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ABSTRACT

Aims. Pointed observations with XMM-Newton provide the basis for creating catalogues of X-ray sources detected serendipitously
ineach eld. This paper describes the creation and characte ristics of the 2XMM catal ogue.

Methods. The 2XMM catal ogue has been compiled from anew processing of the XMM-Newton EPIC cameradata. The main features
of the processing pipeline are described in detail.

Results. The catalogue, the largest ever made at X-ray wavelengths, contains 246,897 detections drawn from 3491 public XMM-
Newton observations over a 7-year interval, which relate to 191,870 unique sources. The catalogue elds cover a sky area of more
than 500 deg?. The non-overlapping sky areais 360deg? (1% of the sky) as many regions of the sky are observed more than once
by XMM-Newton. The catalogue probes alarge sky area at the u x limit where the bulk of the objects that contribute to the X-ray
background lie and provides a major resource for generating large, well-de ned X-ray selected source samples, studyin g the X-ray
source population and identifying rare object types. The main characteristics of the catalogue are presented, including its photometric

and astrometric properties
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1. Introduction

Surveys play akey role in X-ray astronomy, as they do in other
wavebands, providing the basic observational data characteris-
ing the underlying source populations. Serendipitous X-ray sky
surveys, based on the eld data from individual pointed obse r-
vations, take advantage of the relatively wide eld of view af-
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? Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member Statesand NASA. Tables D.1 and D.2 are only available
in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr
(130.79.128.5) or vialhttp://cdsweb.u-strasbg.fr/cgi-bin/qcat?JA+A/L

forded by typical X-ray instrumentation. Such surveyshave been
pursued with most X-ray astronomy satellites since the Einstein
Observatory. The resulting serendipitous source catalogues (e.g.,
EMSS: Gioia et a. 1990, Stocke et a. 1991; WGACAT: White
et al. 1994; ROSAT 2RXP: Voges et a. 1999; ROSAT 1RXH:
ROSAT Team 2000; ASCA AMSS: Uedaet a., 2005) have been
the basis for numerous studies and have made a signi cant con -
tribution to our knowledge of the X-ray sky and our understand-
ing of the nature of the various Galactic and extragal actic source
populations.

The XMM-Newton observatory provides unrivalled capabil -
ities for serendipitous X-ray surveys by virtue of the large eld
of view of the EPIC cameras and the high throughput a orded
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by the heavily nested telescope modules. This capability guaran-
tees that each XMM-Newton observation provides a signi can t
harvest of serendipitous X-ray sourcesin addition to data on the
original target. In addition, the extended energy range of XMM-
Newton( 0:2 12keV) meansthat XMM-Newton detects sig-
ni cant numbers of obscured and hard-spectrum objectsthat are
absent in many earlier soft X-ray surveys.

This paper describes the Second XMM-Newton
Serendipitous Source Catalogue (2XMM) which has been
created from the serendipitous EPIC data from from 3491
XMM-Newton pointed observations made over a  7-year
interval since launch in 1999. The XMM-Newton serendipitous
source catalogues are produced by the XMM-Newton Survey
Science Centre (SSC), an international consortium of ten
European ingtitutions, led by the University of Leicester, as
a formal project activity performed on behalf of ESA. The
catalogues are based on the EPIC source lists produced by
the scienti ¢ pipe-line used by the SSC for the processing
of al the XMM-Newton data. The rst serendipitous source
catalogue, IXMM, was released in 2003 (Watson et a. 2003g;
XMM-SSC 2003). The current 2XMM catalogue incorporates
a wide range of improvements to the data processing, uses the
most up-to-date instrument calibrations and includes a large
number of new parameters. In paralel, the 2XMM catalogue
processing also produces a number of additional data products,
for example time-series and spectra for the brighter individual
X-ray sources. A pre-release version of the current catalogue,
2XMMp (XMM-SSC 2006), was made public in 2006. This
includes 65% of the eldsand  75% of the sky area covered
by 2XMM, while  88% of all 2XMMp sources appear in the
2XMM catalogue. Around 56% of all 2XMM sources already
have an entry in the 2XMM p catal ogue.

The 2XMM catalogue provides an unsurpassed sky area for
serendipitous science and reaches a ux limit correspondin g to
the dominant extragalactic source contribution to the cosmic
X-ray background. The catalogue is part of a wider project to
explore the source populations in the XMM-Newton serendip-
itous survey (the XID project; Watson et a. 2001; Watson et
al. 2003b) through optical identi cation of well-dened sa m-
ples of serendipitous sources (e.g., Barcons et al. 2002, 2007;
Della Ceca et a. 2004, Caccianiga et al. 2008, Motch et al.
2002; Schwaope et al. 2004; Page et al. 2007; Yuan et a. 2003;
Dietrich et al. 2006). Indeed these identi cation programs were
e ectively based on less mature versions of the XMM-Newton
catalogue data processing. XMM-Newton serendipitous survey
results have also been used to study various statistical properties
of the populations such as X-ray spectral characteristics, source
counts, angular clustering, and luminosity functions (Severgnini
et al. 2003; Mateos et al. 2005; Carrera et a. 2007; Caccianiga
et al. 2007; Mateos et al. 2008; Della Ceca et a. 2008; Ebrero
et a. 2008). Other projects based on XMM-Newton serendipi-
tous datainclude the HELLAS2XMM survey (Baldi et a. 2002;
Cocchiaet al. 2007).

The 2XMM serendipitous catalogue described here is com-
plementary to planned XMM-Newton surveys which provide
coverage of much smaller sky areas, but often with higher sen-
sitivity, thus exploring the fainter end of the X-ray source pop-
ulation. The deepest such surveys, such as the Lockman Hole
(Hasinger et a. 2001; Brunner et al. 2008) and the CDF-S
(Streblyanskaet al. 2004), cover essentially only asingle XMM-
Newton eld of view, have total integration times 300
1000ks and reach uxes few 10 ®ergcm 2s?, close to
the confusion limit. XMM-Newton has also carried out con-
tiguous surveys of various depths covering much larger sky

areas utilising mosaics of overlapping pointed observations to
achieve the required sensitivity and sky coverage. Currently
the largest contiguous XMM-Newton survey is the XMM-LSS
(Pierre at al. 2007) covering 5deg? with typical exposuretime
10 20ks per observation. Other medium-deep surveys of 1
2deg? regions include the SXDS ( 1:1deg?, 50 100ks ex-
posures; Ueda et al. 2008), the COSMOS surveys ( 2deg?,

80ks exposures; e.g., Cappelluti et a. 2007; Hasinger et al.
2007), and the Marano eld survey (Krumpeet al. 2007). These
larger area surveys typically reach limiting uxes of 10 4 to
<10 Yergem 2s L.

We also note that Chandra observations have been used
to compile a serendipitous catalogue including 7000 point
sources (the ChaM P catalogue; Kim et al. 2007) and plans are
underway to compile a serendipitous catal ogue from all suitable
Chandra observations (Fabbiano et al. 2007).

The paper is organised as follows. Section 2 introduces
the XMM-Newton observatory. Section [3 presents the XMM-
Newton observationsused to create the catal ogue and the charac-
teristics of the elds. Section 4£butlines the XMM-Newton da ta
processing framework and provides a more detailed account of
the EPIC data processing, focusing in particular on source detec-
tion and parameterisation, astrometric correctionsand u x com-
putation. Section[§ provides an account of the automatic extrac-
tion of time-series and spectra for the brighter sources, while
Sect. [@ outlines the external catalogue cross-correlation under-
taken. Section[7] describes the quality evaluation undertaken and
some recommendations on how to extract useful sub-samples
from the catalogue. Section [ describes additional processing
and other steps taken to compile the catalogue including the
identi cation of unique sources. The main properties and ch ar-
acterisation of the catalogue is presented in Sect.[@ Section
summarises access to the catalogue and plans for future updates
to 2XMM, and Sect.[I1] gives a summary.

2. XMM-Newton observatory

To provide the essential context for this paper, the main fea-
tures of the XMM-Newton observatory are summarised here,
with particular emphasison the EPIC X-ray camerasfrom which
the catalogue is derived.

The XMM-Newton observatory (Jansen et al. 2001),
launched in December 1999, carries three co-aligned grazing-
incidence X-ray telescopes, each comprising 58 nested Wolter-
I mirror shells with a focal length of 7.5m. One of these tele-
scopes focuses X-rays directly on to an EPIC (European Photon
Imaging Camera) pn CCD imaging camera (Strader et al. 2001).
The other two feed two EPIC MOS CCD imaging cameras
(Turner et al. 2001) but in these telescopes about half the X-rays
are diverted, by reection grating arrays (RGA), to theree c-
tion grating spectrometers (RGS; den Herder et al. 2001) which
provide high resolution ( = 100 800) X-ray spectroscopy
in the 0.33 2.5 keV range. The EPIC cameras acquire data in
the 0.1 15 keV range with a eld of view (FOV) 30 arcmin-
utes diameter and an on-axis spatial resolution 5 arcseconds
FWHM (MOS being slightly better than pn). The physical pixel
sizes for the pn and MOS cameras is equivalent to 1 and

4 arcseconds, respectively. The on-axis e ective area for the
pn camera is approximately 1400 cm? at 1.5 keV and 600 cm?
at 8 keV while corresponding MOS e ective areas are about
550 cm? and 100 cm?, respectively. The energy resolution for
the pn camerais 120eV at 1.5keV and 160ev at 6keV
(FWHM), whilefor the MOS cameraitis 90eV and 135¢V,
respectively. The EPIC camerascan beusedin avariety of di er-
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Fig. 1. Hammer-Aito equal area projection in Galactic coordi-
nates of the 3491 2XMM elds.

ent modes and with several Iters (see Sect. 8.I). In additio n to
the X-ray telescopes, XMM-Newton carries a co-aligned, 30cm
diameter Optical Monitor (OM) telescope (Mason et al. 2001)
which provides an imaging capability in three broad-band ultra-
violet Itersandthreeoptical Iters, spanning 1800 to 60 00
two additional grism lters permit low dispersion ultra-vi olet
and optical-band spectroscopy. The construction of a separate
catalogue of OM sourcesisin preparation.

A number of speci ¢ features of XMM-Newton and the
EPIC cameras which are referred to repeatedly in this paper are
collected together and summarised in Appendix[Altogether with
the relevant nomenclature.

3. Catalogue observations
3.1. Data selection

XMM-Newton observationd] were selected for inclusion in the
2XMM catalogue pipeline smply on the basis of their pub-
lic availability and their suitability for serendipitous science. In
practice this meant that all observationsthat had a public release
date prior to 2007 May 01 were eligible. A total of 3491 XMM-
Newton observations (listed in Appendix [B) were included in
the catalogue; their sky distribution is shown in Fig. [Il Only
a few observations(83) were omitted, typically because a valid
ODH was not available or because of a fewunresolved process-
ing problems. The eld of view (FOV) of an XMM-Newton
observation (the three EPIC cameras combined) has a radius

15 arcminutes. The XMM-Newton observations selected for
the 2XMM catalogue cover only 1% of the sky (see Sect.[9.2
for a more detailed discussion). Certain sky regions have con-
tiguous multi-FOV spatial coverage, but the largest such region
is currently < 10 deg?.

By de nition the catalogue observations do not form a ho-
mogeneous set of data. The observations selected have, for ex-
ample, awide sky distribution (see Fig.[I, where 65% are at
Galactic latitude jbj > 20 ), a broad range of integration times
(Fig. @) and astrophysical content (Sect.[3.2), as well as a mix-
ture of EPIC observing modesand Iters, asfollows.

The EPIC cameras are operated in several modes of data ac-
quisition. In full-frame and extended full-frame modes the full
detector area is exposed, while for the EPIC pn large window
mode only half of the detector isread out. A single CCD isused

1 An observation is de ned as a single science pointing at a xe d
celestial target which may consist of several exposures with the XMM-
Newton instruments.

2 The Observation Data File is a collection of standard FITS format
raw data les created from the satellite telemetry.
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Fig. 2. Distribution of total good exposuretime (after event Iter -
ing) for the observations included in the 2XMM catalogue (for
each observation the maximum time of all three cameras per ob-
servation was used).

Table 1. Data modes of XMM-Newton exposures included in
the 2XMM catal ogue.

Abbr. Designation Description
MOS cameras:
PFW Prime Full Window covering full FOV
PPW2  Prime Partial W2 small central window
PPW3  Prime Partial W3 large central window
PPW4  Prime Partial W4 small central window
PPW5  Prime Partial W5 large central window
FU Fast Uncompressed central CCD in timing mode
RFS Prime Partial RFS central CCD withdi erent frame
time (‘ Refreshed Frame Store’)
pn camera:
PFWE  Prime Full Window covering full FOV
Extended
PFW Prime Full Window covering full FOV
PLW Prime Large Window  half the height of PFW/PFWE

for small window, timing and burst mode (not used for source
detection). In the case of MOS the outer ring of 6 CCDs always
remain in standard imaging mode while the central MOS CCD
can be operated separately: in partial window modes only part of
the central CCD isread out, and in fast uncompressed and com-
pressed modes the central CCD isin timing mode and produces
no imaging data. In the MOS refreshed frame store mode the
central CCD hasadi erent frame time and the CCD is not used
for source detection. Table[ lists all the EPIC camera modes of
observations incorporated in the catalogue, while Fig. [3 shows
their sky footprints.

Each XMM-Newton camera can be used with a di erent
Iter: Thick, Medium, Thin, and Open, the choice depending
on the degree of optical blockingﬁp desired. Table [Z gives an
overview of the data modes and Iter settings used for the
2XMM observations. No Open Iter exposures passed the selec -
tion criteria (cf. Sect. [4.7), while about 20% of pn observations
aretaken in timing, burst, or small window mode.

3 see Appendix[A]
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Fig.3. Typica sky footprints of the di erent observing modes
(the FOV is  30°). Noticeable are the CCD gaps as well as
columns and rows excluded in the Itering process. Thee ects
of vignetting and exclusion of CCDs due to much lower expo-
sure times are not shown. Top row: MOS full window mode;
MOS partial window W3 or W5 mode; MOS partial window W2
or W4 mode. Bottom row: MOS fast uncompressed, fast com-
pressed, or RFS mode; pn full window mode; pn large window
mode.

Table 2. Characteristics of the 3491 XMM-Newton observations
included in the 2XMM catalogue.

Camera Modes Filters Total
full® window? other® thin medium thick

pn 2441 233 1233 1259 182 2674

MOS1 2560 605 219 1314 1772 298 3384

MOS2 2612 655 127 1314 1777 303 3394

a8 PFWE and PFW modes
b pn PLW mode and any of the various MOS PPW modes
¢ other MOS modes (FU, RFS)

3.2. Target classi cation and eld characteristics

The 2XMM catalogueisintended to be a catal ogue of serendipi-
tous sources. The observationsfrom which it has been compiled,
however, are pointed observations which typically contain one
or more target objects chosen by the original observers, so the
catalogue contains a small fraction of targets which are by def-
inition not serendipitous. More generally, the elds from w hich
the 2XMM catalogueis compiled may also not be representative
of the overall X-ray sky.

To avoid potential selection bias in the use of the cata-
logue, an analysisto identify the target or targets of each XMM-
Newton observation has been carried out. Additionally, an at-
tempt has been made to classify each target or the nature of the
eld observed; this provides additional information which can
be important in characterising their usefulness (or otherwise)
for serendipitous science. In practice the task of identifying and
classifying the observation target is to some extent subjective
and likely to be incomplete (only the investigators of that ob-
servation know all the details). Here, the main results of the ex-
ercise are summarised. A more detailed description is given in
Appendix[Cl

Of thetotal 3491 observationsincluded in 2XMM, the target
could be unambiguously resolved in terms of its coordinates
and classi cation in the vast majority of cases ( 98%)

In the full set of targets, 50% are classi ed as spatialy

unresolved objects, 10% as extended objects with small
angular extent (< 3%, 22% as larger extended objects,
and around 15% can be considered to have no discrete tar-
get leaving only 2% of unknown or problematic cases (see
Table[CD).

Around 10% of observations were obtained for calibration
purposes; around 3% of targets are targets of opportunity .
Anticipating the discussion in Sect. around 2/3 of the
intended targetsare unambiguously identi ed intheir XMM-

Newton observations.

Figure [ illustrates the wide variety in eld content (im-
ages are usually combinations of pn and MOS total-band images
that include out-of-FOV areas). Panel (@) shows typical XMM-
Newton observations which may be considered representative of
most of the observations used for the catalogue. Panel (b) shows
the variety of astrophysical content; in many of these cases the
source detection is a ected by a dominant bright point or ex-
tended source, or by crowding in high density regions. Lastly
panel (c) illustrates various instrumental or detector artefacts
which, athough relatively rare, cause signi cant source d etec-
tion issues. The most common of these, a ecting 6% of the
observations each, are the OOT events and X-ray scattering o
the RGA (see Appendix[A] for terminology). Both e ects occur
for al sources but only become signi cant for the brightest ob-
jects where they may cause spurious detections and background
subtraction problems (as OOT events of piled-up sources are not
represented properly in the background maps). The rarer prob-
lems (also illustrated in panel (c)) are:

PiIeurEl, which can make the centroiding of a source di -
cult, resultingin o -centre detections as well as spurious ex-
tended source detection.

The shadows from the mirror spider can be visible in the
PSH] wings of the very brightest sourcesand a ect the back-
ground maps, that is, the source parametersin these areas are
uncertain.

Due to the nature of the background maps (spline maps,
see Sect. [4.4.2), sharp edges, caused, for example, by noisy
CCDs, can not be represented well and cause spurious de-
tections. Note that this problem can a ect the parameters of
real sourcesaswell.

Finally, the telescope ba es allow photons from a narrow
annular region of sky outside the nominal FOV to reach the
detectors via a single re ection, instead of the two re ec-
tions required for correct focusing. Bright X-ray objects in
this annular region can giverise to bright arcs in the image,
as shown in panel (v), which typically produce numerous
spurious detections.

4. Data Processing

The SSC operates a data-processing system on behalf of ESA
for the processing of XMM-Newton pointed observations. The
system, which can be considered asa ‘ pipeline’, uses the XMM -
Newton Science Analysis Software (SAS) to generate high-
level science products from ODFs. These science products are
made availableto the principal investigator and ultimately the as-
tronomy community through the XMM Science Archive (XSA;

4 see Appendix [A]
5 The description and documentation are available on-line at the
ESAC web site|http://xmm?2.esac.esa.int/sas/
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Fig. 4.a) Examples of typical 2XMM EPIC images (north is up). Frofi te right: (i) medium bright point source; (ii) deep eld
observation; (iii) shallow eld observation with small extded sources; (iv) distant galaxy cluster.

Fig. 4. b) Examples of variation in astrophysical content of 2XMMsebvations (north is up); in most of these extreme cases the
source detection is problematic. Top row, from left to rigijtbright extended emission from a galaxy cluster; (ii)ission from a
spiral galaxy which includes point sources and extendedsoni; (iii) very bright extended emission from a SNR; (lamentary

di use emission. Second row: (v) complex eld near the Galacgatre with di use and compact extended emission; (vi) two
medium-sized galaxy clusters; (vii) complex eld of a staurster; (viii) bright point source, o-centre.

Fig. 4.c) Examples of instrumental artefacts causing spuriouscsaletection (north is up). From left to right: (i) brightsoe with
pileup and OOT events; (ii) very bright point source showaityious pileup, shadows from the mirror spider, and scadtéight
from the RGA,; (iii) the PSF wings of a bright source spreaddmelthe unused central CCD causing a brightening of the ealyes
the surrounding CCDs (which may not be well representedérbtickground map); (iv) obvious noisy CCDs for MOS1 (CCD#4)
and for MOS2 (CCD#5) to the top right; (v) numerous and brajhgjle re ections from a bright point source outside the F@ith

a star cluster to the left. See Appendix A for terminology.

Arviset et al. 2007). In October 2006, the SSC began to repmf-the mission. The aim was to create a uniform set of science
cess every available pointed-observation data-set frenstidwt products using an up-to-date SAS and a constant set of XMM-
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