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Abstract. This paper is the first of a series dedicated to the X-ray ptigseof the young open cluster NGC 6231. Our data set
relies on an XMMNewton campaign of a nominal duration of 180 ks and reveals that N&32 € very rich in the X-ray domain
too. Indeed, 610 X-ray sources are detected in the preséhofigiew, centered on the cluster core. The limiting sevisjt

of our survey is approximately % 10-5erg cnt? s7* but clearly depends on the location in the field of view andrengource
spectrum. Using dierent existing catalogues, over 85% of the X-ray sourcekldmiassociated with at least one optical/and
infrared counterpart within a limited cross-correlatiadius of 3 at maximum. The surface density distribution of the X-ray
sources presents a slight N-S elongation. Once correctetdspatial sensitivity variation of the EPIC instrumettite radial
profile of the source surface density is well described byrayifirofile with a central density of about 8 sources per aréanial

a core radius close to 3.1 arcmin. The distribution of thea){sources seems closely related to the optical sourcébdison.
The expected number of foreground and background sourcesgdstepresent about 9% of the detected sources, thus Btrong
suggesting that most of the observed X-ray emitters areigajysbelonging to NGC 6231. Finally, beside a few bright baft
objects — corresponding to the early-type stars of theetusmost of the sources are relatively faintgx 1071% erg cnt?s7%)
with an energy distribution peaked around 1.0-2.0 keV.

Key words. Open clusters and associations: individual: NGC 6231 —yé:randividuals: NGC 6231 — X-rays: stars — Stars:
early-type — Catalogues

1. Introduction lution of the XMM-Newton and Chandra observatories, com-
pared to X-ray satellites of the previous generations, gwme

Detailed studies of young clusters are powerful tools tdprog much more complete view of the X-ray properties of the star
crucial astrophysical issues. Because tagyiori contain both populations in clusters.

early-type stars and pre-main sequence (PMS) stars, younge,, example, a 76 kShandra observation of the embedded

cluste_rs are pr!V|Ieged Ia_boratones t(_) test star fornmatiad oung cluster NGC 2024i(~ 410 pc; age= 0.3 — a few Myr)
evolution theories. They indeed provide a homogeneous sam- : . .
. " ; : revealed 283 X-ray sources displaying heavily absorbed har
ple of stars in terms of distance, reddening, environméetyc . 2 — .
),spectra with a mean temperaturé k- 3keV (Skinner et al.

ical comp05|t|9n and age. With t.he eremly available 2003). A significant fraction (25%) of the X-ray sources seow
ray observatories, unprecedented investigations of yopeg ide range of variability within the exposure duration. In

clusters in the X-ray domain have been performed in the %}}N
few vears. The incrz;ased sensitivity. s eF::traI ower aed—rF()aa dition,Chandra detected at least 96% of the known classi-
y ' Y, SP P cal T Tauri stars in NGC 2024. Results for other clusters are

very similari Rauw et all (2003) performed a 20 ks observatio
of NGC 6383 @ ~ 1.4kpc; age= 1.7 — 5Myr) and found 77
sources, mostly centered on the cluster location. An ingmbrt
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* Based on observations collected with XMNewton, an ESA sci-
ence mission with instruments and contributions direatiyded by

ESA Member States and the USA (NASA). fraction of these sources are probable PMS objects. Usitig bo
** Tables [B and[16 are available via the CDS web siteMM -Newton and Chandra facilities, |Preibisch & Zinnecker
hitp7/cdsweb.u-strasbglfr . (2004, and references therein) studied the very young stel-
*** ENRS Research Fellow (Belgium) lar cluster IC348¢ ~ 310pc; age~ 2 Myr) and found 286

T FNRS Research Associate (Belgium) X-ray sources among which over 50 classical T Tauri stars.
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Comparison ofChandra- and XMM-Newton- based spectral 2. NGC 6231 and the Sco OB 1 association: a
properties suggested that the X-ray characteristics ofuriTa literature review

stars remain mostly constant over periods of years. NGC 6530

(d ~ 1.8kpc; age~ 1.5-2.0Myr) is a very rich open clus-2.1. The Sco OB 1 association

ter containing several massive O-type stars as well as a Iat%
population of B-type stars. XMMNewton observations by
Rauw et al.|(2002) revealed 119 sources, of which a large fr

tion are PMS candidates. Similarlylto Skinner et al. resthes : ; : I
X-ray spectra of the PMS candidates are characterized byterICh and interesting region of the sky” Zong by T wide,
|{nextends from the gaseous nebula IC 4628 on its northern

peratures of a few keV. Using a 60 K¥andra observation .
centered on the same cluster, Damiani étlal. (2004) revea‘fenéj to the young open cluster NGC 6231 towards its southern

i . 0 end. Its major axis is approximately parallel to the Gatacti
884 X-ray sources, among which 90 to 95% are PMS stars. olane [Morgan et 4L, 1953a). A sparser group, Tr 24, is to be

From this review of the recent literature, there is an obMigund near 1C 4628 while two other clusters, NGC 6242 and
ous body of observations showing that, besides the expedtgdcC 6268, lie slightly north of the association. Finally e
X-ray emission from massive stars, a large population of Xegion 1C 4878, centered on NGC 6231, extends by about 4
ray emitting low-mass PMS stars is to be found while obserdy 5° in the form of an elliptical ring and is probably triggered
ing young clusters. The present study of the very rich ctustgy the cluster. The emission nebula is faint within the ring b

NGC 6231 lies in this framework. It aims at a better compres very bright where the ring is crossed by the northern end of
hension of both early-type stars and young open clusterg-by ghe associatior! (Bok etlal. 1966).

tending the previous sample of investigations to clustdts w

a large O-type star population. A severe limitation of seer  1hq interest in Sco OB 1 mainly originates from its ex-
of the above cited works is the lack of detailed studies on tﬂﬁqded early-type star conteht (Shobblbok 1983; Raboud et a
concerned cluster at other wavelengths. Indeed, Githndra 1997). Beyond the numerous O- and B-type stafs, the associa-
and XMM-Newton, the X-ray observations are so deep that g, 5150 shelters two of the rare Wolf-Rayet (WR) stars, two
deep optical photometry of the field is required. Such a dat} gtars displaying P Cygni profiles as well as seva@ephei
setis |_ndeed essential to, f‘?f example, more (_:Iearly idetite | ariables (Balona & Engelbrecht 1985; Arentoft gtlal. 2001)
evolutionary status of the fierent sub-populations of the CIUS'Among the peculiar objects found within Sco OB 1 is the bright
ter. Fortunately, as shown by the literature review of Jact. star 7 Sco. With an absolute magnitude aroult)=—-8.3

the stars in NGC 6231 have been thoroughly studied. Togetheg ., js gne of the brightest stars of the Milky Way. Many of
with the depth of the present X-ray campaign, this is one®f th,o \normal’ early-type stars further present signs ofaaiity

strengths of the current work. Finally, the present work di§q have a good chance to be binary systems [(e.g. Raboud
tinguishes itself from the previous investigations beeaos [ 996 Arentoft ot Al 2001). cT

the particular planning of the X-ray observations. Indead o

XMM -Newton campaign towards NGC 6231 was actually split

into six successive pointings, spread over a period of fiys.da

This will allow us to probe the variability of the X-ray emisa  2.2. The NGC 6231 cluster
of the detected sources orffdrent time-scales.

cated in the Sagittarius-Carina spiral arm of our galaxy
((2000)= 16'53"6, §(2000)= —41°57’; | = 3433,b = 1°2,
Perry etal 1991), the Sco OB 1 association is an extremely

] ) ) Located near the southern end of the ScoOB 1 association,
A detailed analysis of the central target of the field, the cal,o young open cluster NGC 623&(000) = 16"54m0%°

liding wind binary HD 152248, has been presented recentlyé@zooo) — _41°49'36") contains an important number of
a dedicated paper (Sana etlal. 2004). The source will therefgyight early-type stars in its centre. Often consideredhas t
not be further discussed in more details in the present papgcieus of the associatioh (Bok e} Al 1966), its relatignsh
Preliminary results from this campaign, mainly relatedte t ; 5.0 OB 1 has been subjeE:t tafefent interpretations with
early-type X-ray emitters, were also presented.in_Sana etgl . Thoughl Heske & Wendkef (1984) presented evidence
(2005b,.200€0,c). In the present paper, we focus on the ;1124 and Sco OB 1 form a single aggregate, these authors
ray catalogue and we discuss some general properties of thg,,sed that NGC 6231 is actually a foreground cluster.
detected sources. Other aspects of the X-ray propertiesiflisie & Wendkeér also found a sub-cluster of PMS stars in the
NGC 6231, such as the early-type and the pre-main sequep&iity of Tr 24. Based on an extensive set of dhta, Perrylet a
population characteristics, will be addressed in subseqee  (1990,[1991) re-addressed these issues and carefullyedtudi
pers of this series. the interrelation between the three aggregates. They -estab
This first paper is organized as follows. After a review dfshed that ScoOB 1, NGC 6231 and Tr 24 are located at the
the abundant literature on NGC 6231 and on the ScoOB 1 aame distance and have the same age, thus demonstrating
sociation, Sec{]3 describes the campaign and the subgeqtleat NGC 6231 is not a foreground object but is clearly
data reduction processes. In S&tt. 4, we address the dete@mbedded in the Sco OB 1 association. NGC 6231 therefore
and identification of the sources in the XMMewton field of retains its status as the nucleus of the associzgtion. Peaty e
view, and we present the resulting X-ray catalogues. Binak could however not confirm the three stellar sub-aggregates
probe the main properties of the cluster X-ray emitters {Sefound bylSeggewiss (19€68a) in Tr24 and, as suggested by
B). Sect[ b summarizes the results of the present work. Heske & Wendker [(1984), they casted further doubts on



H. Sana et al.: An XMMNewton view of NGC 6231. I. 3

the physical reality of the Tr24 aggregate itself. Perrvizt §2001) obtained an extremely high frequency of 82% for stars
finally confirmed the existence of a PMS sub-cluster near Tr Zfrlier than B1.5V and, in particular, of 79% for the O-type
stars of the cluster._Raboud & Mermilliod (1998) showed
The properties of NGC6231 and of its stellar corevidence of mass segregation in NGC 6231, most probably
tent have been thoroughly investigated during the pastated to the formation processes rather than to the dyagmi
century. Three main streams of investigation were indeedolution of the cluster. Proper motions were studied byeBBra
designed, namely photometry, spectral classification a@®67) and Laval (1972) while most of the O-type stars of the
radial velocity measurements. The photometric approachcissters were included in the large ICCD Speckle campaign of
however predominant and was extensively performed usiktason et al.[(1998).
different photometric systems. The bulk of the available
literature on the cluster relies on photographic, photwele The distance modulusDM) of the cluster reported in
tric or CCD campaigns! Brownlee & Coxl (1953, PV)the earlier literature ranges from 1017 _(Mermillibd 198a) t
Houck (1955), | Walraven & Walraven! (1960, Walraven}11.9 [Houck 1956, 2300pc — cited by Bok etlal. 1966). In a
Feast et al.l (1961, UBV), Breckinridge & Kioh (1963, PV)more recent work, _Perry etlal. (1991) obtainet¥ = 1150
Bok et al. (1966, UBV I8), [EFeinstein & Ferren (1968, UBV), and 11.55 for ScoOB 1 and NGC 6231 respectively, with an
Seggewiss | (1963b, UBV),_Schild efal._(1969, UBV)uncertainty of about 0.32._Balona & Laney (1895) derived
Crawford et al. [(1971, uvbypB), |Garrison & Schild (1979, DM = 1108 + 0.05 for NGC 6231} Raboud etlal._(1997),
UBV), iShobbrooki(1983, uvbyB),Heske & Wendken (1984, 11.2 + 0.4; |Sung et &l.1(1998), 1@ + 0.07 and.Baume et al.
UBV), van Genderenethal.| (1984, Walraven), Perry bt gl1999) 115 + 0.25. The weighted mean of these five latter
(1991, uvby), Mevnetetall (1993, UBW), Balona & Lahewalues giveDM = 11.07 + 0.04, corresponding to an actual
(1995, uvbyH), IRaboud et al.| (1997, Geneva), Sung ét allistance of 1634 30pc. The same authors (but_ Sung et al.)
(1998, UBV(RI:Ha), IBaume etal.1(1999, UBW). The respectively derived ages of.97+ 0.9Myr, 5 + 1Myr,
more recent works (from1990’s) dfer a much more complete 3.8 + 0.6 Myr and 3 to 5 Myr. On the basis of the ReHndex,
view of the cluster both in terms of their angular extent anfslung et al.|(1998) found 12 PMS stars plus 7 PMS candidates.
of the magnitude limit reached. An extensive still careful
comparison of most (if not all) the works published prior to A controversial question is the probablédrential redden-
1990 has been performed by Perry etlal. (1991). ing across the cluster. Such dfdrential reddening was first
suggested by Breckinridge & Kron (1963), outlining that the
Spectral classification of the cluster objects has mairdputhern part of the cluster fers a heavier reddening. Other
been carried out by_Moargan eflal. (1953b), Houtk (195@uthors|(Shobbrook 198B; Perry etlal. 1991; Balona & Lianey
Feast et al. |(1961), _Schild eflall._(1969), Garrison & Stchit995%) rather proposed a uniform reddening across the field.
(1979),Levato & Malarodd (1930), Conti & Alschuler (1971)More recently,L Raboud etlall (1997) abd_Sung etial. (1998)
Walborh (1972)| Mathys| (1988, 1989), Garcia & Mermilliodesults strongly support the first idealof Breckinridge & Kro
(2001) and [ Sana | (2005). Radial velocity campaigf$963), and_Sungethl. presented a map of the reddening
were led essentially by Strdve (1944), Hill et al. (1974}Yistribution in NGC 6231. There seems to be an agreement in
Levato & Morrell (1988), | Levato et al.| (1988), Perry el althe early literature that most of the reddening occurs betwe
(1990), | Penny et all (1994), Stickland & Lloyd (2001, [UE distance of 100 and 1300 pc. Based on FUSE observations,
data), LGarcia & Mermilliad [(2001), _Sana et al. (2002) aridlargaraf et al. [(2004) recently confirmed angular variaion
Sana [(2005). Several authors also paid a special attenfiorthe column density towards the core of the cluster. They
to particular objects, mainly binaries of which they pemreported that the absorption towards NGC 6231 occurs in
formed a more detailed study. These objects are WR g8veral foreground clouds. The main absorption component
(Luhrs11997), HD 152218 (Stickland eflal. 1997), HD 15224&s in the Lupus cloud region at a distance of 150 pc, while
(Stickland et al.| 1996| Penny efldl. 1999; Sanalet al. |20Qkhe second one is probably in the vicinity of the Sco OB 1 shell
Sana et all 2004), CPP41°7742 [Sana et al. 2003, 2005afsurrounding NGC 6231. Finally, Crawford (2001) probed the
and HD 152219 (Sana etlal. 2006a). structure of the interstellar Naand Ki towards the cluster
and reached conclusions similar to thosel of Marggraflet al.
Aside from these three main streams, several auth¢2904).ICrawford also outlined that no clues of active sisock
addressed specific aspects of the cluster that provide a usethe shell components could be found. Polarimetric ob-
ful complementary view. Among other topics, photometriservations were performed by Feinstein et al._(2003) who
variability of a few dozens of objects was investigated bipund evidence for a past supernova explosion in the cluster
Balona (1983), Balona & Engelbrecht (1985), Balona (1992hese authors however suggested that their observatiotg co
and more recently by Arentoft etlal. (2001). These studiatso be explained by a bubble triggered by winds from hosstar
allowed to detect severg@Cephei, a couple of Scuti and
a few other variable stars, including a couple of eclipsing Finally, we note that the Hipparcos parallaxes derived for
binaries. The binary fraction was estimated by Raboud (1996GC 6231 were known to be problematic with a negative
and Garcia & Mermilliod|(2001). Rabaud derived a minimurmean value 0f0.8 + 0.4 masi(Arenou & Luri 1999). These re-
binary frequency of 52% in his sample of 53 B-type stars witkults were recently revised by Makarav (2003a) who obtained
a spectral type between B1 and B9 while Garcia & Mermilliodl. 7 + 0.4 mas, corresponding to a distance modulus 8.5,
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Table 1. Journal of the XMMNewton observations of NGC 6231. Columns 2 and 3 give the spaceenaftution number and
the observation ID. The Julian Date (JD) at mid-exposurepsrted in Col. 4. Cols. 5to 7 (resp. Cols. 8 to 10) list théqrened
(resp. dfective — i.e. corrected for the high background periodspsupe times for the EPIC MOS1, EPIC MOS2 and EPIC pn
instruments. The last column provides the position angi¢ @8sociated to the revolution. The total campaign dunasaiven

in the last line of the table.

Obs. # Sat. Exposure JD Performed duration (ks) ffedfive duration (ks) PA
Rev. ID JD-2450000 MOS1 MOS2 pn MOS1 MOS2 pn DDD:AM:AS.s
1 319 0109490101 2158.214 33.3 33.3 30.7 33.1 33.2 30.6 2145
2 319 0109490201 2158.931 22.1 22.1 20.2 19.8 19.8 16.5 2145
3 320 0109490301 2159.796 34.4 34.4 31.8 33.7 33.9 30.1 2765
4 320 0109490401 2160.925 31.4 314 29.1 26.0 24.3 11.7 2765
5 321 0109490501 2161.774 31.1 31.1 28.5 30.9 31.0 28.4 233D
6 321 0109490601 2162.726 32.9 32.9 30.3 32.9 32.8 30.3 223D

Total duration (ks) 185.2 185.2 1706 1765 175.0 1475

however still far from the mean value obtained from the photmented on our computers in Liege. We appliedeimproc and
metric studies. epproc pipeline chains respectively to the MOS and pn raw data
Turning to the X-ray domain, NGC 6231 was observeie generate proper event list files. No indication of pilewss

by the ROentgen SATellite (ROSAT). Thirty-five object§ound inthe data. We then only considered events with pater
were detected, mainly associated with the early-type sthrs0-12 (resp. 0-4) for MOS (resp. pn) instruments and we ap-
the cluster. Corcoran (1996, 1999) presented some respligd the filtering criterion XMMEAEM (resp. FLAG=0) as
of this campaign as well as the X-ray light curve of threeecommended by the Science Operation Centre (SOC) techni-
objects, namely HD 152218, HD 152248 and HD 152240al note XMM-PS-TN-43v3.0. For each pointing, we rejected
Only HD 152248 displayed clear variations of its fluxperiods &fected by soft proton flares. For this purpose, we built
Finally a few objects were also observed at radio wavelendight curves at energies above 10 Keand discarded high back-
(Setia Gunawan et El. 2002, 2003) but only half of them weggound observing periods on the basis of an empiricallyeeri
detected. threshold (adopted as equal to 0.2 and 1.0 Thtar the MOS

and pn instruments respectively). The so-defined GTls (Good

Time Intervals) were used to produce adequate X-ray e\sat li

for each pointing from which we extracted images using x- and
3. Observations and Data Reduction y-image bin sizes of 50 virtual pixefs

We finally combined the event lists obtained for all six

pointings to increase the statistics of faint sources. Risgur-
The XMM-Newton campaign towards NGC 6231 has alreadgose, we used the SAS taslerge. For each EPIC instrument,
been described ih_Sana et al. (2004). For the sake of cowe included the event lists resulting fromfférent pointings
pleteness, we again give here a brief description of the ®ne by one. We also built merged event lists that combine the
ray observations. In September 2001, during satellitelvevotwelve MOS or the eighteen EPIC event lists. The Attitude
tions 319 to 321, the XMMNewton observatoryl(Jansen el al Files generated by the pipeline were merged using the same
2001) performed six successive exposures of an approximapgroach and we adopted, for handling the merged event lists
duration of 30ks. The field of view (FOV) was centered othe Calibration Index File (CIF) and the ODF corresponding
the O7.511k-O7 11l colliding wind binary HD 152248000 = 10 the first pointing (Obs. 1 in Tabl@ 1).
16"54M10°06, 62000 = —41°49'30/1;|Sana et al. 2001), in the
core of the cluster. Position angles (PAs) were very simi-
lar through the six exposures, ranging approximativelynfro . . L
27605 o 27623, Al three EPIC nstramentd (Striider et ai# X-ray source detection and identification
2001; Turner et al. 2001) were operated in the Full Frame mogethis section, we focus on the detection and identification
together with the Thick Filter to reject UYwdptical light. The of the X-ray sources in the XMMNewton FOV. For this pur-
RGS spectrographs (den Herder et al. 2001) were run in fhgse, we only used the merged event lists and images, ac-
Standard Spectroscopic mode. Due to the brightness of #ufinting in this way for the six pointings at once. The total
cluster objects in the FOV, the Optical Monitor (Mason et agffective exposure times towards the cluster are, respegtivel
2001) was switchedfbthroughout the campaign. Talile 1 pro
vides the journal of the X-ray observations.

3.1. The XMM -Newton campaign

! Expressed in Pulse Invariant (PI) channel numbers and demsi
ing that 1 PI channel approximately corresponds to 1 eV, doptzd
criterion is actually P& 10 000.

3.2. Data Reduction 2 Though the physical pixels of the EPIC MOS and pn detectors

have an extent on the sky of respectivelyl &nd 41, the virtual pixels
The EPIC Observation Data Files (ODFs) were processed bfthe three instruments correspond to an exté660 The obtained
ing the XMM-Science Analysis System (SAS) v5.4.1 implémages have thus a pixel size ¢f®
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Fig.1. Combined EPIC MOS three-color X-ray image of the young opgaster NGC 6231. The field is roughly 3 diameter
and is centered on HD 152248. North is up and East is to theTleé diferent colors correspond toftérent energy ranges: red:
0.5-1.0keV; green : 1.0-2.5keV; blue : 2.5-10.0keV.

for the MOS1, MOS2 and pn instruments, of 176.5, 175/ a next step, we focus on the identification of the X-ray
and 147.5ks. Together with the high sensitivity of the XMMsources and, finally, we investigate the detection limithef t
Newton observatory, the combination of the six pointings angresent data set.

of the three instruments provides one of the deepest X-ray

views of a young open cluster. F[d. 1 shows a three-colour im- .

age of NGC 6231 and reveals a densely populated field erth Source Detection

hundreds of point-like X-ray sources. This section thexfowe based our source detection on the SAS detection eblein
aims at providing a uniform catalogue of these sources. Ittigt_chain. For this purpose, we selected three energy ranges,
organised as follows. First we present the source deteptm™n 5 soft (§) band (0.5-1.0keV), a medium @ band (1.0-
cedure as well as a brief description of the obtained catelsg 2 5 keV) and a hard (k) band (2.5-10.0keV), and we built the
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corresponding input images for thefférent instruments. The Table 2. Adopted detection thresholds for the equivalent log-
edetect_chaintask is formed by the succession of the SAS tasksithmic likelihoodL, corresponding to the flerent EPIC in-

eexpmap, emask, eboxdetect run in local modegsplinemap, struments (left column) or to any combination of them (right
againeboxdetect run in map mode and finallgml detect: column). AppendiXB provides more details on how these val-

. jles were computed.
- eexpmap calculates the exposure maps corresponding to thé

input images;

- these exposure maps are usedemask to build masks Instr. L, Instr. Comb. L2
which select the relevant image areas where the detection MOS1 11| MOS1+MOS2 21
should take place; Mosz 11 MOS1+ pn 35

- eboxdetect, run in local mode, uses ax5 pixel box and pn 25 MOS2+ pn 35
a surrounding background area to search for significant MOS1+MOS2+pn 45

sources simultaneously in all input images;

i f%plme;nap_ uses _the resultmg source list to re?ot:/e skourc?éﬁqs of sources actually required multi-psf fitting, withiet
rom tbe fl_n_put |m2agDes T.m creﬁtes smoot b ac géo-u Qf being simultaneously adjusted at the maximum. Finally,
maps Dy fitting a 2-D spline to the source-subtracted INYq re_ran theemidetect task allowing for extended sources to

ages, q q 55 pixel b dth be fitted. A careful comparison of the resulting lists shoe t
- run in map modechoxdetect uses a %5 pixel box and the only a few sources increase significantly their detectikelili

values from the background maps to search for significa\%od while allowing for extended source fitting. An inspenti

sources simultaneously in all inputimages; of the X-ray images and of the optical catalogues reveals

emldetect finally uses the preliminary source list fromthat these sources most probably correspond to unresolved

ebo?(detect and determines the source parameters (e.g. “I]pt-like sources rather than to physically extended cesir
ordinates, count rates, hardness ratios, etc.) by means o

§imu|t_apeous maximum "ke"hOOd. psf (p_oint.spread func- The described detection procedure was applied for each
tion) fitting to the source count distribution in all ENETAYp)C instrument as well as for any combination of them. The
bands of each EPIC instrument. It also provides an equi\f 5

ST 3 ulting source lists were generally consistent. The rddin
IenF Iogan_thmlc I|keI|hc_>od_2 (Eq[AT) comrr_mnly used as ference comes from the presence dfetient gaps in the fier-
an indication of theeality of the corresponding source.

ent data sets. We built our final source list adopting thefoll

From our experience, theboxdetect task run in map mode ing criteria.
tended to eliminate some apparently real sources from the (i) We selected the deepest combination of EPIC instru-
intermediate source list. We therefore preferred to use thents, requiring that the detected source is distant byaat le
preliminary source list obtained l&poxdetect in local mode as 13” from any gap, bad column or detector edge.
an input list for the psf fitting step performed by téml detect (ii) By a visual inspection of each source in all images
task. This approach does not bias the result since, if taed subsequent combinations, we adopted an empiricalaquiv
source is real, the psf fitting will provide a large logariiem lent logarithmic likelihood i) threshold as the detection limit.
likelihood while, if instead the source is fake, the lodamiic This led us to consider the way to perform a consistent choice
likelihood will be low and the source will be rejected. Thdugfor the threshold values while dealing witHfidrent instrument
more expensive in computation time, this approach resuls icombinations, and hence withffirent numbers of input im-
more complete source list. As it was known that the equitalexges. As a general comment, it is obvious that adopting a con-
logarithmic likelihood valuesl(;) computed by themldetect stantlogarithmic likelihood threshold while dealing wittiter-
task in the SASv5.4.1 (and earlier versions) were erroneoast combinations of the EPIC instruments does not allow us to
we implemented a patch to recover the coriecivalues. We keep a constantthreshold in terms of the signal level. lddse
give a brief description of it in AppendixJA. The problem isother things being equal, the signal-to-noise ratio iseéased
now fixed from SAS version 6.0 on. We checked our correctadhile combining several detectors, allowing us in prineifd
logarithmic likelihood values against SASv 6.0 results artktect fainter sources. However, in such a crowded fieldes th
found them to be in close agreement. current one, we note that no important gain is achieved mger

of source detection. In other words, the very large majafty

We first performed single psf fit detection but, due to thilne detected sources are already seen in a single instrument
crowdedness of the field, we also allowed for simultaneotf®ugh of course combining theftérent instruments yields a
fitting of up to four sources. In doing so, we adopted a valuruch better estimation of their X-ray parameters.
of 0.68 for the two parametessut andecut. This choice was As a consequence, we have decided to adopt a logarith-
led by the need to account for as large an energy fractiomc likelihood threshold in one instrument and to look foe th
of the psf as possible while keeping the computation tineguivalent thresholds in any EPIC combination. This issue i
down to reasonable limits. Due to the densely populated, fiefitesented into more details in Appenfilk B. Table 2 gives the
the wings of the source psf are often largely contaminatéxjarithmic likelihood thresholds finally used for the socair
by emission from neighbouring sources. The adopted valutection. These values provide thresholds in various auanb
therefore appeared as a reasonable compromise. On the axiss that are consistent with the logarithmic likelihooased
this corresponds to a physical radius of about.18nly a few detection threshold adopted in a single MOS instrument. We



Table 3. Sample of the NGC 6231 X-ray source catalogue. Each paredbtiie refers to a particular EPIC instrument. First colgines the source number. Second column
provides the source name (based on position in J2000.@foly the format specified for XMMewton sources. Note that the coordinates are truncated, not ealifithe
estimated error on the 2D position () is listed in the third columnd,s). The first three columns are reproduced at the beginningeftree parts of this table. Each
sub-table concerns one of the three EPIC instruments almviothe same arrangement. Cols. 4-16 (resp. 17-29 and B2the equivalent logarithmic likelihodd, for

the given instrument, the total count raten the whole energy band (0.5-10.0keV) and its associated fr), the count rates in thefiierent energy bands £S[0.5-1.0keV],
Myx: [1.0-2.5keV], H: [2.5-10.0keV]) and their errors and, finally, the two hads ratiotHR; andHR, (Eqs[1 an@2) as well as their related errergg; andopre). The
count rates and the related uncertainties are all exprésski® cnts™. Col. 43 provides the total equivalent logarithmic likeldd L5”' that has been compared to the
adopted detection limit (see Talble 2) according to the caatin of instruments used (Col. 44). For those sources facwthe fit is improved while adjusting an extended
psf model, a note ('ext’) is stated in Col. 45. Finally Col.gi®vides a warning for some sources for which no instrumemtigination were found to be far enough from gaps,
instrument edges or detector bad columns. The electronsooreof the table further provides two additional colummettgive the derived source coordinates with a precision
of 01 in right ascension and of Din declination. The full table can be obtained from the @e=de Données astronomiques de Strasbourg (CDS//btteweb.u-strasbg.fr).

XMMU J EPIC pn instrument
X#  HHMMSS.&DDAMAS o5 Lo Crpn opn Crn Thn crih oM crthy obh HRY" TR HR" ke
[1] [2] 131 141 15] [6] [7] 18] [0 [10] [11] [12] [13] 14] [15] [16] I
1 165300.0415444 12 — — — — — — — — — — = — — "
2 165304.3415334 1.4 — — - — — - - - — — )
3 165305.2415204 1.1 — — - — — - — - - — - — — >
4 165306.9-414930 1.2 — — - — — - — - - — - — — o
5 165307.4414659 1.0 — — - — — - — - - — - — — jul
6 165307.4414345 05 — — — — — — — — — — — — — @
7 165308.3414533 0.9 — — — — — — — — — — — — — B
8 165310.2414733 1.1 — — — — — — — — — — — — — >
9 165310.7414451 1.0 — — — — — — — — — — — — — =]
10 165311.6414755 06 | 3489 7.427 0.492 2.271 0.247 3.871 0.301 1.285 0.301 0.261 0620  -0.501 0.092 x
11 165313.6415049 05| 146.0 4157 0.404 1.214 0.195 2.367 0.257 0.577 0.243 0.322 .0870  -0.608 0.137 <
12 165313.2415222 04 | 2953 6.215 0.438 1.623 0.211 3.538 0.279 1.054 0.264 0371 .0650  -0541 0.093 <
13 165313.5415133 06 | 2419 5.432 0.431 2,037 0.218 2.718 0.261 0.677 0.265 0.143 .0700  -0.601 0.129 £
14 165315.3415011 08| 655 2.567 0.344 0.787 0.157 1.319 0.198 0.462 0.234 0.253  1170.  -0.481 0.203 g
S]
XMMU J EPIC MOS1 instrument 2
X#  HHMMSSsDDAMAS 04 | LYOST  civosi  omost  Cyosi Thosi Most  Tmosi  Cost  Thios:  HRYOSL  oMOSL o jgiOSL - MOSL o
[1] [2] 131 [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29 =
1 165300.0415444 12| 330 1.079 0.199 0.318 0.081 0.636 0.120 0.125 0.136 0334 1400. 0672 0.303 o
2 165304.3415334 14 | 320 1.137 0.192 0.241 0.083 0.591 0.112 0.305 0.132 0.420 1610. -0.319 0.213 -
3 165305.2415204 11| 188 0.911 0.191 0.189 0.073 0.400 0.110 0.322 0.138 0.357 2060. -0.108 0.252 z
4 165306.9414930 1.2 2.0 0.338 0.148 0.001 0.027 0.000 0.048 0.338 0.138 -1.000  120.824 1.000 0.283 @
5 165307.4414659 1.0 | 289 1.048 0.178 0.000 0.035 0.287 0.092 0.761 0.148 1.000 2460.  0.453 0.149 0
6 165307.4414345 05| 1728 1.957 0.192 1.627 0.159 0.330 0.099 0.000 0.043 -0.663 0.089  -1.000 0.259 3
7 165308.3+414533 09| 282 0.921 0.179 0.199 0.063 0.566 0.119 0.157 0.118 0.481 1460. -0.566 0.266 w
8 165310.2414733 11| 268 0.598 0.137 0.393 0.082 0.206 0.088 0.000 0.065 -0.312 0215  -1.000 0.629 =
9 165310.7414451 10 | 264 0.726 0.147 0.021 0.034 0.623 0.108 0.083 0.094 0935 1030. -0.766 0.237 -
10 165311.6414755 0.6 — — — — — — — — — — — — —
11 165313.0415049 05| 1164 1.735 0.187 0.419 0.079 1.219 0.147 0.097 0.085 0.488 .0850  -0.853 0.121
12 165313.2415222 04| 1123 1.839 0.195 0.299 0.081 1.288 0.147 0.252 0.100 0.624 .0890  -0.672 0.113
13 165313.5415133 06| 717 1.465 0.185 0.294 0.073 0.898 0.132 0.273 0.107 0506 1070. -0.534 0.150
14 165315.3415011 0.8 8.8 0.460 0.132 0.016 0.032 0.331 0.093 0.113 0.088 0.906  800.1 -0.489 0.314
XMMU J EPIC MOS2 instrument
X#  HHMMSS&DDAMAS oo | LYOS2  cvosz  omosz  Chyosy  Tmosz  OMosz  Tmosz  CNosz  Omosp  HRYOSZ o oMOSZ HRJIOSZ - oMOS2 || EPIC nst. Ext.  Comment
(1] [2] 131 [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] 142 [43] [44]  [45] [46]
1 165300.6415444 12 — — — — — — — — — — — — — 33.0 m1
2 165304.3415334 1.4 — — — — — — — — — — — — — 32.0 m1
3 165305.2415204 11| 280 0.833 0.152 0.183 0.074 0.599 0.110 0.051 0.074 0531 1590. -0.844 0212 | 459 mos
4 165306.9414930 12 | 1272 1.400 0.194 1.156 0.124 0.072 0.077 0.172 0.128 -0.882 0.118 0.408 0541| 1255  mos
5 165307.4414659 1.0 | 163 0.810 0.164 0.000 0.027 0.194 0.084 0.616 0.138 1.000 2820. 0521 0178 | 443 mos
6 165307.4414345 05| 1501 1.869 0.202 1.409 0.146 0.460 0.121 0.000 0.067 -0.508 0105  -1.000 0293 | 3221  mos
7 165308.1+414533 09 | 549 1.316 0.193 0.184 0.066 0.853 0.125 0.279 0.131 0.645 1130. -0.507 0183 | 822 mos
8 165310.2414733 11| 143 0.586 0.143 0.241 0.064 0.213 0.082 0.131 0.098 —0.060 0234  -0.238 0397 | 402 mos
9 165310.7414451 1.0 | 345 0.989 0.173 0.296 0.075 0.567 0.117 0.126 0.103 0.315 1480. -0.635 0251 | 60.1 mos
10 165311.6414755 0.6 | 1007 1.731 0.193 0.468 0.095 0.941 0.126 0.322 0.111 0.336 .1080  -0.491 0.141 | 4483  m2pn
11 165313.0415049 05| 831 1.280 0.160 0.263 0.068 0.983 0.130 0.034 0.065 0578 0970.  -0.933 0.124 | 3435  epic
12 165313.2415222 04 | 1133 1.885 0.200 0.400 0.089 1.141 0.142 0.344 0.108 0.481 .0980  -0537 0.121 | 5186  epic Y
13 165313.5415133 06 | 1127 1.832 0.198 0.326 0.079 1.187 0.139 0.320 0.117 0569 .0910  -0576 0.128 | 4240  epic
14 165315.3415011 0.8 8.1 0.341 0.103 0.058 0.052 0.283 0.072 0.000 0.053 0.662  630.2 -1.000 0373 | 79.0 epic
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Table 4. Same as Tab[@ 3 but for the extended souregs (Col. 3b) gives, in arcsec, theextent of the adjusted Gaussian.
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XMMU J EPIC pn instrument
X#  HHMMSS.sDDAMAS 0,5  opst | LD Clpn opn Crn Ton crh o crbh obh HR" PR HR" TR
[1] [2] [3a]  [3b] [4] (5] 3] [71 (8] [0 [10] [11] [12] [13] [14] [15] [16]
125 165351.7414850 0.8 23| 3076 5585 0.337 2.457 0.206 2.761 0.218 0.367 0.154 0.058 .0570 -0.765 0.089
133 165353.3415101 142 31 — — — — — — — — — — — — —
179 165359.3415937 05 13| 3553 8.288 0.502 3.692 0.298 3.378 0.291 1.218 0.280 -0.045 0.059  -0.470 0.096
204 165401.9414335 05 14 — — — — — — — — — — — — —
221 165404.0415031 0.6 33| 3838 12.315 0.658 5.163 0.408 6.498 0.450 0.654 0.252 0.114 0.052 -0.817 0.065
229 165405.0414234 05 17 | 3281 6.858 0.399 2519 0.230 3.421 0.249 0.918 0.210 0.152 .0570  -0.577 0.080
239 165405.6414451 0.8 23| 1242 4.450 0.364 2.029 0.239 2.421 0.265 0.000 0.074 0.088 .0800  -1.000 0.061
247 165406.4414904 18 6.5 — — — — — — — — — — — — —
265 165408.5415021 0.8 49| 5407 20.183 0.954 11.738 0.637 8.077 0.629 0.368 0.329 -0.185 0.046  -0.913 0.075
270 165409.0415813 1.0 20| 847 3.791 0.390 1.384 0.214 1.690 0.230 0.718 0.232 0.100 1020. -0.404 0.147
281 165410.3414840 1.0 32 — — — — — — — — — — — — —
289 165411.2415233 0.6 29| 5200 10.391 0.461 4518 0.286 5.270 0.307 0.604 0.190 0.077 0.043 -0.794 0.059
344 165417.0414540 05 19| 3855 6.539 0.354 2.457 0.209 3.041 0.225 1.041 0.175 0.106 .0560  —0.490 0.070
377 165420.2414849 0.6 2.1 — — — — — — — — — — — — —
383 165421.2415706 15 2.8 — — — — — — — — — — — — —
411 165424.4414935 0.8 32| 356.6 10.426 0.537 3.783 0.331 5.623 0.354 1.019 0.232 0.196 0.052 -0.693 0.061
417 1654256415424 0.7 15 — — — — — — — — — — — — —
451 165429.6414850 0.8 28| 3167 7.933 0.474 2578 0.263 4399 0.321 0.955 0.228 0.261 .0580  -0.643 0.073
456 165429.9413921 13 2.3 — — — — — — — — — — — — —

XMMU J EPIC MOS1 instrument
X#  HHMMSS.sDDAMAS o5  opst | LYOS!  cnvost  omost  Cfgosi Thosi OMost  Tmosi  Chosi  Thiosi  HRYOSL  oMOSL o Hgiiost  MOSL
[1] [2] [3a]  [3b] 7] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29]
125 165351.7414850 0.8 23| 727 1.397 0.155 0.468 0.082 0.824 0.110 0.105 0.071 0276 1020. -0.774 0.139
133 165353.3415101 1.4 31| 614 1.483 0.181 0.458 0.092 0.930 0.131 0.096 0.086 0.340 1080. -0.812 0.154
179 165359.3415937 05 13| 1685 2.799 0.241 0.900 0.121 1.398 0.157 0.501 0.138 0.217 .0830  -0.472 0.116
204 165401.9414335 05 14| 9612 6.975 0.383 1.679 0.202 4.103 0.281 1.193 0.166 0.419 .0570  —0.549 0.054
221 165404.0415031 0.6 33| 1351 3.762 0.316 1.065 0.167 2.275 0.230 0.421 0.137 0.362 .0810 -0.688 0.090
229 165405.0414234 05 1.7 | 1363 2.204 0.196 0.629 0.099 1.317 0.138 0.258 0.098 0.354 .0830 -0.672 0.108
239 165405.6414451 0.8 23| 368 1.355 0.192 0.334 0.094 0.888 0.139 0.134 0.094 0.454 1280. -0.738 0.163
247 165406.4414904 18 6.5 | 480 5.111 0.876 2.860 0.763 2.250 0.415 0.000 0.111 -0.119 0.160  -1.000 0.099
265 165408.56415021 0.8 49| 1719 5.746 0.410 2.657 0.273 3.089 0.302 0.000 0.047 0.075 .0710  -1.000 0.030
270 165409.0415813 1.0 20| 469 1.368 0.192 0.276 0.078 0.871 0.133 0.221 0.115 0518 1170. -0.595 0.174
281 165410.3414840 1.0 32| 2159 6.795 0.536 1.987 0.258 4.223 0.337 0.584 0.328 0.360 .0660  —0.757 0.121
289 165411.4415233 0.6 29| 2208 3.566 0.243 0.747 0.114 2.369 0.182 0.449 0.113 0521 .0620 -0.681 0.071
344 165417.0414540 05 19| 930 1.812 0.175 0.472 0.086 0.980 0.122 0.359 0.091 0.350 0970. -0.464 0.111
377 165420.2414849 0.6 21| 3750 5.208 0.272 1.112 0.127 3.227 0.203 0.870 0.130 0.487 .0500 -0.575 0.054
383 165421.4415706 15 28| 713 2593 0.288 0.426 0.100 1.537 0.206 0.630 0.175 0.566 0920. -0.419 0.127
411 165424.4414935 0.8 32| 954 3.133 0.283 0.730 0.153 2.078 0.209 0.325 0.113 0.480 0890. -0.730 0.085
417 1654255415424 0.7 15| 89.1 2.213 0.228 0.482 0.102 1.374 0.170 0.357 0.112 0.481 0940. -0.588 0.110
451 165429.6414850 0.8 28| 801 2.315 0.246 0.615 0.128 1.562 0.183 0.138 0.104 0.435 0970. -0.837 0.114
456 165429.9413921 13 23| 686 2.927 0.366 0.527 0.119 1.906 0.260 0.493 0.228 0.567 0890. -0.589 0.157

XMMU J EPIC MOS2 instrument
X#  HHMMSS.s:DDAMAS 045  opst | LYOS2  crvosz  omosz  Chosz  Thosz  CMos2  TMos2  Chos2  Thiosa  HRYOSZ oMOS2 o ygiiosz GMOS2 | | EPIC ngir,
[1] [2] [3a]  [3b] [30] [31] [32] [33] [34] [35] [36] [371 [38] [39] [40] [41] [42] [43] [44]
125 1653517414850 0.8 23| 1111 1775 0.162 0.539 0.086 1.025 0.111 0.211 0.081 0311 .0870 -0.659 0.113 | 4927  epic
133 165353.3415101 14 31| 1270 2.256 0.211 0.801 0.120 1.311 0.147 0.144 0.093 0.241 .0880  -0.802 0.116 | 189.1  mos
179 165359.3415937 05 13| 1358 2.387 0.225 0.908 0.118 1.033 0.140 0.446 0.130 0.064 .0940  -0.397 0.136 | 6618  epic
204 165401.9414335 05 14 — — — — — — — — — — — — — 961.2 m1
221 165404.0415031 0.6 33| 1494 3.477 0.297 0.914 0.165 2517 0.235 0.046 0.078 0.467 .0790  -0.964 0.060 | 670.4  epic
229 165405.0414234 05 17| 1262 2.106 0.188 0.684 0.103 1171 0.131 0.251 0.087 0.262 .0870  -0.647 0.106 | 5925  epic
239 165405.6414451 0.8 23| 321 1.287 0.189 0.454 0.097 0.659 0.130 0.174 0.097 0.184 1400. -0.583 0.195 | 193.7  epic
247 165406.4414904 18 65| 365 4.491 0.565 2123 0.374 2341 0.403 0.026 0.131 0.049 1230. -0.978 0.109 | 85.1 mos
265 165408.5415021 0.8 49| 1985 6.099 0.420 2.680 0.278 3.410 0.305 0.010 0.082 0.120 .0670  -0.994 0.048 | 9133  epic
270 165409.0415813 1.0 20| 493 1.589 0.209 0.365 0.091 0.837 0.139 0.387 0.127 0.393 1270. -0.368 0.159 | 1822  epic
281 165410.3414840 1.0 32| 1044 4584 0.415 1.208 0.234 2.987 0.308 0.390 0.151 0.424 0900  —0.769 0.082 | 3213  mos
289 165411.2415233 0.6 29| 2249 3.470 0.236 0.963 0.126 2272 0.173 0.234 0.100 0.405 .0630  -0.813 0.074 | 968.4  epic
344 165417.0414540 05 19 | 1025 1.697 0.169 0.455 0.084 1.131 0.128 0.112 0.072 0.426 .0880  —0.820 0.107 | 5824  epic
377 165420.2414849 0.6 21| 3833 5.205 0.272 1.056 0.123 3.280 0.202 0.870 0.134 0513 .0490 -0.581 0.055 | 760.0  mos
383 165421.2415706 15 28| 899 3.020 0.309 0.514 0.127 1.985 0.227 0.521 0.166 0.588 0890. -0.584 0111 | 1621  mos
411 165424.4414935 0.8 32| 846 3.007 0.282 0.860 0.154 1.831 0.203 0.316 0.121 0.361 0920. -0.706 0.100 | 537.7  epic
417 1654255415424 0.7 15| 824 2.308 0.242 0.494 0.109 1.268 0.170 0.545 0.133 0.439 1040. -0.399 0.117 | 1724  mos
451 165429.6414850 0.8 28| 687 2.330 0.251 0.560 0.123 1.353 0.180 0.417 0.123 0.415 1060. -0.529 0.117 | 4665  epic
456 165429.9413921 13 23| 788 2.680 0.335 0.941 0.167 1.480 0.224 0.260 0.186 0.223 1110. -0.701 0.186 | 1483  mos
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note that this procedure does not modify the spatial regpons i S
of the detectors and that the known variations of the EPIC in- °*°

F 600 (= =
strument sensitivity with the axial distance will of coursél 500 - ﬁ 500 - ]
affect our results. 400 |- 4 o0l )

(iii) In the few cases for which multi-source fitting was rele =g, [ /= [  / ]
vant, we adopted the results obtained with this fitting. We-ho : -

200 [/ - 200 =
/ .

ever paid a special attention to reject cases of fake mittitidi o 1 -

sometimes induced by near-gegge &ects or by multipleen- [/ 1 T P

tries for a unique X-ray source in the preliminary source lis 0 b oA

(iv) We finally checked every source in the final list by indi- A
. . . : . . USNC B1.0

vidually looking at the dierent image combinations. We elim- B e e -

inated the very few double entries in the list. Doing this, we °*[ 1T

noticed a couple of presumably physical sources that were ig 5°° - 0 sor ]

nored by the detection algorithm. We decided to includeehos o0 |- [ S s [ &

sources in the input source list of tealdetect task. Most of  =,,,[ .~ 1zl / i

them were satisfactorily fitted, giving an equivalent lathanic woo | 1 .ol ]

likelihood above the adopted detection threshold. Thesgé ad o/ : P
100 | / — 100 — —

tional sources were included in the final catalogue. I ]
(v) The main X-ray catalogue presented in Tdble 3isbased °; 5 5 4 s ¢ v 550 %o s 5 s o o v s 510
on the point-like source detection only. For some sourdes, t r

equivalent logarithmic likelihoodl, is significantly increased |Fig. 4. Cumulative distributions (solid lines) of the numbB(

if one adjusts an extended source model rather than a pbmt-af closest associated counterparts as a function of theaepa
model. These sources are flagged in Table 3 and we provide .
99 ab P [P radius () and for the diferent catalogues used. The hor-

in Table[3, a complementary extended source catalogue tﬂ%

gives, in addition to the results listed in the main catalyghe 'zontal dotted lines show the_ numbily of X-ray Sources in
emidetect extended-psf fit results for these sources. the catalogue. The dashed lines, from top to bottom in each

panel, correspond respectively to the bes®fit) function, to
the number of truly associated counterpabtge and to the

The final catalogue lists 610 sources in the XMidwton . :
- umber of spurious onedgp,, as a function of the correla-
FOV, among which 19 are flagged as extended. Based on the . : : . .

: ) . . . tion radiusr. Dotted vertical lines show the correlation radius
edetect_chain results, it provides, among other information, the

.. . S adopted for the purpose of source identification.
source position, the total count rates in th@etient instruments P purp
and the two hardness ratios :

My — Sx

L

clear shifts compared to the true positions on the sky. Téis r

HR, = My + Sx’ (1) sults from an excessive rounding of the star coordinatelsan t
HR, = Hx — Mx 9 CDS database: they are given with a precision of respegtivel
27 Ay + My () one second and one tenth of arcmin on the right ascension and

declination. This is far indiicient in such a crowded field as
A sample of the catalogue is provided in Taljle 3 whilRGC 6231. We therefore used the origihal SBL98 catalogue,
Table[3 gives the complementary catalogue for the 19 eyptained from the authors and that lists object coordinates
tended X-ray sources detected. In addition, source X#28dndred times more precisely. Beyond the 860 objects with
appears clearly double in the EPIC image though it is ngt< 16 listed in SBL98, this UBV(RY & Ha catalogue was
detected as an extended object. Tafle 3 is available @ampleted with 7199 objects, extending the first versiorhef t
line via the Centre de Données astronomiques de StrasbdgR1 98 catalogue down t¥ = 21. However, the_ SBL98 field
(CDS, http//cdsweb.u-strasbg.fr). Finding charts for the X-ragf view was limited to a 20x 20’ area and thus does not cover
sources are provided by Fi@3. 2 did 3. the whole EPIC FOV. It can thus not be used for identification
throughout the entire field and we selected the X-ray sources
that are located in the sub-region of the FOV that is coveyed b
the SBL98 v2 catalogue. This yields a number of X-ray sources
To determine the optical counterparts of the detected XP- = 536 as quoted in Tabl@ 5. More recently, one of us (H.
ray sources, we cross-correlated our source list with séveBung) acquired new UBV(R$)observations covering a field of
existing opticglinfrared catalogues. We used the US Navalbout 40 x 40" around NGC 6231. 30866 stars were observed
Observatory [(Monet et Al. 2003, USNO B1.0), the 2MAS8own toV < 22. These observations will be presented in a
All Sky Data Releasel (Cutri etlgl. 20003) and the Guide Stkarthcoming paper (Sung et al. 2006, in preparation) and we
Catalogue-lIi(GSC 2.2 2001). We also made use of the optically focused here on the resulting catalogue. We will reder t
catalogue of Sung etlal. (1998, SBL98 hereafter). Howevétjs new catalogue as the SSBOG6.
the star positions in tHe SBL98 catalogue as available flmmt As a first approach, we investigated the possibility of sys-
Centre de Données astronomiques de Strasbourg (CDS) shemwatic diferences between the reference frames of therdi

4.2. Source Identification
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Fig. 2. Detected X-ray sources overlaid on a DSS1 imagbdnd) of the XMMNewton FOV. The sources are indicated by black
circles, with a radius of '3 similar to the adopted cross-correlation radius. The rensibbove these circles give the internal
X-ray source identification as provided in the first columiTable[3. The three blue circles indicate regions with a radiib,

10 and 1% around X#279 (HD 152248). North is up and East is to the left.

ent catalogues. For this purpose, we selected the brighp®-tthe field of view. We then calculated the cumulative distiitn
stars in the dferent source lists and we compared their locéd(r)) of the closest associated counterparts as a functioreof th
tions to the ones of their X-ray counterparts. Neither aifiign individual correlation radius (s¢efiges et all 1997). The gen-
cant systematic shift nor a field rotation was apparent.cBlpi erated diagrams are shown in Higj. 4. Followingfties et al.,
1-0 dispersions computed on theffdrences between the lo-we assumed thab(r) is formed by two terms: the cumulative
cations of the X-ray sources and their optical counterpass distribution of true correlation®y,. and the cumulative num-
about 0.9 in right ascension and 0:4n declination. Similarly, ber of spurious associatiodgy,;. This is expressed in the sim-
the 1o dispersion on the field rotation is about 8s a second ple relation:
step and for each of the previously cited catalogues, we-dete
mined the closest optical counterpart of each X-ray source i

O(r) = Dyye+ Dspur 3



H. Sana et al.: An XMMNewton view of NGC 6231. I. 11
O o -
480 459 - o
o) o 385 0155
332 304 O
201
0, - 194 113
3 497 3563’ 320 o g 5
2 5
i 36@ 344 o 2é5 195 114
o 316 (@) i o ] s O
- ® ptooe | 276 . o
489 (e} (@) O 234 o) 165% 141
490 474 436 364 - 2548 ot [ o) o
o o 383 - 2 O 44 *® 175163
0 o 349 38 O o 2240 o @ 131
463 E 0 LOm 253 © . o
129
419 410
806 132 o o 302" W72 . 189 O o 97 77
o) o) 429 o "o 261 o
3577343 O ?87 135 ©
(@]
© i 390 = 181 c]
361 295 271 136 111 ©
4 O 435 o - & . o %
i. 4400 e T 257,240 219 i M 128 ©
i © 401 281 0 0O o 173 2 o
451 O Q @ (@) 299 281 267 i o 157 O
491 Qe 429 3981 57 a5 o O#b w @ O 125 5(3)5
e} " o #0418 ®Q s @ 314 247 553 182 = L &
487 ¥ O o 107
] Q O 199 o 437 O
- o 450 408 B 330 3124 5 o
o o A1 397 o - b 158 145 A i
@ O 345 178 4
496 445 2 (@) 196 o (@) 2 o
O 254 935 20 -
O5 2 =810 &£ 407400'. w7 ~ o} ) 174 150 , 117
® o# Ts0e Wi P o Sl [Vt
482 - O 308 o 224 (@) @
382 @ 21 126 90
4920 413 0o ® 1903
o 442 s o) Ou us g
(@) & 4889 @ 359 328 on = 217 8
467 0 0 273 230 184 “: & o 7
203 160 o
o 407 4% = 355'3»42 i 29 8 @ - C
@ 461 %‘O ° O o 329 ; 0183 .
]
o 444 E " - - 76
B ?376 - .32 269 o 213 192 132 B
300 250 @ 258 @ O = ®
504 o o o - i
415 o 370 338319 W . O 217 139 116 -
Q14 441 0409 Gg ofc & - o To7 171 - =
o @) (@] 387 289 (e} O 86
L o %2 o 2rs et 423
i - 391" 375 O 35 WO O 250233 @ 5 o o
* le 480 O s ©311208 @ 290 S " ias K
3220 O 275
0 485 © 384 5 < boT & )
458 o i 286 G o}
? Sy 438 323 o)
* 1
503 443 5
o o %
464
08 130
g O 454 5 621 b %

Fig. 3. Same as Fi§l2, zoomed on the inner part of the FOV. The cadi@s is 5. From left to right, the three crosses respectively
give the position of the geometrical centre of the clustsrXiray emission centre (computed adopting phesquivalent count

rates for each source), and the position of HD 152248 (X#.279)
plotted in Fig[#. Tabl€l5 gives the obtained values ofah&

2
A[l exp( )

ando parameters. As the hypothesis of constariiroughout
that can be adjusted to the empirical distribution. In[Ed\g, the FOV is clearly violated in the case of NGC 6231, we also
is the number of X-ray sources whikeis the number of true estimated the number of spurious associations using a more
correlations with the opticahfrared catalogueB is the opti- empirical approach. We arbitrarily shifted the X-ray seupo-
calinfrared catalogue density amdis related to the statistical Sitions by 30’ in any given direction and we re-ran the cross-
uncertainty on the X-ray source position. ThoughHq. 4 is agorrelation at a fixedcor (either 25 or 3’0 according to the
proximative and rests on the hypothesis of a uniform optice@talogue considered). The obtained number of spurioas ass
population (i.e. constar® and constant psf over the full FOV),

+ (Ny — A) [1 exp( )] 4) it fits reasonably well the rising branch of thefdirent curves
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Table 5. Best fit parameters (Cols. 3-5) of thi€r) function (Eq[3) for diferent opticginfrared catalogues. The catalogue name
is given in Col. 1 along with the relevant number of X-ray sms in the corresponding field (Col. 2). The adopted coiozlat
radius (o) for identification is given in Col. 6. Col. 7 lists the actualmberNq of identified X-ray sources (see Talfle 6)
and the corresponding percentage related to the considareler of X-ray sources\y). Col. 8 gives the number of associated
counterparts predicted by the distributi®fr) (Eq.[4) at a radius equal fQ.. It also provides the corresponding percentage of
theoretically identified X-ray sources. The next two colgpnovide, among the number of associated counterérts;), the
predicted number of truebyue(rcorr)) and spurious®spuc(reorr)) counterparts. The contribution of true and spurious tewparts

to the total number of (theoretically) associated opticalrses are also given in the corresponding columns.

Opt- Cat. NX A o B Icorr Ncorr (D(rcorr) (Dtrue(rcorr) (Dspur(rcorr)
() 1032 ()
2MASS 610 3222 091  30.0 2 384 (63.0%) 383.8(62.9%) 29B30E) 90.5 (23.6%)
GSC2.2 610 3843 1.25 3.5 3 372(61.0%) 383.7(62.9%) 362B%W) 21.1(5.5%)
USNO 610 3831 1.24 0.8 3 344(56.4%) 367.8(60.3%) 362.%08B. 5.0 (1.4%)
SBL98v2 536 431.8 1.09  11.9 3 447(83.4%) 451.9(84.3%) A@BU%) 29.8 (6.6%)

SSBO6:V <19 610 396.6 1.01 4.3

2.5 384(63.0%) 395.7(64.9%) 378.468b. 17.3 (4.4%)
SSBO6V <20 610 422.6 095  13.9 2.

5
5 450 (73.8%) 453.7 (74.4%) 408.9%)D 44.9 (9.9%)

ciations is never larger by more than 10% than the one estonsulted SIMBAD database. For this reason, Tdble 6 also
mated by thé J&ies et al.[(1997) method . gives other commonly adopted source denominations such as

The SSB06 catalogue is too dense for the relative crudenE&d CPD and Braes numbers. The Seggewiss numbering is
of the X-ray source positions{; = 0/7 + 0’3 on averagara; also extensively used in the literature related to NGC 6234..

being defined on 2D). Indeed, even adopting a limited crod€refore used the original chart.of Seggewiss (1968b) sesub

correlation radius of’% would yield over 100 spurious identi-duently completed by Raboud ef al. (1997) —and we rederived

fications. We thus decided to decrease the limiting magaitutfi€ Cross-correlation to avoid any previous misidentifrat

of the catalogue. The maximum of thg,e function is obtained
adoptingV < 20. At the distance of the cluster, this corre- S
sponds to the magnitude of a MO dwaM (~ 0.5 Mg). PMS 4.3. The detection limit

low-mass stars being brighter than ZAMS stars of the SaRfis paragraph aims at the evaluation of the detection lirit
mass, the progenitors of MO stars should thus still be iredudy,o present X-ray catalogue. Though essential, this qureiti

in the optical list. Finally, we note that a significant impes ¢, trom trivial because the detection limit &priori, not uni-
ment (in terms of the relative percentage of spurious a8sogyrm throughout the field of view. Besides the areas where the
tions) is obtained when restricting the SSBO6 cross-calitl  yetectors do not overlap and the presence of gaps between the

to objects withV < 19. The drawback is that the number Ofjeiector CCDs, the XMMNewton effective exposure duration
true associations is also significantly reduced. TBbletS & 5 yecreasing from the FOV centre towards its edges. In addi-

best fit parameters of EfJl 4 for both cases and Table 3 proviggg poth the crowdedness of the field in its central part and

the SSBOG cross-identifications down\o< 20. We leave 10 o numerous bright sources preferentially located in tive ¢

the user the choice to restrict the list¥o< 19 according 1ot the cluster also féect the detection limit in a non uniform

his’her motivations. way. As an approximation we neglect thifeets of the gaps,
From the cumulative distributions shown in FIg. 4, wenainly focusing on the three otheffects.

adopted the cross-correlation radii corresponding to tieek The exposure maps computed for the three EPIC instru-

in the distributions of gountgrparts; these are reportethbie ments and their dierent combinations display a smooth de-
B The percentage of identified sources ranges from 55 to 83Y4,5e from the centre of the detector to its edges by about
according to the catalogue used. The results for the SBL98 y3,ctor of three. In terms of the amount of signal collected
and the SSBO6 catalogues are clearly in contrast with ther otlgy wvo similar sources — one located near the FOV axis, the
catalogues. With about 75% of the total number of X-rayiner near one of its edges — the number of conrtsceived
sources in the FOV being identified, among which less thgfy| pe three times higher near the axis. Neglecting any back
10% statistically correspond to spurious associatiores Jak r‘ground dfect, the signal-to-noise ratio is approximately given

ter gatalogue is probably the most appropriate for the ide S/N = +i. For the outer source, it is therefore smaller by
fication processes. In the following, we thus adopt the SSBgéactor of V3 ~ 1.7. To the first order, the detection limit in

catalogue, that covers the complete EPIC FOV, as the main g, uter parts of the field is thus about a factor two higher
erence in the identification of the sources. Tdble 6 provides than in the central part of the FOV. As a next step, we used the
cross identifications between the X-ray source lists andifhe gpg taskesensmap to build sensitivity maps corresponding to
ferent optical catalogues. We find at least one counterparija cyrrent exposure maps and to the adopted logarithneic lik
one catalogue for about 85% of the X-ray sources. lihood detection thresholds,. The sensitivity maps obtained
While carrying out this work, we noticed some confusioactually provide the minimum number of counts for a source
between the names of several sources reported in the widelype detected by the detection taskidetect according to the



Table 6. Cross-identification of the X-ray source catalogue of T@h¥eith the diferent opticainfrared catalogues: 2MASS, GSC 2.2, USNO B1.0 and SSB06 20). d¢¢
is the distance (iff) between the positions of the X-ray source and of its closmshterpart. Only the closest identification has been tedan this table. Cross-identification
with commonly used denominations is given in the last colsif@ol. 26 to 31) of the table.

XMMU J 2MASS GSC2.2 USNO B1.0
X# HHMMSS.s:DDAMAS dec name J H K dec name R B \% dec name R1 B1 R2 B2 |
[1] [2] [3] [4] [5] [6] [71 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19]
1 165300.6-415444 1.23 165300044154458 14.597 13.942 13.766 1.36 S230322023799 16.58 17.4B 1.38 04806-0520459 15.60 17.86 16.57 14.82
2 165304.3415334 2.25 S230322024061 16.90 17.3¢ 1.79 04810502790 15.92 17.73 16.91 14.95
3 165305.2415204 1.66 165305164152052 15.310 14.353 13.99 1.32 04810502801 17.50 20.84 19.15
4 165306.9414931
5 165307.4414659
6 165307.4414345 1.31 165307294143454 7.933 7.926 7.894| 1.32 $2303220656 8.71 8.50 1.33 04820494626 8.69 8.39 8.58 8.37 8.29
7 165308.1:414533 0.51 165308204145336 15.459 14.560 14.247
8 165310.3414733 1.28 165310174147340 13.148 12.553 12.271 1.13 $230322025106 15.97 16.6B 1.14 04820494652 15.36 17.13 15.92 13.87
9 165310.8414451 0.99 165310684144512 14.126 13.467 13.234 1.28 $230322025351 16.32 16.9p 0.80 04820494657 15.59 17.33 16.49 14.87
10 165311.5414755 2.94 165311614147582 15.438 14.490 14.349
11 165312.9415049 0.76 165313004150489 12.821 12.395 12.018 1.17 S$230322024617 14.78 15.1p 0.60 04810502869 14.40 15.71 14.28 13.17
12 165313.2415222 0.96 165313154152218 13.426 12.709 12.393 1.56 $230322024317 15.87 16.3p 1.12 04810502872 15.12 16.78 15.81 14.14
13 165313.6415133 1.32 165313444151336 13.826 13.209 13.036 1.56 $230322024479 15.81 16.4B 1.00 04810502879 15.20 16.75 14.29
14 165315.3415011 1.03 165315284150113 14.925 14.070 13.681 1.25 S$2303220106701 17.53 0.88 04810502898 16.93 17.92 15.75
15 165315.8414436 0.63 S$2303220108158 17.51 0.39 04820494707 16.55 19.18 17.80 15.62
16 165316.3415139 2.48 165316184151423 14.891 14.169 13.907 2.25 S$2303220106219 17.61 2.18 04810502907 16.83 19.16 17.66 15.72
17 165316.5415024 2.34 165316434150266 15.897 15.118 14.76
18 165317.6414412 1.30 165316944144114 13.172 12.505 12.27% 1.56 S230322025408 15.44 15.88 1.31 04820494722 14.81 16.75 15.32 14.00
19 165318.4415215 1.29 165318534152161 15.297 14.335 14.00 1.68 04810502931 20.38 16.41
20 165318.7415502 0.30 165318694155025 15.138 14.189 13.84 0.12 04806-0520711 17.47 21.34 19.45 16.63
21 165318.9415446
22 165319.4415431 1.17 165319394154299 9.650 9.546 9.478| 0.70 §2300110209 10.27 10.58 0.68 04806-0520725 10.23 11.16 10.69 10.06
23 165320.6414249 1.48 S230322025513 15.86 16.4p 1.00 0482-0494765 15.05 17.99 15.69 14.02
24 165322.6414109 0.44 165321924141093 14.806 13.970 13.719 0.71 S2303220108655 17.66 0.12 0483-0487362 17.04 21.08 17.94 15.36
25 165324.2414720 1.66 165324144147222 11.989 11.567 11.458 1.61 S230322025129 13.49 13.8p

XMMU J SSBO06 ¥ < 20) Other denominations
X# HHMMSS.stDDAMAS dec name \ -1 B-V U-B HD/HDE CD CPD Segg. SBL98 Braes
[1] [2] [20] [21] [22] [23] [24] [25] [26] [27]  [28] [29] [30] [31]
1 165300.6415444 1.23 928 17.515 1.699 1.336
2 165304.3415334 2.24 1065 17.960 2.047 1.541
3 165305.2415204 1.64 13015 19.757 2.755
4 165306.9414931
5 165307.4414659
6 165307.4414345 1.16 1147 8.471 0.358 0.240 -0.731
7 165308.1414533
8 165310.3414733 1.16 1221 17.071 2570 1.488
9 165310.8414451 0.92 1239 17.140 1.743 1.398 0.74%
10 165311.5414755
11 165312.9415049 0.87 1306 15.316 1.486 1.137 0.531
12 165313.2415222 1.56 1311 16.422 1.658 1.223 0.549
13 165313.6415133 1.47 1324 16.553 1.652 1.244 0.614
14 165315.3415011 1.08 13784 18.713 2.276 1.596
15 165315.8414436 0.39 13821 18.372 1.990 1.709
16 165316.3415139 2.36 13851 18.519 2.179 1.680
17 165316.5415024
18 165317.6414412 1.37 1426 16.153 1.698 1.370 0.759 3021
19 165318.4415215
20 165318.7415502 0.19 14041 19.530 2.547
21 165318.9415446
22 165319.4415431 1.37 1500 10.598 0.610 0.416 -0.437 19
23 165320.6414249 1.10 1535 16.870 1.894 1.496 0.924 3075
24 165322.6414109 0.52 14282 18.967 2.472 1.707 3119
25 165324.2414720 1.40 1615 13.892 1.132 0.876 0.259 33
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Fig.5. Bottom part of the distribution of th@n-equivalent Fig.6. Lower panel: Estimated detection limit expressed in

count rates of the X-ray sources as a function of their distarterms of the observed flux (in log(erg cfs™)). Upper panel:

(d) to HD 152248. The plain line shows the adopted lower limiEquivalent detection limit, expressed in ISM-absorptian-c

given by Eq[b. rected luminosity (in log(erg3)), for sources located in the
NGC 6231 cluster®M = 11.07,ny,sm = 0.26x 1072 cmi2).
The diferent lines refer to the fierentvekar model tempera-

given equivalent logarithmic likelihood threshold. Thesaps {Ures adopted for the conversion. The energy band considere

indeed predict that the sensitivity of the EPIC camera isewi" POth panelsis 0.5-10.0keV.
larger near the axis than in the outer parts of the detectat-wh

ever the_instrum_ent combination is. This is in agreemertt Wiimit in terms ofpn-equivalent count ratesdim ) as a function
our previous estimate. of the distanced) from the field axis. This limit (in units of
Accounting for the variation of the source density and theo—3cnts!) is described by the following relation:
distribution of the bright sources in the FOV is a more tricky
issue. We chose to adopt a completely empirical approach, tarim.(d) = 249214 - 0.65577d + 0.11822d?
ing advantage of the large number of X-ray sources in the.field - 0.00929d* + 0.00030d*
We assumed that a very good indication of the detection iimit _ ) _ _
the different parts of the field is given by the brightness of thihered is the distance to HD 152248 expressed in arcmin.
faintest sources detected in these selected areas. Weedddpfi I3 is shown in FidlI5. Clearly the detection limit is higirer
the following approach. Because of the presence of gaps, {§8 central part of the fieldi(< &), most probably because of
computed arequivalent EPIC pn count rate, in the range 0.5ihe higher source density and because bright sources dre pre
10.0 keV, for each source. To the first order, the relation pgrentially located in the inner part of the FOV. The sensjtiv
tween the count rates measured in any of the two MOS ¥s0 decreases towards the CCD edges, as indicated both by
tectors and in the pn detector is approximately linear. gsithe exposure maps and the sensitivity maps. Finally we used
the count rates obtained for sources that were detectedven §¥n9le temperature optically thin thermal plasma modetbef
eral EPIC instruments, we thus derived an empirical conwers Raymond-Smith type to convert thpa-equivalent count rates
factor between the MOS1, MOS2 and pn count rates. Théi¥en by EqLD to fluxes and luminosities. For this purpose,
factors were then used to obtain the so-cajpeeequivalent W€ adopted th_e conversion computed by the WebPIMMS con-
count rates for all sources and, in particular, for those fala  VETter, assuming a column density oBx 10?cmr, typical
in the gaps of one or several instruments. This yields appro®f the interstellar absorbing column for the cluster. Ressate
mately coherent count rates for thefdient sources, whateverdisplayed in Figl for three fierent plasma temperatures. In
their position on the detectors. Figlile 5 displays the sopme conclusion, the flux detection limit is approxmately_ |omacht
equivalent count rates as a function of the distance from tHegtween 3 107 and 15 x 10~ ergcnr?s™, depending on
central axis of the FOV — assumed to be the position of tiflae distance from the detector axis and on the source spectru
binary HD 152248. A lower limit is clearly seen in the distri{ the central part of the FOV, we consider that the typicatli
bution. Selecting the faintest sources (i.e. those dispdgghe  1ting flux is about 6x 10°*° erg cnt?s™* for soft sources.
lowestequivalent count rates) in successive rings centered ore \webPIMMS is a NASA's HEASARC tool powered by PIMMS

HD 152248 provides an approximate sampling of this limit. W3 .6a. It is hosted at the following URL: htffheasarc.gsfc.nasa.gov
then adjusted a polynomial and derived an empirical detectiToolsw3pimms.html

()
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Fig.7. 2-D distribution of the surface density of the X-ray

sources. The image is centered on the location of HD 15224%g. 8. Plain line: cumulative distribution of the number of X-

The original source density chart was convolved with @y sourcesN) with increasing distanced) from HD 152248.

Gaussian withr = 1’. Overplotted contour levels correspon@ashed line: idem, but computed assuming a uniform distribu-

to 1, 1.5, 2, 2.5, 3 and 3.5 sources per arémin tion of the 602 sources (dotted horizontal line) locatedinit
15 (dotted vertical line) circle around HD 152248.

King density profile l(Kinp 1962) for a spherically distrileat

This section presents an overview of the main propertielseof t \/72 \/72 2
X-ray sources in NGC 6231. No attempt will be made here {§9) = k[l/ 1+(d/de)” = 1/ Y1+ (ce/dc) } (6)

investigate the characteristics of thdfdient sub-populations ] ) )
wherek is the central densityl. the core radius and; the

of the cluster. This work is postponed to future devoted pape’”" '~ X . yHC -
limiting radius. The King profile is very sensitive toandd,,

but less sensitive ta; which is indeed less meaningful for
5.1. Spatial distribution open clusters in the Galactic plane. The best fit parameters a
k = 89arcmin?, d. = 6/5 andd; = 20/5. As indicated by

As seen from Figdl1 tbl 3, there is an obvious clustering pfys.[ and, our detection limit depends on the location of
the X-ray sources in the inner part of the FOV. Their spatighe source on the detector. In a second step, we thus applied a
distribution projected on the sky presents, at first siglte\a.  relative correction to the X-ray density profile, accougtfor
olution symmetry around the centre of the field, i.e. the pghe sensitivity diference as a function of the distance to the de-
sition of HD 152248. ConSidering the sources located at IQ@%tor axis (Crosses in F|ﬂ 9) The prof”e is now sharperiand
than 15 from HD 152248, we computed the geometrical ceescribed byk = 7.6 arcmin?, d. = 3/1 andd; = 1.5x 10° ar-
tre of the source distribution. We also computedithightness  cmin. In Fig.[, we also present the density profile of thesstar
centre of the X-ray image. For this purpose, we adopted tfie SSB06. Investigating the source density distributionaas
pn-equivalent count rates for each source. The two centres &ighction of the limiting magnitude of the catalogue and a th
located slightly East of HD 152248, at no more tharf 8ee distance to the detector axis, we further note that the SSB06
Fig.[d). From the two-dimensional map of the X-ray sourcgstalogue is almost undoubtedly incomplete in the fieldreent
density (Fig[l), we conclude that there is only a slight dghovev = 18. This is easily explained by the number of bright
viation from this scheme and that the X-ray source distribgourcesv ~ 5 - 10, see Fig[) in this region, that renders
tion shows a slight N-S elongation. In the following, we howthe detection of faint sources morefitiult. For this reason,
ever assume that the distance from the cluster centrerdre. f Fig. [ is restricted to objects brighter than 17 in ¥dand.
HD 152248, remains the main parameter that shapes the SOWERC 6231 is further embedded in the Sco OB 1 association.
distribution. We also adopt the pOSition of HD 152248 as tb% a consequence, the surface density does not drop to zero
very centre of the cluster. in the outer region of the field. We thus subtracted a threshol

From Figs[¥V anfl8, it is clear that the radial distribution aff 2 arcmirt? prior to the adjustment. King best-fit values are
the sources is not uniform and that most of them lie within’a 1this timek = 8.6 arcmir?, d. = 27 andd; = 1.4 x 10% arcmin.
radius around the cluster centre. We computed the radial dEnom Fig. [®, the correlation between the X-ray and op-
sity profile of the X-ray emitters and we adjusted an empliricical surface density profile is obvious and yields similar
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Fig.9. Surface density profiles of the X-ray sources (open ciFig. 10. Cumulative distribution of the number of sources as a
cles) and of the optical sources (open squares) With 17. function of increasingn-equivalent count rate. The horizontal
Crosses indicate the X-ray density profile corrected foetine dotted line indicates the total number of sources in the FOV.
pirical EPIC sensitivity curve (see text). Best-fit King fites

are overplotted. Again we found that about 40 galactic X-ray sources are to be

expected within our EPIC FOV.

We then obtained a rough estimate of the number of extra-
core radii for NGC 6231. It further suggests that most of thgalactic background sources in our EPIC field. The Galactic
detected X-ray emitters are physically belonging to NGCl623coordinates of the cluster alg = 34346, by = +1219.

Therefore, the total neutral hydrogen column density along

As discussed in e.d._Sungei al. (2004), X-ray emissidhis direction must be extremely large and should produce
is probably one of the best membership criterion for yoursgsubstantial absorption of X-ray photons from extragalact
stars in open clusters. The present X-ray observationsaprobources. Although they are in principle not suited for linés
bly provide the best census so far of PMS stars in NGC 623ight at|b,| < 5°, we used théDIRBE/IRAS extinction maps
though this census is probably still incomplete. Howeveg, t provided byl Schlegel et al. (1998) to derive a first order-esti
NGC 6231 X-ray sample might be contaminated by foregrounthte of the total column density. In this way, we find a total
(field stars) and background (AGNSs) objects. As a last chedkalacticE(B — V) of about 5.6 mag. Using the gas to dust ra-
we thus roughly estimated the probable number of foregroutial of IBohlin et al. (1978), we thus estimate a neutral hydro-
and background X-ray sources detected in the present cayan column density of 3.2 x 10°7?cm 2. Assuming that extra-
paign. Starting with the foreground objects, we proceededgalactic background sources have a power-law spectrumawith
explained below. Accounting for theftiérent typical X-ray lu- photon index of 1.4, and fiier a total interstellar absorption of
minosities for field stars of spectral type O to M and for oux flu3.2x 10°2cm2, the mean detection limit@x 10-3 cnt s with
detection limit, we estimated the maximum distance at whithe pn camera translates into unabsorbed fluxes2ot 1014
a star can be located while still being detected. Using the smd 35 x 10'3ergcnt?s™t in the 0.5 — 2.0keV and 2.0 —
derived distance, we computed the volume projected onto thgkeV band respectively. Using the Ibig- logS relation from
XMM -Newton FOV. As a last step, we adopted typical star deiGsiacconi et al.[(2001), one expects thus about 13 — 16 extra-
sities in the solar neighbourhood as quoted by Allen (1988) fgalactic objects among the detected sources. Thus, about 2%
the diferent spectral types. We finally end up with about 26f the total number of sources could be background AGNSs.
foreground X-ray sources, most of which are expected to bdeshould be emphasized that these background AGNs are ex-
G-type objects (12 stars) and F-type dwarves (4 or 5 stanggcted to appear as rather hard (i.e. heavily absorbedy X-ra
However, the previous approach does not account for prolsaurces.
ble active stars or RS CVn in the FOV, which have lower spa- In summary, both the geometrical and X-ray brightness
tial densities but much higher luminosities. Using the wofk centres of the set of detected sources correspond to theabpti
Makarov (2003b), we found that about 21 galactic activesstatluster centre. The radial profile of the X-ray source degrisit
could be detected in the EPIC FOV. This yields a total of apsell correlated with the optical source radial profile. Botti-
proximatively 41 contaminating galactic sources. As ani-addate a cluster core radius close toR&nally, we expect that less
tional check, we also used the X-ray stellar Mg S) —logS than 10% of the presently detected sources correspondde for
curve at low galactic latitudes providedlby Motch €etial. (200 ground or background objects. We thus propose that the large



H. Sana et al.: An XMMNewton view of NGC 6231. I. 17

majority of the X-ray emitters revealed by the present XMM [0.5-10.0 keV] [05-1.0 keV]
Newton campaign are mostly belonging to NGC 6231. Some of  0.15 ey 0,15 e
them might alternatively belong to the Sco OB 1 association,

which NGC 6231 is embedded. 0.1 0.1

5.2. Emission distribution 005 ) 009
While HD 152248, the brightest X-ray emitter in the FOV, dis- O A et rvwimen OO o P I v e et

plays apn-equivalent count rate larger than 0.36 cnts most 0 5 10 15 20 25 0 2 4 6 8 10
of the other sources are much fainter with a count rate be- [1.0-2.5 keV] [2.5-10.0 keV]
low 102 cnts*(Fig.[T0). It is clear from Fig[]1 that most of ey 018 e
the brightest sources — associated with the O-type objdcts o
the cluster — are relatively soft while the majority of the X-
ray emitters have their maximum of emission in the medium
band. Except for the brightest sources, there is no obvious ¢ '

relation between the source intensity and the source hasdne

ratios. On average, the detected sources are moderately har Obfeu, 1 IWATPATY,
with HR; > 0 andHR; < 0 (Fig.[I1). The hardness ratios
might however show a slight increase towards the edge of the
gteat rGS,C;[r?rt?]'epgﬁ?;ﬁlgg?gr?stgft?heerﬁgty?rr?(;)mlsrlsgf:n?; 3\'?:2 eig. 12. Distribution of the X-ray emitter count rates in the dif-

tected source countrates in the, 8 and He bands (FigT) 1, SR P2 SRR B F R L B e
reveal clear peaks around 0.7, 1.0 an@® 1072 cnts™ re- y 9 P '

spectively. The count rate in the 0.5-10.0 keV band cIusteFreseSUItS for the EPIC MOS instruments are similar. The last bi

at 2 x 10-2 cnts® and the two hardness ratios around 0_|é1cludes the contributions of all the brightest X-ray s@s.c

and-0.6 respectively. Accounting for the cluster typical ISM

absorbing colummy sy = 0.26 x 1072 cm?, these values gver 50% of the sources are confined within’adius from
are roughly described by aexaL model with a temperature the cluster centre and about 80% withiri.Ithe estimated con-
of KT = 1.0 — 2.0keV. The corresponding observed flux igamination by foreground and background objects is about 9%
about 5x 10°'° ergenr?s™. Adopting a distance modulusThere is a good similarity between this radial profile and the
DM = 1107, this yields a luminosity logit) ~ 30.5 (ergs*) distribution of stars brighter thavi = 17, suggesting that most

Frequency
(@)

< —

—_ (o))

o
o
o))

2 4 6 8 10 0 2 4 6 8 10
cr (1072 ent s7Y)

for a typical X-ray emitter in the cluster. of the sources physically belong to NGC 6231. The radial sur-
face density profile of the X-ray sources is well describeéby
6. Summary King profile with a core radius of about,3imilar to the one

] ) indicated by the/ < 17 optical source density profile.

We presented the first results of an XMNewton campaign  Fipally, beside a few bright and soft objects correlatediwit
on the young open cluster NGC 6231 in the Sco OB 1 assoffe 0-type stars of the cluster, the large majority of thea)(-r
ation. With an éective cumulated exposure time of 175ks i nyation is relatively faintgn-equivalent count rate below
the two EPIC MOS instruments and of 147.5ks in the EPI§-2 cn 1) and displays an intermediate spectrum of a typical
pn, the campaign was split into six successive observaions temperature probably around 1.0-2.0keV. Typical courdsat
quired within 5 days. The combined image, built from the datg, the sources are 2.0,0.7,1.0 and R 10°3 cnts? respec-
collected by the three EPIC instruments during the six poirﬂve|y in the total energy band (0.5-10.0 keV), and in theséhr
ings, reveals an extremely crowded field. Running the SAS tagergy sub-ranges 0.5-1.0, 1.0-2.5 and 2.5-10.0 keV. At the
emldetect, we detect 610 X-ray sources among which 19 aggsc 6231 cluster distance, these values roughly corresjgond
reported as extgndgd. The latter are probably cons_tltuyedap] X-ray luminosity of about lodi) ~ 30.5 (ergs?).
non-resolved point-like sources rather than by physioeky More detailed investigations of the X-ray properties of the
tended sources. We present an X-ray catglogue covering f€arent sub-populations (early-type stars, PMS objectd)ef t
XMM -Newton FOV and we cross-correlate it with several opg|yster will be presented in subsequent papers in this serie
ticalinfrared catalogues. We find at least one optical/and Finally, the X-ray data related to specific early-type bjnsys-
infrared counterpart for more than 85% of the X-ray sourcgsms of particular interest are (will be) presented in daidid
within a limited cross-correlation radius of &t maximum. We  sapers (see e.g. Sana éf al. 2004, 2005a, 2006a as Well hs Sana
estimate our detection flux limit to lie between abowt B0° - [5008) together with the derivation of their orbital and phy
and 15 x 10-**ergcnt?s™* depending on the position on thegy parameters obtained on the basis of an extensive spectra
detectors and on the source spectrum. monitoring campaign in the optical domain.

The surface density distribution of the X-ray sources peaks
at the centre of the cluster, which we find to be locategtknowledgements. It is a pleasure to thank Dr. W. Seggewiss for
very near HD 152248, and presents a slight N-S elongatigeviding a copy of his original paper on the cluster phottiyne
Concerning the radial profile of the surface density digtitn, (Seggewiss 1968b), our system manager, A. Detal, for dabast
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Fig. 11. Left panel: Hardness ratios versus count ratbiddle panel: Hardness ratios versus distandg ffom the FOV centre.
Right panel: HR, versusHR;. The three panels are built for the sources detected witpnhastrument. Results for the EPIC
MOS instruments are similar.
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section we focus on the implemented patch for correcting Table B.1. lllustration of consistently determined thresholds

values. (Col. 2) for the diferent instruments and instrument combina-
Indeed the logarithmic likelihoodl, is known to be er- tions reported in Col. 1. The number of input imagesgnd

roneous in SAS version v5.4.1 and earlier versions (XMMorresponding degrees of freedom) &re given in Cols. 3 and

Newton News #29 — 11-Mar-2003). According to SASA. L’ (Col. 5) is linked toL, through Eq[AIL. A giverl’ is

Observation Report SASV58665', the factor 2 in equation also linked to othet’ of this table through EqCAI2 (see text).

li = Ci/2 has been forgotten, leading to erronedtisand We emphasize that adopting any of thgor L’ presented in

hencel,. Knowing the number of degrees of freedarrit is  this table automatically determines the other valuek’adind

a simple exercise to invert EG.A.1 and to obtain valued for L, reported here below.

From Eq[AZ2, it is obvious that the corrected value fdris

Lior = L'/2, to be used in EQ_AL1 to recover the corrected Instr. Comb. L. n v L’
L5 value that can then be used for scientific analyses. MOS1 10.00 3 5 13.75
For large values df, (L, 10 000) the numerical limits of MOS2 1000 3 5 1375
classical compilers are however exceeded. Fortunate 5HR. _ pn 2277 3 5 27151
tends to a linear relation betweén and L, for large values MOS1+MOS2 1925 6 8 2751
and for a giverv. The correction is therefore straightforward MOS1:+-pn 3170 6 8 4126
o ) : MOS2+pn 3170 6 8 41.26
with L5°" = L»/2. Though this bug was present at the time we MOS1+MOS2rpn  40.86 9 11 55.02

analysed the data, this issue has been fixed later in SASwuersi

v 6.0. We checked our correctéd’" values against SASv 6.0 _ _
and found them in close agreement. Let us assume that we are dealing, for example, with 3 en-

ergy bands and let us only consider point-like source fitting
: . . (parametemithextendedsource="no’). For the purpose of the
Appendix B: On Fhe choice of coherent de.tectlf)n demonstration, let us adopt a uniform detection threstfold,
thresholds using the transformed logarithmic any instrument or instrument combination lof= 10.
likelihood L, As a first step, let us deal with the source detection on the

As it can be deduced from the previous section (Ap. Al PIC MOS1 images. In this particular configuration, theee ar
the logarithmic likelihood_ is related to the probability that 1'€€ input imagesn(= 3) that correspond to ct)gf three energy
a detected source candidate could be explained by pure f3@0ds. From 'Fhe, inversion of Em% it = 10 and
dom Poissonian fluctuations (and zero count in the sourc\%f 5, we obtainl = 1375, wherel |, is the sum of the

MOS1
OSl . . .
Computed for each source of the input list, it uses a combi-  for €ach of the three input images as given by[Eql A.2,

nation of the Cash statisti¢; obtained for the dferent input '€ iz3
imaged. The Cash statistiC; actually results from a likelihood Lf 1081 = Z |Mos1.
ratio test and obeys)& distribution (Cash 1979) with 3 or 4 de- — '

grees of freedom (i.e. the intensity, the X-and Y-coord®salf g,y assuming that the two instruments MOS1 and MOS2 are
the source and, eventually, the extent of the source if &thw exactly identical, a detection threshdl§f©S2 = 10 similarly

Therefote any linear con;blna_tm_n m’_Ci, and hence any Com'correspondstdl’ _ :i [MOS2 _ 1375,
puted 2/, also follows gy statistic withn+2 orn+ 3 d.o.f. In !

MOS2 —
. . TR . In a next step, let us work with a combination of the two
this sense, the transformed logarithmic likelihdods indeed P
linked, through the simple relationship

EPIC MOS instruments. EquatibnA.2 allows us to easily build
the combined.,,q;. vos, @S the sum of the for each instru-

L, =-In(Q), (B.1) mentand energy band :
where i=3 i=3

v v Lvosimos2 = Z IMOSt 4 Z IMOS2 = 2751,
Q=Q(3.)=1-P(3.L). (8.2) = =

- . ) ) With two instruments and hence 6 imageg§qg;, vios2 fol-
to the probabilityQ for a random Poissonian fluctuation to havg, , a y? distribution with 8 d.o.f. ¢ = 8). Equation Al
caused such a high value di”2= 3,71 C; as the one observed.iqop, givesLMOS=MOS2 _ 1995 quite diferent from the value
The equivalent logarithmic likelihoold, will therefore be large LMOSl+M0822= 10 obtained with the adopted constant threshold
if the observed source is likely not produced by a statitsticﬁﬁ“t L, = 10.

fluctuation, and small otherwise. . ) o If we consider the use of two identical detectors, the fact,
As a consequence, a thresholdlip can in principle be o, one side, to combine them and, on the other side, to adopt
adopted as a detection limit. However, as we show belowsvhil,e same statistical limit for both an isolated detector and

the expression given in EQ.B.2 indeed takes into account ih&, of them, allows us to go deeper. Actually, the combined
numbery of d.o.f. to compute th& probability and the sub- logarithmic likelihood is twice the individual ones:
sequent value of,, it does not allow a direct comparison be-

tweenL, obtained with diferent numbers of inputimages. This Limosimosz2 = 2Lvost = 2Lvosz

statement is illustrated in the following due considemtio 11,5 this kind of threshold does not preserve the detection
4 httpy/xmm.vilspa.esa.gsmmhelp limit which is dependent on the particular combination used
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If we want to preserve the detection limit adopted for a
single instrument, we must, in this example, also multiply
the detection threshold by a factor of two, adopting the @alu
27.51 instead of 13.75 and consequently 19.25 instead of 10
for the transformed., statistic. We can of course extend this
result to the pn detector. Making the reasonable assumption
that L, ~ 2Lj,os @ Similar reasoning givek)" = 2277,

Lg/IOShpn — Lg/IOS2+pn - 3170 andLg/IOSl+MOS2+pn — 40.86,
far from the value of 10.0 initially adopted. The intermedia
results and numbers of d.o.f. used in establishing thesessal
are given in Tabld_Bl1. Basically, when combining several
instruments together, we improve the Poissonian statistic
The fact of adopting a constant value fbop for various
instrumental combinations implies a cuf-on fluxes or count
rates that is dependent on the number of detectors condidere
Instead, if we prefer to stabilize the cuffin absolute values

of the signal rather independently of the combination used,
have to adapt the;, value to the situation.

In summary, one of the main results of the present discus-
sion is that one should not adopt a constant threshold limit i
L, for different instrument combinations if one wishes to pre-
serve the uniformity of a cutfblevel adopted for a given in-
strument or combination. We have shown thatlthéhresholds
in different combinations are linked through HgslB.1and B.2
and through the detector physical characteristics thadition
theC; values. In consequence, adopting a particular value as a
threshold for a specific instrument or instrument comborati
implicitly assigns related values to the thresholds for any
other instrument or combination considered. Thereforend
wants to adopt a consistent detection threshold whateeer th
considered instrument or combination are, the previousomea
ing becomes a forced step. This issue is particularly reletea
consistently deal with sources that fall on gaps or on smecifi
detector areas where theffédrent instruments do not overlap.
We remind that this does not modify the spatial responseeof th
detectors (nor thefect of the field crowdedness). Thus, spa-
tial variations in the fective count rate threshold are still to be
expected and, indeed, they are observed (see[Bigs.[H and 6).

We finally remind the reader that the above presented
method to determine self-consisténtthresholds rests on two
simplifying, but reasonable, assumptions. The first is that
two EPIC MOS instruments are identical. The second is that
the EPIC pn yields approximately,, ~ 2Ly, s. Any refine-
ment of these two assumptions (i.e. any relation givinglthe
of one instrument as a more realistic function of tHeof the
other instruments) can be easily included in the methods iBhi
however beyond the scope of the present discussion. The pro-
cedure illustrated here has been used in the making of car cat
logue. The figures appearing in Tallle 2 were indeed estalolish
in a similar way (adopting}'°5* = L}'952 = 11) and represent

2
the threshold actually utilized.
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