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Abstract. This paper is the first of a series dedicated to the X-ray properties of the young open cluster NGC 6231. Our data set
relies on an XMMNewtoncampaign of a nominal duration of 180 ks and reveals that NGC 6231 is very rich in the X-ray domain
too. Indeed, 610 X-ray sources are detected in the present field of view, centered on the cluster core. The limiting sensitivity
of our survey is approximately % 10 *5erg cnt2 s7* but clearly depends on the location in the field of view and on the source
spectrum. Using diierent existing catalogues, over 85% of the X-ray sources could be associated with at least one ofgircal and
infrared counterpart within a limited cross-correlation radius’oBmaximum. The surface density distribution of the X-ray
sources presents a slight N-S elongation. Once corrected for the spatial sensitivity variation of the EPIC instruments, the radial
profile of the source surface density is well described by a King profile with a central density of about 8 sources péaagtmin

a core radius close to 3.1 arcmin. The distribution of the X-ray sources seems closely related to the optical source distribution.
The expected number of foreground and background sources should represent about 9% of the detected sources, thus strongly
suggesting that most of the observed X-ray emitters are physically belonging to NGC 6231. Finally, beside a few bright but soft
objects — corresponding to the early-type stars of the cluster — most of the sources are relativelyFaint(*® erg cnt?s?)

with an energy distribution peaked around 1.0-2.0 keV.

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

1. Introduction few years. The increased sensitivity, spectral power and reso-
) ) Jution of the XMM-Newtonand Chandraobservatories, com-

Detailed studies of young clusters are powerful tools to probg e 1o x-ray satellites of the previous generations, give now

crucial astrophysical issues. Because thg@yiori contain both o 1,,ch more complete view of the X-ray properties of the star

early-type stars and pre-main sequence (PMS) stars, YOUGlations in clusters.

clusters are privileged laboratories to test star formation and For example, a 76 k€handraobservation of the embed-

evolution theories. They indeed provide a homogeneous sam '

. " . . d young cluster NGC 20241 (~ 410 pc; age= 0.3 — a few
ple of stars in terms of distance, reddening, environment, chem- . . .
ical composition and age. With the currently available {T yr) revealed 283 X-ray sources displaying heavily absorbed

X ) L ard spectra with a mean temperatuiie k 3 keV (Skinner
ray observatories, unprecedented investigations of young o% %I 2003). A significant fraction (25%) of the X-ray sources
clusters in the X-ray domain have been performed in the past 2 LN :
Shows a wide range of variability within the exposure duration.
Send @ori H S In addition,Chandradetected at least 96% of the known clas-
end giprint requests toH. Sana ) . sical T Tauri stars in NGC 2024. Results for other clusters are
* Based on observations collected with XMNewton an ESA sci- L .
very similar. Rauw et al. (2003) performed a 20 ks observation

ence mission with instruments and contributions directly funded b ]
ESA Member States and the USA (NASA). of NGC 6383 ( ~ L4kpc; age= 1.7 — 5Myr) and found 77

** Tables 3 and 6 are only available in electronic form at the CD¥Urces, mostly centered on the cluster location. An important

via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via its wgction of these sources are probable PMS objects. Using both
site: httpj/cdsweb.u-strasbg/fgi-birygcat?JA+A/ . XMM -Newtonand Chandrafacilities, Preibisch & Zinnecker

*** ENRS Research Fellow (Belgium) (2004, and references therein) studied the very young stel-
T FNRS Research Associate (Belgium) lar cluster IC348d ~ 310pc; age~ 2 Myr) and found 286




2 H. Sana et al.: An XMMNewtonview of NGC 6231. |.

X-ray sources among which over 50 classical T Tauri stad. NGC 6231 and the Sco OB 1 association: a
Comparison ofChandra and XMM-Newton based spectral literature review

properties suggested that the X-ray characteristics of T Tauri

stars remain mostly constant over periods of years. NGC 6530 - The Sco OB 1 association

d ~ 18 Kpc; age~ 1'5_.2'0 Myr) is a very rich open CIUSterLocated in the Sagittarius-Carina spiral arm of our galaxy
containing several massive O-type stars as well as a large p

ulation of B-type stars. XMMNewtonobservations by Rauw PQQZOOO)z 16'53"6, 5(2000) = ~41°57’ | = 3433,b = 12,

; .~ Perry et al. 1991), the Sco OB 1 association is an extremely
et al. (2002) revealed 119 sources, of which a large fraction ar%1 and interesting region of the sky? Iong by T wide,

. o ; fic

PMS candidates. Slmllarly to Skinner et al. re_sults, the ><_rz?lyextends from the gaseous nebula IC 4628 on its northern

spectra of the PMS cgndldates are characterlzed.by temp%rnad to the young open cluster NGC 6231 towards its southern

tures of a few keV. Using a 60 I@hgndra observation cen- . Its major axis is approximately parallel to the Galactic

tered on the same cluster, Damiani et al. (2004) revealed .

X-ray sources, among which 90 to 95% are PMS stars plane (Morgan et al. 1953a). A sparser group, Tr 24, is to be
' : found near IC 4628 while two other clusters, NGC 6242 and

From this review of the recent literature, there is an obvj- o o .
ous body of observations showing that, besides the expecft\lecaC 6268, lie slightly north of the association. Finally tha H

L ) . region 1C 4878, centered on NGC 6231, extends by abbut 4
X-ray emission from massive stars, a large population of

" X . ! b_y 5° in the form of an elliptical ring and is probably triggered
ray emitting low-mass PMS stars is to be found while obsery the cluster. The emission nebula is faint within the ring but

ing young clusters. The present study of the very rich clust . L
NGC 6231 lies in this framework. It aims at a better compr's very bright where the ring is crossed by the northern end of

hension of both early-type stars and young open clusters by?ehxq association (Bok et al. 1966).

tending the previous sample of investigations to clusters with i ) . . .

a large O-type star population. A severe limitation of several 1h€ Interest in ScoOB1 mainly originates from its
of the above cited works is the lack of detailed studies on th&tended early-type star content (Shobbrook 1983; Raboud
concerned cluster at other wavelengths. Indeed, @itandra €t @l- 1997). Beyond the numerous O- and B-type stars, the
and XMM-Newton the X-ray observations are so deep that&S0ciation also shelters two of the rare Wolf-Rayet (WR)
deep optical photometry of the field is required. Such a datirs, two Of stars displaying P Cygni profiles as well as

setis indeed essential to, for example, more clearly identify tREVeral S Cephei variables (Balona & Engelbrecht 1985;

evolutionary status of the fiierent sub-populations of the clus/AArentoft etal. 2001). Among the peculiar objects found within

ter. Fortunately, as shown by the literature review of Sect, 260 OB 1 is the b”%ht staf Sco. With an absolute magnitude
the stars in NGC 6231 have been thoroughly studied. TogetRgpundMv=-8.3, £~ Sco IS oné Of, the brightest stars of the
with the depth of the present X-ray campaign, this is one of thalky Way. Many of the ‘normal’ early-type stars further
strengths of the current work. Finally, the present work diff€Sent signs of variability and have a good chance to be
tinguishes itself from the previous investigations because [Jfiary systems (e.g. Raboud 1996; Arentoft et al. 2001).

the particular planning of the X-ray observations. Indeed our

XMM -Newtoncampaign towards NGC 6231 was actually split

into six successive pointings, spread over a period of five dayso The NGC 6231 cluster

This will allow us to probe the variability of the X-ray emission

of the detected sources orfférent time-scales. Located near the southern end of the ScoOB 1 association,
A detailed analysis of the central target of the field, the cale young open cluster NGC 623%(R000) = 16'54™0%,

liding wind binary HD 152248, has been presented recentlyd(2000) = -41°4936”) contains an important number of

a dedicated paper (Sana et al. 2004). The source will thebeight early-type stars in its centre. Often considered as the

fore not be further discussed in more details in the presenicleus of the association (Bok et al. 1966), its relationship

paper. Preliminary results from this campaign, mainly relatéd Sco OB 1 has been subject tdfdrent interpretations with

to the early-type X-ray emitters, were also presented in Satirae. Though Heske & Wendker (1984) presented evidence

et al. (2005b, 2006b,c). In the present paper, we focus on that Tr24 and Sco OB 1 form a single aggregate, these authors

X-ray catalogue and we discuss some general propertiespofposed that NGC 6231 is actually a foreground cluster.

the detected sources. Other aspects of the X-ray propertietietke & Wendker also found a sub-cluster of PMS stars in

NGC 6231, such as the early-type and the pre-main sequetievicinity of Tr24. Based on an extensive set of data, Perry

population characteristics, will be addressed in subsequent ea-al. (1990, 1991) re-addressed these issues and carefully

pers of this series. studied the interrelation between the three aggregates. They
This first paper is organized as follows. After a review ofstablished that ScoOB 1, NGC 6231 and Tr24 are located at

the abundant literature on NGC 6231 and on the Sco OB 1 #se same distance and have the same age, thus demonstrating

sociation, Sect. 3 describes the campaign and the subseqtteaitt NGC 6231 is not a foreground object but is clearly

data reduction processes. In Sect. 4, we address the deteaiobedded in the Sco OB 1 association. NGC 6231 therefore

and identification of the sources in the XMNMewtonfield of retains its status as the nucleus of the association. Perry et al.

view, and we present the resulting X-ray catalogues. Finally, weuld however not confirm the three stellar sub-aggregates

probe the main properties of the cluster X-ray emitters (Sefund by Seggewiss (1968a) in Tr24 and, as suggested by

5). Sect. 6 summarizes the results of the present work. Heske & Wendker (1984), they casted further doubts on
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the physical reality of the Tr24 aggregate itself. Perry et §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 NGC 6231 and of its stellar content haewidence of mass segregation in NGC 6231, most probably
been thoroughly investigated during the past century. Threddated to the formation processes rather than to the dynamical
main streams of investigation were indeed designed, nametlylution of the cluster. Proper motions were studied by Braes
photometry, spectral classification and radial velocity meét967) and Laval (1972) while most of the O-type stars of the
surements. The photometric approach is however predominelaisters were included in the large ICCD Speckle campaign of
and was extensively performed usingfeient photometric Mason et al. (1998).
systems. The bulk of the available literature on the cluster
relies on photographic, photoelectric or CCD campaigns: The distance modulusDM) of the cluster reported in
Brownlee & Cox (1953, PV), Houck (1956), Walraven &the earlier literature ranges from 10.7 (Mermilliod 1981) to
Walraven (1960, Walraven), Feast et al. (1961, UBV}L1.9 (Houck 1956, 2300pc — cited by Bok et al. 1966). In a
Breckinridge & Kron (1963, PV), Bok et al. (1966, UB\3 more recent work, Perry et al. (1991) obtaine = 1150
Feinstein & Ferrer (1968, UBV), Seggewiss (1968b, UBVand 11.55 for ScoOB 1 and NGC 6231 respectively, with an
Schild et al. (1969, UBV), Crawford et al. (1971, uvbg)}l uncertainty of about 0.32. Balona & Laney (1995) derived
Garrison & Schild (1979, UBV), Shobbrook (1983, uvbg}d DM = 11.08 + 0.05 for NGC 6231; Raboud et al. (1997),
Heske & Wendker (1984, UBV), van Genderen et al. (198412 + 0.4; Sung et al. (1998), 10 + 0.07 and Baume
Walraven), Perry et al. (1991, uvby), Meynet et al. (1998t al. (1999) 15 + 0.25. The weighted mean of these five
UBV), Balona & Laney (1995, uvbyp), Raboud et al. (1997, latter values give®PM = 1107 = 0.04, corresponding to an
Geneva), Sung et al. (1998, UBV(RIH«a), Baume et al. actual distance of 163¥ 30 pc. The same authors (but Sung
(1999, UBVL). The more recent works (from1990’s) dfer et al.) respectively derived ages aBZ 0.9 Myr, 5 + 1 Myr,
a much more complete view of the cluster both in terms 8f8 + 0.6 Myr and 3 to 5 Myr. On the basis of the RaHindex,
their angular extent and of the magnitude limit reached. Aung et al. (1998) found 12 PMS stars plus 7 PMS candidates.
extensive still careful comparison of most (if not all) the works
published prior to 1990 has been performed by Perry et al. A controversial question is the probabldfdrential red-
(1991). dening across the cluster. Such deliential reddening was
first suggested by Breckinridge & Kron (1963), outlining that
Spectral classification of the cluster objects has maintlge southern part of the clusterfiers a heavier reddening.
been carried out by Morgan et al. (1953b), Houck (1956Qpther authors (Shobbrook 1983; Perry et al. 1991; Balona
Feast et al. (1961), Schild et al. (1969), Garrison & Schilfl Laney 1995) rather proposed a uniform reddening across
(1979), Levato & Malaroda (1980), Conti & Alschuler (1971)the field. More recently, Raboud et al. (1997) and Sung et al.
Walborn (1972), Mathys (1988, 1989), Gar&& Mermilliod (1998) results strongly support the first idea of Breckinridge &
(2001) and Sana (2005). Radial velocity campaigns were lédbn (1963), and Sung et al. presented a map of the reddening
essentially by Struve (1944), Hill et al. (1974), Levato &listribution in NGC 6231. There seems to be an agreement in
Morrell (1983), Levato et al. (1988), Perry et al. (1990), Penrilie early literature that most of the reddening occurs between
et al. (1994), Stickland & Lloyd (2001, IUE data), GE& a distance of 100 and 1300 pc. Based on FUSE observations,
Mermilliod (2001), Sana et al. (2002) and Sana (2005). Sevekdarggraf et al. (2004) recently confirmed angular variations
authors also paid a special attention to particular objecis,the column density towards the core of the cluster. They
mainly binaries of which they performed a more detailegtported that the absorption towards NGC 6231 occurs in
study. These objects are WR79{firs 1997), HD 152218 several foreground clouds. The main absorption component
(Stickland et al. 1997), HD 152248 (Stickland et al. 199@ies in the Lupus cloud region at a distance of 150 pc, while
Penny et al. 1999; Sana et al. 2001; Sana et al. 200d)e second one is probably in the vicinity of the ScoOB1
CPD-41°7742 (Sana et al. 2003, 2005a) and HD 1522Xhell surrounding NGC 6231. Finally, Crawford (2001) probed
(Sana et al. 2006a). the structure of the interstellar Naand Ki towards the
cluster and reached conclusions similar to those of Marggraf
Aside from these three main streams, several authetsal. (2004). Crawford also outlined that no clues of active
addressed specific aspects of the cluster that provide a usefdcks in the shell components could be found. Polarimetric
complementary view. Among other topics, photometric vargbservations were performed by Feinstein et al. (2003) who
ability of a few dozens of objects was investigated by Balorfaund evidence for a past supernova explosion in the cluster.
(1983), Balona & Engelbrecht (1985), Balona (1992) arithese authors however suggested that their observations could
more recently by Arentoft et al. (2001). These studies allowadso be explained by a bubble triggered by winds from hot stars.
to detect severa@ Cephei, a couple aof Scuti and a few other
variable stars, including a couple of eclipsing binaries. The Finally, we note that the Hipparcos parallaxes derived for
binary fraction was estimated by Raboud (1996) and faar®NGC 6231 were known to be problematic with a negative mean
& Mermilliod (2001). Raboud derived a minimum binarwalue of —-0.8 + 0.4mas (Arenou & Luri 1999). These re-
frequency of 52% in his sample of 53 B-type stars with sults were recently revised by Makarov (2003a) who obtained
spectral type between B1 and B9 while Gar& Mermilliod 1.7+0.4 mas, corresponding to a distance modulus 8.5,
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Table 1.Journal of the XMMNewtonobservations of NGC 6231. Columns 2 and 3 give the spacecraft revolution number and the observation
ID. The Julian Date (JD) at mid-exposure is reported in Col. 4. Cols. 5to 7 (resp. Cols. 8 to 10) list the performefféatnm €i.e. corrected

for the high background periods) exposure times for the EPIC MOS1, EPIC MOS2 and EPIC pn instruments. The last column provides the
position angle (PA) associated to the revolution. The total campaign duration is given 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 30.6 274:57:11.5
2 319 0109490201 2158.931 22.1 22.1 20.2 19.8 19.8 16.5 274:57:11.5
3 320 0109490301 2159.796 34.4 34.4 31.8 33.7 33.9 30.1 275:35:26.6
4 320 0109490401 2160.925 314 314 29.1 26.0 24.3 11.7 275:35:26.6
5 321 0109490501 2161.774 311 31.1 28.5 30.9 31.0 28.4 276:13:34.9
6 321 0109490601 2162.726 32.9 32.9 30.3 32.9 32.8 30.3 276:13:34.9

Total duration (ks) 185.2 1852 1706 1765 175.0 1475

however still far from the mean value obtained from the photepprocpipeline chains respectively to the MOS and pn raw data
metric studies. to generate proper event list files. No indication of pile-up was
Turning to the X-ray domain, NGC 6231 was observeidund in the data. We then only considered events with patterns
by the ROentgen SATellite (ROSAT). Thirty-five object®-12 (resp. 0-4) for MOS (resp. pn) instruments and we ap-
were detected, mainly associated with the early-type starsptied the filtering criterion XMMEAEM (resp. FLAG=0) as
the cluster. Corcoran (1996, 1999) presented some resugommended by the Science Operation Centre (SOC) techni-
of this campaign as well as the X-ray light curve of threeal note XMM-PS-TN-43v3.0. For each pointing, we rejected
objects, namely HD 152218, HD 152248 and HD 152249eriods &ected by soft proton flares. For this purpose, we built
Only HD 152248 displayed clear variations of its flux. Finalljight curves at energies above 10 Keand discarded high back-
a few objects were also observed at radio wavelength (Segiaund observing periods on the basis of an empirically derived
Gunawan et al. 2002, 2003) but only half of them werdreshold (adopted as equal to 0.2 and 1.0 thtw the MOS
detected. and pn instruments respectively). The so-defined GTIs (Good
Time Intervals) were used to produce adequate X-ray event lists
for each pointing from which we extracted images using x- and
y-image bin sizes of 50 virtual pixefs
3. Observations and Data Reduction We finally combined the event lists obtained for all six
pointings to increase the statistics of faint sources. For this pur-
pose, we used the SAS taslerge For each EPIC instrument,
The XMM-Newtoncampaign towards NGC 6231 has already€ included the event lists resulting fromfférent pointings
been described in Sana et al. (2004). For the sake of copie by one. We also built merged event lists that combine the
pleteness, we again give here a brief description of the Kvelve MOS or the eighteen EPIC event lists. The Attitude
ray observations. In September 2001, during satellite revoles generated by the pipeline were merged using the same
lutions 319 to 321, the XMMNewton observatory (Jansenapproach and we adopted, for handling the merged event lists,
et al. 2001) performed six successive exposures of an apprdie Calibration Index File (CIF) and the ODF corresponding
imate duration of 30ks. The field of view (FOV) was cento the first pointing (Obs. 1 in Table 1).
tered on the O7.5 I#O7 Il colliding wind binary HD 152248
(2000 = 16"54™1G06, 52000 = —41°49'30/1; Sana et al. 2001),
?n the core of the pluster. Position angles (PAs) were very sirEn.- X-ray source detection and identification
ilar through the six exposures, ranging approximatively from
27495 to 27623. All three EPIC instruments (Sider et al. In this section, we focus on the detection and identification
2001; Turner et al. 2001) were operated in the Full Franoé the X-ray sources in the XMMNewtonFOV. For this pur-
mode together with the Thick Filter to reject ptical light. pose, we only used the merged event lists and images, ac-
The RGS spectrographs (den Herder et al. 2001) were rurcunting in this way for the six pointings at once. The total
the Standard Spectroscopic mode. Due to the brightness oféffective exposure times towards the cluster are, respectively
cluster objects in the FOV, the Optical Monitor (Mason et aflor the MOS1, MOS2 and pn instruments, of 176.5, 175.0
2001) was switchedfbthroughout the campaign. Table 1 proand 147.5ks. Together with the high sensitivity of the XMM
vides the journal of the X-ray observations.

3.1. The XMM -Newton campaign

1 Expressed in Pulse Invariant (Pl) channel numbers and consider-
ing that 1 Pl channel approximately corresponds to 1 eV, the adopted
3.2. Data Reduction criterion is actually P 10 000.
2 Though the physical pixels of the EPIC MOS and pn detectors
The EPIC Observation Data Files (ODFs) were processed Hgve an extent on the sky of respectively aind 41, the virtual pixels
ing the XMM-Science Analysis System (SAS) v 5.4.1 impleof the three instruments correspond to an exté060 The obtained
mented on our computers indge. We applied themprocand images have thus a pixel size ¢f®
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Fig. 1. Combined EPIC MOS three-color X-ray image of the young open cluster NGC 6231. The field is rouglity B3@meter and is
centered on HD 152248. North is up and East is to the left. THerdnt colors correspond tofférent energy ranges: red: 0.5-1.0keV; green :
1.0-2.5keV, blue : 2.5-10.0 keV.

Newtonobservatory, the combination of the six pointings ansburces and, finally, we investigate the detection limit of the
of the three instruments provides one of the deepest X-nagesent data set.

views of a young open cluster. Fig. 1 shows a three-colour im-

age of NGC 6231 and reveals a densely populated field with ]

hundreds of point-like X-ray sources. This section therefofe- Source Detection

aims at providing a uniform catalogue of these sources. It\)\?e based our source detection on the SAS detection i

organised as follows. First we present the source detection pro- ; .
g P IOt tchain For this purpose, we selected three energy ranges,

cedure as well as a brief description of the obtained catalogu Soft (%) band (0.5-1.0keV). a medium @ band (1.0-

As a next step, we focus on the identification of the X_ra§5keV) and a hard (k) band (2.5-10.0 keV), and we built the
corresponding input images for theffdrent instruments. The
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edetectchaintask is formed by the succession of the SAS tasKable 2. Adopted detection thresholds for the equivalent logarithmic
eexpmap emask eboxdetectun in local modeesplinemap likelihood L, corresponding to the fierent EPIC instruments (left

againeboxdetectun in map mode and finallgmldetect column) or to any combination of them (right column). Appendix B
. provides more details on how these values were computed.
- eexpmapalculates the exposure maps corresponding to the

er‘lpm iImages, q kio build K Instr. L, Instr. Comb. Lo
- these exposure maps are useddmgaskto build masks
S exp pS are : MOSI 11| MOSi+MOS2 21
which select the relevant image areas where the detection
hould take place: MOS2 11 MOS1+ pn 35
should take place; _ pn 25 MOS2+ pn 35
- eboxdetegtrun in local mode, uses ax5 pixel box and MOS1+ MOS2+pn 45

a surrounding background area to search for significant
sources simultaneously in all input images;

- esplinemapuses the resulting source list to remove SOUrcgss peing simultaneously adjusted at the maximum. Finally,
from the input images and creates smooth backgroupl ve_ran thesmidetectask allowing for extended sources to
maps by fitting a 2-D spline to the source-subtracted ingg fitted. A careful comparison of the resulting lists shows that
ages, . only a few sources increase significantly their detection likeli-

- run in map modeeboxdetectises a &5 pixel box aqd th? hood while allowing for extended source fitting. An inspection
values from the background maps to search for significagit the x-ray images and of the optical catalogues reveals
sources simultaneously in all inputimages; _ that these sources most probably correspond to unresolved

- emidetectfinally uses the preliminary source list fromygint jike sources rather than to physically extended sources.
eboxdetecand determines the source parameters (e.g. co-
o'rdlnates, count rgtes, hf’:\rdpess ratios, gtc.) by means OfThe described detection procedure was applied for each
simultaneous maximum likelihood psf (point spread fung=pc jnstrument as well as for any combination of them. The
tion) fitting to the source count distribution in all energyeqiting source lists were generally consistent. The main dif-
bands of each EPIC instrument. It also provides an equiMArance comes from the presence dfetient gaps in the ter-

lent logarithmic likelihood.., (Eq. A.1) commonly used as g ata sets. We built our final source list adopting the follow-
an indication of theeality of the corresponding source. ing criteria.

From our experience, treboxdetectask run in map mode (i) We selected the deepest combination of EPIC instru-
tended to eliminate some apparently real sources from tments, requiring that the detected source is distant by at least
intermediate source list. We therefore preferred to use thg’ from any gap, bad column or detector edge.
preliminary source list obtained Bpboxdetecin local mode as (i) By a visual inspection of each source in all images
an input list for the psf fitting step performed by temldetect and subsequent combinations, we adopted an empirical equiva-
task. This approach does not bias the result since, if tlemtlogarithmic likelihood ;) threshold as the detection limit.
source is real, the psf fitting will provide a large logarithmid his led us to consider the way to perform a consistent choice
likelihood while, if instead the source is fake, the logarithmitor the threshold values while dealing withidirent instrument
likelihood will be low and the source will be rejected. Thouglkombinations, and hence withfilirent numbers of input im-
more expensive in computation time, this approach results iages. As a general comment, it is obvious that adopting a con-
more complete source list. As it was known that the equivalestaint logarithmic likelihood threshold while dealing wittttdi-
logarithmic likelihood valuesl(;) computed by themldetect ent combinations of the EPIC instruments does not allow us to
task in the SASv5.4.1 (and earlier versions) were erroneokggep a constant threshold in terms of the signal level. Indeed, all
we implemented a patch to recover the corilecwalues. We other things being equal, the signal-to-noise ratio is increased
give a brief description of it in Appendix A. The problem iswhile combining several detectors, allowing us in principle to
now fixed from SAS version 6.0 on. We checked our correctélétect fainter sources. However, in such a crowded field as the
logarithmic likelihood values against SASv 6.0 results arthirrent one, we note that no important gain is achieved in terms
found them to be in close agreement. of source detection. In other words, the very large majority of

the detected sources are already seen in a single instrument,

We first performed single psf fit detection but, due to thilnough of course combining theftéirent instruments yields a
crowdedness of the field, we also allowed for simultaneouosuch better estimation of their X-ray parameters.
fitting of up to four sources. In doing so, we adopted a value As a consequence, we have decided to adopt a logarith-
of 0.68 for the two parametestutandecut This choice was mic likelihood threshold in one instrument and to look for the
led by the need to account for as large an energy fractiequivalent thresholds in any EPIC combination. This issue is
of the psf as possible while keeping the computation tinpresented into more details in Appendix B. Table 2 gives the
down to reasonable limits. Due to the densely populated fieldgarithmic likelihood thresholds finally used for the source
the wings of the source psf are often largely contaminateétection. These values provide thresholds in various combina-
by emission from neighbouring sources. The adopted valu@ms that are consistent with the logarithmic likelihood-based
therefore appeared as a reasonable compromise. On the abdtgction threshold adopted in a single MOS instrument. We
this corresponds to a physical radius of about.1Bnly a few note that this procedure does not modify the spatial response
tens of sources actually required multi-psf fitting, with threef the detectors and that the known variations of the EPIC in-
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Fig. 2. Detected X-ray sources overlaid on a DSS1 imagbgnd) of the XMMNewtonFOV. The sources are indicated by black circles, with

a radius of 3, similar to the adopted cross-correlation radius. The numbers above these circles give the internal X-ray source identification as
provided in the first column of Table 3. The three blue circles indicate regions with a radiusléf &nd 15 around X#279 (HD 152248).

North is up and East is to the left.

strument sensitivity with the axial distance will of course stithored by the detection algorithm. We decided to include those
affect our results. sources in the input source list of tlkenldetectask. Most of
(iii) In the few cases for which multi-source fitting was relethem were satisfactorily fitted, giving an equivalent logarithmic
vant, we adopted the results obtained with this fitting. We hoikelihood above the adopted detection threshold. These addi-
ever paid a special attention to reject cases of fake multi-fittitignal sources were included in the final catalogue.
sometimes induced by near-gagge &ects or by multiple en- (v) The main X-ray catalogue presented in Table 3 is based
tries for a unigue X-ray source in the preliminary source list. on the point-like source detection only. For some sources, the
(iv) We finally checked every source in the final list by indiequivalent logarithmic likelihoodL; is significantly increased
vidually looking at the dterent image combinations. We elim-if one adjusts an extended source model rather than a point-like
inated the very few double entries in the list. Doing this, wenodel. These sources are flagged in Table 3 and we provide,
noticed a couple of presumably physical sources that were ig-Table 4, a complementary extended source catalogue that
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Fig. 3. Same as Fig. 2, zoomed on the inner part of the FOV. The circle radiusksdn left to right, the three crosses respectively give the
position of the geometrical centre of the cluster, its X-ray emission centre (computed adopiimgefeivalentount rates for each source),
and the position of HD 152248 (X# 279).

gives, in addition to the results listed in the main catalogue, t'ilﬁaz - Hx - MX.
emldetecextended-psf fit results for these sources. Hx + Mx

(@)

The final | lists 610 in the XMid A sample of the catalogue is provided in Table 3 while Table
e final catalogue lists sources in the wion 4 gives the complementary catalogue for the 19 extended X-

FOV, among which 1.9 are'flagged as extend'ed. Basgd on FQ sources detected. In addition, source X#234 appeatrs clearly
edetecichainresults, it provides, among other information, thgouble in the EPIC image though it is not detected as an ex-

source position, the total count rates in th@atient instruments

. tended object. Table 3 is available online via the Centre de
and the two hardness ratios :

Donrées astronomiques de Strasbourg (CDS, Mttsweb.u-
My — Sx strasbg.fr). Finding charts for the X-ray sources are provided

HR, = My + Sy’ 1) by Figs. 2 and 3.
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Table 5. Best fit parameters (Cols. 3-5) of tkigr) function (Eq. 4) for diferent opticginfrared catalogues. The catalogue name is given in

Col. 1 along with the relevant number of X-ray sources in the corresponding field (Col. 2). The adopted correlationggdiosiflentification

is given in Col. 6. Col. 7 lists the actual numhbisy,,, of identified X-ray sources (see Table 6) and the corresponding percentage related to
the considered number of X-ray sourcék). Col. 8 gives the number of associated counterparts predicted by the distrittiofEq. 4) at

a radius equal to.,. It also provides the corresponding percentage of theoretically identified X-ray sources. The next two columns provide,
among the number of associated counterp&(ts.), the predicted number of tru@{e(rcorr)) and spurious sy (reor)) counterparts. The
contribution of true and spurious counterparts to the total number of (theoretically) associated optical sources are also given in the correspondir
columns.

Opt. Cat. Nx A o B lcorr Neorr D(rcorr) Diue(rcorr) (Dspur,(rcorr)
(//) 10»3(//)—2 (//)

2MASS 610 3222 0.91 30.0 2  384(63.0%) 383.8(62.9%) 293.3(76.4%) 90.5 (23.6%)
GSC2.2 610 384.3 1.25 3.5 3  372(61.0%) 383.7(62.9%) 362.7 (94.5%) 21.1(5.5%)
USNO 610 383.1 1.24 0.8 3 344(56.4%) 367.8(60.3%) 362.8(98.6%) 5.0 (1.4%)
SBL98 v2 536 431.8 1.09 11.9 3 447(83.4%) 451.9(84.3%) 422.1(93.4%) 29.8 (6.6%)
SSBO6V <19 610 396.6 1.01 4.3 2.5 384(63.0%) 395.7 (64.9%) 378.4(95.6%) 17.3 (4.4%)
SSBO6V <20 610 4226 0.95 13.9 2.5 450(73.8%) 453.7 (74.4%) 408.9 (90.1%) 44.9 (9.9%)
4.2. Source Identification L mwass _ esczz

600 [~ ki 600 = =

To determine the optical counterparts of the detected X- [ e 1 sl
ray sources, we cross-correlated our source list with several4 1 I
existing opticglinfrared catalogues. We used the US Naval,
Observatory (Monet et al. 2003, USNO B1.0), the 2MASS / B
All Sky Data Release (Cutri et al. 2003) and the Guide Star [ / .~ 1 20
Catalogue-Il (GSC 2.2 2001). We also made use of the optical o -/ 1 wop T
catalogue of Sung et al. (1998, SBL98 hereafter). However, o4l L el L N
the star positions in the SBL98 catalogue as available from the (¢
Centre de Donees astronomiques de Strasbourg (CDS) show _ uswoBlO _ ssBOS: V<O
clear shifts compared to the true positions on the sky. This re- eoo |- | 600 —
sults from an excessive rounding of the star coordinates in thesew - 1 el ////7
CDS database: they are given with a precision of respectively ,,, [ i ’
one second and one tenth of arcmin on the right ascension and [ 1 =aol / b
declination. This is far indticient in such a crowded field as i i ]
NGC 6231. We therefore used the original SBL98 catalogue, wor /
obtained from the authors and that lists object coordinates a'® [ /
hundred times more precisely. Beyond the 860 objects with °;" 175"
V < 16 listed in SBL98, this UBV(RY & Ha catalogue was nC
completed with 7199 objects, extending the first Ver5|on. of t}IWZ?g. 4. Cumulative distributions (solid lines) of the numbe)(of
SB|798 Cata"?g!Je down t = 21. However, the SBL98 field closest associated counterparts as a function of the separation radius
of view was limited to a 20x 20" area and thus does not Cove[y) and for the dierent catalogues used. The horizontal dotted lines
the whole EPIC FOV. It can thus not be used for |dent|flcat|%'how the numbeNy of X-ray sources in the catalogue. The dashed
throughout the entire field and we selected the X-ray sourdi@s, from top to bottom in each panel, correspond respectively to the
that are located in the sub-region of the FOV that is covered bgst-fitd(r) function, to the number of truly associated counterparts
the SBL98 v2 catalogue. This yields a number of X-ray sourc@®s.e and to the number of spurious on@s,,, as a function of the
N)%BL = 536 as quoted in Table 5. More recently, one of us (Hprrelation radiug. Dotted vertical lines show the correlation radius
Sung) acquired new UBV(R§)observations covering a field ofadopted for the purpose of source identification.
about 40 x 40 around NGC 6231. 30866 stars were observed
down toV < 22. These observations will be presented in a
forthcoming paper (Sung et al. 2006, in preparation) and wations of the X-ray sources and their optical counterparts are
only focused here on the resulting catalogue. We will refer #bout 0.9 in right ascension and 0:7n declination. Similarly,
this new catalogue as the SSB06. the 1o~ dispersion on the field rotation is about 8s a second

As a first approach, we investigated the possibility of systep and for each of the previously cited catalogues, we deter-
tematic diferences between the reference frames of tfferdi mined the closest optical counterpart of each X-ray source in
ent catalogues. For this purpose, we selected the bright O-type field of view. We then calculated the cumulative distribu-
stars in the dferent source lists and we compared their locgion (®(r)) of the closest associated counterparts as a function
tions to the ones of their X-ray counterparts. Neither a signifif the individual correlation radius (seeftiees et al. 1997).
cant systematic shift nor a field rotation was apparent. Typickthe generated diagrams are shown in Fig. 4. Followirfijidés
1-0 dispersions computed on theffdrences between the lo-et al., we assumed théi(r) is formed by two terms: the cumu-
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lative distribution of true correlation®;,c and the cumulative cross identifications between the X-ray source lists and the dif-
number of spurious associatiods,,. This is expressed in theferent optical catalogues. We find at least one counterpart in
simple relation: one catalogue for about 85% of the X-ray sources.

While carrying out this work, we noticed some confusion
Purue + Pspur (3)  between the names of several sources reported in the widely
A[l (_rz) consulted SIMBAD database. For this reason, Table 6 also
— exp _ ) . .

202 gives other commonly adopted source denominations such as

) o o HD, CPD and Braes numbers. The Seggewiss numbering is

that can be adjusted to the empirical distribution. In EqN@, 5150 extensively used in the literature related to NGC 6231. We
is the number of X-ray sources whikeis the number of true {herefore used the original chart of Seggewiss (1968b) — subse-
correlations with the opticAhfrared catalogueB is the opti- quently completed by Raboud et al. (1997) — and we rederived

calinfrared catalogue density andis related to the statistical ihe cross-correlation to avoid any previous misidentification.
uncertainty on the X-ray source position. Though Eg. 4 is ap-

proximative and rests on the hypothesis of a uniform optical

population (i.e. constaf® and constant psf over the full FOV),4.3. The detection limit

it fits reasonably well the rising branch of theffdrent curves ] ) o
plotted in Fig. 4. Table 5 gives the obtained values ofAh& This paragraph aims at the evaluation of the_ detegtlon I|m_|t of_
ando parameters. As the hypothesis of constmiroughout e present X-ray catalogue. Though essential, this question is
the FOV is clearly violated in the case of NGC 6231, we ald8" from trivial because the detection limit & priori, not uni-
estimated the number of spurious associations using a mfsén throughout the field of view. Besides the areas where the
empirical approach. We arbitrarily shifted the X-ray source pg€tectors do not overlap and the presence of gaps between the
sitions by 30 in any given direction and we re-ran the crosgdétector CCDs, the XMMNewtoneffective exposure duration
correlation at a fixedor (either 25 or 30 according to the S decreasing from the FOV centre towards its edges. In addi-

catalogue considered). The obtained number of spurious adij}: Poth the crowdedness of the field in its central part and
ciations is never larger by more than 10% than the one edhie numerous bright sources preferentially located in the core
mated by the Jéries et al. (1997) method . of the cluster alsoféect the detection limit in a non uniform

The SSBO6 catalogue is too dense for the relative cruden¥&y- AS an approximation we neglect thfeets of the gaps,
of the X-ray source positions{,, = 0’7+ 0’3 on averagar,, Mainly focusing on the three othefifects.
being defined on 2D). Indeed, even adopting a limited cross- The exposure maps computed for the three EPIC instru-
correlation radius of’Z would yield over 100 spurious identi-ments and their dierent combinations display a smooth de-
fications. We thus decided to decrease the limiting magnituék¢ase from the centre of the detector to its edges by about
of the catalogue. The maximum of thg,e function is obtained & factor of three. In terms of the amount of signal collected
adoptingV < 20. At the distance of the cluster, this correfor two similar sources — one located near the FOV axis, the
sponds to the magnitude of a MO dwaM (~ 0.5 M,). PMS other near one of its edges — the number of connisceived
low-mass stars being brighter than ZAMS stars of the samél be three times higher near the axis. Neglecting any back-
mass, the progenitors of MO stars should thus still be includgtPund éfect, the signal-to-noise ratio is approximately given
in the optical list. Finally, we note that a significant improveby S/N = +/n. For the outer source, it is therefore smaller by
ment (in terms of the relative percentage of spurious assodifactor of V3 ~ 1.7. To the first order, the detection limit in
tions) is obtained when restricting the SSBO6 cross-correlatitii¢ outer parts of the field is thus about a factor two higher
to objects withV < 19. The drawback is that the number othan in the central part of the FOV. As a next step, we used the
true associations is also significantly reduced. Table 5 lists thAS taskesensmapo build sensitivity maps corresponding to
best fit parameters of Eq. 4 for both cases and Table 3 providiag current exposure maps and to the adopted logarithmic like-
the SSB06 cross-identifications down\o< 20. We leave to lihood detection thresholds,. The sensitivity maps obtained
the user the choice to restrict the listWo< 19 according to actually provide the minimum number of counts for a source
his’/her motivations. to be detected by the detection taskldetecticcording to the

From the cumulative distributions shown in Fig. 4, wéiven equivalent logarithmic likelihood threshold. These maps
adopted the cross-correlation radii corresponding to the knddeed predict that the sensitivity of the EPIC camera is twice
in the distributions of counterparts; these are reported in Tak¥éger near the axis than in the outer parts of the detector what-
5. The percentage of identified sources ranges from 55 to 88¥&r the-instrum.ent combination is. This is in agreement with
according to the catalogue used. The results for the SBLO8 QN previous estimate.
and the SSBO06 catalogues are clearly in contrast with the other Accounting for the variation of the source density and the
catalogues. With about 75% of the total number of X-ragistribution of the bright sources in the FOV is a more tricky
sources in the FOV being identified, among which less th&sue. We chose to adopt a completely empirical approach, tak-
10% statistically correspond to spurious associations, the liatg advantage of the large number of X-ray sources in the field.
ter catalogue is probably the most appropriate for the idenife assumed that a very good indication of the detection limitin
fication processes. In the following, we thus adopt the SSB&: diferent parts of the field is given by the brightness of the
catalogue, that covers the complete EPIC FOV, as the main ffiaintest sources detected in these selected areas. We adopted
erence in the identification of the sources. Table 6 provides tiwe following approach. Because of the presence of gaps, we

&(r)

+(Nx = A) [1- exp(-r?B)|  (4)
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Fig. 5. Bottom part of the distribution of then-equivalentount rates Fig. 6. Lower panel: Estimated detection limit expressed in terms of

of the X-ray sources as a function of their distandet¢ HD 152248. the observed flux (in log(erg cths™)). Upper panel: Equivalent de-

The plain line shows the adopted lower limit given by Eq. 5. tection limit, expressed in ISM-absorption corrected luminosity (in
log(ergs')), for sources located in the NGC 6231 clust&M =

: . 1107, n = 0.26 x 10?2 cm2). The ditferent lines refer to the

computed arequivalentEPIC pn count rate, in the rang(? 0'5aiﬁeren?$?zﬁAL model temperatur)es adopted for the conversion. The

10.0 keV, for each source. To the'flrst order, the relation b@ﬁergy band considered in both panels is 0.5-10.0 keV.

tween the count rates measured in any of the two MOS de-

tectors and in the pn detector is approximately linear. Using

the count rates obtained for sources that were detected on §¥en by Eq. 5 to fluxes and luminosities. For this purpose,

eral EPIC instruments, we thus derived an empirical conversi¢i§ adopted the conversion computed by the WebPIMMS con-

factor between the MOS1, MOS2 and pn count rates. Theter, assuming a column density o2Bx 10°%cm?, typical

factors were then used to obtain the so-calpedequivalent of the interstellar absorbing column for the cluster. Results are

count rates for all sources and, in particular, for those that féisplayed in Fig. 6 for three fierent plasma temperatures. In

in the gaps of one or several instruments. This yields approgRnclusion, the flux detection limit is approximately located

mately coherent count rates for thefdient sources, whateverbetween 3« 10> and 15 x 10~ ergcm?s*, depending on

their position on the detectors. Figure 5 displays the sopmee the distance from the detector axis and on the source spectrum.

equivalentcount rates as a function of the distance from tH& the central part of the FOV, we consider that the typical lim-

central axis of the FOV — assumed to be the position of tifing flux is about 6x 107° erg cn?s™* for soft sources.

binary HD 152248. A lower limit is clearly seen in the distri-

bution. Sel.ecting the faintest sources (i.g. thgse displaying ®1eTpe X-ray sources in NGC 6231

lowestequivalentcount rates) in successive rings centered on

HD 152248 provides an approximate sampling of this limit. WEhis section presents an overview of the main properties of the

then adjusted a polynomial and derived an empirical detectigrmray sources in NGC 6231. No attempt will be made here to

limit in terms ofpn-equivalentount ratesdr;m ) as a function investigate the characteristics of theferent sub-populations

of the distanced) from the field axis. This limit (in units of Of the cluster. This work is postponed to future devoted papers.

103 cnts?) is described by the following relation:

crim (d) = 249214 — 0.65577d + 0.11822d? ) 5.1. Spatial distribution
- 0.00929d° + 0.00030d* As seen from Figs. 1 to 3, there is an obvious clustering of
lahe X-ray sources in the inner part of the FOV. Their spatial
i

whered is the distance to HD 152248 expressed in arcmi wibuti iacted on th ts at first sight
Eq. 5is shown in Fig. 5. Clearly the detection limit is higher i stribution projected on e sky presents, & Nirst Sight, a rev=
olution symmetry around the centre of the field, i.e. the po-

the central part of the fieldd(< 5’), most probably because of . . o
the higher source density and because bright sources are g 'é‘f?” of HD 152248. Considering the sources located at less

erentially located in the inner part of the FOV. The sensitivi;[}/ an fltﬁ from HDdl'5t2'2b48t" weV?/omIputed the tge dotjr;etk:lcal cen-
also decreases towards the CCD edges, as indicated bot r%}? € source distribution. YVe also computediinghtness

the exposure maps and the sensitivity maps. Finally we used webPIMMS is a NASA's HEASARC tool powered by PIMMS
single temperature optically thin thermal plasma models of the.6a. It is hosted at the following URL: htffheasarc.gsfc.nasa.gov
Raymond-Smith type to convert tipm-equivalentount rates Toolgw3pimms.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 152248. The origingig. 8. Plain line: cumulative distribution of the number of X-ray

source density chart was convolved with a Gaussian witk 1'.  sources i) with increasing distanced) from HD 152248.Dashed

Overplotted contour levels correspond to 1, 1.5, 2, 2.5, 3 and 3i%e: idem, but computed assuming a uniform distribution of the 602

sources per arcmin sources (dotted horizontal line) located within & {dotted vertical
line) circle around HD 152248.

centre of the X-ray image. For this purpose, we adopted the

pn—equwa]ent;ount rates for each source. The two centres Hfhction of the limiting magnitude of the catalogue and of the
chated slightly East of '__'D 152248’ at no more tharf geee distance to the detector axis, we further note that the SSB06
Fig. 3). From the two-dimensional map of the X-ray SOUrC&,ia|0que is almost undoubtedly incomplete in the field centre
density (Fig. 7), we conclude that there is only a slight dey, ey — 18, This is easily explained by the number of bright
viation from this scheme and that the X-ray source d'smb'éburces‘(/ ~ 5- 10, see Fig. 3) in this region, that renders
tion shows a slight N-S elongation. In the following, we hoWg,e getection of faint sources moreffidiult. For this reason,
ever assume that the distance from the cluster centre, i.e. fr@@_ 9 is restricted to objects brighter than 17 in #dand.

HD 152248, remains the main parameter that shapes the SOWe&- 5231 is further embedded in the Sco OB 1 association.
distribution. We also adopt the position of HD 152248 as the, 5 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 threshold

From Figs. 7 and 8, it is clear that the radial distribution Q¢ 5 4 cmir2 prior to the adjustment. King best-fit values are
the sources is not uniform and that most of them lie within'a 1 i< timek = 8.6 arcmirn2 d. = 2/7 andd, = 1.4 x 10 arcmin.

radius around the cluster centre. We computed the radial d?%m Fig. 9, the correlation between the X-ray and op-
sity profile of the X-ray emitters and we adjusted an empiricgla| g rface density profile is obvious and yields similar

King density profile (King 1962) for a spherically distributed,q e 144 for NGC 6231. It further suggests that most of the
source population : detected X-ray emitters are physically belonging to NGC 6231.

2
f(d) = k[l/ V1+(d/de)? - 1/+/1+ (dt/dc)z] (6) As discussed in e.g. Sung et al. (2004), X-ray emission

is probably one of the best membership criterion for young
wherek is the central densityd; the core radius and; the stars in open clusters. The present X-ray observations proba-
limiting radius. The King profile is very sensitive toandd., bly provide the best census so far of PMS stars in NGC 6231;
but less sensitive tal; which is indeed less meaningful forthough this census is probably still incomplete. However, the
open clusters in the Galactic plane. The best fit parameters ld@C 6231 X-ray sample might be contaminated by foreground
k = 89arcmin?, d. = 6.5 andd;, = 20/5. As indicated by (field stars) and background (AGNSs) objects. As a last check,
Figs. 5 and 6, our detection limit depends on the location ok thus roughly estimated the probable number of foreground
the source on the detector. In a second step, we thus appliethd background X-ray sources detected in the present cam-
relative correction to the X-ray density profile, accounting fgraign. Starting with the foreground objects, we proceeded as
the sensitivity diference as a function of the distance to the dexplained below. Accounting for theftgrent typical X-ray lu-
tector axis (crosses in Fig. 9). The profile is now sharper andisnosities for field stars of spectral type O to M and for our flux
described byk = 7.6 arcmin?, d. = 3/1 andd; = 1.5x 10° ar-  detection limit, we estimated the maximum distance at which
cmin. In Fig. 9, we also present the density profile of the stagisstar can be located while still being detected. Using the so-
in SSBO6. Investigating the source density distribution asdarived distance, we computed the volume projected onto the
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Fig. 9. Surface density profiles of the X-ray sources (open circles) aReh. 10. Cumulative distribution of the number of sources as a func-
of the optical sources (open squares) with< 17. Crosses indicate tion of increasingpn-equivalentount rate. The horizontal dotted line
the X-ray density profile corrected for the empirical EPIC sensitivitindicates the total number of sources in the FOV.

curve (see text). Best-fit King profiles are overplotted.

10 keV band respectively. Using the Ibig- logS relation from

XMM -NewtonFOV. As a last step, we adopted typical star def§siacconi et al. (2001), one expects thus about 13 — 16 extra-
sities in the solar neighbourhood as quoted by Allen (1973) fgalactic objects among the detected sources. Thus, about 2%
the diferent spectral types. We finally end up with about 20f the total number of sources could be background AGNs.
foreground X-ray sources, most of which are expected to eshould be emphasized that these background AGNs are ex-
G-type objects (12 stars) and F-type dwarves (4 or 5 starggcted to appear as rather hard (i.e. heavily absorbed) X-ray
However, the previous approach does not account for prols@urces.
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 work @fentres of the set of detected sources correspond to the optical
Makarov (2003b), we found that about 21 galactic active stagsister centre. The radial profile of the X-ray source density is
could be detected in the EPIC FOV. This yields a total of apell correlated with the optical source radial profile. Both indi-
proximatively 41 contaminating galactic sources. As an addiate a cluster core radius close toRinally, we expect that less
tional check, we also used the X-ray stellar M@ S) —logS than 10% of the presently detected sources correspond to fore-
curve at low galactic latitudes provided by Motch et al. (2003yround or background objects. We thus propose that the large
Again we found that about 40 galactic X-ray sources are to bjority of the X-ray emitters revealed by the present XMM
expected within our EPIC FOV. Newtoncampaign are mostly belonging to NGC 6231. Some of

We then obtained a rough estimate of the number of exttaem might alternatively belong to the Sco OB 1 association, in
galactic background sources in our EPIC field. The Galacudich NGC 6231 is embedded.
coordinates of the cluster ate = 34346, by = +1°19.
Therefore,_ the total neutral hydrogen column density aloggz Emission distribution
this direction must be extremely large and should produce
a substantial absorption of X-ray photons from extragalacti¢hile HD 152248, the brightest X-ray emitter in the FOV, dis-
sources. Although they are in principle not suited for lines glays apn-equivalentount rate larger than 0.36 cntsmost
sight at|b,| < 5°, we used theDIRBEIRASextinction maps of the other sources are much fainter with a count rate be-
provided by Schlegel et al. (1998) to derive a first order estow 1072 cnts(Fig. 10). It is clear from Fig. 1 that most of
mate of the total column density. In this way, we find a totéhe brightest sources — associated with the O-type objects of
GalacticE(B - V) of about 5.6 mag. Using the gas to dust rahe cluster — are relatively soft while the majority of the X-
tio of Bohlin et al. (1978), we thus estimate a neutral hydroay emitters have their maximum of emission in the medium
gen column density of 3.2x 107> cm2. Assuming that extra- band. Except for the brightest sources, there is no obvious cor-
galactic background sources have a power-law spectrum withetation between the source intensity and the source hardness
photon index of 1.4, and fier a total interstellar absorption ofratios. On average, the detected sources are moderately hard
3.2x10%?cm 2, the mean detection limit@x 103 cntst with  with HR; > 0 andHR, < 0 (Fig. 11). The hardness ratios
the pn camera translates into unabsorbed fluxesXot 1074  might however show a slight increase towards the edge of the
and 35 x 103ergcnt?s™t in the 0.5 — 2.0keV and 2.0 —detectors, probably due to the relative dominance of low-mass
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Fig. 11. Left panel: Hardness ratios versus count ratiddle panel: Hardness ratios versus distandg ffom the FOV centreRight panel:
HR; versusHR;. The three panels are built for the sources detected with the pn instrument. Results for the EPIC MOS instruments are similar.

stars in the outer regions of the FOV. The histograms of the de- [0.5-10.0 keV] [05-1.0 keV]
tected source count rates in the, Mx and H bands (Fig. 12) 0.15 g 0,15 e e
reveal clear peaks around 0.7, 1.0 an2® 1073 cnts™ re- g
spectively. The count rate in the 0.5-10.0 keV band clusters 0.1
at 2x 102 cnts? and the two hardness ratios around 0.2
and-0.6 respectively. Accounting for the cluster typical ISM 0.05
absorbing colummy sy = 0.26 x 1072 cm™?, these values

are roughly described by mekar model with a temperature 0
of KT = 1.0 — 2.0keV. The corresponding observed flux is
about 5x 10715 ergcent?st. Adopting a distance modulus
DM = 11.07, this yields a luminosity log() ~ 30.5 (erg s')
for a typical X-ray emitter in the cluster.

6. Summary 0.05
We presented the first results of an XMNewtoncampaign R N

on the young open cluster NGC 6231 in the Sco OB 1 associ- 0 2 4 6 8 10 0 2 4 6 8

ation. With an &ective cumulated exposure time of 175ks in cr (1072 ent s7)

the two EPIC MOS instruments and of 147.5ks in the EPIC

pn, the campaign was split into six successive observations Big- 12. Distribution of the X-ray emitter count rates in thefdient

quired within 5 days. The combined image, built from the dataergy bands considered. The four panels were plotted only using the

collected by the three EPIC instruments during the six poir92 sources detected with the pn instrument. Results for the EPIC

ings, reveals an extremely crowded field. Running the SAS tdd4PS instru_ments are similar. The last bin includes the contributions

emldetegtwe detect 610 X-ray sources among which 19 aff all the brightest X-ray sources.

reported as extended. The latter are probably constituted by

non-resolved point-like sources rather than by physically ex-

tended sources. We present an X-ray catalogue covering thmination by foreground and background objects is about 9%.

XMM -NewtonFOV and we cross-correlate it with several opThere is a good similarity between this radial profile and the

tical/infrared catalogues. We find at least one optical/and distribution of stars brighter thavi = 17, suggesting that most

infrared counterpart for more than 85% of the X-ray source$ the sources physically belong to NGC 6231. The radial sur-

within a limited cross-correlation radius of &t maximum. We face density profile of the X-ray sources is well described by a

estimate our detection flux limit to lie between about B01>  King profile with a core radius of about,3imilar to the one

and 15 x 10**ergcnr? s depending on the position on theindicated by the/ < 17 optical source density profile.

detectors and on the source spectrum. Finally, beside a few bright and soft objects correlated with
The surface density distribution of the X-ray sources peatte O-type stars of the cluster, the large majority of the X-ray

at the centre of the cluster, which we find to be locatqebpulation is relatively faintgn-equivalentcount rate below

very near HD 152248, and presents a slight N-S elongatidii? cnt s') and displays an intermediate spectrum of a typical

Concerning the radial profile of the surface density distributiotemperature probably around 1.0-2.0 keV. Typical count rates

over 50% of the sources are confined within’adius from for the sources are 2.0, 0.7, 1.0 ané @ 1073 cnts™* respec-

the cluster centre and about 80% withiri.Ithe estimated con- tively in the total energy band (0.5-10.0 keV), and in the three

0 5 10 15 20 25 0 2 4 6 8
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energy sub-ranges 0.5-1.0, 1.0-2.5 and 2.5-10.0 keV. At tBeeckinridge, J. B., & Kron, G. E. 1963, PASP, 75, 248

NGC 6231 cluster distance, these values roughly correspon®@townlee, R. R., & Cox, A. N. 1953, ApJ, 118, 165

an X-ray luminosity of about logix) ~ 305 (ergs?). Cash, W. 1979, ApJ, 228, 939

More detailed investigations of the X-ray properties of th€onti, P. S., & Alschuler, W. R. 1971, ApJ, 170, 325

different sub-populations (early-type stars, PMS objects) of tBercoran, M. F. 1996, in Revista Mexicana de Astronomia y

cluster will be presented in subsequent papers in this seriesAstrofisica Conference Series, \Vol. 5, 54

Finally, the X-ray data related to specific early-type binary sy§orcoran, M. F. 1999, in Revista Mexicana de Astronomia y

tems of particular interest are (will be) presented in dedicatedAstrofisica Conference Series, Vol. 8, 131

papers (see e.g. Sana et al. 2004, 2005a, 2006a as well as Saaaford, I. A. 2001, MNRAS, 328, 1115

2005), together with the derivation of their orbital and physicrawford, D. L., Barnes, J. V., Hill, G., & Perry, C. L. 1971,

cal parameters obtained on the basis of an extensive spectréld, 76, 1048

monitoring campaign in the optical domain. Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003,
University of Massachusetts and Infrared Processing and
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Sana, H. 2005, PhD thesis dge University emldetect{column DETML in the output file) is given by:
Sana, H., Rauw, G., & Gosset, E. 2001, A&A, 370, 121 (
1- P(
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. L)) (A1)

ed. A. Mafat & N. St-Louis, 431 with
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405, 1063 ;O
Sana, H., Stevens, |. R., Gosset, E., Rauw, G., & Vreux, 3= ; i (A-2)

2004, MNRAS, 350, 809
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Table B.1.lllustration of consistently determindg thresholds (Col. As a first step, let us deal with the source detection on the
2) for the diterent instruments and instrument combinations report&PIC MOS1 images. In this particular configuration, there are
in Col. 1. The number of input images)(and corresponding degreesthree input imagesy(= 3) that correspond to the three energy
of freedom ¢) are given in Cols. 3 and 4" (Col. 5) is linked toL>  phands. From the inversion of Eq. A.l1 Wittg"oa - 10 and

through Eq. A.1. A giverl’ is also linked to othet’ of this table v = 5. we obtain_’ - 1375 wherd.’ is the sum of the
through Eq. A.2 (see text). We emphasize that adopting any dIzthelM051'f0r each ofMOSl o MOS1

or L’ presented in this table automatically determines the other vallfbes the three input images as given by Eq. A2,

of L’ andL, reported here below. i3
L — {7 Mos1
Instr. Comb. LbL n v L MOS1 ; '
MOS1 10000 3 5 13.75
MOS2 1000 3 5 13.75 Now assuming that the two instruments MOS1 and MOS2 are
pn 2277 3 5 2751 exactly identical, a detection threshdl§f©5? = 10 similarly
MOS1+MOS2 1925 6 8 2751 corresponds th/, .., = Y=3|MOS2 = 1375
MOS1 3170 6 8 41.26 P MOS2 it .
MOSZ+S2 31'70 6 8 41-26 In a next step, let us work with a combination of the two
+ . . . . . .
MOS1tMOS2ipn  40.86 9 11 5502 EPIC MOS instruments. Equation A.2 allows us to easily build

the combined.},,s,, mos2 @S the sum of the for each instru-
ment and energy band :
Appendix B: On the choice of coherent detection

i=3

hresholds using the transformed logarithmi S
thresholds using the transformed logarithmic L;\/I081+M052:ZI?A081+Z”\A032:27-51

likelihood Ly i1 i=1

As it can be deduced from the previous section (App. A),

the logarithmic likelihoodL; is related to the probability that o i .
a detected source candidate could be explained by pure QS @x° distribution with 8 d.o.f. ¢ = 8). Equation A.1
en givesL}l0S1MOS2 — 1925 quite diferent from the value

dom Poissonian fluctuations (and zero count in the Sourcgb/vosuMosz ) -
Computed for each source of the input list, it uses a combyz = 10 obtained with the adopted constant threshold

nation of the Cash statisti¢; obtained for the dferent input Imit L2 =10. S

images. The Cash statistic; actually results from a likelihood ~ |f We consider the use of two identical detectors, the fact,
ratio test and obeysy& distribution (Cash 1979) with 3 or 4 de-On one side, to combine them and, on the other side, to adopt
grees of freedom (i.e. the intensity, the X- and Y-coordinates'i'S‘ﬁ same statistical limit for both an isolated detector apd a
the source and, eventually, the extent of the source if alloweB§i" Of them, allows us to go deeper. Actually, the combined
Therefore any linear combination ofG;, and hence any com- logarithmic likelihood is twice the individual ones:

puted 2/, also follows gy? statistic withn+2 orn+3 d.o.f. In , , ,

this sense, the transformed logarithmic likelihdgds indeed Livostmos2 = 2lbmost = 2Lmosz

linked, through the simple relationship

With two instruments and hence 6 imageg§qs;, vios2 fol-

Thus, this kind of threshold does not preserve the detection

L, =-In(Q), (B.1) limit which is dependent on the particular combination used.

If we want to preserve the detection limit adopted for a

where single instrument, we must, in this example, also multiply
Q- Q(Z’ L’) —1_ P(K, L'), (B.2) the detection threshold by a factor of two, adopting the value
2 2 27.51 instead of 13.75 and consequently 19.25 instead of 10

to the probabilityQ for a random Poissonian fluctuation to havéf" the transformed.; statistic. We can of course extend this
caused such a high value df”2= ¥/="C; as the one observed.resun,to the pln detect_or._ Making the regsonpanble assumption
The equivalent logarithmic likelihood, will therefore be large that Lpn ~ 2Ly, @ similar reasoning givek,” = 2277,
if the observed source is likely not produced by a statistice) > = L}'°5*P" = 3170 andL}*>*™M°5*"" = 4086,
fluctuation, and small otherwise. far from the value of 10.0 initially adopted. The intermediate
As a consequence, a thresholdlip can in principle be results and numbers of d.o.f. used in establishing these values
adopted as a detection limit. However, as we show below, whilee given in Table B.1. Basically, when combining several
the expression given in Eq. B.2 indeed takes into account ihstruments together, we improve the Poissonian statistics.
numbery of d.o.f. to compute th&) probability and the sub- The fact of adopting a constant value fbp for various
sequent value off,, it does not allow a direct comparison beinstrumental combinations implies a cut-i fluxes or count
tweenL, obtained with diferent numbers of inputimages. Thigates that is dependent on the number of detectors considered.
statement is illustrated in the following due consideration. Instead, if we prefer to stabilize the cuffen absolute values
Let us assume that we are dealing, for example, with 3 epi-the signal rather independently of the combination used, we
ergy bands and let us only consider point-like source fittiftave to adapt thi, value to the situation.
(parametemwithextendedsoureéno’). For the purpose of the
demonstration, let us adopt a uniform detection threshold, for In summary, one of the main results of the present discus-
any instrument or instrument combination,lof= 10. sion is that one should not adopt a constant threshold limit in
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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 Egs. B.1 and B.2
and through the detector physical characteristics that condition
theC; values. In consequence, adopting a particular value as a
threshold for a specific instrument or instrument combination
implicitly assigns related values to the thresholds for any
other instrument or combination considered. Therefore, if one
wants to adopt a consistent detection threshold whatever the
considered instrument or combination are, the previous reason-
ing becomes a forced step. This issue is particularly relevant to
consistently deal with sources that fall on gaps or on specific
detector areas where theffédrent instruments do not overlap.
We remind that this does not modify the spatial response of the
detectors (nor thefiect 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 Figs. 5 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 the
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 givinglLthe
of one instrument as a more realistic function of ttieof the
other instruments) can be easily included in the method. This is
however beyond the scope of the present discussion. The pro-
cedure illustrated here has been used in the making of our cata-
logue. The figures appearing in Table 2 were indeed established
in a similar way (adopting}'°S! = L}'952 = 11) and represent
the threshold actually utilized.
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