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ABSTRACT

Aims. X-ray properties of the stellar population in the Carina Qi&sociation are examined with special emphasis on egrty-ty
stars. Their spectral characteristics provide some cluesmderstanding the nature of X-ray formation mechanisnbhénwinds of

single and binary early-type stars.
Methods. A timing and spectral analysis of five observations with XMdéwton is performed using various statistical tests and

thermal spectral models.

Results. 235 point sources have been detected within the field of \Baweral of these sources are probably pre-main sequemse sta
with characteristic short-term variability. Seven sograee possible background AGNs. Spectral analysis of twiainge sources of
type OB and WR 25 was performed. We derived spectral parasefi¢he sources and their fluxes in three energy bands. &istign

the interstellar absorption for every source and the digtdo the nebula, we derived X-ray luminosities of thesessaad compared
them to their bolometric luminosities. We discuss possikksons for the fact that, on average, the observed X-rgyepies of
binary and single early type stars are not very differerd, gine several possible explanations.

Key words. stars: early-type — stars: binaries — X-rays: stars

1. Introduction Feldmeier et al[(1997), Owocki & Cohen (1999), and Dessart &
o . wocki (2002). High resolution spectra obtained with the/ne
Although X-ray emission by early-type stars is nowadayd wejaneration of X-ray observatories have confirmed the therma
establlshgd, Its origin Is still not fully un(_:iers.too.d. Ohsations origin of the bulk of the X-ray emission from early-type star
with the Einstein ROSATandASCA satellites indicated that hot (e.g. Kahn et al. 2001), but in some cases, the propertigeeof t
luminous stars have rather soft thermal X-ray spectra. pitis 5ereq line profiles led also to new challenges for thelshoc
ture contrasts Wlth the expected spectral properties |1‘><t|1|qys model (see e.g. Rauw 2006 for a review).
were produced in a hot corona at the base of the stellar wigd (e
Waldror1984). Indeed, in the latter case one would expatito ~ Another well established, though yet unexplained, prgpert
serve substantial absorption of the softest emission. atledf of the X-ray emission of hot stars is the linear scaling be-
this absorption in the observed spectra triggered the edéiba tween the observed X-ray luminosity.£) and the bolometric
of an alternative scenario. In fact, according to the phesrayn luminosity (Lyo1). Using Einsteindata, Long & White (1980),
logical model proposed by Lucy & Whité (1980) and furthePallavicini et al.[(1981) and Chlebowski et al. (1989) fouinait
elaborated by Lucy (1982), hydrodynamic shocks are gesgralx ~ 10~7 x Ly, for OB stars ROSAT observations broadly
throughout a radiation driven stellar wind as the consegeiefi  confirmed this relation. Berghofer et al. (1997) and Kukiiet
the intrinsic instabilities of radiative driving. The veity jumps  al. (1996) found that including a weak dependence on the char
in such shocks heat the post-shock plasma to temperatuges a€teristic wind density leads to a somewhat tighter retetigp.
few million degrees. These shocks would be distributedthhe However, considering the scaling of the X-ray emission wéth
out the stellar wind with the result that even soft X-raysidas- ious wind and stellar properties in the framework of the &hoc
cape the wind without substantial absorption. Recent #tma model, Owocki & Cohen[(1999) found that a delicate equilib-
studies of such instabilities have been presented forringtay rium between emission and absorption is required to rem@du
the empirically derived x — Ly, relation. With the broader en-
Send offprint requests tal. Antokhin e-mail: i gor @ai . nsu. ru ergy range and improved sensitivity of the new generation of
* Based on observations obtained wi¥MM-Newton, an ESA X-ray satellites it is important to re-address the questibthe
science mission with instruments and contributions diyefiinded empirical Lx — Ly scaling for OB stars.

by ESA Member States and the USA (NASA). The X-ray cata- . L . . L
logue and its cross-identification with infra-red and ogticata- When doing this it is crucial to pay attention to the multpli

logues (Tables 2 and 3) are only available in electronic fatnthe ity of the stars in the sample. Indeed, in OB binaries, thkstoh
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.795)28¢ via Of the two stellar winds is expected to generate a strongyX-ra
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/AFA/. bright shock between the stars (see e.g. Stevens et al. 4862)
** Research Associate FNRS (Belgium). this feature is believed to manifest itself as an “excesghin
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Lx /Ly ratio (see e.g. Pollock 1995). Moreover, since the relow-resolution spectra of the 14 brightest sources. Samalsa
ative velocities of colliding winds can be much higher thaa t et al. (2007), using the sanm@handradata as EV03 plus an-
shock velocity jumps in winds of single stars, the X-ray s@ec other archivalChandradata set, detected 454 sources in the re-
of colliding wind early type binaries can be quite hard. letfle gion, among which 38 are known OB stars. The latter paper is
hardness of the observed spectra of some early-type stats, docused on cross-identification of the X-ray sources withi-op

in particular, the presence of the Fe XXV and Fe XXVI lines atal and near-infrared imaging observations specificaltpioled

6.7 keV indicative of very hot material has been suggested asfan this study. This allowed the authors to conclude thatuabo
indication of possible binarity (e.g. Raassen et al., 2003) 300 sources are likely late-type pre-main-sequence JthesX-

This latter suggestion leads to an interesting questigiy luminosities of the detected OB stars were estimateddoas
Clearly in a general case it is very difficult to “hide” sucharth on their count rate and using a single-temperature Raymond-
secondary component of a colliding wind binary. Indeed rtw p Smith model of thermal plasma withg T' = 6.65 (0.384 keV).
duce strong hard X-ray emission, the companion must be a mathacete-Colombo et al[ (2003) (hereafter ACO3) detect@d 8
sive hot star, and as such, should manifest itself in otheewa discrete sources in the region using two observation¥t-
length domains (e.g. optical spectra) and also via orhjiiatsal Newton(revolution numbers 115 and 116). They discuss X-ray
and photometric variability in the X-rays. Traditionally,lack properties of the sources, including the — Ly relation for
of variations was attributed to a “pole-on” orientation bétbi- early-type stars. In the present paper, we used three awlaliti
nary orbit. However, lately, a growing number of examples ofMM-Newton observations, which allow us to increase the sig-
apparently single O and WR stars with hard X-ray spectra (erpl to noise ratio and to detect more than 200 discrete ssurce
Skinner et al_2002, Raassen et al. 2003, the present stady) We shall compare our results with those of ACO3 throughout
become available. It seems unlikely that all these objaetdia the current paper. We do not present a detailed spectraf-anal
naries seen from their orbital poles. Thus the question &thdr sis of individual objects in this paper as many such objeets d
there exists another, yet unknown, mechanism which could pserve dedicated papers. A detailed study of WR 25 based on the
duce hard X-rays in single star winds? Exceptions to thie rusameXMM-Newton data as in the current study was published
are stars such a8 Ori C with strong enough magnetic fields toby Raassen et al._(2003), whilgiCar has been the subject of
confine the stellar wind into the plane near the magnetictequamany studies including those utilizing extensive data séts
(Cassinelli et al],_2003, Brown et dl., 2003, MaheswararB200dained with various X-ray observatories (see, e.g., Leedger
Gagné et al._ 2005, Li et al., 2007). In such cases, the heades al.[2008; Weis et al. 2004, Viotti et al. 2004; CorcoranZ,00
collision of the winds from the two hemispheres of a singée stHamaguchi et al._2007). Analysis of other interesting oisjec
produces a rather hard X-ray emission. The fundamentakprdge.g. the early type binary HD 93205) will be the subject oftio
lem here is that the only source of energy in the classical picoming papers.
ture of a hot star wind which is able to produce high tempera- The goals of this paper are:
tures and hence hard thermal X-rays, is the wind kineticggner _
But to release most of this energy through radiation one :ieed
a “wall” able to stop the supersonic flow and heat the material
in the formed shock. In the winds of single stars we do not ex-
pect to find such a wall except in the magnetised case. On the
other hand, there is a number of known early-type binariashwh
show neither significant X-ray excess nor particularly &gy
spectra. What could be the mechanism which dumps the X-ray the strycture of the paper follows these outlined priori-

production in these systems? o _ ties. In the second section, the observational details meng
The Carina OB 1 association with its impressive number @ rce detection, their identification with the optical afd

early-type stars — including some of the youngest, hot®e8t &cata0gues, X-ray count rates, identification of possitieae
most massive objects known in our Galaxy —is an ideal placedg|actic sources are given in Section 3. Section 4 provides g
investigate the X-ray properties of these objects. Th@hsif 4| information about open clusters in the Carina nebitag
X-ray studies of the region goes back to fiasteinera. Seward \yith the discussion of their distance from the Earth. Theltes
et al. (1979) presentefinsteinX-ray (0.2—4.0keV) observa- uf the variability study are presented in Section 5. The ¥-ra
tions of the Carina open cluster Tr 16 and its environment, Ig{.Operties of early-type stars detected in the region asemted

cluding six O-type stars and one WR star, WR 25. Subsequgisection 6. We discuss our results in section 7 and a shiort su
Einsteinobservations by Seward & Chlebowski (1982) of th?nary is given in Section 8.

same region showed X-rays from 15 O-type and WR stars. More

studies were performed with the use of ROSATand ASCA

satellites. Some of them were focused on individual objidats ;

the LBVny Car (Corcoran et al. 2000 and references therein) (2)'r Observations

WR 25 (e.g. Pollock & Corcoran 2006, Skinner et[al. 1995Yhe observations of the Carina region were obtained with the

Others were devoted to investigating general X-ray progedf Reflectioncratingspectrometers{cs) and theeuropearphoton

the early-type stars population (Corcofan 1999 and ret&®n imagingcamera ErPIC) ccD detectors of the&XMM-Newton ob-

therein). servatory. The log ofEPIC observations is shown in Taldlé 1. In
Recently, four studies of the region based on X-ray obsehe two first data sets the primary target wgSar while in the

vations withChandraand XMM-Newton satellites were pub- third to fifth data sets the primary target was WR 25. The anal-

lished. Evans et all (2003) (hereafter EV03) and Evans et gsis of RGS and EPIC observations of WR 25 was presented in

(2004) (hereafteEV04 usingChandradata, detected 154 pointRaassen et al. (2003) while the RGS analysig Gar was pub-

sources, 23 of which are of O, B types. They present luminofished by Leutenegger et al. (2003) and we will not repeatehe

ties and hardness ratios for the detected sources and cahérmhere. In Fig[lL we show the mozaiced image of the area com-

Lx — Ly relation for early-type stars. They also discuss thgined from all 5 data sets ande®i1c instruments.

To describe general X-ray properties of the detected seurce

To look for their variability, both short and long term.

To investigate thd.x / Ly, relation for early type stars.

To compare X-ray properties of single versus binary early-

type stars and to try to get some clues to their differences
and similarities.



I.I. Antokhin et al.:XMM study of early type stars 3

Table 1. Log of the Carina region observations BYMM-  this reason we merged the data sets 1 and 2, and the datasets 3,

Newton 5 separately. The source detection was performed on thestwo r
sulting merged sets of data, making use of all energy bandls an
Data Set Number 1 2 3 4 5  all instruments simultaneously. The resulting sources gere
Revolution #115 #116 #283 #284 #0285 Visually inspected and a few spurious detections, mairdngl
Obs. Date 26-7-2000 27-7-2000 25-6-2001 28-6-2001 30-6-2¢lhe CCD edges, were removed.
The coordinates of the sources common in the two merged
Start (UT) 04:58 2348  06:51  07:22  04:38 (Jata sets are very close and do not show any systematic-differ
—— ences. We attempted to use thposcorr procedure to im-
Instrument Integration Time prove the coordinates by cross-correlating the XMM coaattis
(hn) with the Two Micron All Sky Survey point source catalofue
MOS 1 9.4 31 10.2 11.7 104 (2MASS, Skrutskie et al. 1997) and the optical sources in the
MOS 2 8.5 23 10.2 11.7 10.4 SIMBAD database. In both cases, neither a significant system
PN 8.8 2.6 9.6 11.0 9.7 atic shift nor a field rotation was apparent. The correctinf®A
and DEC were less than 0'&nd not consistent between the IR

and optical catalogues. We conclude that the procedurerdies
allow one to improve th&KMM-Newton coordinates. For the fi-
. nal source list the coordinates of the sources common inmtbe t
gaggtgjoi?qetr? :(;Er{r?;ndvl:/?nndgoﬁ\rlrl] gdlg’ 2“%&;;2%%%??; merged data sets were averaged. As some of the detectedsourc
uged the thick filter to reiect o tical'li ht We used versios M&Y be variable, it is of interest to measure their counsrats

€l P Hgnt. just in the merged data sets but in every individual one. Figr t
of the XMM-Newton Science Analysis System (SAS) softwarjj rpose, we repeated the ML routine with our source list as th
to reduce the raverPic data. For spectral analyses, we adopt : St for’the daﬁa sets 15
the most up-to-date redistribution matrices provided mythic pThe total number of de.tected sources is 235. Recall that
instrument teams and used SAS to build the approprlatdalrycnlACOB, using the data sets 1 and 2, detected 80 sources.

response file for each observation. More details on the iipe Sanchawala et al. (2007) were able to detect 454 sources in th
Chandradata on the field, thanks to the superior angular resolu-
tion of the Chandratelescope. Figll shows the positions of the

TheEPIC-MOS andPN instruments were operated in the full

processing of the data are given in Raassen et al. (2003).

3. Source detection and cross-identification detected sources over the mozaiced image of the field. A sampl
) of the catalogue of the detected discrete X-ray sourceseis pr
3.1. Source detection sented in Tablgl2. The full table is available as online dite

Sources were detected and count rates measured in thregy enf@Pl€ includes only those measurements in which the togal-lo
bands — soft (0.4-1.0keV), medium (1.0-2.5keV), and haffhmic EPiClikelihood exceeds the value 80.0.

(2.5-10.0keV). The choice of these bands is based on the fol- One should note that the count rates in Table 2 may be sys-
lowing considerations: tematically different from those provided for the same stay

ACO03. One evident reason is that we used different energy lim
— There is a lot of noise (sometimes systematic featureskin tits for our soft, medium, and hard bands than AC03. A deeper

PNdataforE < 0.4keV. reason, is, however, that ACO3 used the wavelet technidpee (t
— TheEPIc sensitivity above 0 keV is almost zero. SAS ewavel et routine) to estimate their count rates. Using
— The relatively narrow soft band is sensitive to interstela- ewavel et is equivalent to fit a Gaussian to the observed dis-
sorption. crete source image. However, the acteric PSF is quite differ-
— The wide hard band allows one to collect more photons ag#t from a Gaussian. Thel det ect routine makes use of an
hence improve statistics. empirical PSF and thus, according to the SAS manual, should

provide more accurate count rate estimates thaavel et .

Source detection and determination of source paramet€rgr tests show that the ACO3 count rates are systematically
was performed with the SA&det ect _chai n metatask based lower than the count rates obtained for the same energy band
on the sliding cell detectionand maximum likelihood(ML) with eml det ect .
methods. The ML method (the SAS taski det ect ) makes Fluxes and luminosities can be calculated from count rates
use of maximum likelihood PSF (point spread function) fgtinprovided that the response function of the telescope is know
to the source count distribution. The so-called logaritha®- and certain assumptions are made about the emission miedel, i
tection likelihoods obey the simple relationship = —In(p) terstellar absorption and distance to the region. We xsgac
wherep is the probability for a random Poissonian fluctuation tt calculate the conversion factors. A combination of msdel
have caused the observed source counts. The thresholdlior innabs+* apec was used. Her@pec is an emission spectrum
sion of sources in the final output was seftg* = 10.0. Inthe from a hot optically thin thermal plasma. The APEC code (8mit
limit of a very large number of counts, the likelihood furmcti et al.,[2001) is a modern version of the well-known model
is a gaussian and the logarithmic likelihood becomes a péaab of Raymond & Smith[(1977)wabs is an interstellar medium
At this limit the value of10.0 is equivalent to 3 sigmas. (ISM) absorption model. As we are most interested in X-ray

To increase the signal-to-noise ratio and thus to detect @®perties of hot massive stars, the plasma temperatuteein t
many sources as possible, we merged the event lists andsmageec model was set té7T = 0.6 keV, a value typical for X-ray
from different data sets. Unfortunately, the angular diséabe- emission produced by shocks formed in stellar winds of early
tween the central axes of the data sets 1 and 2 on one hand, tgpd stars. The interstellar absorption over the field iatietly
3o 5 on the other, is too large-(7’) and does not allow one to uniform with £(B—V) = 0.52 mag (Massey & Johnsdn, 1993).
merge all data sets into a single coordinate system withiait p
ducing spurious results in the subsequent source dete&iion * See http://irsa.ipac.caltech.edu/
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Table 2. Sample of the X-ray catalogue.

X# VarStatus DataSet LEN CTPN OPN TN oRN erdy o™ crin oBN
(1] 2] (3] (4] (5] (6] (7] (8] [9] [10] (11] (12]
1 Uncert 3 37.0 11.6964 1.8388 7.5714 15446 4.1250 0.9757 0.0000 79.20
5 67.8 14.3821 1.6988 9.8716 1.4067 3.6847 0.7888  0.8258 38.53
2 Const 3 78.9 11.0794 15107 1.0840 0.7725 49085 0.8522 5.0868 98.97
5 155.1 13.0312 1.2820 0.0000 0.3180 5.0587 0.7272  7.9724061.0
3 Noinfo 3 5.9 1.5988 0.6920 0.0000 0.3058 0.0631 0.2185 1.5357 0.5810
4 Var 3 142 13.1136 3.7333  3.0763 2.6452 6.8288 2.0792  3.2085 78.61
4 257.1 30.2308 2.6712 6.3221 15744 19.5985 1.8292  4.3102448.
5 165.1 18.3160 1.7907 5.1892 1.2056 10.6765 1.1067 2.4504269.
5 Uncert 3 27.6 6.2785 1.2448  4.3118 0.9343 1.2414 05292 0.7254 1D.629
4 46.6 8.9067 1.4053 5.4440 1.0365 2.8946 0.7262 0.5681 8.610
5 258 47296 0.9220 3.1683 0.7315 1.3936 0.4500 0.1676 ©.335
6 Const 3 41.6 8.5184 1.6391 0.7818 0.9702 2.2362 0.7546  5.5004 4.084
5 59.4 8.3989 1.3907 0.0000 0.7206 2.0239 0.6175 6.3750 18.016
7 Const 3 27.9 6.7066 1.7137 0.9344 1.1214 5.7722 1.1112 0.0000 6.666
4 3.0 2.7511 1.4317 0.7435 0.9801 2.0076 0.8730 0.0000 0.5718
8 Const 3 64.3 11.2433 1.4168 7.0934 1.1558 4.1499 0.7856  0.0000 30.23
4 819 11.4430 1.3621 6.0041 1.0333 5.4389 0.8331 0.0000 58.30
5 89.4 11.0901 1.2253  7.4002 1.0139 3.6899 0.6185 0.0000 18.30

X# Var Status Data Set L%/1081 CTMOS1 OMOS1 CTI%{OSl UI%/IOSl C?”%&OSl O—MOSl CTII\LI/IOSl 0'11;11051
1] 2] 3] [13] (14] (15] [16] 17] (18] [19] [20] 21]

1 Uncert 3 2.8 15736 0.7445 0.2249 0.3832 1.1755 05769 0.1732 0.2732
5 30.0 45064 0.8380 2.3016 0.6342 2.2048 0.5365 0.0000 B®.110
2 Const 3 41.7 3.7951 0.7415 0.0000 0.1756 2.1814 0.5132 1.6137 1D.505
5 546 4.0763 0.6695 0.1027 0.2009 1.7207 0.3944  2.2529 8.502
3 Noinfo 3 6.3 1.1639 0.4805 0.0000 0.1250 0.4476 0.3061 0.7163 0.3486
4 Var 3 26.8 54286 1.0912 1.3413 0.6648 3.0680 0.7086 1.0192 1D.496
4 116.8 11.9558 1.3586  2.6415 0.7379 6.3675 0.8938  2.9468 088.7
5 66.2 7.3132 1.0267 1.9323 0.6414  3.8654 0.6433 1.5155 9.478
5 Uncert 3 10.7 1.8870 0.6134 0.7426 0.3567 0.8337 0.3534 0.3107 4#€.352
4 253 3.5911 0.8622  1.1051 0.4992 24859 0.6274 0.0000 ©0.317
5 6.5 1.2127 04765 1.0220 0.4014 0.1907 0.2387  0.0000 0.0948
6 Const 3 8.0 1.8536 0.7433 0.0000 0.3138 0.2292 0.3111  1.6244 0.5977
5 15.4 25796 0.7105 0.1040 0.2827 0.8577 0.4188 1.6178 4£€.499
7 Const 3 3.8 1.6451 0.7503  0.2117 0.4138 0.9603 0.4802 0.4731 0.4013
4 15 0.9795 0.6168 0.0000 0.2356 0.6828 0.4627 0.2968 0.3328
8 Const 3 26.0 3.5804 0.7153 1.7610 0.5240 1.7545 0.4686  0.0648 D.132
4 395 42651 0.7098 29362 0.5725 1.0653 0.3545 0.2635 6.224
5 27.0 3.1810 0.5963 1.9396 0.4694 1.2414 0.3615 0.0000 8.067

X# VarStatus DataSet LY°°?  c¢ryvose omos:2 criIOSQ UEIQSQ crll\\/%OSQ UMOSQ CTEAOSQ UII\{/IOSQ
(1] (2] (3] (22] (23] (24] [25] 26] (27] 28] (29] (30]

1 Uncert 3 16.9 3.7830 0.9184 24310 0.7169 1.3520 0.5082 0.0000 D0.267
5 21.8 3.3101 0.7358 1.2515 0.5254 1.9346 0.4799 0.1240 ».187
2 Const 3 16.9 3.7571 1.0486  0.0000 0.2600 1.8097 0.6987 1.9474 ©.737
5 19.2 3.6836 0.9986  0.0000 0.1867 0.8314 0.5721  2.8522 9.796
3 Noinfo 3 53 1.2067 0.5056  0.0287 0.1578 0.3144 0.2606 0.8636 0.4035
4 Var 3 35.8 5.1319 0.9696  1.5404 0.6497 2.7681 0.6045 0.8234 4.390
4 75.6 7.5895 1.0367 1.4724 0.5831 4.3611 0.7020 1.7560 9.491
5 452 41332 0.7263 0.2420 0.3470 2.9420 0.5314 0.9493 ©0.353
5 Uncert 3 1.9 0.6367 0.5123  0.6367 0.3823 0.0000 0.1562  0.0000 0.3032
4 34.9 3.3469 0.6648  1.6299 0.4648 1.6700 0.4481 0.0470 4.158
5 145 1.7518 0.4607 1.0534 0.3500 0.6985 0.2908 0.0000 ©.072
6 Const 3 7.7 1.3382 0.6299 0.0000 0.3383 0.0900 0.2523  1.2483 0.4676
5 15.7 1.9042 0.5742 0.0000 0.2060 0.4021 0.3204 1.5021 D.429
7 Const 3 3.6 1.7374 0.7574  0.6287 0.5433 0.9286 0.4724 0.1802 0.2353
4 1.7 0.6576 0.5783  0.0000 0.3803 0.6576 0.3924  0.0000 0.1893
8 Const 3 22.2 3.4013 0.7177  2.2301 0.5873 11712 0.4071 0.0000 6.066
4 224 29989 0.6168 1.7462 0.4723 1.2527 0.3939 0.0000 ®.046
5 18.6 2.6419 0.5682  1.4887 0.4440 1.1532 0.3414 0.0000 ®.095

The first column gives the source number. The second coluowidas the set-to-set variability status of the source ésetion 5.2). The third
column gives the data set number in which the count rateseo$dhirce were measured. Cols. 4-12 (resp. 13-21 and 22\80)hgi logarithmic
likelihood L, for the given instrument, the total count ratein the whole energy band (0.4-10.0 keV) and its associated @r), the count rates

in the three different energy bands ( [0.4 — 1.0 k:eVl, M :[1.0 —2.5keV], H : [2.5 — 10.0 keV]) and their errors. The count rates and the
related uncertainties are all expresseddn® countss*.
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Fig. 1. Mosaiced exposure-corrected image of the field, combinilndgsa sets and all instrumentgs1, MOs2, andPN. Energy
range 0.4 — 10.0keV. Positions of the detected sources avensh

Using a well-known transformation from Bohlin et al. (19785econd, as different sources in our catalogue were detéctted
Ny =5.8x10%' x E(B — V) this translates to a column densitydifferent observations or their combinations, the detedimits
Ny = 3 x 10?' ecm~2. We used this value in theabs model. in the intermediate partial source lists are different.

Using the above combination of models axM-Newton re- Thus, to estimate the overall limit, we adopted a completely
sponse funct|or_1 we derive the conversion factorsMars and empirical approach, taking advantage of the large numbF of
PNinstruments in the 0.4—10.0keV energy range as ray sources in the field. We assumed that a good indication of
0 I the detection limit in the different parts of the field is givly
Fomos =0.76 X 107 " ergsem™"s™ " x cr the brightness of the faintest sources detected in theas.dbee
_ —11 —2 1 to the presence of gaps, not all sources which are detecthd in
Fa,py =023 x 107 "ergsem™=s ™" X cr MOS images, are also present in thir ones. To increase statis-
Foos =2.01 x 10" M ergsem ™25~ x cr tics, we first computed an equivalent count rate, in the range
0.4-10.0keV, for each source missing in #eimages. To first
Fo.py =0.61 x 10"t ergsem 257! x cr order, the relation between the count rates measured infany o

whereer is the corresponding count rate, the indices “a” a the twomMos detectors and in theN detector is linear. We found
“0" mark the absorbed and unabsorbed fluxes respectiv%e conversion factor using the count rates of the sourdeishw

Luminosities can be readily obtained from the above fluxes ere detected in all threge|Cinstruments. Figuig 2 displays the

X dist o th bula of 2.5k tion 6 urcePN-equivalent count rates as a function of the distance
suming a distance to the nebula of 2.5kpc (see section 6). §m the central axis of the FOV. A lower limit is clearly seen

caution that the conversion from count rates to energy i§ Ve, e gistribution. Towards the edges of the FOV, the limin-
model-dependent and can only be used as a very rough ek i

: A 2ased as expected. The faintest sources in the regiortheve
mation of the flux. Below we provide individual fluxes for thePN—equivaIent count rate abolits x 10-3 counts s ®. which we
brightest sources which allow spectral fitting. ’

accept as our detection limit. In terms of flux, using the anv
sion above, this limit amounts 83 x 10~ ergem 257!

3.2. The detection limit

Evaluation of the detection limit of our observations is @ot 3.3. Cross-identification

trivial task. First, this limit isa priori not uniform throughout

the field of view as theXMM-Newton effective exposure dura- We have cross-correlated the positions of the 235 sourdis wi
tion is decreasing from the center of the FOV towards the dgearious optical and infrared catalogues. The 2MASS catadog
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Fig. 2. Bottom part of the distribution of then-equivalent count Fig- 3. Cumulative numbers of correlations between the X-ray
rates of the X-ray sources as a function of their distaide detections and the 2MASS catalogue objects as a function of

the center of the FOV. The horizontal line shows the adopt&g correlation radius. The dotted curves correspond tdéise

detection limit. fitting expressions for the real and spurious correlatidiee
dashed curve yields the sum of these terms and the dashtdotte
vertical line corresponds to the adopted correlation =adifi

provides the most complete coverage of the Carina complex. W0’
therefore selected this catalogue in order to determinefhe
timal radius of cross-correlation. To this aim, we adopteel t
approach outlined by Jeffries et al. (1997) and applied & t
XMM-Newton data of the young open clusters NGC 6530 an . ;
NGC 6383 by Rauw et al_ (2002, 2003). The distribution of tha 0 >4/5 true/false correlations respectively.

cumulative number of catalogued sources as a function of the 1€ results of the correlations with the 2MASS and X-
cross-correlation radiusis given by ray catalogues and the results of various optical studighenf

Carina Nebula are listed in Talple 3. The source designation i
this table follows the naming conventions recommended by th
2 IAU for serendipitous sources detected wkMM-Newton: the
=A {1 — exp (—zﬂ XMMU J prefix is followed by the right ascension HHMMSS.s
20 (in hours, minutes, seconds and tenths of seconds, equinox
+ (N—-4) [1- exp(—wBTQ)] J2000) and the declination of the source-BDMMSS (in de-
grees, arcminutes and arcseconds, equinox J2000), bath tru
whereN, A, o and B stand respectively for the total number ofated not rounded. The designations of the sources idehtifie
cross-correlated X-ray sourced (= 235), the number of true with the AC0O3 catalogue are taken from that catalogue; rate t
correlations, the uncertainty on the X-ray source positiad Wwe still provide our own coordinates of such sources. 16 CEPI
the surface density of catalogue sources. For furtherldeiai sources have a single 2MASS optical counterpart within a ra-
the method we refer to the work of Jeffries et al. (1997). The fidius of less than 4!0 The average angular separation between
ting parametersl, o andB were obtained from the best fit to thethe X-ray source and the optical counterpar{2s3 + 0.9)".
actual distribution displayed in Figl. 3. For the 2MASS cagale, Cudworth et al.[(1923) performed a proper motion study of the
we derived = 217.6, 0 = 1.6”andB = 0.004arcsec?2. The open clusters in the Carina complex. Using photographiepla
optimal radius that includes the majority of the true catieins spanning about a century, they derived membership prababil
while simultaneously limiting contamination by spuriousre- ties for 577 stars. We have cross-correlated the astroroetnyr
lations, is found to be around 4.0We thus consider an infraredEPIC sources with the catalogue of Cudworth et al. Inforomati
source as a possible counterpart if it falls within’4afDthe coor- on proper motion membership probabilities is provided ia th
dinates of the X-ray source. This is significantly smallartithe last column of Tablgl3.
corresponding optimal radius for théVIM data on NGC 6383. Finally, given the limiting sensitivity of 1.5 x
The main reason is the larger surface density of 2MASS ssura®—3 countss' for PN and the size of the field of view
in the Carina region. For = 4.0”, we expect statistically to (roughly 0.25 square degree), we can use ltheN — log S
achieve 208 true and 6 spurious correlations. relation of Motch et al[(2003) fdr ~ 0° to estimate the number
We have also cross-correlated the positions of our X-raf field stellar sources. In this way, we find that about 50 —
sources with the ACOXMM-Newton and EVO3ChandraX- 70 field stars could be detected. Since the Motch ef al. (2003)
ray surveys of the field, using a similar technique. The oatimrelation was established from fields that do not harbour star
cross-correlation radii were found to be around’fo08the AC03 formation regions, the significantly larger number of sesrc

d 4.%for the EV03 data statistically providing around 58/3

o(d<r)



Table 3. Sample of the cross identification table of X-ray sourcesdtetl in our EPIC images of the Carina Nebula.

X# XMMU J RA DEC ACO3 EVO03 2MASS Optical
Nr. d J H Ks \% B-V U-B Name Spectral Ref. Member
¢ Type (%)

[1] [2] (3] [4] (5] 6] (7 18 [9] [10] [11]  [12] [13] [14] [L5] [16] [17] [18]

1 104236.8-594357 104236.83 -594357.9 - - 0 39 13.00 12.32.181

2 104256.6-594220 104256.61 -594220.2 - - 2

3 104303.2-593949 104303.21 -593949.3 - - 0

4 104304.4-594902 104304.43 -594902.7 - - 1 3.9 16.15 14.41.201 12.47 0.38 —-0.80 MJ3 MJ

5 104307.8-593557 104307.82 -593557.4 - - 1 3.7 13.76 13.02.831

6 104310.5-595012 104310.56 -595012.6 - - 0

7 104310.9-595124 104310.91 -595124.7 - - 1 14 1375 12.92.571

8 104311.4-594423 10431140 -594424.0 - - 1 33 8.70 8.62 0 8.59.64 0.26 —0.76 HDE303316 MJ

9 104315.1-593344 104315.12 -593344.2 - - 1 3.1 1277 12.3@.141
10 104317.5-593321 104317.55 -593321.7 - - 0
11 104319.8-594248 104319.86 -594248.5 - - 1 29 1515 14.18.58
12 104320.6-594619 104320.63 -594619.8 - - 1 25 1445 133321
13  104325.9-594720 104325.93 -594720.5 - - 0
14 104326.8-595251 104326.90 -595251.5 - - 0 _
15 104327.4-594202 104327.48 -594202.4 - - 0 -
16 104329.8-593344 104330.03 -593348.0 1 - 1 3.0 1341 123221 >
17 104333.7-594030 104333.76 -594030.0 - - 1 23 1549 14.89.49 g.
18 104339.9-593445 104339.92 -593450.9 - 1 23 1321 12.28.96 15.43 1.35 DETWC-14 18 DETWC =z
19 104340.7-594638 104340.75 -594638.4 - - 0 5
20 104341.2-593355 104341.23 -593355.7 - - 1 3.3 11.23 10.80.55 17.82 0.75 DETWC-14 29 DETWC @
21  104341.3-593205 104341.49 -593209.8 3 - 1 35 1270 11.91.71 15.72 1.30 0.69 DETWC-1443 DETWC o
22 104341.4-594223 104341.61 -594226.8 4 - 2 i
23 104343.0-594411 104343.04 -594411.3 - - 1 34 1563 14.3B.27 >§<
24  104343.1-593555 104343.16 -593555.7 - - 1 3.9 1441 13.43.12 <
25 104344.6-593459 104344.64 -593459.1 - - 2 DETWC-14 76, 65 0
26 104345.0-595327 104345.08 -595327.7 - 1 2.3  10.02 9.99.97 9 10.43 0.14 -0.77 MJ126 MJ c
27 104345.4-594159 1043 45.43 -594159.8 - - 1 3.3 1437 12.92.18 g
28 104345.6-593431 104345.60 -593431.6 - - 1 27 1324 12.42.17 DETWC-14 78, 81 =
29 104346.0-593221 104346.05 -593221.6 - - 1 0.1 15.26 14.1351 o
30 104346.3-593256 104346.36 -59 3256.6 - - 1 3.2 8.66 8.52 50 8. 9.65 0.20 —0.63 CPD-58°2611=Tr1420 06 V((f)) MJ % =
31 104346.3-593116 104346.39 -593116.5 - - 1 26 1237 11.70.51 It
32 104347.3-593244 104347.35 -593244.2 - - 1 3.0 12.05 11.34.30 15.20 1.36 0.77 DETWC-14 107 DETWC 5
33 104348.8-593324 104348.88 -593324.6 - - 1 14 9.55 9.39 26 9.10.73 035 —0.55 Trl421 o9V MJ 81 g
34 104349.2-593404 104349.22 -593405.0 - - 1 20 1430 13.12.54 s
35 104349.8-594453 104349.45 -594456.9 8 - 1 2.0 12,67 12.22.06 14.34 0.77 Tr14Y 334 Cud 0 &
36 104351.0-595239 104351.03 -595240.0 - - 1 29 12,00 11.80.50 13.75 041 -0.09 MJ156 MJ
37 104351.4-593117 104351.47 -593117.1 - - 1 24 1356 12.82.63
38 104351.6-593244 104351.63 -593244.3 - - 1 3.1 13.00 12.22.94 16.38 1.26 DETWC-14 160 DETWC
39 104352.1-593556 104352.02 -593558.0 9 - 1 19 1328 128222 16.58 1.44 DETWC-14 167 DETWC
40 104352.3-593924 104352.48 -593924.7 10 - 1 2.8 13.03 111.91.20
41  104355.0-593130 104355.09 -593130.0 - - 1 1.7 1326 12.32.26 16.53 1.46 DETWC-14 200
42  104355.2-593200 104355.23 -593200.7 - - 1 24 1051 10.08.70 1252 0.78 043 Trl414 DETWC 78
43  104355.9-594926 104355.92 -594926.1 - - 0
44 104356.0-593515 104356.03 -593515.1 - - 0
45 104356.7-593252 104357.39 -593254.8 1llc 103 2 HD93129 A+B

The first and second columns yield the number of the X-rayceas well as the name according to the naming conventionsefendipitousXMM-Newtonsources. To avoid duplicating the
nomenclature, AC0O3 names are given for the sources cressifidd with the ACO3 catalogue. The third and fourth colsrprovide theXMM-Netwon coordinates of the sources. Colunjfsand

[6] list the star number in the X-ray catalogues of AC03 and EM®eding to our identification. Columrjg] to [11] summarize the results of the cross-correlation with the B@Aatalogue. The
columns labelled ‘Nr.’ andd’ yield the number of 2MASS counterparts within a 4r@dius and the angular separation between the X-ray sonccthe IR counterpart. Columifis2] to [17] provide
information on the properties of optical counterparts (wheailable). DETWC-14 and DETWC-16 names yield the sequ@enenber of the optical star in the catalogue of DeGioiakast et

al. (2001) for the Tr 14 and Tr 16 clusters respectively. linlar way, Tr 14 and Tr 16 numbers refer to the numbering sehéntroduced by Feinstein et &l. (1973) whilst Tr14 Y and@ivl
correspond to the convention of Cudworth etfal. (1993). I5inklJ numbers are taken from Massey & Johndon (1993). Thenwo labelled ‘Ref’ yields the reference for the optical roetry _
whilst the last column indicates the membership probaghfitdm the proper motion study of Cudworth et al. (1993).
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detected in our Carina field clearly results from X-ray sesrc 4. Open clusters in the Carina Nebula

associated with the clusters in the field of view. _
The region covered by our EPIC data harbours several young

open clusters that are extremely rich in hot massive sthes; t
3.4. Extragalactic background sources most important ones being Trumpler 14 and 16. Tr 14 is a com-
pact cluster containing three very hot O3 stars. Tr 14 is bbb
The line of sight towardsg Car (;; = 287.60°, b;; = —0.63°) is emerging from the eastern and near side of the dense parental
nearly tangent to the Carina spiral arm. As a result, therakutmolecular cloud (Tapia et al. 2003). Tr 14 might be slightly
hydrogen column density along this direction must be qaitgd younger than Tr 16 as suggested by a fainter absolute magni-
and should produce a substantial absorption of X-ray pteotaide and a larger He A 4686/ Hell A 4541 ratio in the spectra
from extragalactic background sources (EBS). of early and mid O-type dwarfs (Walborn 1995). Collinder 232
J% probably not a physical entity but a condensation of stars
the vicinity of Tr14 and 16 (see e.g. Walbarn 1995 and Tapia
et al.[2008). In a similar way, Collinder 228 could actually b
t of Tr 16. The apparent distinction between the two ehsst
ight result from obscuration by a dust lane (Walborn 1995).
ote an alternative view of Carraro et dl. (2004) who argue

viate from those of the average Galactic extinction curvg.(e hat Collinder232 may be a physical aggregate (a rathesspar

Carraro et al. 2004). With these limitations in mind, we findtt YOUN9 open cluster), based on the comparison of its colour-
theDIRBE/IRASnaps indicate a rather large, but highly variabl agnitude diagrams and theoretical zero age main sequence
E(B— V) colour excess (between 6.4 on average at the edged ZAMS) tracks. _ _

of the EPIC field and- 14.5 nearn Car). Converting these val- _ The extinction in the Carina complex has been subject to
ues into neutral hydrogen column densities by means of the uch controversy. Conflicting conclusions ranging from & no

to dust ratio of Bohlin et al[{1978), we estima¥g in the range mal uniformly high to an anomalous and variable extinctiameé
3.7-8.5 % 1022 cm2. ) been proposed. This dilemma has important consequencas for

. . . consistent determination of the distance moduli (see leegdis-
Assuming that EBSs (most of which are probably Activesqjon in Walborfi 1995). In addition, since the line of sigh

Galactic Nuclei (AGN)) have a power-law spectrum with a phodlong the direction of a galactic spiral arm, there are pbbbba

ton index of 1.4 (Giacconi et al. 2001), and suffer a total ing,4nv forearound and backaround obiects that appear ect
terstellar absorption 03.7 — 8.5 x 1022 cm~2, the above de- ontolihe Cgrina Nebula 9 ) ppear pegj
tection limits translate into unabsorbed fluxesldh — 1.5 x : . .
~ _ _ 1 The exact ages of the clusters and the star formation his-
14 2 1 _ 14 2 1
107" ergem “s and2.8 - 4.3 x 10~ fergem ©s in the it& ry of the Carina Nebula are other tricky issues. Up until re

0.5 — 2.0keV and 2.0 — 10keV band respectively. From t : . S .
log N — log S relation of Giacconi et al[ (2001), we expect tcN nt years, evidence for ongoing star formation in the Garin

: ebula was rather scarce. Megeath etlal. (1996) and Rathborn
detect betweer 16 and 24 extragalactic background SOurces. 1 (200) reported evidence of star formation triggéndtie

To discriminate these sources from the Galactic ones, the fmolecular cloud exposed to the ionizing radiation of thestats
lowing basic properties of AGNs could in principle be usek(s of the Carina Nebula. None of the three near-IR sources N1, N 3
e.g. Fiore 1997, Nandfa 2001, Bauer et al. 2004): and N 4 proposed to be associated with embedded recently born

O-stars is detected in our X-ray data. More recently, Smith e

. .. .al. (2003) reported the discovery of dozens of candidatesof

L Ji?\iiip)?-crg; ggé;?r':f s?(;SEp ?VWTrgla_W; (\)N '.tl_hhtehgvzarggg'gil_'Qélled proplyds in the Ca_rina Nebgla, clearly dem_onstg_illirat
served spectral slope of EBS is abdut (Giacconi et al the formation of low and intermediate mass stars is actipedy

5001) " ceeding. We note that none of the objects discussed by Stith e

2 Thei.rl;lux is variable on timescales from a few hours to yearal' (2003) is detected as an X-ray source in our EPIC data,
' DeGioia-Eastwood et al. (2001) obtain€dV photometry
of the Carina clusters. They found a significant populatibn o

In practice, itis impossible to fit the individual sourcesppa  pre-main sequence stars in Tr 14 and Tr 16 that have been form-
since the candidates are very faint and the count statjstios ing over the last 10 Myr whilst the most massive stars in Tr 16
For this reason, we have simulated the values offwbardness have ages between 1 and 3 Myr (with one exception, a star in
ratiosHR, = (M —S)/(M +S)andHR, = (H— M)/(H+ the 5-6 Myrrange in each cluster). According to their resuit-

M) for a grid of simple models. Withinspec, we have used termediate mass star formation seem to have proceeded-<conti
the PN response matrices to generate fake spectra correspondiagsly over the past 10 Myr and the formation of intermediate
to differently absorbed power law spectra. We considersetth mass stars started well before that of OB stars and was appar-
photon indiced™ = 1.4,1.7,2.0 and several neutral hydrogenently not disrupted by the formation of these OB stars. Bmal
densitiesNg = (0.1,0.3,1.0,3.0,7.0,11.0,15.0) x 1022cm~2,  Tapia et al.[(2003) performed an extendé#V RIJH K pho-

We then compared these simulated hardness ratios with the @inetric study of the clusters in the Carina Nebula. Thegrinf
served ones of all discrete sources not identified with aptic ages between less than 1 Myr and 6 Myr for Tr14 and 16. A
infra-red catalogues. For the list of the potential EBS ¢daugs, small number of IR excess stars were found in both clusters.
we select those sources whose errorboxes cover the simiulaf@pia et al. further detected a population of 19 near-IR segir
hardness ratios. The resulting EBS candidates are theeso8yc in the Car | HI region whose formation could have been trig-
6,119, 124, 170, 185, 207. Their total number is seven wisichdered by the action of the early-type stars. We note that nbne
lower than the estimation above; still the estimation gively these objects is detected in our EPIC data.

a rough idea about the number of the background sources give Corcoran[(1999) analysed ROSAT-HRI observations of the
the uncertainties involved. Carina complex. While he found thex/L4,,, ratio of early-type

To get a rough first order estimate of the total Galactic e
tinction along this line of sight, we made use of DERBE/IRAS
extinction maps provided by Schlegel et al. (1998). ScHlege
al. caution that one has to be careful when using these m
near the Galactic plane. Moreover, the interstellar ekitincin
the Carina region is rather patchy and its properties coald
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stars to spread betwee¢f—% and10~5, he did not find evidence [
for a population of X-ray bright pre-main sequence (PMSjssta 2

However, he cautioned that the failure to detect these tbjec o *
could simply be due to the limited sensitivity of the ROSAT
satellite. x )
1.5 —« N N
Trumpler 16 is particularly rich in massive binaries (seg e. x )
Levato et all 1991). The properties of several eclipsinglor e 0T

X

lipsoidal early-type binaries (HD 93205, Morrell et al. 200 A 1
Antokhina et all 2000; Tr16-1, Freyhammer etlal. 2001; and%
Tr16-104, Rauw et al. 2001) have been investigated recently

The components of the three binaries are all found to lietyret

close to the zero-age main sequence suggesting that they may 5
be younger than 1 Myr (Rauw _2004). The absolute magnitudes
determined from the study of these eclipsing binaries sstgge

a distance modulus (DM) of1.95 + 0.06 (corresponding to a

distance of 2.45kpc) lower than the value of DM12.55 + 0
0.1 (which corresponds to a distance of 3.24kpc) derived by Ll Ll o
Massey & Johnsori (1993) and Massey, DeGioia-Eastwood, & 0 05 1
Waterhouse (2001) from a spectoscopic and photometrig stud

of the Trumpler 14 and 16 clusters. Allen & Hillier (1993), H-K
Meaburn((1999), and Davidson et al. (2001) investigatedjgie
ometry and kinematics of the Homunculus Nebula and fou
the distance t@ Car around 2.3 ~0.3kpc. Tapia et al[(2003)
derived the average distance to Tr14, Tr15 and Tr16 to

X
X
| ‘ I N ‘ L1 ‘ L1 ‘ L1 K ‘ |

%.4. JH K, colour-colour diagram of the single IR counter-
Egrts falling within the 4.0correlation radius from an X-ray

d — 2.7 kpc from theirUBVRIJHK photometric study, although urce. The heavy dashed and solid lines yield the intrinsic

. 9" "colours of main sequence and giant stars respectively,eslser
they note a very large scatterdn Carraro et al [(2004) conflrm_ the reddening vector is illustrated fdr,, = 5 magnitudes of vi-

the distance of 2.5kpc to Tr14 but reach a different conohusi ¢, extinction. Bright counterparts with< 10.0 are displayed
a_bout the distance to Tr16. Comparlng_the colour-magnitu .open pentagons. The crosses indicate fainter IR sourbes.
(ijlgg\;/rgﬁshg{:)dmtgter}y)Hv(\e/irttﬁSp%r:tnagr;(?gf:-%gilr?g(ra?qrﬂe(rl\)c?:tergcirsl ;B tted straight line yields the locus of dereddened colafirs
isochrones, they find that Tr 16 lies at the distance of ab&pt4 ssical T Tauri stars according to Meyer etial. (1997).

from the Sun. EV03 adopted the distance of 2.5kpc to the clus-

ters in the Carina Nebula. In the current study we also adafifch as NGC 6383 (Rauw et @l 2003) or NGC 6231 (Sana et al.

the distance of 2.5kpc to all stars in the region. Note thatevh2007) where the X-ray selected pre-main sequence objegts ar
the absolute value of the X-ray and bolometric luminositils  also dominated by wTTs.

change with the distance, their ratio remains unchanged.

Fig.[4 illustrates the/H K colour-colour diagram of the o
2MASS infrared counterparts identified in our current stitlg 5. Variability
have included only those objects that were detected in @eth
filters J (1.25um), H (1.65um) and K (2.17xm) with a pho-
tometric accuracy better than < 0.10 and which are single To study possible variations of the detected sources wittuiia
counterparts of EPIC sources within a correlation radiut@f.  vidual data sets, we applied the following variability s<€t) we
The intrinsic colours of dwarfs and giants (taken from Bésse computedy? to test the null hypothesis of a constant count rate
Brett[1988) are indicated by the dashed and solid lines cespkevel in the data; (i) we applied the Kolmogorov-SmirnovgK
tively. The open pentagons correspond to stars wittnagni- test to check if the statistics of the count rate follows anmalr
tudes brighter than 10.0 (mostly moderately reddened-#gply  distribution; (iii) we used the so-callgatobability of variability
stars), whilst the crosses indicate fainter stars. povtest suggested by Preibisch & Zinnecker (2002) in its modi-

In principle, this diagram can be used to identify pre-maified version suggested by Sana etlal. (2004).
sequence stars (Lada & Adams _1992) either through a large In all methods, the source data were extracted from circu-
circumstellar extinction characteristic of deeply embedtigro- lar regions with the radius equal to half of the distance ® th
tostars or through infrared excesses produced by circliarstenearest other source, or’60no nearby sources were present.
disks in classical T Tauri stars (cTTs). The latter objectsex- The first two methods were applied to the background-catect
pected to fall mostly to the right of the reddening band. Meydight curves of every source produced by binning photonisie t
et al. {1997) have shown that the locus of dereddehBEds< and energy (see below). Note that, for faint sources, thedst t
colours of cTTs can be described by a simple linear relatesn bcan sometimes fail for the background-subtracted lightesir
tweenJ — H and H — K. This relation is shown in Figl4 by The third method was applied on the series formed by photon
the dotted straight line. Only a modest number of the IR couarrival times (the photons were still binned in the same gner
terparts in Fig.4 have colours that are consistent withettds ~ bins as for the ? test). Thus, when using tipwvmethod, it was
jects being surrounded by large amounts of circumstellaemanot possible to account for the background. All variabitigts
rial. The majority of the secondary X-ray sources could theis were also applied to the background data.
weak line T Tauri stars (WTTs) which display little or no evi- To use thex? and KS criteria, we produced light curves of
dence for circumstellar material in their spectra and pmato the sources with various time bin sizes (from 10 to 5000 sec)
try. This situation is strongly reminiscent of other yougsters and in the softS, mediumi/, hardH and total (0.4—10.0keV)

5.1. Short term variability
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Fig. 5. PN background-subtracted light curves in counts ef sources showing significant short term variabilitsos1 light curve

for the source 73). The energy range is 0.4-10.0keV. Theceaqunmbers followed by the data set numbers in parantheses ar
shown (for source identification see text and Table 3). Is émid the following light curve plots (Fid [6-8) the time simowrelative

to the start of the exposure.

energy ranges. Since the Carina region is quite crowdedst vthe size of one CCD or larger) the adopted procedure roughly
often impossible to find a source-free area in the vicinityaof accounts for global changes of the diffuse background.

given source to extract a background light curve. For this re

son, we adopted the following scheme when extracting the-bac  To increase signal, the sum of the background-corrected
ground light curves. For th®os instruments, the internal in- mos1 andmos2 light curves was also analysed whenever pos-
strumental background is more or less constant within deingible. In Figh we show then light curves of those objects for
CCD. For thepN, the internal background primarily varies withwhich the null hypothesis is rejected at a confidence leve9es

the distance along the detector “y"-axis from the centrééde using all three variability test methods (for source 81 wevsh

tor “x"-axis (separating 2 sets of theN CCDs). Thus, for the themos1 light curve as the source falls onto a gap between
Mos instruments, we defined several object-free circular aregeDs). We do not show theosl andmos2 light curves due

on every CCD and extracted one background light curve per @8-ack of space. The behaviour of these light curves is aimil
ergy range pemos CCD from all these areas. The backgroungb thepn ones. The time bin sizes of the plots were selected ac-
light curves from a givemos CCD were used for all objects cording to typical variability time scales of the corresgiomy
located on that CCD. We performed a similar procedure witlgyht curves.

the PN background light curves except that circular background

areas were selected in 10 strips parallel to the centvatetx’- Little is known about the nature of most of the variable
axis. Apart from instrumental background, there existfud# sources. Only one source (#189) is identified with HD 93343
X-ray emission from the Carina nebula. Thus the backgroupd7v/(n)). The sources #36 (=MJ 156), #46 (=Tr 14 18), #104
light curves obtained as above, may overestimate or undergsHETWC-16 10,5), #145 (=Tr 14 Y 66), and #195 (=DETWC-
timate the real background level near particular sourcéss T16 345) are identified with the 2MASS and optical catalogues
could influence the results for the faintest sources. Howéve pyt no spectral type is known. The sources #74, 80, 115, 137,
practice this is not very important as (i) we use several met{i77 194 are identified with the 2MASS catalogue, no optical
ods for detecting variability, including those without Bgoound  jgentification is known. The sources #61, 73, 88, 95, 193 ate n
subtraction; (i) the count rates of the faintest sourcessanall gentified with any optical or IR catalogues. All the sourdés

anyway resulting in large errors and small chances to findl vap|ayed show variability at different levels, and 3 of then74#
ability; (iii) as the diffuse emission has large spatialls§about gg and 104) are clearly flaring.
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set 1) in the soft, medium, and hard energy bands.

5.1.1. The probable pre-main sequence stars #74, #80,
and #104.

Further insight into the nature of the flare-type sources bay
obtained from the analysis of their light curves and speatra
ing the flare events. But first, let us consider the IR propsitif
the flaring X-ray sources.

Fig.Q illustrates theéK vs.J — K colour-magnitude diagram
of the 2MASS counterparts in the EPIC field of view. We used
the March 2003 update of the colour transformations, ilhjtia
derived by Carpenter (2001) and available on the 2MASS web-
sité], to convert the 2MASS colours and magnitudes into the
homogenized/ H K photometric system introduced by Bessell
& Brett (1988).

Assuming all the sources are at the same distance, the
sources to the right of the main sequence could indicatexhe e
istence of a population of pre-main sequence stars. Theteeun
parts of three flaring X-ray sources are illustrated by tiaagles
(downward triangles stand for the two possible countespairt
source #104, whilst the upward triangles show sources #@4 an
#80). The flaring X-ray sources with single 2MASS countetpar
are clearly located at positions consistent with theseatbjee-

Fig. 7. PN light curves of source #80 in the soft, medium, anthg PMS stars.

hard energy bands.

The X-ray light curves of the three flaring sources are shown
in Fig[6-£8. It is immediately evident that the flares occusstho
in the hard energy range which is consistent with these gbder
flares being produced by the coronal activity in PMS stars.

Assuming that the plasma producing the observed varigbilti
is confined in a closed coronal loop as is the case for solasflar
we can use the method proposed by Serio ef al. (1991). These
authors established an analytical relation between the tadf-
lengthl, the maximum temperature at the top of the 1GGp.«
and the thermodynamic decay time(see also Briggs & Pye
2003, Giardino et al. 2004 and Favata 2005).

We have determined th&/e decay times of the flares of
sources #74, 80 and 104 by a least square fit of the exponen-

2 |Inttp: /7 ww. i pac. cal t ech. edu/ 2Zmass/ i ndex. ht m


http://www.ipac.caltech.edu/2mass/index.html
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Table 4. Properties of the flaring sources.

Source Revw. T kTobs IXF({) fx(0.4-10keV) J-K K
(ksec) (keV) (R) (ergem?s™)
74 115 15403 133+£75 1.14+0.3 9.3x 10~ " 1.452 14.198
80 285 25+0.6 424+1.1 0.9+0.2 29 x 1071 1.381 12.718

104 115 21+04 46+0.7 08+0.1 9.1 x 10713

7 yields thel /e decay timekTobs is the best fit plasma temperature during the flareldadhe loop half-length. The X-ray fluxes correspond to
the spectrum during the flare.

discussed here were too faint to allow a time-resolved splect

6 I ° _ analysis. Therefore, we can only determine F'(¢). For flar-

- . R ing loops that are freely decaying with no heatidg() ~ 2

3 9 o B (Favata et al. 2005) which actually represents the loweit tm

7 F(¢). Therefore, the typical loop sizes of the three sources are
< 0.55R (see TablgK).

10 o © . 5.2. Set-to-set variability
b To detect possible variability of the X-ray sources betwten
data sets we performed g test at three different confidence
x levels (90, 95 and 99%)) to test the null hypothesis of a comsta
count rate level in the data. The tests were performed for the
PR count rates in the soft, mediumM/, hard H, and total (0.4—
— 10.0keV) energy bands as well as for the hardness rafils
7 and H R,, for all EPIC instruments. The results of the test are
included in TableR (second column). The variability stas
assigned as follows. If the null hypothesis is rejected abra ¢
3 fidence level of 95% in the total energy range in all instrutaen
simultaneously, the source is labeled “Var”. If the null byp-
esis cannot be rejected in all instruments, the source addb
“Const”. If the null hypothesis is rejected in some instruntse
Fig.9. K vs.J — K colour-magnitude diagram of the 2MASSonly, the variability status is set to “Uncert”. Finally, tiiere is
counterparts with good quality near-IR photometry of thea)¥(- not sufficient data to perform the test, the variability s$as set
sources in the EPIC field of view. The open pentagons inds “Nolnfo”.
cate early-type stars, whilst the triangles stand for fiaaray . -
sources. The locus of the un-reddened main sequence is ing.Of course, given the limited number of data sets, the dadecte
cated for a distance modulus of 12.0 by the leftmost solid Iin\/a“albIItIy of a S(_)urce.tells us harplly more than the meré fac
The reddened main se . d ted for two diff eh.t that the source is variable on a time scale of one day or one
. quence 1S Indicated Tor two arteraht re he time intervals between our data sets). The nafure o
dening valuesAy = 5 (middle solid line) and4dy = 10 (right- year (t. o L . :
most solid line). this variability for t_he majority of the sources remains ertain.
The purpose of this test was to set a preliminary base fordutu
studies. Some sources like HD 93205 (#117) are early-type bi
%es, in which case the X-ray flux varies with the orbital mati

B5
12 —

14 — FO

16 I |

tial decay phase of the observed light curves. Considetirg
typical count rates of the sources studied here, the most u
ful time bins to study the light curves are 500 and 200s for t
MOs and PN data respectively. The decay times derived fro
the fits of the different EPIC light curves agree within 20%.

The results are given in Taljle 4. All three sources have rathe

short decay times indicating that the X-ray emitting loopssin

be relatively compact. We fitted the spectra of the sources dg. X-ray properties of early-type stars

ing the flare with an absorbed single temperaapec model.

The best-fit column densities of the three sources are foand#e extracted the spectra of all early-type stars detectelan
be0.26 —0.39 x 10**> cm~2. The best-fit temperatures are quitgmages, using the same apertures as for their light curies. T
high (*7" > 4.2keV) as expected for pre-main sequence stafgsackground spectra were extracted from circular apertires
The measured decay time of the flare actually exceeds the dan in source-free areas as close as possible to the sondzss u
trinsic thermodynamical decay time due to the effect ofingat investigation, so that the diffuse background emissiorins-s
that can extend into the decay phase of the flare. The relagion |ar to that at a source position. The corresponding redistion
tween the twal'(¢) = 7obs/7en Can in principle be determined matrices and ancillary response files were generated fay eve
from the slope{ of the flare decay in &g T —logVv EM di- source, the spectra were rebinned so that they contain a mini
agram (Favata et al. 2005). Unfortunately, the flaring sesircmum of 10 counts per channel.

gectral analysis may help in disentangling the natureeéith
gcted sources and their variability. Such an analysisheilthe
r%ubject of forthcoming papers.
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Table 5. Parameters of spectral fitting for early type stars in thaér@axebula.
X# Source Name Spectral Type E(B-V) NE Nu kT Norm x2/dof  dof
(1022ecm=2) (1022 cm™2) (keV) 10—%
26 MJ 126 B2Vb 0.42 0.24 0.24%056  0.677095  0.49%0 12 1.14 135
+0.11 +0.07 +0.29
30 CPD-582611 06 V((H) 0.45 0.26 0767012 0547057 0.89T922 169 51
+0.14 +0.06 +41.0
33 Tri421 o9V 0.61 0.35 121700 0197908 4417410 145 225
+0.38 +0.22 +0.47
0.00103% 2197022 2301047
45 HD 93129 A+B 0O3lab...+03.5V 0.56 0.32 0.77H0-00 0147080 3921979 111 1191
+0.06 +0.03 +3.6
0.1617095  0.5070:03  33.2738
+0.22 +0.13 +1.4
0.681022 1787013 11.6717%
46 Tr14 18 BOV 0.52 0.30 0.3070-05 243018 2367515 1.22 185
+0.02 +0.02 +0.05
51 HD 93130 06 111(f) 0.48 0.28 0.2870-02 0587002 0.68T00% 113 263
59 Tr 16 124 B1V 0.50 0.29 0.2070-06 230703 0.46750° 1.16 101
+0.09 +0.03 +3.38
63 HD 93160 06 111(f) 0.31 0.18 0.587009 0257005 6.68T335  0.99 258
+0.39 +0.69 +0.36
0-35 055 L2575,  0.66205;
67 HD 93161A+B (08V+09V)+06.5V(f)  0.29 0.17 0577008 027002 7.367553 105 342
+0.57 +0.39 +0.31
0'617052 1‘1670.24 0'8170‘22
+0.09 +0.12 +4.8
71 HD93162 (WR 25)f WN6h 0.69 0.40 0.5970-0%  0.46%0 %2 16.075% 1.05 1017
+0.13 +0.06 +9.0
0-29 10 0.7570103 516195
+0.06 +0.15 +2.7
0'0070400 2‘4670.0‘()5 35'073.6
108 CPD-582649 BOV 0.54 0.31 0787011 0157055 21.5795° 1.02 92
+0.44 +1.70 +0.07
0.00Z709 2397065 0247405
110 HD 93204 05 V((f) 0.39 0.23 0341013 018T005 24470 118 239
+0.16 +0.04 +0.12
0‘0970409 0'5970.04 0‘9170414
117 HD 93205 03.5V+08V 0.40 0.23 042709 018f00% 108t 7, 113 524
+0.13 +0.02 +0.28
0.03%4 071 0.58%5 02 3200555
+0.09 +0.02 +0.69
126 HDE 303311 o5V 0.44 0.26 0.267009 0297007 0817009 105 238
+0.28 +0.43 +0.07
0‘0070400 1'8270.40 0‘2770404
+0.02 +0.02 +0.08
135 CPD-592600 06 V((f)) 0.48 0.29 0.297092  0.607902 101709 111 275
+2.51 +23.4 +0.22
0.00%7350 4847231 0.167522
+0.02 +0.02 +0.73
142 HD 93250 o3V 0.48 0.29 0.20%062 0317092 4.30797  1.01 1408
+0.06 +0.03 +1.17
0'3170.05 O'74:70.02 6'667082
+0.03 +0.21 +0.36
0.00Z5 0o 3.05%5715  6.825(7%g
147 CPD-592603 O7V+09.5V+B0.2IV ~ 0.43 0.25 026792 0327003 037105 120 165
+0.17 +0.09 +0.20
0.43 0.25 0.42%537  0.697095  0.327520
178 CPD-592626 o7V 0.65 0.38 0.467959  0.2370-96  1.19%5:60 1.11 55
+0.35 +0.21 +0.59
0.63%03>  0.84702%  0.797559
+0.05 +0.03 +116
179 HDE 30330811 03V((M) 0.44 0.26 0.6070-05  0.12705  171t18 1.13 632
+0.06 +0.05 +0.95
0.00%9:56  0.4870-9%  4.797952
+0.49 +0.44 +0.02
3.88104%  3.807073 0.151007
183 CPD-592629 08.5V 0.78 0.45 0867005 0201005 918t 096 @ 924
+0.13 +0.13 +0.27
0.15%4'15 1927555 3.1655 75
+0.13 +0.04 +1.61
189 HD 93343 07V(n) 0.54 0.31 0.63701% 029700 245176 133 159
+1.14 +1.49 +0.36
0.01 4701 281707750 0477008
191 CPD-592636 07 V+08V+09V 0.56 0.32 0517008 0567008  1.377032 130 120
197 CPD-592641 06 V((f))+? 0.58 0.34 0.5470-0%  0.64705% 0957533 1.12 102
218 MJ 596 05 V(())+09.5V 0.73 0.42 053703 056101 0547052 121 160
+1.64 +1.15 +1.02
0'9570479 2‘6570.9§ 1'1370440
+0.12 +0.02 +17.4
235 HDE 303304 O+... 0.61 0.35 0547912 0a8f9%s  11.0t777 096 107
NI%M is the ISM column density of neutral hydrogen. Norm is thenmalization factor of a thermal model component givenNoyrm = 157:;24 fneanV,

whered is the distance to the source (cm), andn z are the electron and H densities (c#).

T — Parameters may be unreliable as the star is located in am&extremely varying background and close to a clusterighbstars.

T+ — Metal abundance.594-0.07.

T+t — Parameters may be unreliable due to proximity @ar and a strong non-uniform background.
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6.1. Spectral models

0.1

Tabld?B lists all detected early-type stars along with theaupe-
ters of the spectral fits. Spectral fitting was generally qrened
for all data sets and all instrumemt®s1, Mos2, andPN simul-
taneously. In some cases when a source was variable or the d
from some instruments in a particular data set were affdayed
the CCD gaps, a subset of the data was used. To quantify th
physical properties of the X-ray emission we adjusted aeseri
of optically thin thermal plasmapec models to the observed
spectra usingspec. The general form of a multi-temperature
model wasnvabs* (apeci+wabsoxapecs+. . . ) .wabs; is

an absorption model using the cross-sections for cosmin-abu
dances. We required that the column density of neutral lgatro 05 1 el o e (ke 5

for this model component was not smaller than the value given channet eneroy (keY)

in the 5th column of Tablg5. The column density was calcirig. 10. EPIC spectra of WR 25 from the data set 3 along with
lated individually for every star using the empirical r@datfrom the best-fit model. In the top panel, the upper and lower data
Bohlin et al. (1978). Additionavabs components account for correspond to then andMOS spectra, respectively, and the solid
possible internal absorption of X-ray radiation in the varaf lines yields the best-fitting model. The bottom panel shdves t
early-type stars. Metal abundances were fixed to the solae vacontribution of individual energy bins to the¢ of the fit.

in all cases except WR 25, in which case it was a free parame-

ter. In a few cases an Fe line complex (or indication of it) was 1 *
present in the spectra at 6.4-6.8keV. This line complex may i 3 j&

%d counts/sec/keV
0.01

(mormal

wn
o
[Te]

sign(d-m)*x?

I
o
h

0.01

clude the Fe I fluorescence lineat6.4 keV and the lines of Fe
XXV and XXVI centered around.7 keV. The potential pres-
ence of the Fe | line (indicative of cool material) may skew th
high temperature model component required to fit the Fe XXVzg
and XXVI lines. We did a check for the presence of the Fe | Iine% L
as follows. We start fitting with just one thermal model compo & ™
nent and include a gaussian componerit &keV. If necessary,
we increase the number of thermal components until a satisfa
tory fitis achieved. We then remove the gaussian component a
check if the goodness of fit decreases significantly. If netper-
manently remove this component from the model. It turned outg
that no significant Fe | emission was found in any sources. o5 ’ 3 :

channel energy (keV)

E A

ounts/sec/keV

10

ﬂﬁLFH ]
tJ

§iGn(d-my*x?
-2 0 2 4

Tabld® does not include the brightest object in the FOV,
n Car. The nature of this star is so complicated that it makis li F19- 11.Example of a weak sourcen spectra of the source #108
sense to give the results of a necessarily superficial andigse. (CPD-582649) from the data sets 1,2, and 5.
A detailed study o’XMM-Newton observations of this star was
recently published by Hamaguchi et al. (2007). A few weak OB
stars were also excluded from the table as no reliable spéditér >
could be performed. 3

high temperature model components. Below we will discuss po
sible reasons for this. We also tried to fit the spectra witimco
binations of thermal and power law models. These did nottresu
in better fits. Note that for some weak sources, the fittedrpara
eters are not really well constrained and about the samétyual
of the fit can be obtained in a single-temperature model fier di
ferent combinations ofNy and k7. However, as we are most

interested in the sourduxeswithin the XMM-Newton energy 55 L 5 : -
range, the somewhat formal fits are acceptable. Our model pa- channel energy (keV)

rameters are roughly in agreement with those obtained b)BAC?

and EVO04 (the latter are based on a Chandra observation of % 12. P'\LSpengum of the source #117 (HD 93205) from the
region). The exact comparison is impossible as we used so gla sets4.and 5.
what different models (e.g. different number of temperetun
thermal models), owing to different quality of the data.
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A few examples of the observed spectra along with the fitted
models are shown in F[g.I0413. These examples show WR 25
and some OB stars of different brightness, to illustrateytiedity
of the data.
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Fig. 14. Lx versusLy,, for early-type stars in the Carina Nebula in different egdrgnds. B-type stars and WR 25 are excluded
from the least-square fits. The dashed lines show the begigibximations of thd.x — Ly relation for O (dashed lines) and B
(dotted lines) stars in NGC 6231 (Sana et al. 2006) (henca@6).
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log(Lx) = a + log(Lyol)

which represents a simple scaling relatibg = 10% x Ly,.
Our data do not allow us to search for a more sophisticated rel
tion e.g. in the form of a power law.

As seen from Fid. 14, there is no clear distinction between
binary and single O-type stars in tlig — L1, plane. We per-
formed various tests on the two samples taken separately. It
E turned out that the correlation coefficients for the two sam-

e [ ples, the parameters of the least square fits, and the fiusid
2 | ] were all very close. The numerical values of the least-sjuar
E . E weighted fit parameters for the whole (single plus binary)sie
os I 5 s of O-type stars are:

channel energy (keV)

Fig. 13. PN spectrum of the source #142 (HD 93250) from the soft
data sets 3-5. Note the presence of the Fe line complex at 6l4g(Lx”") = (—6.82 4 0.56) + log(Lpol)

6.7 keV. log(Lye?) = (—=7.18 % 0.92) + log(Lpel) (1)
log(Li") = (—6.58 +0.79) + log(Lpo1)

normalized counts/sec/keV

sign(d-m)*x?
-10-5 0 5

6.2. X-ray fluxes and L,/Ly, ratio The errors of the parameter are obtaiasduming good fit

: Press et al. 1992) and are rather formal. The dispersioheof t
The X-ray absorbed and unabsorbed (i.e. corrected for the fiminosities around Egs. 1 a28%, 48%, and41% in the three
terstellar absorption) fluxes and bolometric luminosité©OB |, (1< above.

stars detected in théMM-Newtondata are presentedin Table 6.~ | 1.0 <ot and medium bands, a few O-type stars devi-

The first column is the source number, the second 10 fiftlhy f3m the least-square scaling relation more than thersith
columns are the absorbed X-ray fluxes in the soft, medlumi,,haxrhese stars are labeled with their names in[Eif. 14. There is n
and total energy bands, while the following four cqumnstlaee_ nigque reason for this deviation. HDE 303304 shows incietase
gnlabsorb_ed fluxes ('jn the same bands. The tenth column is ;h?ay luminosity in the soft band. The star is somewhat ualjsu
olometric magnitude. ) _ ) it is classified as “OB+(le)” (that is having at least one esiun
EVO3 thoroughly discuss bolometric magnitudes for thgye in its spectrum) by Stephenson & Sanduleak (1971). It is
early type stars they detected in their Chandra data. Wetedomot clear if this can be related to the increased luminosithé
their bolometric magnitudes for the sources in common. ker tsoft hand. On the other hand, the binary hypothesis is ngt ver
stars not detected in the Chandra data, we, like EV03, COffkely. If the increased X-ray flux is due to wind-wind colb®,
pute the bolometric magnitudes using the approach and formlen the X-ray spectrum should also barder than a typical
lae from Massey et al_ (2000). Briefly, the reddenidg =  spectrum of a single star, and thus the X-ray limunositietén
R x E(B — V) with R = 3.2 was computed for each starmedium and hard X-ray bands ought to be higher than average.
to get its de-reddened visual magnitude. The bolometrie c@fyigently this is not the case. More likely is that the softag
rection of a star was computed using the relationsB® = fjyx of HDE 303304 is affected by the diffuse background X-ray
27.66 — 6.84 x log Teg. In the complex case of HD 93161 con-gmission. The source is weak and the diffuse X-ray emissasn h
sisting of three components Aa, Ab, and B, we computed theyximal flux in the soft X-ray band. It is also very inhomoge-
bolometric luminosities of every component separatelggiie  heous across the field of view.
information about the colors and temperatures from Naz. et _ The 08.5V star CPD -52629 (=Tr 16 22) is also discov-
(2005) and then summed them up to get the total bolometfifaq a5 an unusually bright and hard X-ray source for its-spec
luminosity of the system. For MJ596 we used the bolometrg,)| yyne by Chandra instruments (EV04). The latter autbags
magnlt.ude obtained by Niemela et al. (2006) from the dda"%ested that the unusually largi / L1, as well as a surprisingly
analysis of spectral and photometric data. hard spectrum, could indicate the presence of a wind confined
~ Fig[14 shows the intrinsid.x versus Ly, for the stars py the magnetic fields of this star. Another possible exgiana
in Table®, in every energy band. It is known from the literacould be the presence of a low-mass pre-main sequence cempan
ture (e.g. S06) that O- and B-type stars show a different bign. These objects can haig /L. up to 0.001 and even 0.01
haviour. For this reason we marked them with different symduring flares). However, in the absolute terms, it is urjikiat
bols. Presumed single O-type stars are marked with sold a#iey would be bright enough to be seen against the intrinsic X

cles, binary stars are plotted as solid triangles, and B-8tars ray emission of an early-type star. E.g., In NGC 6231, PM&sta
are marked with open circles. The demarcation line between tcan typically displayl.x up to103! erg s (Sana et al. 2007).

types of stars is located at abalif,; = 10°*ergs'. We shall  The deviations in the soft and medium bands of Tr1421 is
not discuss B-type stars here as their number in our sampleiligly related to the fact that this weak source is locatedrne
small. the edge of the field of view, in an extremely crowded area with

The X-ray and bolometric luminosities of O-type stars arstrong and variable background diffuse emission.
clearly correlated in the soft and medium bands. In the handib Despite the fact that some deviations from the least-square
the errors are large so no definite conclusion can be drawn. scaling relations in Fi§.14 could be understood as instrume
The solid lines in Fid, 14 represent the least-square fitseof ttal effects we did not exclude the corresponding stars fioen t
observed distributions of O-type stars (both binary andleiin  fits. The reason is that, even for stars which are visuallyll*we
the form behaved”, in the plots the uncertainies in the exact valubef
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Table 6. X-ray fluxes and absolute magnitudes of early type starsdrCéwrina Nebula.

X# Absorbed Flux Unabsorbed Flux Mo
[0.4-1.0] [1.0-25] [2.5-10.0] [0.4-10.0] [0.4-1.0] [+D5] [2.5-10.0] [0.4-10.0]
26 3.52 2.43 1.37 6.09 9.12 3.40 0.142 12.66 —6.21
30 0.86 1.74 0.10 2.71 2.22 241 0.104 4.74 —6.30
33 1.28 7.22 8.65 17.1 4.88 9.94 8.92 23.72 —5.95
45 32.4 74.5 33.5 140.4 151.5 105.8 34.6 291.8  —11.5
46 1.80 11.0 11.0 23.8 8.57 14.81 11.30 34.7 —3.86
51 4.00 2.66 0.11 6.77 12.7 3.99 0.12 16.8 —8.83
59  0.369 2.18 1.98 4.53 1.68 2.92 2.03 6.63 —5.76
63 4.91 4.58 0.94 10.4 11.0 5.75 0.96 17.7 -9.4
67 6.71 5.91 0.97 13.6 14.0 7.36 0.99 22.4 —9.39
71 46.9 216.1 150.0 413.0 205.0 324.9 155.5 6854 —10.1
108 1.23 1.18 1.07 3.48 6.40 1.67 1.10 9.17 —6.9
110 5.99 3.29 0.16 9.43 20.6 451 0.16 25.2 -9.0
117 18.2 11.4 0.52 30.0 58.1 155 0.55 74.2 —-10.1
126 3.34 2.26 0.84 6.44 13.4 3.17 0.86 17.4 —8.6
135 5.90 4.76 1.66 12.3 194 7.04 1.69 28.1 -9.0
142 32.8 59.0 44.0 135.8 124.0 81.5 45.0 2505 107
147 2.02 1.45 0.10 3.55 6.60 2.02 0.10 8.72 -8.5
178 1.62 2.35 0.40 4.36 11.3 3.60 0.42 15.3 -7.5
179 15.9 17.7 89.6 123.2 70.6 23.0 90.9 184.5 -9.8
183 3.00 12.4 9.88 25.3 18.2 19.8 10.3 48.2 —6.8
189 1.97 3.03 2.57 7.54 7.48 4.36 2.63 14.3 -8.0
191 3.39 3.87 0.20 7.46 11.6 5.99 0.21 17.8 -8.3
197 2.23 3.02 0.22 5.47 7.71 4.68 0.23 12.6 —8.7
218 1.27 3.63 5.41 10.3 6.47 5.45 5.58 17.5 —8.18
235 4.53 1.08 0.001 5.61 35.2 1.88 0.0012 37.1 —7.45

Fluxes are in unit§0~** ergcm 2 s,

diffuse background emission, and especially in the intbrreu- A comparison of absorbe®MM and Chandra fluxes for
tral hydrogen column densities, may still be importantdast common early-type sources is shown in Eid. 15. EV0O3 com-
influencing the exact location of the data points in Eig. 14 Wputed their unabsorbed Chandra fluxes in the energy band 0.5—
believe that excluding the deviating points for the soleppse 2.04keV from the observed count rates assuming a single-
of getting a nicer-looking plot is not a good approachin tlise. temperature plasma model with the temperature kT=0.385keV
and the hydrogen column densityy = 0.3 x 10*2cm~2.
We converted these fluxes (taken from the Table 3 of EV03) to
6.3. Comparison with X-ray fluxes from other reviews the absorbed ones using the above model parametéfs/-
Newtonabsorbed fluxes were computed in the same energy band
Before we turn to the discussion of the results let us brigfgo  0:5—2.04keV using the best-fit models from Table 5. The tssul

the consistency of the fluxes obtained in the current stuity, wOf the two telescopes are in quite good agreement, especiall
the previous values presented in EVO3 and ACO3. accounting for the calibration issues at the time of Chaothra

servation.
First, note that five OB stars from the list of EV03 (#8, 9, 39,

44, 141) are not detected in our XMMEWTON data, even de-

spite the fact that the effective telescope area and exptisues

are larger in theXMM case. This is explained by the lower spa-

tial resolution ofXMM. All these stars are weak X-ray sources.

Stars #8 and #9 are located near the brightest object ingimre A comparison of absorbed fluxes of early-type stars from the
—n Car (about 3%and 57 respectively), and are lost in the brightcurrent study with the fluxes from AC03 (their Table 3) is show
background created by the Homunculus. The EVO03 source #44-ig.[18. Two weak stars with problematic fluxes (our #178 an
is between theXMM close sources #189 and #191, the EV08197) are excluded from the plot. The ACO03 fluxes are computed
source #141 is very weak and is located near another XMikl the energy range 0.3—-12keV which explains the systematic
source #90. As a consequence, these sources were not detesttidt between our and their fluxes. Otherwise, the agreemsent
by the SAS detection routine. quite good.
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7. Discussion
7.1. General properties of the field

The X-ray images of the Carina region are dominated by dif-
fuse emission and strong discrete sources. The brightestdé
sources are associated with the hot massive stars in theusari
clusters that populate this region (see $éct. 4). Amonggiines
sources, there are likely some extragalactic backgroujetts)

but the vast majority are likely to be low-mass stars, eifbes-
ground coronal sources or pre-main sequence stars in tlieeCar
complex (see Se¢f. 5.1.1). Compared to some other opeeidust
such as NGC 6231, there are less PMS candidates detected. Thi
could be due to a lower detection efficiency (due to the strong
diffuse emission) and the larger distance of the Carina ¢exnp
compared to NGC 6231.

7.2. Early-type stars

In Section[6.l we derived the spectral characteristics hrd t
observedLx — Ly, relations for O-type stars in our sample.
Recently, a similar investigation was pulished regarding t
early-type population in NGC 6231 by S06. The authors also
provide a review of the previous works on this subject. The
S06 linear fits of thel.x — Ly, relations for O and B stars in
NGC 6231 are shown in Fig. 114 by dashed and dotted lines re-
spectively.

When comparing our results with those of S06 one should
keep in mind that the Carina Nebula is known as a region with
very patchy interstellar absorption, thanks to numeroossanf
dust and gas penetrating through the volume of the steltar-as
ciations. For this reason it is extremely difficult to accbaeocu-
rately for the ISM absorption. The situation with NGC 6231 is
less complex and this is a probable explanation for theescatt
data points in our Fi§. 14 which is somewhat larger than in the
case of SA& In addition, the difficulty with the ISM absorption
may also influence the accuracy of the bolometric luminesiti
of the stars under investigation.

The numerical parameters of the S06 scaling relations are
generally similar to ours: e.g. for their full sample of O-
type stars and in the total energy band 0.4—10.0keV their
log(Lx /Lpo1) = —6.865 £+ 0.186 (cf. our value for the 0.4—
10.0keV band:=6.58 + 0.79).

The biggest difference between Sana et al. and our values of
the scaling parameter for O-type stars is in the medium Haisd.
explained by the fact that in our fits we included all O-tyrst
while S06 provide the best fit value for a sub-sample of O-type
stars excluding two deviating binary systems. If we exclivet®
anomalous stars Tr 14 21 and CPBD° 2629 from the medium

Fig. 16. Comparison of absorbed fluxes from the current studhand fit, the scaling parameter changes fref18 to —7.32, a

(energy band 0.4 — 10.0keV) and the study of ACO3 (energiglue closer to the one of Sana et ak7(58 + 0.2). Our results
band 0.3 — 12.0keV).

on theLx — L, relation can be summarised as follows:

1. The canonical relatiofix ~ 1077 x Ly is mainly de-
fined by relatively soft X-ray fluxes below 2.5keV. In the
hard band (E> 2.5 keV), the measured X-ray flux is proba-
bly poorly constrained, except for the brightest sources. A
a consequence, the scatter of the hard X-ray luminosities is
large and no definitive fit possible.

2. S06, based on uniform X-ray data and homogeneous obser-
vations, state that the observed dependence betweersiatrin
Lx and Ly, is much tighter than was thought before, with
the residual dispersion of thiex — Ly, relation around the

3 The X-ray bands of S06 are almost identical to ours.



I.I. Antokhin et al.:XMM study of early type stars 19

least-square scaling law being less or equal to some 20%h¥finternal line-driven instability of supersonic windglsat the
one excludes binary stars and stars later than O9. Our ¢urneriative velocity of the two flows is very high, of the order of
results are unable to confirm this statement due to a lardgeousands km's!, at least along the line connecting the centers
scatter in the data owing to the patchy ISM absorption in tief the components. For comparison, the velocity differsrine
Carina region. localized shocks within a wind are typically of the order of a
3. On averagetheobservedX-ray properties of O binary starsfew hundred kms!. As a result, X-ray emission from binary
are not very different from those of single stars (cf. ougarly-type stars should be more luminous dratder than in
Fig.[14 and Fig. 16 from S06). We shall discuss possible resingle stars. This was understood long ago (Prilutskii & Wso
sons for this behaviour below. 1976, Cherepashchuk 1976). One of the first theoreticali@red
tions about the hardness and X-ray luminosity of binaryyearl
type stars was made by Usdv (1992) and later on was refined
and quantified in numerical gas-dynamical simulations, (&g

It has been pointed out many times in the literature that¢ae s Stévens & Pittard 1999). o

ing relation betweerLx and Ly could be an indirect effect.  Over the years, it became clear that the original somewhat
Indeed, the common paradigm for the generation of X-rays fifiveexpectations of more luminous and hard X-ray radiation
early-type stars is a wind shock model (see e.g. Lucy & Solom&0m colliding wind binaries had to be significantly adjusté.
1970, Owocki & Cohen 1999, Dessart & Owo¢ki 2005). If xJarge number of factors play a role in the X-ray output of a bi-
ray emission is formed throughout the wind theg should be nary, such as the orbital period (hence the distance bettheen

proportional to some combination of wind parameters like tffomponents, the pre-shock velocity and the density in the co
Indeed. Sion zone), the wind momentum ratio, the orbital inclinatithe

mass loss ratéd/ and the terminal wind velocity... , e h ¢ il both th i
Owocki & Cohen[(1999) from the exospheric approximation e§CCeNtricity, etc. These factors influence both the rateioin-

tablished that the X-ray luminosity should scale with theame SIC %X-ray production in the collision zone and the absorpué

. o . . 9 . the X-rays within the winds of the components. For additiona
wind density} /v in the form(fx > (M /voc)™foroptically i osion, see a recent paper by Linder efal. (2006)

o X ) P , Fal ( .
th.'?lw'gd.s an(:‘LX. “d’ (Mf/”ﬁo) g :‘or opt|c?lly t(;“Ck Wc'jnds' It is nevertheless still puzzling that so few early-typeabin
with s being the index of the radial power law dependence gt are significantly more luminous and harder than the tota
the X-ray filling factorf ~ r®. However, Sana et al. (2006)¢,

) . X ¢ mple of O-type stars (e.g. in our Figl 14 and in Fig. 16 of, S06
state that these considerations contrast with the obséiyletl .o see Raassen et &l 2003 who present a collection of X-ra
dependence betwednk and L.

X DO _ properties of single and binary early-type stars). Twoigotr

A new idea about the origin of X-rays from single O-typgg questions already mentioned in the introduction aretfiy
stars was recently brought forward by Pollock (2007). lEséd - some known colliding wind binaries have soft X-ray spectrd a
on the fact that, according to recekMM-Newton high res- iy why some stars having hard X-ray spectra (as demoestrat
olution observations of Orionis, all emission lines have thee'g' by the presence of the Fe XXV-XXVI lines &6.7 keV)
same ve_Iocity_ pro_file whi<_:h contrast with the paradigm ofavin|5ck any evidence of binarity?
shocks, in which line profiles should be dependent on theaglob  1ha answer to the first question may be two-fold. First, it

Kinematic structure of the wind. The principal difference b 4y pe partly the problem of the detection of the hard X-ray
tween the two models is that in the traditional wind shock 8l0dghacirg) tail in relatively faint colliding wind binarie©n the

the energy exchange between post-shock ions and electonsginer hand, theoretical studies of wind-wind collision imec
curs on a short time scale while Pollock estimates the ion-igigms (Stevens & Pollo¢k 1994, Owocki & Gayley 1995, Walder
collisional mean-free path and find that at least in the cdse @ roinj 2003, Antokhin et al 2004) suggest that either the s

¢ Orionis it can be quite large, which leads to very slow energyieq radiative braking or radiative inhibition (mutuabiiative
exchange between hot ions gr)d cold electrons. He. further SHluence of the binary components on the wind of thesra-
gest that the shocks are collisionless and that the iopzalf i) may significantly slow down the winds of the binary compo-
the post-shock gas is not caused by electrons as in theoralit yos just before the collision, thus reducing the X-rayihos-
picture but rather by protons. The line profiles then are @efin;yy, of the system and the hardness of its X-ray spectrum (whic
not by macroscopic motion of ionized gas but simply by thedin " hroportional to the square of the wind velocity enterihg t
of-5|ght component of the th_er_mallzed motion of ionsintme i «jjision zone). To verify this possibility, we shall applye re-
mediate post-shock gas. This idea has not yet been OleVe'k’peaent models accounting for this phenomenon, in our fortiingm
to a stage when numerical modeling could be done and a thg@a|ysis of the binary HD 93205 which has one of the best X-ray
retical connection betweehx and Ly, (if any) established. coverages of the orbital cycle of any early-type binary.

From the observational point of view, we agree with SO6 that Tpere is probably no single answer to the second ques-
whatever the theoretical explanation behind the-Lyol rela-  tion, either. In some cases (most notably WR 25 and MJ596)
tion, it is a firmly established observational fact which slib i \yas recently found (see references above) that theseXaard
be explained by a future theory. Not only is the proporti@gal yay sources are indeed binary systems that escaped deteetio
itself now well established but also some of its more detail§yre, These recent advances raise interest in a similar afase
characteristics (see items 13 above). a bright O3V star HD 93250 (showing clear indication of the
Fe XXV-XXVI lines). The star does not display any radial ve-
locity or photometric variability and as such was consideas
single. However, it was reported to display non-thermalaad
Item (3) in the above list requires special consideratibmas emission (Leitherer et al. 1995) and this feature is nowaddy
already mentioned in the introduction that, in a binary eyst ten believed to be evidence for a colliding wind system atso i
consisting of two early-type stars, the supersonic windthef O+O binaries. On the other hand, the 08.5V star CPD2699
components will inevitably collide. The key feature of thedr  which is also an unusually bright and hard X-ray source for it
wind collision, making it different from localized shocksrfned spectral type might be an example of a star with a magneticall

7.3. On the origin of the Lx — L, scaling for single stars

7.4. Binary versus single stars
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confined wind (ud-Doula et al. 2006). A low-mass companiaCorcoran, M.F. 2005, AJ, 129, 2018

with high activity could also be considered.

8. Conclusions
High quality and large amounts &fVIM-Newton data obtained

for the Carina Nebula, allowed us to detect 235 discretecasur

Cudworth, K.M., Martin, S.C., & DeGioia-Eastwood, K. 199¢], 105, 1822

Davidson, K., Smith, N., Gull, Th.R., Ishibashi, K., & Héli, D.J. 2001 AJ, 121,
1569

DeGioia-Eastwood, K., Throop, H., Walker, G., & CudworthMK 2001, ApJ,
549, 578

Dessart, L., & Owocki, S.P. 2002, A&A, 383, 1113

Dessart, L., & Owocki, S.P. 2005, A&A, 437, 657

Evans, N.R., Seward, F.D., Krauss, M.1., Isobe, T., NichdlsSchlegel, E.M.,

in the field of view. Several of these sources are probably pre & wolk, S.J. 2003, ApJ, 589, 509
main sequence stars with a characteristic short-term hi&ria Evans, N.R., Schlegel, E.M., Waldron, W.L., Seward, F.Drauss, M.l

ity, while seven sources are recognized as possible bagkdro

AGNSs.

We concentrated in our study on the properties of early-ty

Nichols, J., & Wolk, S.J. 2004, ApJ, 612, 1065
Favata, F. 2005, Mem. S. A. It., 76, 337
Favata, F., Flaccomio, E., Reale, F., Micela, G., SciortfipShang, H., Stassen,

P€ K.G., & Feigelson, E.D. 2005, ApJS, 160, 469

stars in the region. Spectral analyses of twenty three ssure€einstein, A., Marraco, H.G., & Muzzio, J. 1973, A&AS, 12,133
of type OB and WR 25 were performed_ We derived the Spelﬁeldmeier, A., Kudritzki, R.-P., Palsa, R., Pauldrach, AAW& Puls, J. 1997,

tral parameters of the sources and their fluxes in three gne

bands. Estimating a value of interstellar absorption towaav-

A&A, 320, 899
Fbre, F. 1097, Mem. S.A.It., 68, 119
Freyhammer, L.M., Clausen, J.V., Arentoft, J., & Sterken20@01, A&A, 369,

ery source and assuming a distance of 2.5kpc to the Nebula; 561

we derived the X-ray luminosities of these stars. Comparifo
these luminosities with bolometric luminosities has conéd
the known scaling relatiofix ~ 10~7 x Ly for early type

Gagné, M., Oksala, M.E., Cohen, D.H., et al. 2005, ApJ, 628,
Giacconi, R., Rosati, P., Tozzi, P., et al. 2001, ApJ, 554, 62
Giardino, G., Favata, F., Micela, G., & Reale, F. 2004, A&A3$3, 669
Hamaguchi, K., Corcoran, M.F., Gull, T., et al. 2007, ApJ36652

stars and allowed us to make a few more detailed statemejigies, R.D., Thurston, M.R., & Pye, J.P. 1997, MNRAS, 2850

about the characteristics of this relation. We pointed loat,bn

Kahn, S.M., Leutenegger, M.A., Cottam, J., et al. 2001, A&B5, L312

averagethe observed X-ray properties of binary and Sing|e eaﬂS}ddl‘itZki, R.P., Palsa, R., Feldmeier, A., Puls, J., & Paabth, A.W.A. 1996, in

type stars are similar, and give several possible explamafor
this fact.

Rontgenstrahlung from the Universeds. H.U. Zimmermann, J. Trimper,
H. York, 9
Lada, C.J., & Adams, F.C. 1992, ApJ, 393, 278

Further work will be aimed at the detailed analysis of thesitherer, C., Chapman, J.M., & Koribalski, B. 1995, ApJp4889

data of particular sources.

Leutenegger, M.A., Kahn, S.M., & Ramsay, G. 2003, ApJ, 58351
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