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ABSTRACT

Context. Thanks to the large collecting area%¥3~1500 cnt at 1.5 keV) and wide field of view (3Gacross in full field mode) of
the X-ray cameras on board the European Space Agency X-sanaiioryXMM-Newton each individual pointing can result in the
detection of up to several hundred X-ray sources, most oflwaie newly discovered objects. Sin¢eIM-Newtonhas now been in
orbit for more than 15 years, hundreds of thousands of seuraee been detected.

Aims. Recently, many improvements in t¥&IM-Newtondata reduction algorithms have been made. These includmeet source
characterisation and reduced spurious source detectigfiteed astrometric precision of sources, greater net thétysfor source
detection, and the extraction of spectra and time seriegafoter sources, both with better signal-to-noise. Thatakthese en-
hancements, the quality of the catalogue products has baeh improved over earlier catalogues. Furthermore, al®@% more
observations are in the public domain compared to 2XMMi-D&Bwing the XMM-Newton Survey Science Centeeproduce a
much larger and better quality X-ray source catalogue.

Methods. The XMM-Newton Survey Science Cerli@s developed a pipeline to reduce ¥idM-Newtondata automatically. Using
the latest version of this pipeline, along with better aatlon, a new version of the catalogue has been produced) XXisIM-Newton
X-ray observations made public on or before 2013 Decembeahual screening of all of the X-ray detections ensuresigkest
data quality. This catalogue is known as 3XMM.

Results. In the latest release of the 3XMM catalogue, 3XMM-DR5, thare 565962 X-ray detections comprising 396910 unique
X-ray sources. Spectra and lightcurves are provided fod 88900 brightest sources. For all detections, the positiomthe sky, a
measure of the quality of the detection, and an evaluatidheoK-ray variability is provided, along with the fluxes armliat rates in
7 X-ray energy bands, the total 0.2-12 keV band counts, amdHardness ratios. With the aim of identifying the detetia cross
correlation with 228 catalogues of sources detected inalelands is also provided for each X-ray detection.

Conclusions. 3XMM-DR5 is the largest X-ray source catalogue ever produdéanks to the large array of data products associated
with each detection and each source, it is an excellent resdar finding new and extreme objects.

arXiv:1504.07051v3 [astro-ph.HE] 9 Feb 2016

Key words. Catalogs — Astronomical data bases — Surveys — X-rays: gener

1. Introduction

KMM-Newton (Jansen et al._2001) is the second cornerstone

* Based on observations obtained with XMM-Newton, an ESA s . .
mission from theEuropean Space Agency Horizon 2000 pro-

ence mission with instruments and contributions directigded by

ESA Member States and NASA. gramme It was launched in December 1999, and thanks to the
** httpy/cdsarc.u-strasbg/fiiz-bin/VizieR?-meta.foot&- ~1500 cn?t of geometric &ective areal(Turner etlal. 2001) for
source=1X/44 each of the three X-ray telescopes aboard, it has the lagfiest
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fective area of any X-ray satellite (Longindtti 2014). Tlést, Whilst this paper covers the 3XMM catalogue in general,
coupled with the large field of view (FOV) of 30means that a some of the data validation presented was carried out on the
single pointing on average detects 50 to 100 serendipiteta/X 3XMM-DR4 version that was made public on 23 July 2013.
sources|(Watson etlal. 2009). 3XMM-DR4 contains 531261 X-ray detections that relate to
For the past 19 years, thXMM-Newton Survey Sci-372728 unique X-ray sources taken from 742MM-Newton
ence Cent® (SSC), a consortium of ten European Institutesbservations.
(Watson et al. 2001) has developed much of XMM-Newton The paper is structured as follows. Sectidn 2 contains in-
Science Analysis Softwa(SAS) (Gabriel et &l._2004) for re- formation concerning the observations used in the 3XMM-DR5
ducing and analysingMM-Newtondata and created pipelinescatalogue. Sectiohl 3 covers the 3XMM data processing and
to perform standardised routine processing ofXtMM-Newton details changes made with respect to previous catalogees (s
science data. The XMM SSC has also been responsible for pévatson et al. 2009), such as the exposure selection, the time
ducing catalogues of all of the sources detected witMM- dependent boresight implemented, the suppression of mainim
Newton The catalogues of X-ray sources detected with the thrie@ising particle (MIP) events, the optimised flare filtgyjrthe
EPIC (Struder et al. 2001a; Turner etlal. 2001) cameras tkat @nproved point spread function (PSF) used for the sourcecdet
placed at the focal point of the three X-ray telescopes halien, new astrometric corrections and the newly derivedgne
been designated 1XMM and 2XMM successively (Watson let abnversion factors (ECFs). We also outline the new sourge fla
2009), with incremental versions of these catalogues aidit ging procedure. Sectidd 4 covers the source specific preduct
by successive data releases, denoted -DR in associatibhegit associated with the catalogue, such as the enhanced extract
catalogue number. This paper presents the latest versitheofmethods for spectra and time series and the variabilityadhar
XMM catalogue, 3XMM. The original 3XMM catalogue wasterisation. Sectiohl5 describes the various screeningepioes
data release 4 (DR4). The publication of this paper coirscidemployed to guarantee the quality of the catalogue, and Sec-
with the release of 3XMM-DRS5. This version includes one exion[6 outlines the statistical methods used for identifyimique
tra year of data and increases the number of detections by B&yrces in the database. Then, Sedflon 7 describes thelprese
with respect to 3XMM-DR4. The number of X-ray detectiongsed to cross-correlate all of the X-ray detections withe!
in 3XMM-DR5 is 565962, which translate to 396910 unique Xeatalogues, Sectidd 8 discusses the limitations of théogata
ray sources. The median flux of these X-ray sources2igix and Sectiori ]9 characterises the enhancement of this catalog
101 erg cnm? s (0.2-12.0 keV), and the data taken span 18ith respect to previous versions, with the potential of the
years. The catalogue covers 877 square degrees of-$k§% alogue highlighted by several examples of objects that @n b
of the sky) if the overlaps in the catalogue are taken into deund in 3XMM, in Section 1ID. Finally, information on how
count. 3XMM-DR5 also includes a number of enhancemeritsaccess the catalogue is given in Secfioh 11, and futuee cat
with respect to the 3XMM-DR4 version, which are describd@gue updates are outlined in Section 12, before concluditig
in appendix’A. The 3XMM-DR5 catalogue is approximatel Summary.
60% larger than the 2XMMi-DR3 release and five times the cur-
rent size of theChandrasource catalogue (Evans etlal. 2010
3XMM uses significant improvements to the SAS and incorp
rates developments with the calibration. Enhancemenbsdec 3XMM-DR5 is comprised of data drawn from 778MM-
better source characterisation, a lower number of spusouce  NewtonEPIC observations that were publicly available as of
detections, better astrometric precision, greater nesithéty 31 December 2013 and that processed normally. The Hammer-
and spectra, and time series for fainter sources, both véith bAitoff equal area projection in Galactic coordinates of the
ter signal-to-noise. These improvements are detailedifirout 3XMM-DR5 fields can be seen in Figl 1. The data in 3XMM-
this paper. DR5 include 440 observations that were publicly availabtba
A complimentary catalogue of ultra-violet and opticalime of creating 2XMMi-DR3, but were notincluded in 2XMMi-
sources detected with théMM-NewtonOptical Monitor (OM DR3 due to the high background or processing problems. All of
Mason et all 2001) in similar fields to théMM catalogue is those observations containinglks clean datax1 ks of good
also produced in the framework of theMM-NewtonSSC and time interval) were retained for the catalogue. Eig. 2 shtives
is called theXMM-Newton Serendipitous Ultraviolet Sourcalistribution of total good exposure time (after event fitig) for
Survey(XMM-SUSS in its original form, with the more re- the observations included in the 3XMM-DR5 catalogue and us-
cent version named XMM-SUSSR, Page etal. 2012). 3XMMg any of thethick, mediumor thin filters, but not theopenfil-
is also complementary to other recent X-ray catalogued) suer. There are just three observations with one or more asner
as theChandra source catalogue mentioned above, and tlenfigured with theopenfilter. The number of the 778XMM-
1SXPS (Swift-X-ray Telescope (XRT) point source) catalvgWNewtonobservations included in the 3XMM-DR5 catalogue for
(Evans et all_2014b) of 151524 X-ray point sources detectedch observing mode and each filter is given in Table 1. Open fil
with the Swift-XRT over eight years of operation. 1SXPS haer data were processed but not used in the source dete@gm s
a sky coverage nearly 2.5 times that of 3XMM, but tieee- of pipeline processing. The sark®M-Newtordata modes were
tive area of the XRT is less than a tenth of each of the telesed as in 2XMM Watson et al. (2009) and are included in ap-
scopes on boarAMM-Newton(Longinottil2014). Other earlier pendiXB of this paper, for convenience.
catalogues include all-sky coverage, such asRBSAT all-sky The only significant dference was the inclusion of mo-
survey(RASS| Voges et al. 1999), but the reduced sensitivity shic mode data. Whilst moXMM-Newtorobservations are per-
ROSATcompared toXMM-Newtonmeans that the RASS cataformed in pointing mode, where the spacecraft is locked on
logue contains just 20% of the number of sources in 3XMMe a fixed position on the sky for the entire observation, esinc
DR4. However, the dierent X-ray source catalogues in conjunaevolution 1812 (30 October 2009), a specific mosaic observ-

2_. Catalogue observations

tion with 3XMM allow searches for long-term variability. ing mode was introduced in which the satellite pointing clire
tion is stepped across the sky, taking snapshots at poinibs (s
1 httpy/xmmssc.irap.omp.éu pointings) on a user-specified grid. Data from dedicated mo-
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To the pipeline, mosaic mode (and mosaic-like) observation
sub-pointings are transparent. No special processingpieap
Each sub-pointing is treated as a distinct observationiceale-
tection is performed on each sub-pointing separately aratno
tempt is made to simultaneously fit common sources detected
in overlapping regions of multiple sub-pointings. Whilensil-
taneous fitting is possible, this aspect had not bedicantly
explored or tested during the preparations for the 3XMM cata
logues.

There are 45 observations performed in the dedicated mo-
saic mode before the bulk processing cfitdate of 8 Decem-
ber 2012, of which 37 are included in 3XMM-DR5, see ap-
pendix[A, point 1. None of these was available for catalogues

. . o ] ) prior to 3XMM. In total, there are 356 processed mosaic sub-
Fig. 1. Hammer-Aitdf equal area projection in Galactic coordinates Qypintings in the 3XMM-DR5 catalogue.
the 7781 3XMM-DRS fields.

-90

3. Data processing

800

The data used for the 3XMM catalogues have been reprocessed
with the latest version of the SAS and the most up to date cali-
bration available at the time of the processing. The majaft
the processing for 3XMM-DR5 was conducted during December
2012January 2013, with the exception of 20 observations pro-
cessed during 2013. The SAS used was similar to SAS 12.0.1
but included some upgraded tasks required for the pip€line.
SAS manifest for tasks used in the cat9.0 pipeline and thie sta
set of current calibration files (CCFs) that were used fombthlk
reprocessing are provided via a dedicated online welipage
There are 31 observations in 2XMMi-DR3 that did not make
I S S| itin to 3XMM-DRS5, mainly due to softwaygipeline errors dur-
20 100 ing processing. Typical examples of the latter problemziaee
Exposure time (ksec) to revised ODFs (e.g. with no useful time-correlation infiar
tion), more sophisticated SAS software that identified éssu
Fig. 2. Distribution of total good exposure time (after event fitig) ~hitherto not trapped, or issues with exposure correctibback-
for the observations included in the 3XMM-DR5 cataloguer gach ground flare light curves and pn time-jumps.
observation the maximum time of all three cameras per obSen/was The main data processing steps used to produce the 3XMM
used). data products were similar to those outlined_in_Watsonlet al.
(2009) and described on the SOC webpHgés brief, these
steps were the production of calibrated detector events fha

saic mode or tracking (mosaic-like) observations are aedr ODFs; identification of stable background time intervaderiti-

into a single observation data file (ODF) for the observatiofication of “useful” exposures (taking account of exposimeet

In previous pipeline processing, the pipeline productsnftbe instrument mode, etc.); generation of multi-energy-banax
small number of mosaic-like observations were generally gdmages and exposure maps from the calibrated events; source
erated, at best, for a single sub-pointing only. This is beea detection and parameterisation; cross-correlation ofsthece

the pipeline filters data such that only events taken durimg bst with a variety of archival catalogues, image databases
interval where the attitude is stable and centred on the nor@ther archival resources; creation of binned data prodapfsi-

nal observation pointing direction (within &®lerance), are ac- cation of automatic and visual screening procedures tokcioec
cepted. Data from some, or all, of the other sub-pointingeweny problems in the data products. The data from this precess
thus typically excluded. During 2012, tbéIM-NewtorScience ing have been made available throughXtM-NewtorScience
Operations Centre (SOC) devised a scheme whereby the paféghive] (XSA).

ODF of a mosaic mode observation is split into separate ODFs,

one for each mosaic sub-pointing. All relevant data areainetl
within each sub-pointing ODF and the nominal pointing dire
tion is computed for the sub-pointing. This approach is @bl The only change applied for identifying exposures to be pro-
to both formal mosaic mode observations and those mosaiessed by the pipeline compared to that adopted in predcat9.
like/tracking observations executed before revolution 1812. Rerocessing (Watson etlal. (2009) - see their section 4.19 tha
amosaic mode observation, the first 8 digits of its 10-dig#t@- exclusion of any exposure taken with the Open filter. This was
vation identifier (OBS_ID) are common for the parent observaone because use of the Open filter leads to increased cowtami
tion and its sub-pointings. However, while the last two tigif  tion from optical light (optical loading). Eight exposur@eom

the parent observation OBS_ID almost always end in 01, #r th
sub-pointings they form a monotonic sequence, startinglat 3 httpy/xmmssc-www.star.le.ac.ipubligpipelingdog04_cat9.0_20121220.1
Mosaic mode sub-pointings are thus immediately recogtésali httpy/xmm.esac.esa.ifsagcurrenthowtousesas.shtml

in having OBS_ID values whose last two digits ar&1. 4 httpy/xmm.esac.esa.ifxsa

400 600

200
= T T

Number of observations

C’s’.l. Exposure selection
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Table 1.Characteristics of the 778IMM-Newtornobservations included in the 3XMM-DRS5 catalogue.

Camera Modes Filters Total
Full2  Window? Othef Thin Medium Thick

pn 5853 495 - 3327 2633 388 6348

MOS1 6045 1306 309 3296 3774 590 7660

MOS2 6100 1341 248 3303 3789 597 7689

2 Prime Full Window Extended (PFWE) and Prime Full Window (PRvbdes? pn Prime Large Window (PLW) mode and any of
the various MOS Prime Partial Window (PPW) modesther MOS modes (Fast Uncompressed (FU), Refresh Frame (RBE6)).

five observations) taken with the Open filter were excludethfr 3.2.3. Optimised flare filtering

the data publicly available for the 3XMM-DR5 catalogue. In previous pipeline processing (pre-cat9.0 pipelinés recog-

nition of background flares and the creation of good time in-
tervals (GTIs) between them was as described in sectionf4.3 o
o ) Watson et al.|(2009), where the background light curves were
Much of the pipeline processing that converts raw ODF evint fijerived from high energy data and the count rate thresholds f
data from the EPIC instruments into cleaned event lists &as fefining the GTIs were based on fférent) constant values for
mained unchanged from the pre-cat9.0 pipeline and is destri each instrument. In the processing for 3XMM, two key changes
in section 4.2 of Watson etlal. (2009). However, we describendve been made.

alterations to the approach used for 2XMM. Firstly, rather than adopting fixed count rate thresholds in
each instrument, above which data are rejected, an optimisa
tion algorithm has been applied that maximises the sigmal-t
noise ($N) for the detection of point sources. Secondly, the light

Analysis by both theXMM-NewtonSSC and the SOC estabLurves of the background data used to establish the count rat
lished the presence of a systematic, cyck8¢2 day) time- t_hreshold for excluding background flar.es are extractednin a
dependent variation in theffset of each EPIC (and OM and'in-band’ (0.5-7.5 keV) energy range. This was done so thet t
RGS) instrument boresight from their nominal pointing posProcess described below resulted in maximum sensitivith¢o
tions, for each observation. This seasonal dependenceés-sudetection of objects in the energy range of scientific irstere
posed on a long term trend, the semi-amplitude of the sehsona The overall process for creating the background flare GTls
oscillation being~1.2’ in the case of the EPIC instrumentdOr each exposure within each observation involved thevoll
(Talavera et dl. 2012). These variations of the instrumeng-b Ng Steps:

sights have been characterised by simple functions inreaidn

3.2. Event list processing

3.2.1. Time-dependent boresight

1. For each exposure, a high energy light curve (from 7 to 15

(Talavera et al. 2012; Talavera & Rodriguez-Pascual 20m+g.
origin of the variation is uncertain but might arise from tieg
effects in the support structures of the instrumentg@raepace-
craft star-trackers - no patterns have been identified iratad-
able housekeeping temperature sensor data though thegemay ™
sample the relevant parts of the structure.

During pipeline processing aKMM-Newtonobservations
for the 3XMM catalogues, corrections for this time-depertde 5
boresight movement are applied to individual event pasiio '
each instrument, via the SAS taakcalc based on the observa-
tion epochs of the events.

3.2.2. Suppression of Minimum lonizing Particle events in
EPIC-pn data

High energy particles can produce electron-hole pairsersiti-

con substrate of the EPIC-pn detector. While onboard psigs
and standard pn event processing in the pipeline removesahosb.
these so-called minimum ionizing particle events (Strisdel.
2001b), residual féects can arise when MIPs arrive during the
pre-exposure fiset-map analysis and can give rise to features
that appear as low-energy noise in the pn detector. Typijcall

these features are spatially confined to a clump of a few pix&S€

keV for pn,> 14 keV for MOS) is created, as previously, and
initial background flare GTls are derived using the optimdise
approach employed in the SAS tabkgoptratesee below).
Following the identification of bad pixels, event cleapand
event merging from the ffierent CCDs, an in-band image
is then created, using the initial GTls to excise background
flares.

The SAS taskeboxdetecthen runs on the in-band image to
detect sources with a likelihoad 15 - this is already very
conservative as only very bright (likelihocs 100), variable
sources are able to introduce any significant source vériabi
ity component into the total count rate of the detector (accu
mulated from most of the field).

4. Anin-band light curve is subsequently generated, exetud

events from circular regions of radius’6€r sources with
count rates<0.35 counts or 100 for sources with count
rates>0.35countss, centred on the detected sources.

The SAS taskbkgoptrate is then applied to the light curve

to find the optimum background rate cut threshold and this is
subsequently used to define the final background flare GTls.

The optimisation algorithm adopted, broadly follows that
d for the processing of ROSAT Wide Field Camera data for

and appear only in band 1. However, in pre-cat9.0 pipelice plIhe ROSAT 2RE catalogue (Pye etlal. 1995). The process seeks

cessing, such features were sometimes detected as soureed® determine the background count rate threshold at V‘(’:h'eh th
ing source detection and these were not always recogniskd E#maining data below the threshold yields/al $atio, S = =,
flagged during the manual flagging process outlined in sectifor a (constant) source that is a maximum. HEgds the num-
7.4 oflWatson et all (2009). The SAS taskrejectwas incorpo- ber of source counts art}, is the number of background counts.
rated into the pipeline processing for 3XMM and in most cas&ince we are interested, here, in finding the backgrouncttate

corrects for these MIP events during processing of pn eventsthat yields the maximum/8l and are not concerned about the
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absolute value of that/N, then for background light curves with 8 Tlowd [ High'] 80 T
bins of constant width, as created by the pipeline procgsSin !

<
2]
can be expressed as 3
2
O
oz

50 |

N I ]
— ® o 5 o
Z ri 0 5000 10 0 5000 10 0 5000 0 5000

whereN is the number of bins with background count rates
below the threshold;r, andr; is the count rate in time bin the o i i
summation is over the time hins with a count ratet. Time 400 HI™—J 500 [ i
bins are of 10s width for pn and 26s for MOS. The process sorts | ] [ ]
the time bins in order of decreasing count rate. Startingfiloe 2
highest count rate bin, bins are sequentially removed, cimgp =" | ] , L ]
equatiori]l at each step. With the count rate of the bin remated> l 1 17 ]
each step representing a trial background count rate ceshihr 0 gl 0 e Ot %, ‘2*0‘4*0‘6*04
old, this process yields a curve of\Bvs. background count rate
cut threshold. The background cut corresponding to the péak
the 3N curve is thus the optimum cut threshold. Fig. 3. Flare background light curves (top row) and their correson

In figure[3 we show four examples of in-band backgrounglg SN vs. background cut threshold plots (bottom row). The lefitn
time series in the top row, accompanied by the respectide Sanels are for a typical observation with notable backgoflaring.
vs. background-cut-threshold plots in the bottom row. Thet fi The second pair of vertically aligned panels shows an examwplere
panel in each row represents a typical observation (MOSth) wihe background has a persistently low level, while the thai of pan-
some significant background flaring activity. The optimunt c§'S reflects an example where the background is persisteigtly The
level of 1.83 ctfs leads to the creation of GTIs that exclude pofldntmost panels show an example of a variable backgrounchvgives
tions of the observation where the background exceeds the rise to a double-peaked/® vs. background-rate-cut curve. The verti-

: red lines in the lower panels indicate the optimum bamlgd-cut-
threshold. The second panels are for a pn observation with a reshold (i.e. the peak of the curve) derived for the ligiives in the

ple, low background level. The optimum cut in the bac_:kgrouq p panels. In the upper panels the applied optimum cutisatdso
includes all the data and thus generates a GTI spanning the £fawn in red as horizontal lines.

tire observation. This is also true for the third panels \ulshow
a MOSL1 case where the background is persistently high (above
the level where the whole observation would have been egecnot adequately describe the prominent spoke structuresisee
in pre-cat9.0 pipeline processing). The fourth panels ar@f source images (arising from the mirror support structuaes)
example of a variable background which gives rise to a dowere created identically for each EPIC camera.
ble peaked 8\ v background-rate-cut curve. Here, raising the To address the limitations of the default EPIC PSFs, a set of
threshold from~18 ctgs to ~28 ctgs simply involves a steeply empirical PSFs were constructed, separately for eachumsint,
rising background rate early in the observation, causinigand by careful stacking of observed XMM source images over a grid
the 9N verses background-rate-cut curve. However, as the rafeenergy and fi-axis angles from the instrument boresights.
cut threshold is increased above 3Qstalthough the count rate The cores and spoke patterns of the PSFs were then modelled
is higher, a lot more exposure time is available, so tie@irve independently so that implementation within tkBM-Newton
rises again and the optimum cut includes almost all the dtataSAS calibration software then enables PSFs to be recomestiruc
should be emphasised that the fixed cut thresholds used f& Mibat take the fi-axis and azimuthal locations of a source into
and pn in previous XMM processings can not be directly coraccount, as well as the energy band. The details of the issues
pared to the optimised ones used here because of the chang®aiated with the default PSF and the construction andasadid
energy band being used to construct the background lighecurof the empirical PSF are presented.in Read et al. (2011).
It is, however, worth noting that the fixed cuts used previpus The use of the empirical PSF has several ramifications in
often result in very similar GTls to those generated by thié opsource detection. Firstly, the better representationroiciires
misation process described above. This is because theopsevin the real PSF results in more accurate source parameterisa
fixed instrument thresholds were based on analyses thahsouign. Secondly, it helps reduce the number of spurious detec
to find a representative level for the majority ¥MM-Newton tions found in the wings of bright sources. This is because th
observations. previous medium accuracy PSFs did not adequately model the
We discuss some of the gains of using this optimisation agere and spoke features, leaving residuals during fittintvtere
proach in section 913 and some known issues in section 8.  prone to being detected as spurious sources. With the eralpiri
PSFs, fewer such spurious detections are found, espeicialig
) ) . ) wings of bright objects positioned at larger’) off-axis angles.
3.3. Source detection using the empirical Point Spread Thirdly, as a result of the work on the PSFs, the astrometric a
Function (PSF) fitting curacy ofXMM-Newtonsource positions has been significantly

The bulk reprocessing for 3XMM took advantage of new devdMproved (see Read etal. 2011).

opments related to the EPIC PSFs. The source detectionistage

previous pipelines (Watson et al. (2009) - see their seetidi8) 3 3 1 Other corrections related to the PSE

made use of the so-called 'default’ (or medium accuracy) PSF

functions determined by ray tracing of tdMM-Newtonmir- During the late stages of testing of the pipeline used for the
ror systems. However, these default PSF functions recednibulk reprocessing that fed into the 3XMM-DR4 catalogue, an
no azimuthal dependence in the core of the source profile, didalysis ofiXMM-NewtonX-ray source positions relative to the

200 [} J100 L 1

Background cut rate (cts/s)
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high-accuracy<£ 0.1”) reference positions of Sloan Digital Skytermine the success and reliability of the outcome (Watsah e
Survey (SDSS, DR9) quasars identified a small but signifjca(2009) - see their section 4.5).

off-axis-angle-dependent position shift, predominantiyglthe The processing system used to create the data for the
radial vector from the instrument boresight to the sourdee T3XMM catalogues makes use of some important improvements
effect, where the real source position is closer to the instnimeo this field rectification procedure, which are embedded in
boresight than that inferred from the fitted PSF centroid, &a the new SAS taskscatcorr that replacesposcorrand eval-
negligible displacement on axis and grows®.65’ at of-axis corr. Firstly, the new approach incorporates an iterative fjttin
angles of 15 This radial shift is due to the displacement betwednnction {Nelder & Mead 1965) to find the optimum frame-
the true position of a source and the defined centroid (as-deshift corrections: previously the optimum shift was obé&in
mined by a 3-dimensional, circular, Gaussian fit to the modebm a grid-search procedure. Secondly, the cross-mateh be
PSF profile) of the empirical PSF, which grows as the PSF beween XMM-Newtonand reference catalogue source positions
comes increasingly distorted at highi-axis angles. It should beis carried out using three reference catalogues: (1) USN®-B
noted that identifying and measuring thi§eet has only been (Monet et al.| 2003), (2) 2MASS_(Skrutskie et al. 2006) and,
possible because of the corrections for oth@eats (see sec- where sky coverage permits, (3) the Sloan Digital Sky Survey
tion [3.3 and below) that masked it, and because of the laf@R9) (Abazajian et al. 2009). The analysis is conductedgsi
number of sources available that providéhigient statistics. In each catalogue separately. When there is an acceptablefit fr
due course a correction for thifect will be applied directly to at least one catalogue, the RA and DEC frame shifts and the ro-
event positions, on a per-instrument basis, viaXMM-Newton tation derived from the ’best’ case are used to correct thecgo
calibration system, but for the 3XMM-DR4 catalogue, to avoipositions. A fit is considered acceptable if there are attl@@s
delays in its production, a solution was implemented withim X-ray/counterpart pairs, the maximunffeet between a pair (X-
catcorr SAS task. A correction, computed via a third-order polyray sourcej and counterpart) is < 10” and the goodness of fit
nomial function, is applied to the initial PSF-fitted coardies of statistic

each source output lgmldetecti.e. prior to the field rectifica-

tion step, based on theteaxis angle of the source as measured ,, p,

from the spacecraft boresight. This correctionis embedutiee | _ Z Z max0.0, pij — qj) > 5 2
RAandDEC columns, which also include any rectification cor-
rections (sectioh 314). The correction is computed andiegjpt
the same way for both the 3XMM-DR4 and 3XMM-DR5 cata-  wherep;; = e 31/ andgq;; = no(rij/r)2. Here,p;; is the
logues. probability of finding the counterpart at a distance; from the

A second PSF-related problem thdfeated 2XMMi-DR3 X-ray source position given the combined (in quadraturej-po
positions was uncovered during early testing of the emgliricional uncertaintygri;, while g;j is the probability that the coun-
PSF (see Read et al. 2011). This arose from a 0.5 pixel ererpart is a random field object withify. An estimate of the lo-

(in both the x and y directions) in the definition of the pixetc cal surface density of field objects from the reference ogta
ordinate system of the medium-accuracy PSF map - as pixel$ésimade by counting the numbeg, of such objects within a cir-
the PSF map are defined to b& 1 1”, the error is equivalent cular region of radius; (set to 1) around each XMM sourcey

to 0.5’ in each direction. When transferred to the image franiethe number of X-ray sources in the XMM field. Thetatistic,
during PSF fitting inemldetectthis error in the PSF map coor-which represents a heuristic approach to the problem oftiiden
dinate system manifested itself as &fset of up to 0.7 in the fying likely matching counterparts, is computed over thecfe
RA/DEC of a source position, varying with azimuthal positiomatching pairs and is a measure of the dominance of the close-
within the field. The introduction of the empirical PSF rerasv ness of the counterparts over the probability of random hestc
this error. The shifts in RA and DEC and the rotation are adjusted within
the fitting process to maximide Extensive trials found that if

L > 5, the result is generally reliable. Where more than one ref-
erence catalogue gives an acceptable solution, the onelveith
largestL value is adopted.

In the 3XMM catalogues, the corrected coordinates are
Celestial coordinates of sources emerging from the PSRdittiplaced in the RA and DEC columns; the original uncorrected
step of pipeline processing of a given observation inclugera coordinates are reported via the RA_UNC and DEC_UNC
erally small systematic error arising fronffeets in the space- columns. A catalogue identifier for the catalogue yieldihg t
craft boresight position from the nominal pointing directifor 'best’ result is provided in the REFCAT column. If the best fit
the observation. The uncertainty is due to imprecisionshe thas parameter values (e.g. the number of matches usedalthat f
attitude solution derived from data from the spacecrates-s below the specific constraints mentioned above, the ofligima
trackers and may result in frame shifts that are typicall§y (but corrected positions are retained (written to both the RAREE
can be as much as 1th a few cases) in the RA and DEC direcand RA_UNC and DEC_UNC columns) and the REFCAT iden-
tions and a rotation of the field about the boresight of theeprdifier takes a negative value. Further details may be found in
of 0.1 degrees. To correct for (i.e. rectify) these shiftsatiempt the documentation for theatcorr task. This new rectification
is made to cross-correlate sources in XdM-Newtonfield of algorithm is successful for about 83% of observations, Wwhic
view with objects from an astrometric reference catalojugy contain 89% of detections, reflecting a significant improgam
sources with counterparts in the reference catalogue aktos compared to the previous approach whe@s% of fields could
derive the frame shifts and rotation that minimise the dispt be corrected. The main gain comes from the use of the 2MASS
ments between them. In all previous pipeline processing (acatalogue which is particularly beneficial in obtainingtiéea-
catalogues derived from them) these frame corrections e®retion solutions in the galactic plane - it should be pointetitbat
timated using the SAS tas&poscorr which used a single refer- similar gains would be obtained wittposcorrif used with the
ence catalogue, USNO-B1.0, and the SAS tasklcorr, to de- expanded set of reference catalogues. It should be notethéha

i=1 j=1

3.4. Astrometric rectification

3.4.1. Frame correction
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extracted lists of objects from each of the three referemte cEPIC camera, for each of the Thin, Medium and Thick filters.

alogues that lie within the full EPIC field of view for a givenA power-law spectral model with a photon indéx= 1.7 and

observation, are provided to usersXifiIM-Newtondata prod- a cold absorbing column density df; = 3 x 10?° cm™? was

ucts via the file-typeREFCAT product file, which is used byassumed. As such, users are reminded that the ECFs, and hence

the taskcatcorr. the fluxes provided in the 3XMM catalogues, may not accuyatel
reflect those for specific sources whose spectiferdapprecia-

3.4.2. Systematic position errors E)zl%g(()))m this power-law model - see section 4.6 of Watson et al

As discussed in section 9.5 of Watson et al. (2009), for the . .
2XMM catalogue (and relevant to subsequent incremental cat For pn, th_e ECFs are calculated at the on-axis position. '_I'he
alogues in the 2XMM series), the angular deviations of SD response is sliciently stable that no temporal resolution is
(DR5) quasard (Schneider ef lal. 2007) from th&itM-Newton needed. For MOS, to retain a direct connection between the
X-ray counterparts, normalised by the combined position &rCFS and publicly available response files, the ECFs used are
rors, could not be modelled by the expected Rayleigh distrigi@ken at epoch 13 and are for thefpatch’ location. The lat-
tion unless an additional systematic uncertainty (SYSERR F}er choice was made b(_acause_ the Iarge ma’Jorlty ,Of. detections
rameter in 2XMM) was added to the statistical position errdf @1 XMM-Newtonfield lie outside the "patch” and "wings-of-

(RADEC_ERR parameter in 2XMM and see Appendix C) ddatch’ regions, which only relate to a region of radiigl0”,

rived during the PSF fitting proceSs. Watson ét al. (2009)vsiio Near the centre of the field. The use of a single epoch (epgch 13

that this systematic was not consistent with the uncegtairis- WS made to retain simplicity in the processing and becaese t

ing from the rectification procedure used for the 2XMM proi€Sponse of the MOS cameras exhibits a step function change

; : e ; due to a gain change) between epochs 5 and 6, withrdnt
cessing and ultimately adopted an empirically-determsyesd ( i . '
tematic error value that produced the best match between br(_)adly constant values either side of the step. Nonbeof t
distribution of XMM-quasar fisets and the expected Rayleight> calibration epochs represent the average response asd th
curve. no response file exists to which average ECFs can be direstly r
As part of the upgrade applied to the rectification procel@€d- The step-function change in the responses for MO$ss m

for the bulk reprocessing used for the 3XMM catalogues, tifgarked in band 1 (0.2-0.5 keV) for the "patch’ location, wéer
uncertainty arising from this step has been computed, itiq-)art e maximum range in ECFs either side of the step amounts to

o Lo 20%. Outside the 'patch’ region, and for all other energydsan
ular, taking into account the error component arising fréwe t ; X :
rotational dfset. Errors (&) in each component, i.e., on the RAIN range of the ECF values with epoctxi% and is< 2.5%
offset, Aag, on the DEC @set (ASc) and on the rotational an- or the 'off-patch’ region. Epoch 13 was chosen, somewhat ar-

gle ofset (A¢c), have been combined in quadrature to give at?i”af"y' as being typical of epochs in the longer pospsiee

estimate of the total positional uncertainty, arising from the interval.

rectification process as The ECFs, in units of 18 cts cnt erg™?, adopted for the bulk
) reprocessing of data used for 3XMM, are provided in Thbleg, f

AT = [(Aag)? + (ASc)? + (Bc.Adc)?] 2 (3) each camera, energy band and filter. The cameracat®ATE

nd flux,ca_FLUX are related vi@a_FLUX= (ca_RATHEECF)

whered, is the radial &f-axis angle, measured in the sam Wwherecais PN, M1 or M2)

units asAa. andAd. andAdy. is in radians.

Inclusion of this rectification error (colum8YSERRCG
the 3XMM catalogues, see Appendik C), in quadrature with the
statistical error, leads to a generally good agreementdmtw Table 2. Energy conversion factors (in units of #@ts cnt erg?) used
the XMM-quasar ffset distribution and the expected Rayleigkp convert count rates to fluxes for each instrument, filtet anergy
distribution compared to the previous approach and indicaband
that the empirically-derived systematic used in pre-3XMat-c

; icic di i Filters

g:)ong[;;eas. is no longer needed. This is discussed further in sec Camera Band Thin  Medium  Thick
pn 1 9.52 8.37 511
2 8.12 7.87 6.05
3.5. Energy Conversion Factors (ECFs) 3 5.87 5.77 4.99
4 1.95 1.93 1.83
A number of improvements in the calibration of the MOS and 5 0.58 0.58 0.57
pn instruments have occurred since the previous, 2XMMi-DR3 9 4.56 4.46 3.76
catalogue was produced, which lead to slight changes inrthe e MOS1 1 1.73 1.53 1.00
ergy conversion factors (ECFs) that are used for convectugt 2 175 1.70 1.38
rates in the EPIC energy bands to fluxes (see Watson et aEY200 3 2.04 2.01 1.79
section 4.6 and see Appendik C). Of note is the fact that MOS g gzg g'zg 8'12
redistribution matrices were provided for 13 epochs at itine t 9 138 136 1.20
of processing for 3XMM and for three areas of the detectar tha MOS2 1 1.73 1.52 0.99
reflect the so-called 'patch’, 'wings-of-patch’ andfgatch’ lo- 2 1.76 1.71 1.39
cationsl(Sembay et al. 2011). 3 2.04 2.01 1.79
For the 3XMM catalogues a simple approach has been 4 0.74 0.73 0.70
adopted. ECFs were computed following the prescription of 5 0.15 0.15 0.15
Mateos et al.| (2009), for energy bands 1 to 5 (0.2-0.5 keV, 0.5 9 1.39 1.36 121

1.0 keV, 1.0-2.0 keV, 2.0-4.5 keV and 4.5-12.0 keV respec-
tively) and band 9 (0.5-4.5 keV), for full-frame mode, forcha
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3.6. Updated flagging procedures

A significant issue in terms of spurious detectionsXinMM-

1. The extraction of data for the source takes place from an

aperture whose radius is automatically adjusted to magimis
the signal-to-noise (8l) of the source data. This is achieved

Newtondata arises from detections associated with out-of-time py 5 curve-of-growth analysis, performed by the SAS task

(O0T) events. For sources that do noffsusignificantly from

eregionanalyseThis is especially useful for fainter sources

pile-up, the background map used by emidetect includes a com yhere the relative importance of the background level is
ponent that models the OoT features. However, for sources pigher,

where pile up is significant, the OoT modelling is inadequate

This can give rise to spurious sources being detected alofig O, ' 14 address the problem of locating an adequately filleébac

features. For the more piled up objects, the numbers of @psiri

detections along OoT features can become large (tens to hun-

dreds).

Another feature arising from bright sources thfieets the
MOS instruments is scattered X-rays from the Reflection-Grat
ing Arrays (RGA). These manifest themselves as linear featu
in MOS images passing through the bright object, ratherami
in appearance to OoT features. These features are not rddell
at all in the background map.

In previous catalogues, spurious detections associatiéd wi

ground region for each source, the centre of a circular back-
ground aperture of radius, = 168’ (comparable area to
the previously used annulus) is stepped around the source
along a circle centred on the source position. Up to 40 uni-
formly spaced azimuthal trials are tested along each circle
A suitable background region is found if, after masking out
other contaminating sources that overlap the background ci
cle and allowing for empty regions, a filling factor of at
least 70% usable area remains. If none of the background
region trials along a given circle yields fégient residual

OoT and RGA features have simply been masked during manualbackground area, the background region is moved out to a

screening. In the cat9.0 pipeline, for the first time, anmaftehas

circle of larger radius from the object and the azimuthal tri

been made to identify the presence of OoT and RGA features als are repeated. The smallest trial circle has a radiusf

from piled up sources and to flag detections that are assdciat
with them.
The SAS taskgeootepileupmaskis used for this purpose.

re = rp,+ 60” so that the inner edge of the background region
is at least 60 from the source centre - for the case of MOS
Small-Window mode, the smallest test circle for a source in

This task uses simple instrument (and mode) -dependent pre-the central CCD is set to a radius that already lies on the

defined thresholds to test pixels in an image for pile-up. Whe
it detects pixels that exceed the threshold, the columratoing

peripheral CCDs. Other than for the MOS Small-Window
cases, a further constraint is that, ideally, the backgloan

that pixel is flagged in a mask map for the instrument. The task gion should lie on the same instrument CCD as the source.

attempts to identify and mask columns and rows associatiéd wi
such pixels in OoT and RGA features.

Once the pile up masks are generated, the SAS tpsisflag
is used to set flag 10 of tHeN_FLAG, M1_FLAG, M2_FLAG,

EP_FLAGcolumns in the catalogues for any detection whose

centre lies on any masked column or row.

4. Source-specific product generation
4.1. Optimised spectral and time series extraction

The pipeline processing automatically extracts spectdatiame
series (source-specific products, SSPs), from suitablesexps,
for detections that meet certain brightness criteria.

In pre-cat9.0 pipelines, extractions were attempted fgr an

source which had at least 500 EPIC counts. In such casesgsour

data were extracted from a circular aperture of fixed radi8%)(
centred on the detection position, while background datae we

If no solution is found with at least a 70% filling factor, the
background trial with the largest filling factor is adopted.

For the vast majority of detections where SSP extraction is
attempted, this process obtains a solution in the first radia
step and a strong bias to early azimuthal steps, i.e. in most
cases an acceptable solution is found very rapidly. Foicdete
tions in the MOS instruments, about 1.7% lie in the central
window in Small-Window mode and have a background re-
gion located on the peripheral CCDs. Importantly, in costtra

to earlier pipelines, this process always yields a usalik-ba
ground spectrum for objects in the central window of MOS
Small-Window mode observations.

This approach to locating the background region was
adopted primarily to provide a single algorithm that works
for all sources, including those located in the MOS small
window, when used. However, a drawback relative to the
use of the original annular background region arises where
sources are positioned on a notably ramped or other spatiall

accumulated from a co-centred annular region with inner and variable background (e.g. in the wings of cluster emission)

outer radii of 60 and 180, respectively. Other sources that where the background that is subtracted can vary, depending

lay within or overlapped the background region were masked on which side of the source the background region is located.

during the processing. In most cases this process workdd wel

However, in some cases, especially when extracting SSRs fro

sources within the small central window of MOS Small-Window

mode observations, the background region could comprise ve In addition, the cat9.0 pipeline permits extraction of S&Ps

little usable background, with the bulk of the region lyimgtie fainter sources. Extraction is considered for any detactigh

gap between the central CCD and the peripheral ones. Thisggteast 100 EPIC source counts (EP_8_CTS). Where this-condi

sulted in very small (or even zero) areas for background raién is met, a spectrum from the source aperture (i.e. squuse

scaling during background subtraction, often leading¢oirect background) is extracted. If the number of counts from spect

background subtraction during the analysis of spectra iRXS channels not flagged as 'bad’ (in the sense adopted by XSREC) i

(Arnaud 1996). > 100, a spectrum and time series are extracted for the ex@osur
For the bulk reprocessing leading to the 3XMM catalogueshe initial filter on EPIC counts is used to limit the processi

two new approaches have been adopted and implemented intitme as, for dense fields, the above background locatioregsoc

cat9.0 pipeline. can be slow.
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4.2. Attitude GTI filtering 5. Screening

Occasionally, the spacecraft can be settling on to, or bmgw As for previous XMM-Newton X-ray source catalogues
ing away from, the intended pointing direction within themo (Watson et al.[(2009) - see section 7), ev&MM-Newtonob-

inal observing window of a pointedMM-Newtonobservation, servation in the 3XMM catalogues has been visually inspgkcte
resulting in notable attitude drift at the start or end of apa with the purpose of identifying problematic areas whererseu
sure. Image data are extracted from events only within ‘Godetection or source characterisation are potentiallyettsjhe
Time Intervals’ (GTIs) when the pointing direction is with8 manual screening process generates mask files that define the
of the nominal pointing position for the observation. Hoeein problematic regions. These may be confined regions around in
pre-cat9.0 pipelines, spectra and time series have bemtted dividual suspect detections or larger areas enclosing phekf-
without applying such attitude GTI filtering. Occasionallyis fected detections, up to the full area of the field where s&rio
resulted in a source location being outside or at the edgeeof problems exist. Detections in such regions are subseguasHl
field of view when some events were being collected, leadisigned a manual flag (flag 11) in the flag columBR&( FLAG

to incorrect transitions in the time series. In some casese M1_FLAG M2_FLAG EP_FLAGQG. It should be noted that a de-
transitions gave rise to the erroneous detection of vdifialni  tection with flag 11 set to (T)rue does not necessarily irtdica
subsequenttime series processing. In the cat9.0 pipaliitede that the detection is considered to be spurious.

GTI filtering is applied during the extraction of spectra dintke One significant change to the screening approach adopted for
series. 3XMM relates to the flagging of bright sources and detections
within a halo of suspect detections around the bright solhee
viously, all detections in the halo region, including théngary
detection of the bright source itself (where discernilthe) flag

As with pre-cat9.0 pipeline processing, the pipeline pssigg 11 set to True (manual flag) but the primary detection of the
for the 3XMM catalogues subjects each extracted exposwed-| bright object itself, also had flag 12 set. The meaning of flag
source time series to a test for variability. This test israpbe 12 there was to signify that the bright object detection wats n
X2 analysis for the null hypothesis of a constant source coufighsidered suspect. The use of flag 12 in this 'negative'exdnt
rate [Watson et all (2009) - see their section 5.2). Souritesaw compared to the other flags, was considered to be potentially
probability< 1075 of being constant have been flagged as bei(ﬁ@nfusmg. For this reason, for the 3XMM catalogues, we have
variable in previouMM-NewtonX-ray source catalogues anddropped the use of flag 12 and simply ensured that, where the
this same approach is adopted for 3XMM. bright object detection is clearly identified, it is un-flagi(i.e.

In addition, for 3XMM, we have attempted to characteriseeither flag 11 or 12 are set)fiectively, flag 12 is not used in
the scale of the variability through the fractional varlapi 3XMM. It should be noted that bright sources thaffsusignifi-
amplitude, Fya (provided via thePN_FVAR, M1_FVARand cant pile-up are not flagged in any way in 3XMM (or in previous
M2_FVARcolumns and associatéARRERRolumns), which XMM-NewtonX-ray source catalogues).

is simply the square root of the excess variance, after nigaa _ 1he masked area of each image is an indicator of the quality
tion by the mean count ratéR), i.e. of the field as a whole. Large masked areas are typically assoc

ated with difuse extended emission, very bright sources whose
wings extend across much of the image, or problems suchas arc

4.3. Variability characterisation

(S2 — (0en?)) a_rising fro_m single_-reflected X-rays from bright sourgeﬂput- _
Fvar = \[——>— (4) side the field of view. The fraction of the field of view that is
(R masked is characterised by the observation cl@&S_ CLASS

parameter. The distribution of the six observation clagséise
(e.g.Edelson et al.z(_2002); Nandra et al. (1997) and referx\m catalogues has changed with respect to 2XMMi-DR3
ences therein), wher8” is the observed variance of the liMgsee tabl€13). The dominant change is in the split of fields as-
series withN bins, i.e. signed observation classes 0 and 1, with more fields that were
deemed completely clean in 2XMMi-DR3 having very small ar-
N eas (generally single detections) being marked as suspdw i
S2 = 1 Z(R‘ —(R)? 3XMM catalogues. Often these are features that were consid-
N-1& ered, potentially, to be unrecognised bright pixels, eafec
tions dominated by a single bright pixel in one instrumerthwi
in which R is the count rate in time bin For the calcula- no similar feature in the other instruments. It should be leaap
tion of the excess varianceS3 - (oer?)), Which measures the sised, however, that the manual screening process is Wzlpi
level of observed variance above that expected from pure dsibjective.
measurement noise, the noise componens,2), is computed
as the mean of the squares of the individual statisticalgwg, Table 3. 3XMM observation classificationQBS_CLASE(first col-
on the count rates of each binjn the time series. umn), percentage of thg field conS|dereq problematic (siecqhmn)
The uncertaintyA(Fyar), 0N Fyar, is calculated following and the percentage of fields that fall within each class fdiR¥-DR3

equation B2 in appendix B of Vaughan et al. (2003), i.e. and 3XMM-DRS (third and fourth columns respectively)

OBS CLASS masked fraction 2XMMi-DR3 3XMM-DR5

2 \2 > 241 0 bad area 0% 38% 27%

AFu) = |[ o] = STer ) (| [{Ten®) 1 1 0%<bad area 0.1%  12% 22%
v 2N (R)2F o N (R 2 0.1%< bad area< 1%  10% 12%

3 1%< bad area< 10% 25% 24%

This takes account of the statistical errors on the time bins 4 10%< bad area< 100%  10% 11%

5 bad area= 100% 5% 4%

but not scatter intrinsic to the underlying variability pess.
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6. Catalogue construction: unique sources identifiers: i) if both detections have previously beenadied
The 3XMM detection catalogues collate all individual dé to a unique source and already have the same SRCID, nothing is

f th ted ob k N thel : r f.done, ii) if neither have a SRCID, both are allocated the same
rom (e accepted observalions. NEVertneless, since sefus 1., spc|p, jii) if only one of them has already been assigned

have at least partial overlaps_ with others and some targsts ha SRCID, the other is allocated the same SRCID, iv) where both
been observed repeatedly with the target near the CenthEOf(Eetections in the pair have allocated bufelient SRCIDs, this

field of view, many X-ray sources on the sky were detected m resents an ambiguous case - for these, the existing SRCID

than once (up to 48 times in_the most extreme case). Indivig left unchanged but a confusion flag is set for both detesti
ual detections have been assigned to unique sources onyhe s This approach is reliable in matching detections into uaiqu

I(l.e.tadc?m(;nct)n #nlqu?hs?urce |der)3f|er,dStRCle, has .b.i!et;‘ 85urces in the large majority of cases. Nevertheless, tre
ocated to detections that are considered 1o be associa ituations where the process can fail or yield ambiguoudtses

the same unéq_ue sou'[ce)t.usw][ﬁ tgexﬂ;\)ﬂcedtuﬁe Ou“'nﬁd hbh?; xamples typically arise in complex regions, such as whaue s
Process used in constructing the catalogues nas cuangs, s soyrces, associated wittfdse X-ray emission or bright

from that used for the 2XMM series of catalogues (Watson.et 8burces. are detected and by chance, are spatially cldbe to

(2009) - see their section 8.1). sitions of other detections (real or spurious) in otheseoa-
The matching process is divided into two stages. The f"fr%‘gns of the same sky region. (Often, in IZuch ce?ses, the dtmtsct

stage finds, for each detection, all other matching detesti : . 'y |
within 15” of it, from other fields (i.e. excluding detections frorﬂanOIVed will have manual quality flags set (Watson etialasio

within the same observation, which, by definition, are rdgdr - see their section 7.5 and also seciipn 5 above.

as arising from distinct sources) and computes a Bayesitchm Other scenarios that can produce sim_ilar problems include |
probability for each pair &s Budavari & Szalay (2008) “boorly centroided sources, e.g. thoseeting from pile-up or

optical loading, ii) cases where frame rectification (s fails
and positional uncertainties are larger than the defaalné-
1-po -1 shift error of 1.5 that is adopted for un-rectified fields, iii)
1+ ]

(5) sources associated with artefacts such as out-of-timet é¥&n
tures arising from bright objects elsewhere in the pardicul
CCD, or residual bright pixels and iv) where multiple deiets
of sources that show notable proper motion (which is not ac-
counted for in pipeline processing) can end up being grouped

e into more than one unique source along the proper motion vec-

7} 6) tor. Overall, in 3XMM-DRS5, this matching process has associ

ated 239505 detections with 70453 unique sources that ésenpr

whereo; ando;, are the positional error radii of each detecmore than one detection.
tion in the pair (in radians) ang is the angular separation be-
tween them, in radiango = N./NiN, whereN; andN; are the 7 torna) catalogue cross-correlation
numbers of objects in the sky based on the surface densities i
the two fields andN, is the number of objects common betweemhe XMM-Newtonpipeline includes a specific module, the As-
them. Each of thesl values is derived from the numbers of detronomical Catalogue Data Subsystem (ACDS), running at the
tections in the two fields and are then scaled to the whole skbservatoire de Strasbourdhis module lists possible multi-
The value ofN., is not known, a priori, and in general can be obw~avelength identifications and generates optical findingrtsh
tained iteratively by running the matching algorithm. Hoee for all EPIC detections. Information on the astrophysiaah-c
here we are matching observations of the same field taken wiht of the EPIC field of view is also provided by the ACDS.
the same telescope at twdigrent epochs so that in most cases, When possible, finding charts are built usigg r- andi-
objects will be common. Of course this assumptiorfie@ed by band images extracted from the SDSS image server and assem-
the fact that the two observations being considered mayiavobled in false colours. Outside of the SDSS footprint, imaayes
different exposure times,ftgrent instruments, filters and modegxtracted from the Aladin image server. The list of archasdto-
used and dierent boresight positions (with sources within theinomical catalogues used during the 3XMM processing indude
fields of view being subject to fierent vignetting factors). To updated versions of those used for the 2XMM and adds some of
gauge the impact of suchfects in determiningd\,, trials us- the mostrelevant catalogues published since 2007. A tb22®
ing an iterative scheme were run, which indicated that @kicatalogues were queried including Simbad and NED. Note that
N. = 0.9min(Nz, N2) provides a good estimate Bf. withoutthe NED entries already included in ACDS catalogues (e.g. SDSS)
need for iteration. Finally, with all pairs identified andbpabil- were discarded.
ities assigned, pairs witbmatch < 0.5 were discarded. Among the most important additions are:

In the second, clustering stage, a figure-of-meritis coembuti) the Chandra source catalogue version 1.1 (Evans let al)201
for each detection, referred to here as the goodness-stecing This release contains point and compact source data eadract
(GoC), which is the number of matches the detection has wilom HRC images as well as available ACIS data public at the
other detections, normalised by the area of its error ciratle end of 2009. ACDS accesses the Chandra source catalogue
dius (given by POSERR, see Appenflix C). This GoC measuwsing the VO cone search protocol,
prioritises detections that lie towards the centre of a grafude- i) the Chandra ACIS survey in 383 nearby galaxies!(Liu 2011)
tections, and are thus likely to be most reliably associat¢id i) the SDSS Photometric Catalog, Release| 8 (Aiharalet al.
a given unique source. The list of all detections is theresbioly 2011),
this GoC value. The algorithm works down the GoC-sorted list) the MaxBCG galaxy clusters catalogue from SDSS
and for each detection, the other detections it forms paitts w(Koester et al. 2007),
are sorted bypmatcn Then, descending this list of pairs, for each) the 2XMMi/SDSS DR7 cross-correlation_(Pineau et al.
one there are four possibilities for assigning the uniquec® 2011),

Pmatch =

B po

Here,B, the Bayes factor, is given by

2

= exp-
2 2
(o1 +05

2(0'% + 0'%)
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Table 4. Cross-matching statistics between 3XMM sources and oth§RCHES project [(Motch & Arches Consortilm 2014). Spec-

catalogues. tral fitting results from the XMMFITCAT database (Corral &t a
2014) are also partially available.

Catalogue Detections Catalogue Detections
Chandra src cat. 63,676 Chandra gal. 9,908 known problems in the catalogue
SDSS8 129,252 RAVE 219
USNO-B1.0 229,730 IPHAS 38 A number of small but significantissues have been identifiatl t
WISE 454,957 AKARI 5,598 affectthe data in the 3XMM catalogues. Two of theffect both
2MASS 36,830 GLIMPSE 35,572 the 3XMM-DR4 and 3XMM-DR5 catalogue. The other issues
Simbad 204,657 Planck ERCSC 43,13affect only 3XMM-DR4 and are described in apperdix A.
NED 296,914

vi) the 3rd release of the RAVE catalogue (Siebert et al. 011
vii) the IPHAS Hx emission line source catalogue (Witham et al.
2008),

viii) the WISE All-Sky data Release (Cutri & etlal. 2012),

ix) the AKARI mid-IR all-sky survey [(Ishihara et al. 2010)
and version 1.0 of the all-sky survey bright source catatogu
(Yamamura et al. 2010),

x) the Spitzer IRAC survey of the galactic center (Ramireallet
2008),

xi) the GLIMPSE Source Catalogue (K Il
Churchwell et al. 2009),

xii) the IRAC-24micron optical source catalogue (Suracalet
2004)

+ 3D

1. The optimised flare filtering process (see sedfion B.23) r

turns a background rate threshold for screening out back-
ground flares for each exposure during processing. How-
ever, while this process generally works well, when the back
ground level is persistently high throughout the obseovati

the optimised cut level, while formally valid, can still re-
sult in image data with a high background level. In princi-
ple, such cases could be identified by testing the cut thresh-
old against a pre-determined benchmark for each instrument
However, this is complicated by the fact that, since the-anal
ysis is now measured in-band, apparently high background
levels can also arise in fields containing large extended
sources. To simplify the process of identifyingfected
fields, a visual check was performed during manual screen-
ing and fields where high background levels were suspected
were noted and detections from those fields are flagged in

and xiii) the Planck Early Release Compact Source Catalogue the 3XMM catalogues via thell GH_BACKGROUNDcol-

(Planck Collaboration et al. 2011).

Table4 lists, for a selection of archival catalogues, the-nu
ber of EPIC detections having at least one catalogue enthein
99.73% (3 Gaussiaan) confidence region.

The cross-matching method used for 3XMM is identical to

that applied in the former XMM catalogues. Briefly speaking?.

ACDS retains all archival catalogue entries located witthie
99.73% confidence region around the position of the EPIGdete
tion. The corresponding error ellipse takes into accoustesy-
atic and statistical uncertainties on the positions of HefHC

and archival catalogue entries. The 3XMM implementation of

the ACDS assumes that the error distribution of EPIC pasitio
is represented by the 2-D Gaussian distribution

2 2
1 9%Ra , SDEC
1 -3 (;2— + ;2—))
e RA  “DEC

f(6ra SDEC) = P —

with

ORA = ODEC = \/RADEC_ERF?/2+SYSERRCC%/2

thereby correcting for the overestimated error value usethg
the 2XMM processing.
ACDS identifications are not part of the 3XMM catalogue

fits file but are made available to the community through the

XSA and through the XCAT-DR a dedicated interface devel-

oped by the SSC in Strasbourg (Motch et al. 2009, Michel et al.

in press). The XCAT-DB also gives access to the entire 3XMM
catalogue and to some of the associated pipeline producis su
as time series and spectra. Quick look facilities and adz@nc

selection and extraction methods are complemented by simpl

X-ray spectral fitting tools. In the near future, the databas|
be enriched by the multi-wavelength statistical identifas
and associated spectral energy distributions computddvite

5 httpy/xcatdb.unistra.fr

umn. This screening approach has been somewhat conserva-
tive and subjective. A total of 21779 (20625) detectionsfro
568 (552)XMM-Newtonobservations are flagged as such in
the 3XMM-DR5: numbers in parentheses are for 3XMM-
DRA4.

A further issue recognised in the 3XMM catalogue is
that of detections in the previous 2XMMi-DR3 catalogue
that are not present in the 3XMM catalogue. There are
4921 XMM-Newtonobservations that are common between
2XMMi-DR3 and the 3XMM-DR5 catalogues, resulting in
349444 detections in 2XMMi-DR3 and 359505 detections
in 3XMM-DR5. Of these, there are 274564 point-like de-
tections with a sumflagl in 2XMMi-DR3 and 283436 in
3XMM-DR5. However, amongst these observations, there
are ~54000 detections that appear in 2XMMi-DR3 that are
not matched with a detection in the same observation in the
3XMM-DR5 catalogue within 10. About 25700 of these
were classified as the cleaneStM_FLAK 1), point-like
sources in 2XMMi-DR3 - these are referred to as missing
3XMM detections in what follows. It should be noted that
in reverse, there are64000 detections in the 3XMM cat-
alogues that are in common observations but not matched
with a detection in 2XMMi-DR3 within 10, approximately
33600 of which are classed as being clean and point-like.
The details explaining these 'missing sources’ are given in
Appendix[D, but the main reasons for the source discrep-
ancies between the two catalogues are two of the major
improvements to the 3XMM catalogue with respect to the
2XMM catalogue, namely the new empirical PSF, described
in Sed.3.B and the optimised flare filtering (see [Secl3.2.3).
Other origins, such as MIP events which were present in
2XMMi-DR3 but not recognised as such, and mostly re-
moved in 3XMM-DR5, also contribute, but to a lesser extent,
to the missing sources. In general though, the improvements
to the pipeline that was used to create the 3XMM-DR5 data
introduce (generally small) changes in the likelihood ealu
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catcorr-corrected fields, with EPIC detection log-likelihoo8
and at df-axis angles< 13. The SDSS quasars were required
to have warning flag 0, morphology 0 (point-like) and r’ and g’

le5 magnitudes both22.0. This yielded a total of 6614 3XMM-
QSO pairs. In the 13 cases where more than one optical quasar
le4 match was found within 15 the nearest match was retained.

The cross-matching used thatcorr-correctedRAandDEC
X-ray detection coordinates. The measured separation,

Number of unique sources

1000 and the overall 1-dimensional XMM position errargp (=
O pos/ V2), were recorded. Here,osis the radial positional error,
100 POSERRIn the catalogues, which is the quadrature sum of the
XMM positional uncertainties resolved in the RA and DEC di-
10 rections. As noted by Watson et al. (2009), if thEset between
the X-ray source and its SDSS quasar counterpaitjs nor-
malised by the total position errari, i.€. X = Ar /oo, the dis-
1 0 tribution of these error-normalisedfsets is expected to follow
0 10 20 30 40 the Rayleigh distribution,
Number of repeat detections
. . o N(X)dx o« xe/2dx (7)
Fig. 4. Numbers of 3XMM-DR5 unique sources comprising given num-
bers of repeat detections. Errors on the SDSS quasar positions were includegtdn

though they are generally 0.1, much smaller than the vast

(of mostly real sources). As such, the imposed threshold m?jority ofoup values in SXMM-DRS. The SDSS position er-
: , : : : — (2 2 1
at L=6 for inclusion in the catalogue results in a fraction (Srf8 s were circularised Usingioso = [(0ng; + 07yin)/2]2 Where

sources that had46 in 2XMMi-DR3 having a likelihood a ?maj 1domin are the errors in the major and minor axis di-
dections of the SDSS position error ellipse. These were then

Eﬂmbined in quadrature with the XMM position error to obtain

the processing for 3XMM-DRS5 is shown to be an improveTot = (055 + s 9. No systematic error was included for the
ment over the 2XMMi-DR3 procedure (see Appendix DRSO position error.
resulting in more sources. In Fig.[8 we show the distribution of values for the se-
lected XMM-QSO pairs as the red histogram, with the expected
o Rayleigh distribution overlaid in black. While there is kb
9. Catalogue characterisation overall agreement between the data and model, it is clear tha
there is a deficit of sources for®< x < 2 and an excess for
x > 2.5. Atotal of 739 XMM-QSO pairs lie at.8 < x < 6 while
The 3XMM-DR5 catalogue contains 565962 (531261) deteitye model predicts 291, the excess of 448 representing 68% o
tions, associated with 396910 (372728) unigue sources ®n the total in the histogram.
sky, extracted from 7781 (7427) pubkMM-Newtonobserva- To investigate the small discrepancies between the distri-
tions - numbers in parentheses are for 3XMM-DR4. Amongsution of x values for the selected XMM-QSO pairs and the
these, 70453 (66728) unique sources have multiple detsctidRayleigh distribution, we carried out a number of tests itkxta
the maximum number of repeat detections being 48 (44 fior AppendixE. The main results of these tests indicate that t
3XMM-DR4), see fig[#. 55640 X-ray detections in 3XMM-excess of 3XMM-DR5 detections with error-normalisetsets
DR5 are identified as extended objects, i.e. with a core faem their SDSS quasar counterpasts3.5 appears to have a
dius parameterqre, as defined in section 4.4.4|of Watson et amodest dependence on th#-axis location of the detection in
(2009), > 6”, with 52493 of these havingore < 80”. Over- the XMM field of view. A small fraction of detections at higher
all properties in terms of completeness and false detectites  off-axis angles have either incorrect positions or undereséich
are not expected to fiier significantly from those described inerrors, while sources near the centre may have slightlyesver
Watson et al.[(2009). timated errors. Further, given that the sources at higfiesvas
anglesin EPIC images have rather elongated PSF profilessthe
sumption of a circularly symmetric positional uncertaidtgtri-
bution is probably not adequately representative of sualces,

As outlined in sectiof 314, several changes have been maide tovhich may be contributing to the observed discrepancies.
processing thatfkect the astrometry of the 3XMM catalogues Subsequent analysis investigated whether the discreganci
relative to previousKMM-NewtonX-ray source catalogues. Tocould be reduced by making phenomenological adjustments to
assess the quality of the current astrometry, we have broa#ile XMM position errors. In this analysis, the filtering ajeplto
followed the approach outlined in_ Watson et al. (2009). beteXMM and SDSS sources was similar to that outlined above but
tions in the 3XMM-DR5 catalogue were cross-correlatedrsgai Only matches within % were used and no magnitude limits were
the SDSS DR12Q quasar catalogue (Paris et al. in prep.)hwhig@posed on the SDSS objects, resulting in 6858 pairs. A two pa
contains~297300 objects spectroscopically classified as quaskagneter adjustment was considered in which the XMM position
- positions and errors were taken from the SDSS DR9 cagifors were scaled by a constamtand a systematic errdy, was
logue. X-ray detections with an SDSS quasar counterpdntwit added in quadrature (i.e7, = (azo-iD + bz)%). One parameter
15” were extracted. Point-like 3XMM-DR5 detections were sedjustments, where only the systematic was added (i.e.ereher
lected with summary flag 0 (see Appendix C), from successfulk set to 1) were also tested. The error normalised XMM-guasa

9.1. General properties

9.2. Astrometric properties
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Fig. 5. Distribution of position-error-normalised fisets between Fig. 6.Similar to figuré but comparing results that involve theysliest
3XMM-DR5 X-ray sources and SDSS quasar counterparts (red hdjustments to the XMM position errors. For reference, taelbhis-
togram). The expected Rayleigh distribution is overlaith¢k). The togram is based on using the unadjusted XMM position errduigthe
XMM position errors are as provided in the 3XMM catalogues.(i expected Rayleigh distribution is overlaid (grey). Theebhistogram
unadjusted, with no scaling or systematic included). Alsoven are represents the simplest adjustment to the XMM positionrsriavolv-
similar histograms for data from EPIGFeaxis anglesg, in the ranges ing the addition of a systematic in quadratung0.37), while the red

9 < 5 (blue), B < 8 < 10 (green) and 10< ¢ < 15 (grey). The data histogram involves both a scaling of the XMM position errgrebfactor
are normalised to unit area. a(=1.12) and addition of a systematia(=0.27), in quadrature. These

histograms are based on slightlyfdrent filtering compared to figuré 5,
as explained in the text

separations were recomputeds= Ar /o, whereo{, now
combinesr;, with ogsoin quadrature. Using this prescription, ] o
the data were fit to the Rayleigh function to obtain the best-§urve, none provides a statistically acceptable matchekber,
values formandor b, using a maximum likelihood approach. Théhe cases that yield the best improvements in the fit likelsho
results are shown in figufé 6. While these parameterisatibnshave no compelling technical rationale.
the XMM position errors did improve the fit, particularly bg-
ing the data in the tail closer to the expected Rayleigh guhee
fit remains poor overall, driving the peak of the datats 0.7
(it should peak at 1.0) and introducing a notable excegsal. As noted in section3.2.3, an optimisation algorithm wasgoeih
Despite the fact these two forms of adjustment to the XMM peo determine the count rate threshold for defining the flaresGT
sition errors yield statistically unacceptable fits to theyRigh  This process was employed to maximise sensitivity to sotece
function, as they do improve agreementin the tail (i.e. fgivan  tection and can come at the expense of reduced exposure time.
XMM-counterpart pairx’ < x), they reduce the chance that reabften, the new process results in GTls that are similar tsgho
matches of 3XMM sources with counterparts from other catderived from the fixed threshold cuts used in pre-cat9.0lipipe
logues (or observations) will be erroneously excluded asliea processing. However, in some cases, significant improvesnen
date counterparts. As such, although the position errameol can be obtained in sensitivity.
values in the 3XMM catalogues are not adjusted, we provide th - Of particular interest are cases where the background rises
values ofa(=1.12) andb(=0.27") for the two parameter fit so or falls slowly. In such cases, allowing a modest increagén
that users can apply the above adjustments to the XMM pogjckground count rate can yield a marked increase in exposur
tion errors if they wish. The one parameter case best fit 3|eiﬁ#’ne, resumng ina Signiﬁcant improvement in the Senﬂyim
b =0.37. the detection of faint sources. A good example of this issillu

Other tests involved (i) imposing a lower bound on the XMMrated in figurdJ7. As is evident from the light curves, the op-
position error {3, = maxXoip, omin)) and (ii) including an &-  timised cut threshold includes significantly more expogime
axis-dependent systematic involving a scata ’1",'3 = (riD + foravery modestincrease in background level, produciraga f
c20?) where® is the df-axis angle. These latter modificationd0r 5.5 increase in the harvest of detected sources.
provide slightly better matches to the Rayleigh curve bilit st ~ Another aspect of the optimised flare filtering approach is
drive the peak of the data to~ 0.7, again creating an excess athat the increase in exposure time can result in exposuieg be
x < 1. A further test in which the XMM position error is definedused that were previously rejected in processing with pitd-0
asa, = oip for x < x ando’?, = o5, + d*(x — x)? for x > . pipelines.
(whered is a simple scalar ang is a threshold value ix) does The pre-cat9.0 and cat9.0 light curves in figure 7 also high-
yield a marked enhancement in the likelihood for the fit but ilight the fact that the change of energy band used can yiedso
this case, the data undershoot the Rayleigh curveat2 and significant diferences in the strengths and even shapes of flare
exceeditat B < x < 2. features in the data.

We conclude that while the more complex adjustments to the The implementation of the optimised flare filtering approach
XMM position errors can formally improve the match betweewas done in conjunction with some of the other upgrades, such
the error-normalised XMM-quasar separations and the Rgyleas the use of the empirical PSF (see sedfioh 3.3). As such, we

9.3. Background flare filtering
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Fig. 8.100:10(So/S+) plotted against the log of the total counts,, mea-
sured from the optimised aperture. The grey points inditeeata and
include only clean$UM_FLAG=0), point-like EP_EXTENT=0) de-
tections. The red line links measurements of the aveleme(S./S+),

Fig. 7. An example of the improvementiered by the optimised back- " Pins sampling the range {@r, for cases where1 < 10gio(So/Sy) <
ground flare filtering algorithm. Top panels: Left: high-eme MOS1 1. The blue line is similar but is fgr the 1subset of dr;lta wheudgi-
background flare light curve created by the pre-cat9.0 jipelsed for tionally, the background rate is 10 cts s~ (sub-pixel)* (sub-pixels

the 2XMMIi-DR3 catalogue - the red line is the fixed (2/gtarcmir?) have side lengths of 0.05. The Iovyer X-axi; Iimit reflects .the mini-
count rate cut threshold applied. Right: in-band (0.5-7e%)light mum threshold of 100 total counts in the optimised extractiperture,

curve used in the cat-9.0 pipeline used for 3XMM-DR4 and 3xmmMposed for extracting XMM source spectra; the plot is otfige trun-
DR5 - the red line shows the optimised cut rate thresholdvedrfor cated for clarity.
the light curve. The lower panels show the resulting, c@oeading

(smoothed) images, after filtering out the data above thpertve rate- . . .
cut thresholds. Sources found by the source detectionitidgoare in-  from PHA channels with quality 5 (in XSPEC terms). The/S
dicated by red circles. was computed in this way for the spectra from the optimisetl an

fixed apertures - the spectral data used for backgroundasubtr
tion were taken from the same background spectrum (from the

have not directly isolated the impacts on source detectidneo PUlk reprocessing) in each case and the background coueds us
optimised flare filtering process alone. Nevertheless, @imp Were drawn only from the same channels as used for the source
son of the numbers of source detections between the set af 468uUnts. _

observations that are common to the 2XMMi-DR3 and 3XMM-  In Figure[8 the log of the ratio of the/8 values from the
DR5 catalogues, indicates a net increase of 10047 detedtionSPectra extracted from the optimise8,) and fixed 61) aper-

3XMM-DR5, i.e. a 2.9% increase. tures, i.elogio(So/St), is plotted against logkr) from the opti-
mised aperture, for MOS1 spectra. Only spectra from thenelea

est SUM_FLAG=0), point-like EP_EXTENEO) detections are

9.4. Extraction of spectral and time series products included.
_ . _ _ . It is evident from the positive asymmetry about
As described in section 4.1, spectra and time series of detRgy,((S,/S;) = 0, that the optimisation procedure does

tions are now extracted using optimised extraction apestthat improve the N of the spectra, especially for spectra with lower
are intended to maximise the overafNSof the resulting prod- (C; < 500) numbers of extracted counts, as expected. Overall,
uct. To assess this, spectra were re-extracted for all tigtec 67 594 of the MOS1 spectra with 180Ct < 50000 cts (within
and exposures for which spectra were produced during the bull < |og,o(S,/S¢) < 1 which excludes 21 positive outliers)
reprocessing, using a circular aperture of fixed radiusX28 have higher 8\ in the optimised aperture than those extracted
each case, centred at the same location as the detection gasin the fixed apertures. The red line in figife 8 shows the
tion used during the bulk reprocessing. Other than the ahangerage ofog;o(S,/S¢) of all the data as a function @ and

of aperture radius, processing was essentially identeahat indicates that spectra extracted from the optimised apestu
used in the bulk reprocessmlg. ThNSS, of each spectrum wasywith C; = 100 cts have, on average/NSvalues 12% higher
then computed aS = Cs/Crz. HereCs = Cr — Cp,, whereCt  than those extracted in the fixed apertures. It is anticipate
is the total number of counts measured in the spectrum frem that sources detected in fields with high background levels
source apertur€s is the number of counts from the source in thevould benefit from the optimisation procedure. Indeed thue bl
source aperture ar@), is the number of background counts in thdéine in figure[8, which reflects the subset of detections whose
source aperture, the latter being estimated from the totahts background levels are above $0cts st (sub-pixel)? (i.e.

in the background region, scaled by the ratio of source anl-baamongst the highest 15% of background levels), demonstrate
ground region areas. Counts included in this analysis wensnl this - spectra of such detections extracted from optimised
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Fig. 10. Histogram of the logarithm of the ratio of extensions betwee

the best observation and the other observations of the saumees nor- L
malised by the error. The solid red line is the best Gaussian the EXT s/ EXT etass
histogram. The dashed red line is the expected mean (0).

Fig. 11. Comparison of the ratio of extensions and the ratio of count
rates obtained by the 3XMM and the XCLASS catalogues. Theokd

apertures withiCt = 100 cts, have averaggNsvalues 39% line is the relation 1:1.

higher than the spectra from the corresponding fixed apEstur

9.5. Extended sources extension errors for the “reference” and current obsewmate-
ectively. We fit the histogram result by a Gaussian fungtio

The detection and characterisation of extended sources E%Eaining a mean value equal to 0.512 irunits) with a stan-

3XMM was pe_rforme_d as in 2XMM (Watson etlal. 2009). Th ard deviation equal to 1.943 (we would expect a mean of 0 and
caveats listed in section 9.9 of that paper still apply 0 MM ;12 4ard deviation of 1 for random fluctuations). We catelu
Howevertth% b((jetter reprgstent?tlon 0:; thﬁ PS't: hasthelp;?:oi t there exists an additional scatter larger than statigbf un-
Ferr?zilgdeéoe&cis S\;\f:tlf,]r(gac esﬁclvllor;fgﬁz igr;)(él\slz\lﬂs?\cl)(\)/v%aven known origin) and th_at the reference obser_vation, whicHde a
SC_SUM_FLAG= 3 in 3XMM. indicating that the region is the deepest one, estimates a larger extension on average.
still complex but the detection itself is unlikely to be sjours. The XCLASS catalogue is based on the analysis of archival
We have also looked at the distribution of extension liketii observations from the XMM-Newton observatory. The XCLASS
vs. flux as in Fig. 15 of Watson etlal. (2009). Fig. 9 shows thté@am processed 2774 high Galactic latitude observatiams fr
3XMM considers many bright extended sources to be reliadlite XMM archive (as of 2010 May) and extracted a serendip-
(SC_SUM_FLAG< 2) whereas in 2XMM most of them haditous catalogue of some 850 clusters of galaxies based on
higher flag values indicating more significant issues wighdhta purely X-ray criteria, following the methodology develape
quality. for the XMM Large Scale Survey (Pierre ef al. 2007). We
We have complemented this study by inter-comparing théed the subsample of 422 galaxy clusters available ont_ine a
3XMM (DRA4) results when a source was observed more thAHP7/Xxmm-Iss.in2p3.fr:8080sdh to compare the extension
once, and with an independent serendipitous search for cl@8d the count rate obtained for the same sources from the two
ters of galaxies. We restricted the comparison to the beality different procedures (ie. the XCLASS and 3XMM processing).
sources with SC SUM FLAG 0. In 3XMM-DR4, 667 sources The analytic expression used to represent extended sources
have been observed several times as extended, each obséf4ASS was the same as in 3XMM{model with3=2/3) so
tion being processed independently. We define as the “referethe numbers should be directly comparable. All 422 clusiees
value” the extension (EP_EXTENT) associated to the detectiin 3XMM-DR4, but 59 (mostly faint or irregular objects) were
with the highest likelihood value (EP_8_DET_ML column). Wélassified as point sources.

investigated the agreement of the extension parameteebetw  For the 363 extended sources in common, we compared the

the “reference” and the other observations of the same sougtent and the count rate in the [0.5-2.0] keV band obtained b

We ignored observations when a given source was not detectg@iM and XCLASS. We found that, for both quantities, the

as extended (mostly because of ifisient exposure) or when 3XxMM estimates seem to be biased low with respect to the

the extension was set to 8maximum value allowed in the fit). XCLASS values. The best fit regression on source extent re-
In Fig.[10 we show the distribution (in log space) of theulted in a slope of 0.7HXtsxwm =~ 0.7EXtxcLas9. Excluding

ratio between the “reference” extensidixter and the cur- clear outliers (dierence of extension larger than2@ypically

rent oneExi.ur, Normalised by the corresponding error equadkery faint sources or very bright sourcefeated by a strong

to \/(O’ref/EXtref)Z + (o cur/ EXteur)?, Whereo e andoyr are the pile-up) the slope increases to 0.85. We conclude that, exen
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Fig. 9. Distribution of total flux and extension likelihood of alltexded sources with SC_SUM_FLA2, in the 2XMM (left) and 3XMM (right)
catalogues.

cluding these extreme sources, there remains a biasid% sources in the full 3XMM catalogue are of course dominated by

between the extensions estimated by 3XMM and XCLASS. unidentified objects, emphasising the large discoveryespaa-
There exists a similar (a little smaller) bias on the coutd.ravided by the catalogue.

However Fig[Ill shows that there exists a close correlaten b

tween both ratios, implying that only one parameter deserib

the diference in extent and count rates and that, if the sourté. Catalogue access

extents were forced to agree, the count rates would agree '%)

0 . . . . .
There is no obvious way to know whether the 3XMM or th Ihel catalo_?ue IS pro%nded In Ifl(?l'vser?ll forrr:jats. Firstly, adFle d
XCLASS estimate is better but, together with the inter-3XMN{!€ Image Transport System (FITS) file and a comma-separate

comparison, this result indicates that the purely staisgxten- yalues (CSV) file is provided containing all of the detection
sion%rror underestimates the real error. purety in the catalogue. For 3XMM-DR5 there are 565962 rows and

323 columns. A separate version of the catalogue (the sltm ca
alogue) is also provided that contains only the unique smjrc
10. Examples i.e. 396910 rows, and has 44 columns, essentially those con-
) i _ taining information about the unique sources. This catadog
Thanks to the wide range of parameters provided in the cajgso provided in FITS and CSV format. Ancillary tables to the
logue, sources matching specific criteria can be isolatelf-  catalogue also available from tM-NewtonSurvey Science
ample variability criteria of X-ray hardness ratios). Instisec- centre webpagBénclude the table of observations incorporated
tion we show some examples of lightcurves (Eig. 12) and spgg-the catalogue and the target identification and classifica
tra (Fig.[13) extracted from the fierent EPIC cameras. Theigple.
plots shown are those associated with the _on_—Ilne Ce_ltal(ﬁplb _ TheXMM-NewtorSurvey Science Centre webpages provide
known and new sources are_preser_]ted. Itis |mme§j|ately abViQ ccess to the 3XMM catalogue, as well as links to tHeecent
from the two Figures that objects with extremely diverseraba geryers distributing the full range of catalogue produttese
teristics are foun_d. Variability on veryfiigrent tlmes_;cales is seennciude, theXMM-NewtonXSA, which provides access to all of
in F|_g.EI]_, showing short and long flares, _slow rises anq steafle 3XMM data products, and the ODF data, the XCallpB-
declines in count rate as well as deep eclipses. From visual 8 ,ced and maintained by téIM-NewtorSSC, which contains
amination of the strong variability in Fif. 112¢, it was quighb-  ,ssible EPIC source identification produced by the pipetip
vious that this new X-ray source was a polar (Webb et al. to Eﬁerying 228 archival catalogues. Finding charts are alse p
submitted). Fid. T2e shows a strong decline in flux, whichemwh,jgeq for these possible identifications. Other source gniigs
coupled with the hard spectrum observed for this source, sug ye|| asimages, time series, spectra, fit results from MBIX
gests that this might be a previously unknown orphan gammsgrCAT are also provided. Multi-wavelength data taken as a
ray afterglow. o _ _part of the XID (X-ray identification project) run by the SSC
The spectra shown in Fig. L3 are also very varied and origier the first fifteen vears of the mission are also provided in

nate from a variety of astrophysical objects, ranging fréass {he x|Dresult databaBe The LEDAS servél provides another
compact objects, galaxies and clusters of galaxies. Aneuntiid

fied X-ray source is included in Fig.1L3a, which also has alfighs http;/xmmssc.irap.omp.¢u

variable lightcurve, showing a steady decline in count,raté 7 httpy/xcatdb.unistra.fBxmmy

with a strong flare superposed. The nature of this sourcetis fiohttpy/xcatdb.unistra.fiidresuly

obvious and more work will be needed to identify its natutee T ° httpy/www.ledas.ac.ylarnieFarnie5.php?acticrbasic&catname3xmm
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Fig. 12. Example lightcurves taken directly from the 3XMM catalogag 3XMM J111146.1-76201€ CHX 18N — T Tau-type star showing a
short flare b) 3XMM J000619401210, A Seyfert 1, Markarian 335. ¢) 3XMM J184916652943, a new 1.6 hour polar (Webb et al. to be
submitted). d) A 2MASS star (2MASS J00025638-3004447) séhgiwo large flares. e) 3XMM J002159:614254, a new X-ray object showing
a strong decline in flux. Possibly a gamma-ray burst aftergfp 3XMM J013334.@2-303211, a high mass X-ray binary in M 33, M33 X-7,
showing a 12.5 hour eclipse - the first eclipsing stellarsaack hole binary discovereld (Pietsch ét al. 2006)

way to access the 3XMM catalogue and its products, whilst the This research has made use of data obtained from the 3XMM
upper limit servél allows the user to specify a sky positionrXMM-Newton serendipitous source catalogue compiled by the
and obtain upper limits on the EPIC fluxes of a point source Hd institutes of theXMM-Newton Survey Science Centre se-
the position if the location has been observedM-Newton lected by ESA.

but no source was detected. The catalogue can also be atcesse

through HEASARE] and VIZIEHA. The results of the exter-

nal catalogue cross-correlation carried out for the 3XMNaea 12. Future catalogue updates

logue (sectiofi]7) are available as data products within 184 X
and LEDAS or through the XCat-DB. Th&éMM-NewtonSurvey
Science Centre webpages also detail how to provide feedirac
the catalogue.

Incremental releases (data releases) are planned to atitimaen

BXMM catalogue. At least one additional year of data will be

included with each data release. Data release 6 (DR6) vaH pr

) vide data becoming public during 2014 and 2015 and should be
Where the 3XMM catalogue is used for research andleased during 2016. These catalogues will be accessille-a

publications, please acknowledge their use by citing thisep scribed in Section 1.

and including the following:

13. Summary

10 hitpyww.ledas. ac. yklix /flix. html This paper presents the third major release of the XMM-Nawto
11 httpy/heasarc.gsfc.nasa.gdi-perfW3Browsew3table.pl?  table- Serendipitous source catalogue (3XMM), in its originalsien
head-=name%3Dxmmssc&ActicaMore+Options (3XMM-DR4) and in the first incremental version (3XMM-
12 httpy/vizier.u-strasbg.fecgi-biryVizieR DR5). The 3XMM catalogues have been constructed by the

Article number, page 17 623



A&A proofs:manuscript no. 3XMM_v16

10* 0

P
/

10° M’,\Mw'“

10*

Counts/sec/keV
i
S

—

1S

Counts/sec/keV
Counts/sec/keV

H
s
e

10?

—
S

104}

10° 10! 10° 10* 10° 10!

Energy (keV) Energy (keV) Energy (keV)

d WN’M#M

e wﬁ‘”"%,ﬂ o f

107

107

Counts/sec/keV
Counts/sec/keV
Counts/sec/keV

10°

10° 10 10° 10* 10’ 10
Energy (keV) Energy (keV) Energy (keV)

Fig. 13. Example spectra taken directly from the 3XMM cataloguewshg the diversity of the sources in the 3XMM catalogue. EygkeV)

is given on the abscissa and count keV-! on the ordinate. a) 3XMM J052532.862533, an X-ray source of unknown nature, as the majority
of the sources are in 3XMM b) 3XMM J123536.6-395433 a Sey#ayalaxy (NGC 4507) c) 3XMM J125141+:273226, a rotationally variable
star, 31 Com d) 3XMM J162838+393303, a cluster of galaxies €) 3XMM J011127.5-380500pthspectrum of NGC 424, a Seyfert 2 galaxy f)
3XMM J185246.6-003317, a new transient magnetar discovered by Zhou etHl4§2Some low data points can be seen in the plots origigatin
from pn data, but these are corrected for when the specti@atted in conjunction with the distributed response files.

XMM-Newton Survey Science Cerdred the 3XMM-DRS cata- support during the years from the Ministero dell'lstruzortell Universita’ e
|ogue becomes the |argest Cata|ogue of X_ray sources ddte@p“a Rlcerga (MlUR), from _the Agenzia S_pa2|ale ItalianeS(Aand from the
using a single X-ray observatory. The characteristics amd ilst|tuto Nazionale di Astrofisica (INAF). This research ladso made use of the

f thi | ith : . SIMBAD database, of the VizieR catalogue access tool, andladin, oper-
provements of this catalogue, with respect to previous@®$$ e at CDS, Strasbourg, France, the TOPGAlEs software written by Mark

are outlined as well as how to cite and access the catalodige. Traylor of the University of Bristol, UK and the NASA HEASARCTOOLS
paper serves as the reference for future incremental versib packagéd (Blackburn'1995), and made extensive use of the ALICE High Pe
the same catalogue (3XMM—DR6 etc) as nEMM-Newton formance Computing Facility at the University of Leicester

data becomes publicly available.
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nates and are subsequently mapped to their sky locations dgplé B.1. Data modes of XMM-Newton exposures included in the
ing pipeline processing by reference to the observatioa-hopXMM catalogue.

sight position, which is specified for the given sub-poigtin S— —
the celestial positions of these events are wrong and threref APbr. __Designation Description
results in some detections having incorrect celestialdioor _MOS cameras: . .

nates. The problem arose in the algorithm used to split th FW_~ Prime Full Window  covering full FOV

: L Prime Partial W2 small central window
raw parent ODF into sub-pointing ODFs. In some cases albp\y3  prime Partial W3 large central window

instruments wereftected while in others, only one or both ppwa  Prime Partial W4 small central window

of the MOS instruments wadfacted. Of the 419 mosaic- ppw5  Prime Partial W5 large central window

mode sub-pointing observations included in 3XMM-DR4, FU Fast Uncompressed central CCD in timing mode
82 are #fected to some extent, involving 4918 detectionsRFS Prime Partial RFS central CCD witHidirent frame
The dfected observations are listed in tvatchoutsection time (‘Refreshed Frame Store’)

of the XMMSSC 3XMM-DR4 catalogue web pafésFor ~ pn camera: , .
3XMM-DRS5, none of the fiected mosaic sub-pointing ob- PFWE  Prime Full Window  covering full FOV

; e . Extended
servations is included in the catalogue. PFW  Prime Full Window  covering full FOV

— The vignetting values provided in the 3XMM-DR4 cataloguep|\y  prime Large Window half the height of PFRFWE
(for each instrument, for bands 1 to 5) were found to have
been computed for an energy of 0 keV rather than the en-
ergy relevant to the band. Thus the values for each band of ) N ]

a given instrument are identical. This error does e the problem is much less severe for other quantities. It is
the count rates or fluxes as the vignetting correction agplie emphasised that the correct error quantities are present in
to them is computed separately and has been verified as cor-3XMM-DR5.

rect. It is only the tabulated values in the vignetting cofism

of the catalogue that are incorrect in 3XMM-DR4 and they

are correct in 3XMM-DR5. Appendix B: Data modes of XMM-Newton

— A significant issue identified after the public release of the exposures included in the 3XMM catalogue.
3XMM-DR4 catalogue relates to the error values on var- . .
ious quantities. It was established that the error quastiti’ '€ data modes are described in T4ble B.1.

(i.e. columns containing anERRat the end) for the XID

band (band 9) count rates and fluxes of a significant num- . _— .

ber (~42200) of detections~10% of the catalogue) were”PPeNdix C: Definitions relating to 3XMM-DR5
substantially wrong (generally being overestimated by fac detections referred to in this work

tors up to~ 100 but in a few cases, up to 1000). A mor . . " .
detailed investigation found that while all error columms a?Ne describe here some of the important quantities relatng t

potentially dfected (and therefore also any derived pararﬁ_)(MM—DRS detections that are frequently referred to in tlae p

eters involving error-weighted quantities, such as some RF

the unique source quantities), the frequency and magnit deRA?EC—ERF‘;ﬁ/;he statistical position error, defined as
of the problem is much worse for the XID band data tha a_err“+dec err)™<, where ra_err and dec_errare the 1-sigma

any other parameter. It has been established that for Otﬁgpr_smthe RA and DEC coordinate directions, respegtjaiel-
key quantities, such as the statistical positional unaggta ermined during the f|tt|r_19 of the P_SF to the source image |
(RADEC_ERIRand the instrument count rates and fluxes in SYSERRCE the_ estimated 1-sigma error from the rectifica-
other (non-XID) bands, only about 1.3% of detections are &f°n Process, as defined by equation 3 in sedfionB.4.2. _
fected and, generally, the scale of the problem is very small POSERRS the error representing the quadrature combina-
For the positional uncertainty, 1.4% of detections haverinc tion of RADEEZ_ERR’ind SYSERRCQ.e. RADEC ERR +
rectRADEC_ERRalues and only 0.26% of detections have ¥ S ERRCH'Z. ) o

position errors that dier from their correct values by more ~ Countrates for detections are given in tee>_<b>_RATE

than 0.0% while for only 89 detections does itfiiér by more columnsin the catalogue for EPIC cametaa>, in energy band
than 0.5 (of which, 58 are detected as extended sources af@P, for bands 1-5 and 9. These are the total integrated counts
81 have a non-zero qua“ty ﬂag) Furthermore, for 81% @‘)(pr the detectlon,_ derlved from within the whole PSF fittethie
those detections where the position error is wrong by mogurce image, divided by the exposure map value at the source
than+0.05’, the correct position error is smaller than tha@osition. The count rate values are corrected to the rataxe-
quoted in the 3XMM-DR4 catalogue. The most extreme dgosition. The band-8 rates in each camera are the sum ovass ban

viations of theRADEC_ERRalues from their correct values1-5

are 32 larger and 2.3 smaller. For the PN band 2 flux er-  Fluxes are provided in thexca>_<b>_FLUX columns.
rors, only~1.1% of detections have values that deviate frorhhese are converted from the count rates via energy cooversi
their correct values by more thanPQwhen expressed as afactors (ECFs) (see table 2), assuming a power-law spectrum
fraction of the correct value. For the errors on the XID bandith Ny = 3 x 10 cm™ and a power law photon index of 1.7.
photometric quantities (rates, fluxes, counts) the coeeor The summary flags, in th8UM_FLAGcolumn, provide a

is generally smaller than that given in 3XMM-DRA4. simple overview of the quality of the detection, based onra-co
Thus, while there is a significant problem with the errdpination of the automatic flags and flags set during manual (vi
quantities on the XID band photometric data in 3XMM-DR4sual) screening. Values are: 0 - identifies the best quatitgd
tions, i.e. those with no evident complicating factors; eted-

14 httpy/xmmssc-www.star.le.ac.(Ratalogugxcat_public_3XMM- tions where the source parameters may fiected; 2 - cases
DR4.html where the automatic analysis suggests the detection may be a
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spurious extended source or associated with known deteaor primarily related to changesfacting detections with likelihoods
tures but is not flagged by manual screening; 3 - cases wheear thel = 6 threshold used for the catalogue.
manual screening has flagged the detection but automati flag It is clear that two of the major improvements to the 3XMM
are not set; 4 - detections where both automatic and mancafalogue with respect to the 2XMM catalogue, which are the
screening flags are set. new empirical PSF, described in $ecl3.3 and the optimisea fla
filtering (see Sel.3.2.3), could have an impact on the detect
A . L ; likelihoods and hence the numbers of detected sources. We in
Appendix D: I’De.tall.ed descr|pt|’on of the issue vestigated the impact of these two improvements. Optigiie
known as 'missing sources flare filtering maximises the signal to noise ratio of the sesr
Of the ~ 25700 missing 3XMM detections, up to 8% are founfut also dects the background level, as described in[Secl3.2.3.
only in the pn band-1 data. Visual inspection of examples af@ explore the impact of changing the background, we scaled
analysis of the pn detector-image data suggests many af thé¥ 3XMM-DRS background maps around their original values
are probably previously unrecognised MIP features, i.arisp - 'aised background model values from 3XMM-DR5 images at
ous detections, in 2XMMi-DR3 (see sectlon 312.2), thougheo the positions of faint sources could reduce the detectie li
may well be real, soft sources. A secondfidult-to-quantify lihood below the threshold of 6. Our analysis was limited to
percentage (buk7%) of the missing 3XMM detections mayScaling the entire original background map for each aviilab
have detected counterparts in the 3XMM catalogues but be i[itrument by a common factor (in steps of 2% between 90%
matched within 10 due to imperfect astrometry in either theand 110%). While this is not adequately representative aif re
2XMMi-DR3 andor 3XMM catalogue. A third component of background variations between processings, which would va
up to around 3% of the missing 3XMM detections may be dete€ross the field (see below), it helps to illustrate the paen
tions in 2XMMi-DR3 that are associated with hitherto unrgco effects that may occur. _
nisedunflagged detector features - such features become apparfrom a subset of 1854 fields, we find up+6700 extra de-
ent when the missing 3XMM detections are plotted in detectictions may appear if the background is systematically et
coordinates for each EPIC instrument, after allowing fkely timated by 10% and6800 fewer detections appear if the back-
real detections in the same regions that are detected inttmame ground is 10% higher than the original level. However, agdpot

1 instrument. the diferences in the background maps between the 2XMMi-
Other explanations for the missing 3XMM detections inPR3 and 3XMM processings are much more likely to occur on
clude a spatially localised scale rather than a uniform changesacr

) _ . the field of view. To look for indicators that this might be the
— A small number £1%) are pairs of V|su_ally verified Closecase, we computed ratios of the background maps (3XMM-
sources that were separated in 2XMMi-DR3 but found g$r5>%MMi-DR3) in each instrument and band and looked for
either a single extended or a single unresolved point SOUK&;iations of the ratio (relative to the mean of the ratioge
_ Egé,glllvlhumber of cases are likelv sourious detections at the positions of 2XMMi-DR3 detections that are missing in
the wings of bright sources in 2XI\>I/MiF-)DR3 that were no (MM-DRS. We observe a spread of QPHO% in the _devi-
flagged during the manual screening process for 2XM itions of _the ratio at some source positions but no e_wdehce o]
DR3 and were not detected in 3XMM ystematic background over-estimation in a specific insémt
' or band. Nevertheless, background enhancements that lpeish t
The above-mentioned explanations account $@0% of EPIC band 8 detection likelihood below 6 could be arising in a
all the clean, point-like missing 3XMM detections. Some 75%ifferent instrument aridr energy band in each case.
of the missing 3XMM detections have EPIC likelihoods in The second fect of the improved flare filtering is the im-
2XMMi-DR3, L, < 10 (90% have. < 15). It might be thought pact on the good time intervals. We investigated the relatie-
that the missing 3XMM detections could arise from spuriogs diween exposure time, the number of counts in the source {coun
tections due to random statistical background fluctuat{talse number) and detection likelihood, using only the pn parame-
positives) in 2XMMi-DR3 - the numbers of such detectionders of detections that are in both 2XMMi-DR3 and 3XMM-
estimated from simulations, was discussed in section 9.4 [R5 (i.e. whose EPIC detection likelihoods6 in each cat-
Watson et al.(2009). Using the cumulative count rates ptege alogue). We expect that we would see a similar relation fer th
in Fig. 10 of Watson et al| (2009) and the distribution of exp@ombined instrument (EPIC) source parameters if we could in
sure times for observations in 2XMMi-DR3, we estimate aurclude detections with EPIC likelihoods below six in the eata
7500 detections in the common observations might be false pwgues (which, by definition, we don’t have). Fig. D.1 show th
itives. This, however, is probably an overestimate of thetigo ratio of pn source count numbers (DRBR3) plotted against the
bution of false positives to the missing sources becaulewdh corresponding ratio of median pn exposure times. The data in
there are notable changes to the pipeline processing betivee clude only point sources witBUM_FLAG< 1 that are isolated
2XMMi-DR3 and 3XMM catalogues, the input ODFs and ass@nd not #&fected by nearby extended sources, in both catalogues.
ciated event data are often the same for the common obserliae red points reflect sources whose pn detection likeliinod
tions, i.e. the data are not independent. It should be nb&df 3XMM-DRS5, Lyyprs), is> 6 while their pn detection likelihood
the~25700 missing 3XMM-DR5 detections5200 of them be- in 2XMMi-DR3, Lynprg), is < 6 - these are detections that, based
long to unique sources that comprise at least one other 2XMBR their pn data, would be present in 3XMM-DR5 and not in
DR3 detection, hinting that at least 20% are probably real. = 2XMMi-DR3. The blue points represent data whepgprs) < 6
The distributions of the band-8 likelihood for clean, peintandLpyprs) > 6, i.e. which would be in 2XMMi-DR3 and not
like EPIC detections found in 3XMM-DR5 and not in 2XMMi-in 3XMM-DR5.
DR3 (and vice versa) are very similar and strongly biasedwo |  To investigate the impact of changing the PSF to the empir-
(6 < L < 10) likelihood values. Both are much more stronglical model, we reprocessed the 4921 fields that are common to
concentrated in this range than the distribution of allig]gm®int- 3XMM-DR5 and 2XMMi-DR3 using the same source-detection
like detections. Evidently, the issue of the 'missing’ d¢iens is steps of the pipeline, input data and calibration files thetew
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Fig. D.1. Ratio of the pn source count numbers (DBR3) plotted

against the corresponding ratio of median pn exposure tiRedfilled Fig. D.2. The maximum likelihood (ML) values of all the sources com-

points are pn detection likelihood in 3XMM-DREgnprs) > 6 and pn - mon to 3XMM-DR5 and 2XMMi-DR3. On the ordinate are the ML

detection likelihood in 2XMMi-DR3L pyprs) < 6. The blue open points values in 3XMM-DR5 and on the abscissa, the ML values in 2XMMi

areL pnprs) < 6 andL pyprs) > 6. DR3. The (green) solid diagonal line indicates where the BXMR5
and 2XMMi-DR3 ML values are equal.

employed to create 3XMM-DRS5, but changing the new empir-
ical PSF model to the previous 'medium-accuracy’ model. \Wane catalogue over the other. In reality, it is simply that KL
found some 8300 clean, point-like 3XMM-DRS5 detections hawglue has fallen slightly below our chosen threshold andethe
no matching detection obtained with the medium-accurady P®re the source is just not included in the catalogue.
within 5” (7100 within 10’), demonstrating that the new PSF In conclusion, the main reason for the missing sources is
has a non-negligibleffect on the source detection. It should alsthat the changes in the pipeline processing procedure batwe
be pointed out thagmldetecyives the most reliable results whereXMMi-DR3 and 3XMM-DR5 have produced slightly fiier-
the PSF model used is similar to the true PSF (Feigelson &|Bagt likelihood values (of mostly real sources), so that cieias
2006), implying that the empirical PSF, constructed from olmear the likelihood threshold cross the boundary, in botacdi
served source data, should provide more reliable sourtesi@z  tions, between catalogues, resulting iffelient lists of detec-
ing both the background and PSF therefore has an impacttioms. Overall, however, the 3XMM-DR5 procedure is better,
the maximum likelihood determined. Fig. D.2 shows the relaulting in more sources.
tionship between the maximum likelihood (ML) in 3XMM-DR5
and 2XMMi-DR3 for all sources common to both catalogues.
More than half the sources have a higher maximum likelihodgppendix E: Astrometry and the deviation from the
in 3XMM-DR5 compared to 2XMMi-DR3, indicating generally  Rayleigh distribution
better sensitivity in 3XMM-DR5. It should also be noted that o )
as indicated in themldetectlescriptioff, the maximum likeli- To explore the cause(s) of the deviations from the Rayleigh
hood values provide only a rough estimate of the number of &4rve, we first examined whether the outlier pairs in the tail
pected spurious sources for low count souree8,(Cash 1979). €xcess might be spurious XMM-quasar associations, thosgh a
As many as 10% of the catalogue sources have couftin at noted by Wats_on etal. ( 2009)_, the false match rate for qaasar
least one instrument, so sources with a low count rate mag h&¥pected to yield far fewer mismatches than the numbersdfoun
an inaccurate likelihood value attributed. in the tail excess. To test this possibility we compared tise d
The changes to the pipeline generating the catalogue souféution of the 3XMM-DRS5 EPIC band 8 fluxfx) to SDSS (r
mean that the maximum likelihood value attributed to eadt@nd) flux €) ratio (i.e. Fx/F) for XMM-quasar pairs from
source varies from catalogue to catalogue. The dispersioigh X > 3.5 (the region of the excess tail where the Rayleigh func-
(~2 in ML) for the distribution of ML values in one cataloguefion predicts negligible numbers) to that from< 0.8 (where
given a specific ML value in the other catalogue. Given that wae data and model match well). While pairs from the tail do
have chosen a threshold of Mt 6 to indicate a real source,have a slightly (25%) highefx/F, ratio on average than those
many sources with a ML close to this value in one cataloguie wiit X < 0.8 it is too small a dierence to be explained by sys-
have an ML< 6 in the other, due to this broad dispersion. In€matic mismatching. This conclusion is supported by abnsi
deed, as many as 10000 sources can be found below this thr8§Rg XMM-quasar pairs in the tail whose X-ray detections be
old in the other catalogue (2XMMi-DR3 when comparing withong to 3XMM-DR5 unique sources that include one or more
3XMM-DR5 or 3XMM-DR5 when comparing with 2XMMi- other X-ray detections with a quasar counterpart. Among@4t 1

DR3), and are therefore considered as missing when coirgidefUch unique sources involving an XMM-quasar pair from the
tail, only 13 are cases where all other constituent XMM-@uas

15 http;y/xmm.esac.esa.ifsagcurrentdogemldetegnode3.html pairs havex > 3.5. These 13 cases might reflect mismatches of

Article number, page 21 ¢f 23



A&A proofs:manuscript no. 3XMM_v16

the XMM detections and quasars. However, the X-ray detastioof all 3XMM-DR5 detections (available in the initial emldet

involved represent only 8% of the X-ray detections with guwassource lists, though only the circularised RADEC_ERR vadue

counterparts that make up the 104 unique sources, suggestirovided in the final observation summary source lists) daah

most of the XMM-quasar pairs from the tail are not mismatchesMM-quasar pair, the idealised error ellipse of the X-rayise
We then constructed distributions for many XMM catalogu&as scaled to the measured RA and DEC errors and a mean of

parameters (e.g. position error§-axis angle, count rates, equathe major and minor axes was obtained. Using the mean ellipti

torial and galactic location, exposure times, nearegghimiur cal positional uncertainty to normalise the XMM-quasfisets,

distance etc.), comparing the distributions of the datasstsb even when combined with the elliptical errors for the recéifi

from x > 3.5 andx < 0.8. The position errorROSERRdis- tion correction and the elliptical quasar position erratg| re-

tributions of the two subsets are very similar while the XMMsults in a notable excessxat- 3.5.

quasar separations are markedlffetient, having an average of ~We conclude that the excess of 3XMM-DRS5 detections with

0.4” for data withx < 0.8 compared to 5/5for thex > 3.5 sub- error-normalised fisets from their SDSS quasar counterparts

set. There is an indication that the pointxat 3.5 tend to lie at > 3.5 appears to have a modest dependence onftrexis lo-

larger dt-axis angles. No other trends could be discerned frogation of the detection in the XMM field of view, with a small

the distributions for other parameters. To push this furtive fraction of detections at highetfeaxis angles having either in-

also cross-matched the 6614 3XMM-DRS5 detections with SD$8rrect positions or underestimated errors, while sounses

guasar counterparts against the Chandra catalogue (Evalns ¢he centre may have slightly overestimated errors. Howeer

2014a). Within 10, 745 XMM detections have one or moresystematic cause is identified.

matches with Chandra detections - we retained only the seare

match in the few instances where multiple matches were ptes

The 3XMM-DR5 detections from the tail do tend to be notabl%eferences

more dfset from their Chandra counterparts compared to thos@zajian, K. N., Adelman-McCarthy, J. K., Agiieros, M. A ak 2009, ApJS,

detections withx < 3.5. Furthermore, although numbers areA_h182, 243A” de Pristo, C.. An. D.. et al. 2011, ApJS, 198

more limited, for the XMM-quasar_ pairs in the tail with Chan:ﬂxlrn‘:\?&, K. A.eln99%, irr:eA(;trolr;omni’caI”Seogéty of t’hepPa(‘:ific @mence Series,

dra counte_rparts, the error-normalisétsets between thQ Chan- Vol. 101, Astronomical Data Analysis Software and Systemed/ G. H.

dra detections and the SDSS quasars appear to provide a bett@icoby & J. Barnes, 17

match to the Rayleigh distribution - there is no evidence offdackburn, J. K. 1995, in Astronomical Society of the Pactfienference Se-

similar tail excess. This hints at the positions of the 3XNINR5 Qiiwvc’ll 7E7r Q;"r?:f’g‘gcaj' ':éats :’;5;'3’;'65750‘*“‘3 and 8Byst IV, ed. R. A.

dete_<_:t|0ns in the tail being incorrect. Wh|_le, alternalwmelr Budavar, T, &.Szeillay,’A. $. 2008, Apr,'679, 301

position errors may be underestimated, if so, there is narcleash, w. 1979, ApJ, 228, 939

evidence the errors are being systematically underestoinatg. Churchwell, E., Babler, B. L., Meade, M. R., et al. 2009, PABH, 213

being incorrectly characterised withfeaxis angle. It is worth 88{;&"’RAMng:gsmz%PfZU'(\)/iSz'igggﬁgg’I;V'étgé :tta?(l)- quﬁ(lv g-pfinfs

noting that while the proportionis lower in the central @ of Ejeion 'R “Tumer T.1., Pounds, K., et al. 2002, Ap. 686,

the field of view, evenin the 10< 6 < 12 annulus ¢ is the EPIC  gyans, 1. N., Primini, F. A., Glotfelty, C. S., et al. 2014azR Online Data

off-axis angle), 5.6% of the XMM-quasar pairs have- 3.5 - Catalog, 9045, 0

this demonstrates there is not a generic problem with sswaceEvans, I. N., Primini, F. A,, Glotfelty, K. J., et al. 2010, 29, 189, 37
higher df-axis angles Evans, P. A, Osborne, J. P., Beardmore, A. P., et al. 201gbSA210, 8

_ o Feigelson, E. & Babu, J. 2006, Statistical Challenges ingk&tmy (Springer
As noted, there is an indication that XMM sources at 3.5 New York)

tend to lie at higher fi-axis angles in the field than those fronmzabriel, C., Denby, M., Fyfe, D. J., et al. 2004, in AstronocahiSociety of the

lower x values. This is illustrated in figufé 5 where, alongside the Pagigc fonfeEeA’g?:SSS;%r)i(elﬁ' Vg'-F3é4:hAS”8”9mhiza'GDZ|tla Wéﬁoﬁ"v?asrg
H H an stems , ed. . Ochsenbein, M. G. en, ret,

hls_togram of error-norma_hsed:fsets for all the XMM-quasar Ishihara,yD., Onaka, T., Kataza, H., etal. 2010, A&A, 514, Al

pairs (red), we show the histograms for data frafraxis angles  jansen, F., Lumb, D., Altieri, B., et al. 2001, A&A, 365, L1

0 <5 (blue), 8 < 0 < 10 (green) and 10< 0 < 15 (grey). Koester, B. P., McKay, T. A., Annis, J., et al. 2007, ApJ, 6889

For sources near the centre of the field, the distributiorkped-u, J- 2011, ApJS, 192, 10

too early, atx = Ar/o ~ 0.65 but better matches the tail af‘or;(gl\'ﬂnl\%tl'\i eAV\'I tIBh 23(1;8 XMM-Newton Users Handbook, Tech.[R@.12, ESA:

x > 2.5. Conversely, data from 1& 6 < 15 peak neax = 1 \ason, K. O., Breeveld, A., Much, R., et al. 2001, A&A, 365,6.3

but account for much of the excess tail. We examined whethetteos, S., Saxton, R. D., Read, A. M., & Sembay, S. 2009, A&9%, 879

this could arise from, for example, an error in the rotation-c Monet, D. G., Levine, S. E., Canzian, B., etal. 2003, AJ, B35,

; ot ; Motch, C. & Arches Consortium. 2014, in The X-ray Universd. 20288
rection of the rectification process (see secfion B.4.1)pmes Motch, C., Michel, L., & Pineau, F.-X. 2009, in Astronomic8bciety of the

observations. If so, for a given field, one m'ght ant|C|pate t Pacific Conference Series, Vol. 411, Astronomical Data ¥sial Software
quasar counterparts having a systemafieed, either ahead of,  and Systems XViil, ed. D. A. Bohlender, D. Durand, & P. Dowk66

or behind, the X-ray detection, in a sector oriented perjpend Nandra, K., George, I. M., Mushotzky, R. F., Turner, T. J., &ggob, T. 1997,
lar to the radial vector,, from the field boresight to the X-ray ApJ. 476,70

position. This is not, however, evident in fields that comtase- g:gdeer',\AJ.. f'é‘rm;zd’C'_?'Tleﬁg\?é;hi_cgrtngftzeéf; “,\rﬂn,\?a A72539§)3

ful numbers (up to 22) of XMM-quasar pairs, one or more Gfierre, M., Chiappetti, L., Pacaud, F., et al. 2007, MNRAE, 279

which come fromx > 3.5. We also performed a more detailedPietsch, W., Haberl, F., Sasaki, M., et al. 2006, ApJ, 646, 42

analysis in which the circularised statistical XMM positier- E:gﬁzsrc':&ésc')\:‘;ttig% CA-aecaF[ V‘XahF~AZth§hi2rT(1)1h Ae%gi 55014’%; 536 A7
ror, RADEC_ERRused previously was replaced with an errgg . ™y ¢ "yiccale, B. A, Allan, D. J., et al. 1995, MNRAS, 2745
derived from an error ellipse: an elliptical error contobosld  Ramirez, S. V., Arendt, R. G., Sellgren, K., et al. 2008, AfIGS, 147

better characterise positional uncertainties arisinmftioe elon- Read, A. M., Rosen, S. R, Saxton, R. D., & Ramirez, J. 2011AAB34, A34
gated PSF profiles that become evident at largieaxis angles. gCh”kf'defé D;S)F’-' Ha”-RP-S-'g'ghaf_dSv G. L eztoilizg(gﬁblsoz Tech
Assuming the ellipse is oriented with the major axis tanigént egesykMM-g)gg?éEL-zb Eon ozl M. 55 aese, Tech.
to r, the mean geometry of the error ellipse as a functionfiof Osjepert, A., Williams, M. E. K., Siviero, A., et al. 2011, A41, 187

axis angle was obtained via the separate errors in RA and DEKtutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, A31, 1163
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