 and 4, we find that
the fraction of hard-band sources not detected in the soft band
is 40/206 ≈ 19 per cent, similar to that found in the ≈250-ks
E-CDF-S, yet somewhat larger than that found in the ≈2-Ms CDF-N
and ≈2-Ms CDF-S, where the fraction is ≈14 per cent. In Fig. 7(a),
we show the distributions of detected counts in the three standard
bands. There are 60 sources with >100 full-band counts, for which
spectral analyses are possible; there are four sources with >1000
full-band counts. We note that the number of sources continuously
rises with decreasing detected counts before peaking around the
completeness limit of our survey, which occurs at ≈10–30 counts
depending on the bandpass. In Fig. 7(b), we show the distributions
of X-ray flux in the three standard bands. The X-ray fluxes in this
survey span roughly three orders of magnitude and have median
fluxes of 15.8, 4.0 and 20.0 × 10−16 erg cm−2 s−1 in the full, soft
and hard bands, respectively.

3.3 Background and sensitivity analysis

The faintest sources in our main catalogue have ≈3 counts (see Ta-
ble 3). Assuming a �= 1.4 power-law X-ray spectrum with Galactic
absorption as given in Section 1, the corresponding soft-band and
hard-band fluxes at the aim points are ≈5.0 × 10−17 and ≈2.4 ×
10−16 erg cm−2 s−1, respectively. This gives a measure of the ulti-
mate sensitivity of the SSA22 survey; however, these values are
only relevant for a small region near the aim point and are also
subject to significant incompleteness due to Poisson fluctuations
of source and background counts at these levels. To determine the
sensitivity as a function of position within the SSA22 field, it is
necessary to account for the broadening of the PSF with off-axis
angle and changes in the effective exposure (due to e.g. vignetting
and chip gaps; see Fig. 3c) and background rate across the field. We
estimated the sensitivity across the field by calibrating the relation-
ship between the total number of extracted source counts S versus
the local background counts B for sources detected in our main
catalogue. This was achieved mathematically through the use of a
binomial probability model, which estimates the value of S given
B background counts when a binomial probability of P = 0.01 is
required for a detection. Our resulting relation is

log(S) = α + β log(B) + γ [log(B)]2 + δ[log(B)]3, (2)

where α = 0.6832, β = 0.4956, γ = 0.1124 and δ = 0.0003 are
fitting constants. We note that this equation has the same functional
form as that used by Lehmer et al. (2005) and Luo et al. (2008),
which is appropriate for sources detected using WAVDETECT at a false-
positive probability threshold of 10−6. However, the constant values
differ mildly (most notably in the value of α) from those used by
Lehmer et al. (2005) and Luo et al. (2008), due to the different

Figure 7. (a) The distributions of detected source counts for sources in the main Chandra catalogue in the full (top), soft (middle) and hard (bottom) bands.
Sources with upper limits have not been included in this plot. The vertical dotted lines indicate the median number of detected counts: 32.7, 18.2 and 25.0
for the full, soft and hard bands, respectively. Regions where basic (≈100–1000 counts) and detailed (�1000 counts) X-ray spectroscopic fitting is possible
are indicated. The numbers of sources rise toward lower counts before peaking around ≈10–30 counts, where our survey is thought to be highly complete.
(b) Histograms showing the distributions of X-ray fluxes for sources in the main Chandra catalogue in the full (top), soft (middle) and hard (bottom) bands.
Sources with upper limits have not been included in this plot. The vertical dotted lines indicate the median fluxes of 15.8, 4.0 and 20.0 × 10−16 erg cm−2 s−1

for the full, soft and hard bands, respectively.
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detection criteria adopted in this paper. In equation (2), the only
component that we need to measure is the local background B.
To be consistent with our adopted detection criteria described in
Sections 3.2.1 and 3.2.2, we measured the local background in a
source cell using the background maps described below assuming
an aperture size of 90 per cent of the encircled-energy fraction of the
PSF; for ease of computation we utilized circular extraction aper-
tures when measuring local backgrounds (see footnote 2 for circular
approximations to the 90 per cent encircled-energy fraction). The
total background includes contributions from the unresolved cosmic
X-ray background, particle background and instrumental back-
ground (e.g. Markevitch 2001; Markevitch et al. 2003; Worsley
et al. 2005; Hickox & Markevitch 2006), and for our analyses, we
are interested in the total background and therefore do not distin-
guish between these different components.

We created background maps for all of the three standard-band
images by first masking out point sources from our main catalogue
using circular apertures with radii of 1.1 times the ≈99.9 per cent
PSF encircled-energy fraction radii as defined in Section 3.2.1. As
a result of this masking procedure, the background maps include
minimal contributions from main catalogue point sources. They
will, however, include X-ray counts from the extended sources
(e.g. the source J221744.6+001738 described in Section 5), which
will cause a mild overestimation of the measured background near
and within this source. Extensive testing of the background count
distributions in all three standard bandpasses has shown that the
X-ray background is nearly Poissonian (see section 4.2 of Alexan-
der et al. 2003). We therefore filled in the masked regions for each
source with local background counts that were estimated using the
probability distribution of counts within an annulus with an inner
radius equal to that of the masked out region (i.e. the 1.1 times the
≈99.9 per cent PSF encircled-energy fraction radius) and an outer
radius equal to the size of the background extraction radius defined
in Section 3.2.1; here, the outer radii have sizes in the range of
≈1.5–3.7 times the inner radii. The background properties are pro-
vided in Table 5. The majority of the pixels have no background
counts (e.g. in the full band ≈93 per cent of the pixels are zero) and
the mean background count rates for these observations are broadly
consistent with those presented in Alexander et al. (2003) and Luo
et al. (2008).

Following equation (2), we created sensitivity maps using the
background and exposure maps. We assumed a �= 1.4 power-
law X-ray spectral energy distribution with Galactic absorption. In
Fig. 3(d) we show the full-band sensitivity map, and in Fig. 4(b) we
plot the flux limit versus solid angle for the full, soft and hard bands.
We note that the most sensitive ≈10 arcmin2 region near the aim

point has average 0.5–2 and 2–8 keV sensitivity limits of ≈5.7 ×
10−17 and ≈3.0 × 10−16 erg cm−2 s−1, respectively.

4 MULTI WAV ELENGTH PRO PERTI ES
O F M A I N C ATA L O G U E SO U R C E S

In this section, we utilize the multiwavelength data in SSA22 to
explore the range of source types detected in our main Chandra
catalogue and highlight the basic properties of the sources in the
protocluster at z = 3.09. In Fig. 8, we show ‘postage-stamp’ images
from the DXS K-band image with adaptively smoothed full-band
contours overlaid for sources included in the main Chandra cat-
alogue. The wide range of X-ray source sizes observed in these
images is largely due to PSF broadening with off-axis angle. The
postage-stamp images show a wide variety of K-band source types
including unresolved point sources, bright Galactic (Milky Way)
stars, extended galaxies and sources without any obvious counter-
part (see column 44 in Table 2).

In Fig. 9, we show the band ratio as a function of full-band count
rate for sources in the main Chandra catalogue. This plot shows
that the mean band ratio for sources detected in both the soft and
hard bands hardens for fainter fluxes, a trend also observed in the
CDFs (e.g. Alexander et al. 2003; Lehmer et al. 2005; Tozzi et al.
2006; Luo et al. 2008). This trend is due to the detection of more
absorbed AGN at low flux levels, and it has been shown that AGN
will continue to dominate the number counts down to 0.5–2 keV
fluxes of ≈(2–6) × 10−18 erg cm−2 s−1 (e.g. Bauer et al. 2004; Kim
et al. 2006); however, we expect that an important minority of the
sources detected near the flux limit (� 3 × 10−16 erg cm−2 s−1 in
the 0.5–2 keV band) are normal galaxies (e.g. Lehmer et al. 2007,
2008; Ptak et al. 2007). As mentioned above, nine sources in our
main catalogue have spectroscopic redshifts of z = 3.06– 3.12,
suggesting that they are members of the SSA22 protocluster. If we
include LAEs selected to lie at z ≈ 3.1 as being likely protocluster
members, then we have a total of 12 X-ray detected protocluster
sources. From Fig. 9, we see that these protocluster sources occupy
a range of band ratios and full-band count rates similar to all main
catalogue sources and do not appear to reside in any unique region
of parameter space.

Fig. 10(a) shows the IRAC 3.6 μm mag (AB) versus the full-band
flux for sources included in the main catalogue. The approximate
X-ray to 3.6 μm flux ratio range expected for AGN-dominated sys-
tems is indicated. This ‘AGN region’ was calibrated using the 28
X-ray-detected broad-line quasars studied by Richards et al. (2006)
and represents the mean logarithm of the 3.6 μm to X-ray flux ration
and its 3σ scatter. We note that this categorization is only appropriate

Table 5. Background parameters.

Bandpass Mean background Total backgrounda Count ratiob

(keV) Counts pixel−1 c Counts pixel−1 Ms−1 d (105 counts) (background/source)

Full band (0.5–8) 0.072 0.267 3.6 12.1
Soft band (0.5–2) 0.017 0.065 0.9 5.0
Hard band (2–8) 0.055 0.191 2.7 23.0

aTotal number of background counts in units of 105 counts.
bRatio of the total number of background counts to the total number of net source counts.
cThe mean numbers of background counts pixel−1. These are measured from the background images described
in Section 3.3.
dThe mean numbers of counts pixel−1 divided by the mean effective exposure. These are measured from the
exposure maps and background images described in Section 3.3.
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Figure 8. DXS K-band postage-stamp images for the sources in the main
Chandra catalogue with adaptively smoothed X-ray contours overlaid. The
contours are logarithmic in scale and range from ≈0.00032 to 32 per cent
(with seven total logarithmic scales) of the maximum pixel value in the whole
≈330 arcmin2 image. The source name, composed of the sexagesimal J2000
source coordinates, has been labelled at the top of each image. The source
number (column 1 of Table 2) and full-band net source counts (column 8 of
Table 2) have been provided in the lower left- and lower right-hand corners,
respectively; when available, the value of the spectroscopic redshift has been
indicated below the source name. Each image is ≈24.6 arcsec on a side, and
the source of interest is always located at the centre of the image. In several
cases no X-ray contours are present, either because these sources were not
detected in the full band or the full-band counts are low and CSMOOTH has
suppressed the observable emission in the adaptively smoothed image. Only
one of the 24 pages of cut-outs is included here; all 24 pages are available
at the SSA22 website (and see Supporting Information).

for powerful AGN where both X-ray and IR emission is likely to be
dominated by the AGN component (i.e. with little fractional contri-
bution from galactic emission). Therefore, heavily obscured or low-
luminosity AGN that are faint in the X-ray band, but bright in the
IR, can be pushed out of the marked AGN region and into the realm
where normal/starburst galaxies and Galactic stars are expected to
be found. We find that the majority of our sources lie in the desig-
nated AGN region; however, a significant minority of the sources
appear to have small X-ray to 3.6 μm flux ratios; these sources are
either obscured or low-luminosity AGN, normal/starburst galaxies
or Galactic stars. The majority of the confirmed protocluster sources
are found in the AGN region of Fig. 10(a) (i.e. the shaded region)
with the exception of J221742.0+001913, which is X-ray faint but
has IRAC colours (see e.g. Lacy et al. 2004 and Fig. 10b) charac-
teristic of AGN, and it is therefore likely to be powered by a heavily
obscured AGN.

In Fig. 10(b), we show the 8.0 to 4.5 μm versus 5.8 to 3.6 μm
IRAC flux density ratios for sources in the SSA22 IRAC catalogues

Figure 9. Hard-band-to-soft-band count-rate ratio (i.e. �2−8 keV/

�0.5−2 keV, where � is the count rate in units of counts s−1) versus full-
band count rate for sources in the main Chandra catalogue. We note that
sources that were only detected in the full band cannot be plotted in this fig-
ure as their band ratios are unconstrained. Horizontal dotted lines show the
band ratios corresponding to given effective photon indices; these were cal-
culated using PIMMS. Sources that have been spectroscopically confirmed
to lie in the SSA22 protocluster (z = 3.06−3.12) have been indicated with
open diamonds and additional LAEs that are likely members of the proto-
cluster are shown with open squares. We note that one of the protocluster
sources has not been plotted here, since it was only detected in the full band.

that are detected in all four IRAC bandpasses (see columns 26–29
in Table 2). The AGN region of this diagram, as defined by Lacy
et al. (2004), has been outlined with dashed lines. Of the 147 main
catalogue sources detected in all four IRAC bands, we find that
81 (≈55 per cent) of them lie in the AGN region in Fig. 10(b), as
compared with ≈25 per cent of all sources in the full IRAC cat-
alogue. This result is consistent with the fact that the majority of
the X-ray detected sources are likely AGN. It is of interest to note
that a significant number (66; ≈45 per cent) of the X-ray-detected
sources are not classified as AGN by the IR data. While some
of these X-ray sources are likely to be normal/starburst galaxies
and Galactic stars at least 15 (≈23 per cent) have X-ray proper-
ties characteristic of obscured AGN (i.e. �eff � 1; see e.g. Donley
et al. 2008 for a more detailed study of similar source types in the
CDF-S). We note that all of the six protocluster sources (i.e. those
with spectroscopic redshifts z = 3.06– 3.12 or LAEs) with detec-
tions in all four IRAC bands lie in the AGN region in Fig. 10(b).

In Fig. 11, we show the observed-frame full-band luminosity ver-
sus redshift for sources in our sample and compare it with sources
given in the ≈2-Ms CDF-S sample (from Luo et al. 2008). Lu-
minosities were calculated for sources with secure optical spectro-
scopic redshifts (column 30 of Table 2) using the full band flux
provided in column 41 of Table 2 and our adopted cosmology (see
Section 1). For the most part, the main catalogue sources having
spectroscopic redshifts span a similar range of X-ray luminosities
and redshifts as those detected in the ≈2-Ms CDF-S, with the ex-
ception of the large clustering of SSA22 sources in the z = 3.09
protocluster. In the inset plot, we have highlighted the redshift range
near the protocluster, which shows the nine main catalogue sources
in the protocluster (z = 3.06– 3.12) compared with the two found in
this redshift range in the CDF-S. We note that one of these sources
J221720.6+001513 was not previously reported by Lehmer et al.
(2009) and was only recently identified via the new spectroscopic
campaign by Chapman et al. (in preparation).
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Figure 10. (a) Apparent IRAC 3.6-μm magnitude (AB) versus the logarithm of the 0.5–8 keV flux for sources in the main Chandra catalogue. In total 212
sources (≈71 per cent) have 3.6-μm counterparts down to a limiting magnitude of ≈23.5 mag. The dashed line and shaded envelope represent the region
where AGN activity is expected to dominate both the 3.6 μm and X-ray emission (see discussion in Section 4 for details). The majority of our sources have
3.6 μm and full-band fluxes that place them in the shaded region, indicating that many of these sources are likely to be AGN. A significant minority of sources
below full-band fluxes of ≈3 × 10−15 erg cm−2 s−1 have relatively low 3.6 μm to X-ray flux ratios. These sources are likely to be a mixture of obscured
or low-luminosity AGN, normal/starburst galaxies and Galactic stars. (b) Logarithm of the 8.0 to 4.5 μm flux density ratio versus the logarithm of the 5.8
to 3.6 μm flux density ratio for sources in the SSA22 field that are detected in all four IRAC bands. We have shown all SSA22 sources from the full IRAC
catalogue (small grey circles) and all Chandra detected sources with IRAC counterparts (black circles). The Lacy et al. (2004) colour-criterion region used to
identify AGN candidates has been highlighted with a dashed line boundary.

Figure 11. Logarithm of the observed-frame 0.5–8 keV luminosity (i.e.
the rest-frame [0.5–8 keV] × [1 + z] band) versus redshift for sources
in our sample that have optical spectroscopic redshifts (see column 30 of
Table 2). The dotted curve shows the average luminosity limit at 5 arcmin
off-axis. This limit was determined using the 0.5–8 keV sensitivity map (see
Section 3.3) and our adopted cosmology (see Section 1). For comparison,
we have plotted the sources from the ≈2-Ms CDF-S (open circles; Luo
et al. 2008). The vertical dashed line highlights the location of the SSA22
protocluster at z = 3.09, and in the inset plot, we show the region of the
plot around the protocluster. This shows the relatively large number of
protocluster sources compared to what is found in a low-density field like
the CDF-S. There are two CDF-S sources within the redshift boundaries of
the protocluster; however, only one can be seen due to the large number of
SSA22 protocluster sources in this parameter space.

In Fig. 12(a), we plot the positions of sources detected in our main
catalogue. We have highlighted sources that are likely associated
with the protocluster (i.e. those with spectroscopic redshifts z =
3.06–3.12 or LAEs). We note that the majority of these sources
lie in the highest LAE density regions due to a combination of (1)
the presence of larger numbers of z = 3.09 objects, (2) the X-ray

imaging being most sensitive in these regions and (3) the possibility
that the AGN fraction increases with increasing LAE density.

In Lehmer et al. (2009), we found that the fraction of LAEs
hosting an AGN was a factor of ≈6 times larger in the SSA22 pro-
tocluster than in the field (the E-CDF-S). Using the spatial densities
of LAEs in SSA22 (illustrated in Fig. 12a) and the methods outlined
in section 4.2 of Lehmer et al. (2009), we have now constrained how
the LAE AGN fraction varies as a function of local LAE density.
These methods account for the spatially varying X-ray sensitivity
of the Chandra imaging using the sensitivity maps constructed in
Section 3.3. In Fig. 12(b), we show the fraction of LAEs hosting an
AGN with rest-frame 8–32 keV luminosity greater than 1044 erg s−1

versus local LAE density (computed as the number of LAEs per 3-
arcmin radius circle) for the 479 LAEs presented in Hayashino et al.
(2004) that fell within Chandra-observed regions of SSA22. For
comparison, we have also included the corresponding AGN frac-
tion for 257 LAEs in the E-CDF-S drawn from the Gronwall et al.
(2007) sample (see Lehmer et al. 2009 for details). We find evidence
suggesting that the AGN activity per galaxy increases with local
LAE density. In the lowest density regions (≈0.3 LAEs arcmin−2)
the AGN fraction is ≈0.5 per cent, as compared with ≈3 per cent in
the highest density regions (≈2.5 LAEs arcmin−2). Using the four
data points provided in Fig. 12(b) and the Kendall’s τ rank correla-
tion statistic, we found that the AGN fraction is positively correlated
with LAE density at the ≈96 per cent confidence level; however,
these data can be well fit by a constant average AGN fraction of
≈1.3 per cent (χ 2 = 2.0 for 3 degrees of freedom). Because of
small number statistics, this result is only suggestive at present. A
more complete census of the z = 3.1 galaxy population in SSA22
(e.g. through wider LBG selection and spectroscopic follow-up than
that available) as well as observations of similar z ≈ 3 structures
will improve these constraints.

5 TH E E X T E N D E D X - R AY S O U R C E
J 2 2 1 7 4 4 . 6+0 0 1 7 3 8

Through visual inspection of the adaptively smoothed images dis-
cussed in Section 3.1, we identified one obvious extended X-ray
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Figure 12. (a) Positions of main Chandra catalogue sources. The dotted polygonal and grey contours indicate the Chandra observed region and z ≈ 3.1 LAE
source density levels, respectively (as per Fig. 2). All X-ray-detected sources have been indicated with small filled circles with symbol sizes dependent on AE

detection significance, such that more significant sources have larger circles; the largest symbols represent sources with P < 10−5. We find that the majority
of the X-ray detected protocluster sources lie in the highest LAE density regions. (b) Fraction of z ≈ 3 LAEs hosting an AGN with rest-frame 8–32 keV
luminosity larger than 1044 erg s−1 (filled circles) as a function of local LAE density. The field-averaged AGN fraction for z ≈ 3 LAEs in the E-CDF-S (from
Gronwall et al. 2007) has been indicated with an open square and a dashed horizontal line for guidance. These data show suggestive evidence that the z ≈ 3
LAE AGN fraction increases with increasing LAE density. In the highest density environments (2.5 LAEs arcmin−2) the AGN fraction is ≈six times larger
than in the field (≈0.3 LAEs arcmin−2).

source J221744.6+001738. The soft emission from this source is
clearly visible as a ‘glow’ just north-west of the average aim point
in Figs 3(a) and (b).

Using the adaptively smoothed soft-band image, we defined an
elliptical aperture from which to extract X-ray properties for the ex-
tended source. The elliptical aperture closely matches the apparent
extent of the X-ray emission that is �10 per cent above the back-
ground level; the aperture has a semimajor axis of 47.9 arcsec, a
semiminor axis of 27.1 arcsec and a position angle of 177.◦6 clock-
wise from north. Source counts sext were extracted using manual
aperture photometry from within the elliptical aperture; in this pro-
cess, point sources from the main catalogue (presented in Table 2)
were masked out using circular apertures with radii of 1.1 times
the ≈99.9 per cent PSF encircled-energy fraction. The local back-
ground was estimated using an elliptical annulus with inner and
outer sizes of 1.5 and 2.5 times those used for extracting source
counts. In order to calculate properly the expected number of back-
ground counts within our source extraction ellipse, we extracted
total exposure times from both the source and background regions
(with point sources removed) and normalized the extracted back-
ground counts to the source exposure times. That is, using the
number of background counts bann and total background exposure
time Tann as measured from the elliptical annulus, we calculated the
expected number of background counts bext in a source extraction
region with total exposure time Text as being bext = bann T ext/T ann.
This technique therefore accounts for gradients in the effective ex-
posure over the spatial extent of the extended X-ray source and the
extracted background region. We extracted sext = 491 counts with
bext = 233 background counts expected, implying a signal-to-noise
ratio of 11.6σ . We then computed the net number of source counts
nsrc from J221744.6+001738 as nsrc = (sext − bext) Asrc/Aext, where
the term Asrc/Aext is the ratio of the area used to extract counts
Aext (i.e. with point-sources masked out) and the total area of the
elliptical extraction region Asrc.

Using the above methods, we find nsrc = 410 ± 37 soft-
band counts; using the average exposure over the extended
source ≈363 ks, implies a soft-band count rate of (1.1 ± 0.1) ×
10−3 counts s−1. Fig. 13 shows the HST F814W image in the vicin-
ity of the extended X-ray emission. From the image, a small cluster-
ing of galaxies is apparent in the southern region of the extraction
ellipse, with a few elliptical galaxies residing in the highest density
regions. It is therefore plausible that the extended X-ray emission
observed in J221744.6+001738 is associated with a group or poor
cluster traced by these galaxies. We searched the redshift catalogues
discussed in Section 3.2.3 for obvious redshift spikes; however, due
to small number statistics, we were unable to confirm or deny the
presence of an overdensity in this region. Using J − K colours,
we found that a larger fraction of the galaxies within the extended
X-ray emission had ‘red’ [(J − K)Vega > 1.5] near-IR colours com-
pared with those found over the entire Chandra observed SSA22
field. A K–S test indicates that the distribution of J − K colours
in this region are similar only at the ≈6 per cent confidence level.
The difference in colour distributions is almost certainly due to an
excess of ‘red’ galaxies in this region, which indicate z ≈ 0.5–
1.5 galaxies having notable 4000-Å breaks (e.g. Swinbank et al.
2007). The most likely cluster central galaxy in this region [se-
lected based on visual morphology, location relative to other nearby
sources, K-band magnitude and near-IR colour; (J − K)Vega =
2.0] is J221744.3+001722 (indicated in Fig. 13). This source has
been found to have a redshift of z = 0.67 (from Chapman et al.,
in preparation) and is one of only three sources within the extent
of the X-ray emission to have a spectroscopic redshift available.
The source is coincident with a bright 1.4-GHz source with a flux
density of 1.4 mJy (see contours in Fig. 13; Chapman et al. 2004),
which corresponds to a 1.4-GHz luminosity of ≈3 × 1024 W Hz−1.
Since moderately luminous radio sources like J221744.3+001722
typically trace highly clustered regions (e.g. Wake et al.
2008), this provides further evidence that the extended
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Figure 13. HST F814W image of the region within the extended X-ray
source J221744.6+001738 (see Section 5 for detail). The image itself is
100 arcsec side−1. The extent of the X-ray source has been highlighted with
the black ellipse, and represents the approximate shape of the extended
emission that exceeds ≈10 per cent of the local 0.5–2 keV background
(determined from the adaptively smoothed soft-band image; see Section 3.1).
X-ray sources from our main catalogue have been highlighted with thick
circles, with the size of each circle representing roughly the 90 per cent
encircled energy fraction as computed at 1.497 keV. Within the image, a
small clustering of galaxies is notable in the southern region (top region)
of the extended X-ray emission, which is the likely source of the X-ray
emission. Radio (1.4 GHz) contours indicating intensity levels of 2.7, 8.0,
13.3, 18.6, 23.9 and 29.2 × 106 Jy sr−1 have been indicated. The most
probable cluster central galaxy J221744.3+001722, which is coincident
with a bright radio source (1.4-GHz flux of 1.4 mJy) and has a spectroscopic
redshift of z = 0.67, has been highlighted.

X-ray emission is likely due to the presence of a group or poor
cluster.

Assuming that the extended source is indeed powered by a group
or poor cluster at z = 0.67, we computed the expected soft-band
flux and luminosity assuming a Raymond–Smith thermal plasma
(Raymond & Smith 1977) with kT = 1.0 keV and Z = 0.2 Z�.
This gives a soft-band flux of (9.5 ± 0.9) × 10−15 erg cm−2 s−1

and rest-frame 0.5–2 keV luminosity of (2.3 ± 0.2) × 1043 erg s−1.
However, to confirm the redshift and the intrinsic X-ray spectral
shape of J221744.6+001738 requires a more complete census of
galaxy redshifts in this region and more detailed X-ray spectral
analyses, which are beyond the scope of this paper.

6 SU M M A RY

We have presented point-source catalogues and basic analyses of
sources detected in a deep ≈400-ks Chandra exposure over a
≈330 arcmin2 region centred on a z = 3.09 protocluster in the
SSA22 region: the Chandra Deep Protocluster Survey. The survey
reaches on-axis flux limits in the 0.5–2 and 2–8 keV bandpasses of
≈ 5.7 × 10−17 and ≈ 3.0 × 10−16 erg s−1, respectively. We have pre-
sented a main Chandra catalogue of 297 point sources, which was
generated by (1) running WAVDETECT at a false-positive probability
threshold of 10−5 and (2) filtering this list to include only sources
that were determined to have X-ray emission that was significant
in comparison to their local backgrounds. In addition to the point

sources, we have presented the properties of one 0.5–2 keV extended
source, which is likely associated with a group or poor cluster be-
tween z ≈ 0.5 and 1. We have cross-correlated our main catalogue
source positions with near-to-mid-IR photometry and optical spec-
troscopic redshift catalogues to determine the nature of the detected
point sources. The combined X-ray and multiwavelength data sets
indicate a variety of source types, most of which are absorbed AGN
that dominate at lower X-ray fluxes. In total, we have determined
that 12 of the main catalogue sources are likely associated with the
z = 3.09 protocluster, including sources that have either spectro-
scopic redshifts between z = 3.06 and 3.12 and/or sources that are
coincident with LAEs. The majority of these sources lie in the high-
est density regions of the protocluster, and we find evidence that
the AGN fraction is positively correlated with local LAE density
(96 per cent confidence).
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APPENDI X A : ADDI TI ONA L WAVDETECT

S O U R C E S

In this section, we present the source properties of the additional
nine sources excluded from our main Chandra catalogue presented
in Section 3.2.2 and Table 2 that were detected by WAVDETECT at a
minimum false-positive probability threshold ≤10−6. In Table A1,
we present the properties of these nine sources. Table A1 has the
exact same column structure as Table 2. Columns have the same
meaning as they did in Table 2, with one key exception: the counts
and errors for X-ray detected sources that are provided in columns
8–16 come from WAVDETECT photometry. A source is considered to be
detected in a given band when the source is detected by WAVDETECT.
When a source is not detected in a given band, an upper limit is
computed in the same manner as that presented in the description
of columns 8–16 in Table 2. Columns that make use of columns 8–
16 (i.e. column 2 and columns 35–43) utilize the values presented
here.

These sources are presented at the convenience of the user who
wishes to create a purely WAVDETECT-based catalogue of X-ray
sources. This can be achieved by appending Table A1 to Table 2 and
filtering the merged catalogue by the desired minimum WAVDETECT

probability presented in column 5 to create a WAVDETECT catalogue
with false-positive probability threshold of 10−6, 10−7 or 10−8.

Table A1. Supplementary catalogue of additional WAVDETECT sources with false-positive probability ≤10−6 that are not in the main Chandra catalogue.

X-ray coordinates Detection probability Net counts
Source αJ2000 δJ2000 AE WAVDETECT Pos. error θ 0.5–8 keV 0.5–2 keV 2–8 keV
number (arcsec) (arcmin)

(1) (2) (3) (4) (5) (6) (7) (8)–(10) (11)–(13) (14)–(16)

1 22 17 02.02 +00 13 32.4 0.953 −6 3.31 8.95 7.0±4.2 <19.7 <34.8
2 22 17 26.23 +00 19 34.7 0.947 −7 1.61 4.82 <14.3 4.1±2.2 <11.4
3 22 17 26.93 +00 10 45.2 0.802 −6 1.82 5.41 <14.6 4.1±2.2 <11.9
4 22 17 28.59 +00 18 25.8 0.914 −8 1.13 3.53 4.9±2.5 <7.8 3.7±2.2
5 22 17 31.02 +00 07 35.2 0.542 −6 3.01 8.10 <27.0 5.4±3.0 <24.4
6 22 17 36.58 +00 09 11.8 0.977 −6 1.59 6.36 11.0±4.2 <9.9 11.1±4.1
7 22 17 49.43 +00 22 18.2 0.911 −6 2.69 7.43 4.9±4.0 <18.0 <24.7
8 22 18 01.13 +00 24 57.7 0.660 −6 5.45 11.20 7.0±3.9 <19.5 15.9±6.4
9 22 18 08.90 +00 08 40.5 0.887 −6 2.49 10.57 42.8±10.4 <23.3 <39.5

Note. This table is presented in its entirety in the electronic version (see Supporting Information); an abbreviated version of the table is shown here for guidance
as to its form and content. The full table contains 44 columns of information for the nine sources. Meanings and units for all columns have been summarized
in detail in Section 3.2.2 and Appendix A.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Table 2. Main Chandra catalogue.
Table A1. Supplementary catalogue of additional WAVDETECT

sources with false-positive probability ≤10−6 that are not in the
main Chandra catalogue.

Fig. 8. DXS K-band postage-stamp images for the sources in the
main Chandra catalogue with adaptively smoothed X-ray contours
overlaid.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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