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Abstract. In the first paper of this series, we presented a detailed-tgighlution spectroscopic study of CRE1° 7742,
deriving for the first time an orbital solution for both conmgmts of the system. In this second paper, we focus on thgsasal
of the optical light curve and on recent XMMewton X-ray observations. In the optical, the system presentsewlipses,
yielding an inclinatiori ~ 77°. Combining the constraints from the photometry with theiltssof our previous work, we derive
the absolute parameters of the system. We confirm that thedmponents of CPB 41° 7742 are main sequence stars (09 V
+ B1-1.5 V) with massesM; ~ 18 M, and M, ~ 10 M,) and respective radiRR; ~ 7.5 R, andR, ~ 5.4 R,) close to the
typical values expected for such stars.

We also report an unprecedented set of X-ray observati@atsatimost uniformly cover the 2.44-day orbital cycle. The X-
ray emission from CPB 41° 7742 is well described by a two-temperature thermal plasmdeinwith energies close to 0.6
and 1.0keV, thus slightly harder than typical early-typdssion. The X-ray light curve shows clear signs of variayill he
emission level is higher when the primary is in front of the@®lary. During the high emission state, the system showspa d
of its X-ray emission that almost exactly matches the op&chpse. We interpret the main features of the X-ray ligitve as
the signature of a wind-photosphere interaction, in whighdverwhelming primary O9 star wind crashes into the semgnd
surface. Alternatively the light curve could result from @drwind interaction zone located near the secondary stdace.
As a support to our interpretation, we provide a phenomegicdd geometric model that qualitatively reproduces theeoked
modulations of the X-ray emission.

Key words. stars: individual: CPB- 41° 7742 — binaries: close — binaries: eclipsing — stars: egpg-— stars: fundamental
parameters — X-rays: stars

1. Introduction of the diagram. Although few in number, massive early-type
ars have a large influence on their surroundings througjh th

t
In the quest for accurate measurements of fundamemaﬁteﬁechanical and radiative energy input. A detailed knowdedg

parameters, eclipsing spectroscopic binaries are unibys-p of both their evolution and wind properties is thus crucial i

ical Iaporatones all over the HertzsprL_mg-Ru_sseII d'.ngamany diferent contexts. For example, these objects seem to
Combined spectroscopic and photometric studies provide a&ay a key role in the formation of the less massive starsan st

rect determlr_1a¥|on of the masses and SIZEs of their steltar ¢ burst regions or within the core of OB associations. However
ponents. This is of a pariicular interest in the upper left Pur understanding of massive stars is clearly still fragmen
Send offprint requests to: H. Sana tary. Only a few tens of objects have their orbital and phys-

* Based on observations collected at the European South&dl parameters determined with a reasonable accuracg (Gie
Observatory (La Silla, Chile) and with XMNlewton, an ESA 2003). The problem of their exact formation mechanism is
Science Mission with instruments and contributions diyefiinded largely unsolved (Zinnecker 2003) and, from the theorética

by ESA Member States and the USA (NASA). point of view, their physical parametersfigctive tempera-
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Table 1. Orbital and physical parameters of CR21° 7742 as de- In this context, we have undertaken a detailed study of
rived from the He lines orbital solution presented in Paper |. TheCPD-41° 7742, a double line spectroscopic binary located in
usual notations have been adopteglis the time of periastron passagethe core of the young open cluster NGC 6231. In Sana et al.
and is adopted as phage= 0.0 . The column to the right provides the(2003, Paper | hereafter), we presented a first accurateabrbi

reV|sgd estimate of the errors, obtained with Monte-Cartmukation solution for the two components of the system. We derived a
techniques (see Sect. 4). short periodP = 2.44070 days and a slight but definite eccen-

tricity e = 0.027. Based on spectroscopic criteria, we proposed

eP°rb (days) 20'%420770 f 0608820 0.008 a spectral type and a luminosity class of O9411B1 Il for
() 149 + 10 17 the two compqnents of th_e system. Howevgr we outIine_dl the
To(HID 2400284 + 0067 | 0113 strong ambiguity concerning the quoted luminosity clasaii
—2 450 000) tion. Indeed the luminosities and radii inferred from thenme
71 (km s -153 = 0.5 1.2 bership in NGC 6231 rather indicate a class V or IV for both
Ki (kms?) 1671  + 0.9 1.4 components. The analysis of the light curve of the systerh wil
ay sini (Ry) 8.05 + 0.05 0.07 allow us to elucidate this question.
y2 (kms?) -263  + 0.7 2.4 We refer to Paper | for a review of the previous works on
Kz (km s 3013+ 18 3.0 the object. In Paper I, we dit not mention the work of Balona
2 sini (Ro) 1452 + 009 | 014 & Laney (1995) in which the authors present a first light curve
q(= My/My) 1803 + 0015 | 0.023 of CPD-41°7742, shovying a clearly-marked e_clipse. We also
My sirfi (M) 1669 + 0.25 0.39 refer to Paper | for deta|l_s on the spectroscoplc_ analysil;eaf
My sir®i (M.) 9.95 + 0.12 0.18 system. Table 1 summarizes the computed orbital solutidn an

the constraints obtained on its physical parameters. Eomwl
paper will complete our current view of the system by provid-
ing the analysis of the photometric light curve and of XMM

. Newton X-ray observations. It is organised as follows. After
Vacca et al. 1996). The observational masses deduced f"onhaélescription of the optical and X-ray data sets and data han-

mosphere models are systematically lower than the preﬂicgﬁmg (Sect. 2), we present the analysis of the system ligive
masses using evolutionary models (the so-cafiess discrep-  (sect. 3). In Sect. 4, we combine the newly obtained informa-
ancy problem, Herrero et al. 1992; Herrero 2003). Fortunatelyon with results from Paper | and we derive the absoluterpara
recent works (Crowther etal. 2002; Herrero et al. 2002; &8N oters of the system. The X-ray properties of GPDL° 7742

& Garcia 2002; Martins et al. 2002) using line-blanketed afye described in Sect. 5. In Sect. 6, we investigate the wind
mosphere models and accounting bot.h for the spherlcaasteﬂroperties and we propose to interpret the X-ray light care
atmosphere and for the stellar winds yielded ndieative tem- the signature of a wind interaction. We also present a simple
perature scales for early-type stars and, simultanedeslyo yhenomenological model that reproduces reasonably well th

a better agreement between the spectroscopic and evalntioypserved modulations. Final considerations and conaissib
masses. In this context, the accurate determination of &® Mnis work are summarised in Sect. 7.

sive star fundamental parameters, over the whole spegpal t
and luminosity class range covered by these objects, pesvid
thus the basic material to strengthen our understandingi®f t2. Observations and data reduction

particularly important stellar population.

2.1. Photometr
The early-type binary systems are also crucial for the map- y

ping of X-ray emitting plasmas. So far, the most reliable way Between 1997 March 22 and April 19, we observed the core of
constrain the geometry of the hot plasma around stars of vdhie open cluster NGC 6231 with the 0.6-m Bochum telescope
ous spectral types is through the study of the temporal asngt La Silla, Chile. The Cassegrain focus of the telescope was
of the X-ray fluxes of eclipsing binaries or rotating state t equipped with a direct camera and a Thomson 7882 charge-
latter only in cases of non-uniform surface distributiofiXe coupled device (CCD) detector (384576 pixels) subtending
ray plasma. A good time coverage of the orbital or rotaticmfull field of view of 3.2 by 4.8 arcmin. The photometric ob-
cycle is of course critical to provide as complete a desionipt servations have been performed through two narrow band fil-
as possible. While late-type stars often experience flartig- ters: one calledi4686 addressing the region of the idéne

ities which may considerably complicate the task of mappingually present in massive stars (centre: 4684 A, FWHM: 30
their coronae, the situation should, in principle, be muas-e A) and another one labelletb051 addressing a region of the
ier in early-type stars. In fact, single early-type objactsally continuum free from strong lines (centre: 6051 A, FWHM: 28
do not display a strong X-ray variability (Berghofer & Scitim A). More information on these filters can be found in Royer
1994). In early-type binaries, a significant fraction of Kxeay et al. (1998). The typical exposure times were 60s for both fil
emission may however arise in a wind interaction zone. Thkers. Some 112 (resp. 138) useful frames were obtained with
orbital modulation of their X-ray flux is thus quite commonthe 14686 (resp46051) filter. Flat field calibrations were ob-
either because of the changing opacity along the line oftsighined daily on the floodlit dome. No twilight flat could be ac-
towards the shock region, or as a consequence of the changjanged due to the narrowness of the filters. Several biases we
properties of the wind interaction zone in an eccentrictyina cautiously acquired at various times during thetient nights.
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Table 2. Journal of the photometric observations of CPBI1° 7742 in the two filtersi6051 and14686 (see text). Odd columns give the
heliocentric Julian dates (in format H3b2 450 000). Even columns provide the observed magnitudéminelected filter.

16051 14686
HJD mag HJD mag HJD mag HJID mag HJD mag HJD mag
530.8192 8.103 540.8836 8.103 549.9225 8.41534.8722 8.540 545.8333 8.533 554.8312 8.777
530.8203 8.098 540.9142 8.088 550.7756 8.12834.8968 8.533 545.8758 8.525 554.8680 8.678
531.8341 8.130 540.9223 8.098 550.8198 8.13235.7976 8.520 545.9226 8.546 554.9149 8.594
531.8354 8.123 540.9286 8.101 550.8595 8.12835.8262 8.526 546.7415 8.521 555.7662 8.569
533.8018 8.123 541.7697 8.106 550.8872 8.12535.8670 8.534 546.7979 8.516 555.8110 8.574
533.8033 8.127 541.7939 8.105 550.9163 8.13835.9103 8.530 546.8556 8.522 555.8573 8.643
533.8041 8.126 541.8431 8.108 550.9216 8.14837.7754 8.690 546.9197 8.527 555.9148 8.726
533.8291 8.138 541.8689 8.091 551.7497 8.10537.8168 8.607 547.7870 8.541 555.9303 8.756
533.8299 8.147 541.8974 8.112 551.7937 8.11537.8576 8.568 547.8468 8.542 556.7881 8.535
533.8307 8.146 542.7511 8.127 551.8060 8.12837.8590 8.571 547.8905 8.517 556.8690 8.558
533.8571 8.161 542.7896 8.128 551.8631 8.12837.9009 8.552 547.9242 8.510 557.7451 8.517
533.8579 8.160 542.8192 8.141 5519181 8.10838.7595 8.614 548.7645 8.692 557.7899 8.525
533.8587 8.151 542.8482 8.118 552.7605 8.11338.8022 8.674 548.8095 8.614 557.8334 8.525
533.8823 8.198 542.8906 8.126 552.8081 8.11538.8615 8.755 548.8509 8.565 557.8599 8.509
533.8831 8.188 543.7525 8.342 552.8566 8.10538.9045 8.772 548.8781 8.544 557.9078 8.506
533.8839 8.194 543.8084 8.356 552.8789 8.09339.7730 8.560 548.9168 8.538 557.9249 8.511
533.9053 8.234 543.8701 8.292 552.8798 8.09339.8246 8.552 548.9212 8.538 558.6961 8.545
533.9063 8.236 543.8955 8.242 5529189 8.09839.8655 8.560 549.7466 8.710 558.7425 8.543
533.9270 8.273 543.9226 8.199 553.7507 8.11839.8983 8.569 549.8067 8.858 558.7897 8.521
533.9278 8.263 544.7848 8.159 553.7947 8.12340.7890 8.514 549.8637 8.902 558.8082 8.543
533.9286 8.267 544.8474 8.255 553.8328 8.11%40.8306 8.516 549.9214 8.824
533.9294 8.266 544.8936 8.374 553.8736 8.11840.8815 8.523 550.7748 8.534
533.9302 8.274 5449210 8.442 5539195 8.11840.9135 8.531 550.8190 8.531
534.7974 8.123 5449281 8.457 554.7069 8.47940.9217 8.547 550.8586 8.537
534.8227 8.129 545.7752 8.112 554.7540 8.48540.9280 8.542 550.8864 8.524
534.8456 8.130 545.8341 8.119 554.7937 8.4341.7689 8.523 550.9155 8.546
534.8730 8.142 545.8766 8.123 554.8319 8.34341.7931 8.534 550.9208 8.561
534.8976 8.132 545.9234 8.128 554.8686 8.25341.8423 8.532 551.7489 8.528
535.7984 8.118 546.7423 8.100 554.9156 8.16841.8681 8.523 551.7930 8.535
535.8270 8.118 546.7987 8.097 555.7669 8.14841.8966 8.538 551.8052 8.528
535.8678 8.124 546.8564 8.095 555.8117 8.16842.7503 8.546 551.8623 8.535
535.9111 8.110 546.9205 8.109 555.8581 8.22842.7888 8.542 5519173 8.519
537.7762 8.275 547.7881 8.108 555.9156 8.31942.8183 8.569 552.7569 8.542
537.8176 8.195 547.8476 8.109 555.9311 8.34242.8474 8.535 552.7614 8.540
537.8601 8.157 547.8913 8.086 556.7887 8.13542.8898 8.546 552.8074 8.528
537.9021 8.145 547.9250 8.092 556.8698 8.13843.7516 8.769 552.8551 8.530
538.7603 8.186 548.7674 8.255 557.7458 8.10843.8076 8.765 552.8782 8.521
538.8030 8.258 548.8105 8.184 557.7907 8.09543.8693 8.701 5529174 8.522
538.8623 8.328 548.8519 8.140 557.8342 8.385’43.8947 8.657 553.7500 8.557
538.9053 8.342 548.8789 8.115 557.8607 8.08243.9218 8.623 553.7941 8.556
539.7738 8.137 5489179 8.115 557.9094 8.07344.7840 8.560 553.8321 8.540
539.8254 8.132 548.9200 8.119 557.9257 8.(08944.8465 8.672 553.8729 8.554
539.8663 8.140 548.9223 8.113 558.6969 8.12544.8928 8.784 553.9188 8.550
539.8991 8.142 549.7474 8.302 558.7433 8.10344.9202 8.858 554.7062 8.887
540.7898 8.096 549.8075 8.449 558.7910 8.(09844.9272 8.863 554.7533 8.914
540.8314 8.101 549.8645 8.490 558.8091 8.11345.7744 8.530 554.7928 8.840

The frames were debiased using a master zero frame and\ight sky superflats proved to be more stable, but yielded
the absence of overscan, a level value interpolated bettheena strong systematic vignetting as shown by Manfroid et al.
various bias frames taken during the same night. The opgical (2001). Consequently, the illumination correction wasrett
ements close to the CCD proved to be frequently contaminatdatained from the ‘photometric superflats’ based on stellar
by dust. Hence, the pixel-to-pixel (high spatial frequénzyrt measurements (see e.g. Manfroid 1995). All reductions were
of the flat-field calibration had to be carefully extractednfr carried out with the National Optical Astronomy Observagsr
the calibration frames obtained daily. The large scale am@NOAO) rar package. The debiased, flat-fielded frames were
nent of the dome flat fields varied slightly from day to day.sThianalyzed with theaopror software (Stetson 1987), using aper-
was found to be due to minor changes in the instrumental settye radii between 2 and 5.5 arcsec. ‘Absolute’ photometry
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For the purpose of scientific analysis, we adopted a
circular extraction region with a radius of 13.2arcsec and
centered on CPB41°7742. This radius corresponds to
half the distance to the nearest neighbouring X-ray source.
Using thesas task caview, we estimated that, at the po-
sition of CPD-41°7742, the adopted extraction region
corresponds to an encircled energy fraction of about 64%
and 63% respectively for the MOS1 and MOS?2 instruments.
Unfortunately, due to the crowded nature of the NGC 6231
cluster core in the X-rays (see Fig. 1), the background could
not be evaluated in the immediate vicinity of CRE1° 7742,
but had to be taken from the very few source free regions
in the cluster core. We adopted three circular background
regions — labelled A, B and C on Fig. 1 — centered @] =
(16'54M3143 —41°4542'2), (16542328, —41°46'14'7)
and (1653"4412, -41°5334'6), and with respective radii of
20, 20 and 25 arcsec. These regions are somewifsstdrom
the source region but all three are located on the same CCD
detector (CCD #1) as CPB41°7742.

Fig. 1. Broad-band [0.5 - 10.0 keV] image of the NGC 6231 core. This Using the average count rates in each pointing, we built
EPIC MOSHMOS2 image combines the two instruments and the si@w and background-corrected broad-band light curvesen th
pointings of the campaign for a cumulatefieetive exposure time of range [0.5-10.0ke\}] We also extracted light curves in three
351.5ks. The source and background extraction regionshavens  different energy bands: a softy)Sband [0.5 - 1.0keV], a
medium (M) band [1.0 - 2.5keV] and a hard {)band [2.5 -
was derived from the large aperture data, using a multi{nigf11'0'0 kev]. Fpr comparison, we u_sed _the background corrected
countrates in each pointing as given in the cluster X-rayamu

multi-filter algorithm and a few standard stars (Manfroi®3% :
This procedure yielded additional reference stars for &atth catalogue. These latter values were obtained by means 6f a ps
model fit to the source using thes taskemldetect and a spline

These secondary standards together with all non-variahis sbackground function (see details in Sana et al. 2005a).&Vhil

were used to fix, through a global minimization procedure, th

. roughag P the catalogue count rates turn out to be about 50% larger than

zero points for the individual frames and for each apertare r .

. . . L the extracted count rates, both are in excellent agreentesr w
dius, thus performing some kind of globatidirential photom-

etry these latter are corrected for the encircled energy fraclibe

Comparing the photometry performed through thféedent obtal_ned X-ray I|_ght curves show cl_ear var|ab|I|ty._To iaase
i . e our time resolution, we extracted light curves with tempora
apertures, we noted that a faint companion visible at’ 3e4

the W-SW of CPD- 41° 7742 has actually no influence on th bins of 5 ks, over the same energy ranges as stated above. Thes
y (? tter curves were corrected for the various good time vatler

differential photometry; The f_mal magnitudes are given in Tab[%at result from the data processing; they will be discussed

2 and correspond to &2 radius aperture. The expected ermoL .t 5

on a star of similar brightness as CRI31° 7742 corresponds T

to o = 0.007 mag in dterential photometry. Finally, adopting the same source and background regions,
we extracted X-ray spectra for each observation and for each
of the two MOS instruments. For this purpose, we used the
redistribution matrix filesrimf) provided by the XMMNewton
CPD-41°7742 was observed with XMNNewton (Jansen instrument teams and we built the appropriate ancillary
et al. 2001) during the six pointings of the campaign towardesponse filesaff) with the help of thesas software. The
NGC 6231 (Sana et al. 2004, 2005a) performed within the guapectra were binned in such a way as to have at least 10
anteed time programme of the Optical Monitor consortiurgounts per energy bin. Using tieanksky files for the MOS
The MOS cameras (Turner et al. 2001) were operated in thétruments, we extracted the spectra corresponding to the
full frame mode and using the thick filter to avoid contaminadopted source and background regions. The impact of the
tion by UV/optical light. No EPIC pn data were collected fopffset in the background regions on the background spectrum,
CPD-41° 7742 since the star fell on a gap of the pn dete@nd on the instrumental emission lines in particular, wasitb

tor. Due to the brightness of the objects in the field of viete be negligible.

(FOV), the Optical Monitor was switchedfathroughout the

campaign. The raw data were processed with the Scientific

Analysis Systemsis) version 5.4.1. For details on the XMM

Newton observations and on the data processing, we refer to the expressed in pulse-invariant (PI) channel numbers andidens
previous work on HD 152248 — the central target of the FOViﬁg that one Pl approximately corresponds to 1 eV, the adotege

by Sana et al. (2004). is actually P& [500-10 000].

2.2. X-ray observation
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Table3. Time and orbital phase (according to the ephemeris of Tglderhid-exposure for each XMNilewton observation of CPB 41° 7742.
The other columns yield the count rates (in units of*kht s'1) over diferent energy bands (expressed in keV) for the two MOS insints)
as obtained using thes taskemidetect (see details in Sana et al. 2005a). The observations lastedterage for 30 ks (corresponding to a
phase interval of 0.14). Note that due to background fla@as,qgf some observations had to be discarded.

JD 7 MOS1 MOS2
~2450000 [0.5-10.0] [0.5-1.0] [1.0-2.5] [2.5-10.0] [0.B:0] [0.5-1.0] [1.0-25] [2.5-10.0]
2158214 0819 16:09 77x06 87+06 01+x01 143x08 7706 62+05 04:02
2158.931 0.113 29+15 98+08 17009 29+05 290+15 101+09 166+11 22+05
2159.796 0.468 28+10 90+06 122+06 16+03 236+10 92+06 131+08 13+03
2160.925 0930 10+10 84+07 95+07 11+03 193+11 93+07 91+07 10+03
2161.774 0278 19+10 85+06 100+07 1203 211+10 81+06 114+07 16+03
2162.726 0.668 18+09 95+06 89+07 05+02 203+10 92+06 104+07 07+02

@U‘IAO\)I\)H#%

Table 4. Input parameters for the program of synthesis of the ligihined by the temperature of the star, gravitational darkgni

curves. limb darkening, and heating by radiation from the companion
The input parameters of the model are summarized in Table 4.
Parameters  Description For light curve solution, we fixed some parameters whose
q=M/M, Mass ratio values were defined in previous investigatipns of the system
e Eccentricity can be assumed from global stellar properties. Namely, @@ us
w Longitude of periastron of primary star the known spectroscopic value of mass rafie=: M1/M, =
Fi, Fp Ratio of surface rotation rate to synchronous 1.803, deduced from the data on He | lines (Paper I). A light
rotation rate for both stars curve solution is only sensitive to the temperature ratie be
i Orbital inclination tween the stars, thus the temperature of one star should be
Has H2 Roche lobe filling cofiicients,u = R/R’, where fixed. Usually it is the more reliably determined temperatur
RandR" are the polar radii for partial and of the primary star. The spectral types of the stars O9 I (pr

complete filling of the critical Roche lobe at
periastron position (& u < 1)
T, T2 Average &ective temperatures of the components
B1, B2 Gravity darkening caficients (the temperature of
an elementary surface aréa= Ty, X (<g§12)ﬂ1~2,
whereg and< g > are the local and mean gravity
accelerations)

mary) and B11ll (secondary) were derived in Paper I, but we
pointed out that adopting a main sequence luminosity ctass f
both components solves much of the inconsistency between th
luminosity class Il hypothesis and the typical luminasstand
radii of giant stars. Our preliminary light curve solutioe-r
sulted in stellar radii also suggesting the luminosity €l&s

X12: Y12 Limb darkening coslicients (see the text) for both stars, thus we fixed the averagkeetive temperature
Ar, Ao Bolometric albedos (cdBcients of reprocessing ~ Of the primaryT; = 34000 K corresponding to an O9V star
of the emission of a companion by "reflection”) (Humphreys & McElroy 1984). This value is also very close to
I3 Third light the one given by the newffective temperature scale of O-type
A Phase shift between the times of conjunctipand  dwarfs by Martins et al. (2002).
of periastron passag (Table 1) Gravity-darkening co@cientss; = 8, = 0.25 and albedos
to Time of primary eclipse minimum A; = A, = 1 were assumed as typical for early type stars.

We used the nonlinear ‘square-root’ limb-darkening lana@i
Cordoves & Gimenez 1992; Diaz-Cordoves et al. 1995; van
. . . Hamme 1993)t(cosy) = I (1)[1-x(1-cosy) —y(1- /COSy)],

3. Optical light curve analysis wherey is the angle between the line of sight and the normal to
Photometric light curves were analysed within the framéwothe surfacel (1) is the intensity fory = 0, andx, y are the limb
of the Roche model for an eccentric orbit, similar to Wilson'darkening cofficients. As shown by van Hamme (1993), this is
(Wilson 1979) model. The algorithm is described in detail bae most appropriate limb-darkening law at optical wavetes
Antokhina (1988, 1996), here we only briefly describe itsrmafor T > 10000 K. The rotation of both stars is assumed to be
features. The computer code allows one to calculate a radignchronous with the orbital ortg = F = 1.
velocity curve, the monochromatic light curves and absonpt ~ The adjustable parameters of the model were the follow-
line profiles of stars simultaneously, either for a circwdaan ing: the Roche lobe filling cd&cients for the primary and sec-
eccentric orbit. Axial rotation of the stars may be non syneh ondarypu,, u» (calculated for the time of periastron passage),
nized with the orbital revolution. Following Wilson (197%9e the averageféective temperature of the secondary Starthe
assumed that the shapes of the stars coincide with equtadterorbital inclinationi, the eccentricitye, the longitude of perias-
surfaces in the Roche model at all orbital phases and bath steon of the primaryw. While doing minimization, every model
retain constant volumes during their orbital revolutiomeT light curve was also shifted along the magnitude axis unéil t
tidally distorted surfaces of the stars are heated by muagil  best fit between the model and observed curves was achieved.
ation. The intensity of the radiation coming from an eleraent Initial phasesy of observational data points were calcu-
area of the stellar surface and its angular dependencet@re déated using the spectroscopic ephemeris of TableldD =
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Fig. 2. Observed (dots) and modelled (plain lines) light curves4®i86 A and16051 A. The parameters of the adopted model are presented
in Table 5. The minimum of the primary eclipse is adopted agsplt = 0.0 which, according to the ephemeris of Table 1, corresponds t
/S 0.85.

2 452 400284+ 2144070x E. Since our model assumes an oring an absolute critical value g corresponding to a signifi-
bital phasep equal to zero at the time of conjunction (the se@ance level of 1%. This first approach rather defines the zones
ondary star being in front), the observed light curve was thef variation of the parameters that still lead to an accéptat
shifted in phase by ¢, according tay = ¢ — A¢. The value of of the model. The obtained error bars are rather small. Ttxe se
A ¢ was determined by the minimum of the deviation betweamd kind of confidence intervals corresponds to a critichlea
the observed and model light curves. which is defined relatively to the obtained minimyhof the
The estimation of adjustable parameters was done with fifteincreased by a value corresponding to a significancd leve
well-known simplex algorithm (Nelder and Mead’s methodf 0.1%. This latter interval corresponds to a3leviation and
(Himmelblau 1971; Kallrath & Linnell 1987). In the vicinigf it has been transformed to a3duncertainty in the sake of co-
the minima found, additional calculations were done on a fitierence with the radial velocity adjustment. This apprdach
grid, in order to explore the details in shape of the deviatideminiscent to a search for the zone where lie the true vaities
surface and to estimate the errors on the parameters. Thethe-parameters.
sulting parameters for the solutions correspondingd686A,
to 16051A and to the simultaneous adjustment at both wave-
lengths are presented in Table 5. Two kinds of confidence in- Figure 2 exhibits the observed light curves corresponding
tervals have been computed and are also given in Table 5. Tha4686 A and to16051 A along with the model predictions of
first one corresponds to a test of the adequacy of the modkE simultaneous solution. The final model for CPB1° 7742
The confidence intervals for the parameters are estimated wviswed at dfferent orbital phases is presented in Fig. 3.
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Table 5. CPD-41° 7742 physical and orbital parameters as obtained from thieabpight curve analysis. Two kinds of error estimates are
given. The first one defines the confidence intervals insidetwihe model is still accepted at the 1% significance leves text). The second

one (given in brackets) corresponds to the tervals used to define the domain where the true paramefiges/are expected to lie.

Parameters 14686 A 16051 A Simultaneous Parameter
solution status
g= Mi/M; 1.803 1.803 1.803 adopted
i 7735+ (05 (08) 7737+ (05 (08) 7735+ (205 (08) adjusted
e 0.020+ 0.001 (0.006) 20+ 0.001 (0.006) (020 0.001 (0.006) adjusted
w 33 +8 (19) 33+ 8 (19) 33 +8 (19) adjusted
/11 0.782+ 0.004 (0.037) 0784+ 0.004 (0.037) 0783+ 0.004 (0.037) adjusted
73 0.748+ 0.003 (0.050) 0751+ 0.003 (0.050) 0749+ 0.003 (0.050) adjusted
Ty (K) 34000 34000 34000 adopted
T, (K) 26 280+ 150 (420) 26 23@ 150 (420) 26 26@ 150 (420) adjusted
Li/(L; + Lp) 0.7380 07308 07379|0.7314 computed
Lo/(Ly + Lp) 0.2620 02692 02621| 0.2686 computed
= 1.0 1.0 1.0 adopted
F, 1.0 1.0 1.0 adopted
B1 0.25 0.25 0.25 adopted
B2 0.25 0.25 0.25 adopted
Ay 1.0 1.0 1.0 adopted
A, 1.0 1.0 1.0 adopted
I3 0.0 0.0 0.0 adopted
X1 -0.213 -0.188 -0.213| - 0.188 adopted
Vi 0.724 0.643 ¥24| 0.643 adopted
Xo -0.124 -0.112 -0.124| - 0.112 adopted
V2 0.663 0.559 ®63| 0.559 adopted
A¢ 0.1537+ 0.0007 (0.0011) @537+ 0.0007 (0.0011) @537+ 0.0007 (0.0011) adjusted
to (HID — 2450000) 2399.909 2399.909 2399.909 computed

Relative radii R/a)

r.(pole) 0.3127+ 0.0016 (0.0148) (3135x 0.0016 (0.0148) (B131= 0.0016 (0.0148)
r1(point) 0.3351+ 0.0022 (0.0203) (3362 0.0022 (0.0203) (357 0.0022 (0.0203)
r1(side) 0.3205+ 0.0018 (0.0164) (8214+ 0.0018 (0.0164) (3210 0.0018 (0.0164)
r1(back) 0.3290+ 0.0020 (0.0182) (8300 0.0020 (0.0182) (3295 0.0020 (0.0182)
r2(pole) 0.2268+ 0.0009 (0.0152) @277+ 0.0009 (0.0152) (2271 0.0009 (0.0152)
r»(point) 0.2421+ 0.0012 (0.0210) 2433+ 0.0012 (0.0210) 2425+ 0.0012 (0.0210)
ro(side) 0.2306:+ 0.0010 (0.0163) @316+ 0.0010 (0.0163) 2309+ 0.0010 (0.0163)
r»(back) 0.2384+ 0.0011 (0.0189) 2395+ 0.0011 (0.0189) (2387 0.0011 (0.0189)

Table 6. CPD-41° 7742 absolute parameters. The errors on the lumi-
nosities and the magnitudes were estimated assuming alferroa

4. CPD—-41° 7742 orbital and physical parameters

4.1. Period P of 1000 K on the temperatures.
Since the time base of our photometric campaigoriy 28 Parameters Primary Secondary
days long, it provides little constraint on the period. lede
the width of the associated peak in the periodogram is about a(Ro) 2318+ 018
3.6 x 102d1, yielding an uncertainty of about2x 10-2d R(Ro) 745045 539+043

. ) M(Mg) 17.97+045 996+ 022
(corresponding to one tenth of the peak width) on the value of T(K) 34000 26 260
a period determined from the photometric set only. As a con- log(Loo/Lo) 482+007 409+ 0.10
sequence, we choose to keep the period fixed at the value de- log(g) 393+ 048 396+ 0.64
termined from the much longer time span of our spectroscopic My _4.00+021 -298+031

data set. We thus retaih= 2.44070d for CPD-41° 7742.

minima is indeed clearly flierent from half an orbital cycle
and the CPDB- 41° 7742 orbit is thus slightly eccentric.

The values of the eccentricity obtained from the analysis of Recently, Sterken & Bouzid (2004) led a photometric cam-
the light curve and of the radial velocity curve are in ex@all paign searching for new variables in NGC 6231. Using the pe-
agreement. From our data, the separation between the tiato ligod from Paper |, they obtained independent light curves fo

4.2. Eccentricity e
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$=0.00 curve has been published yet, but th&atiences between the
' Sterken & Bouzid observations and ours are quite intriguing

In our data, the ingress of the secondary eclipse has
been observed during threeftédrent nights spread over the
one month run. It is therefore well defined and clearly indi-
cates a slight eccentricity, except if some systematicelsias
were present. Our observing run lasted for 28 days and the
CPD-41° 7742 light curves displayed in Fig. 2 show smooth
ellipsoidal variations and well behaved eclipses. Spresd o
at least two years and acquired more recently, the Sterken
& Bouzid data set is larger, especially in theand b bands,
though with some gaps in the phase coverage. Their published
¢=0.10 light curves display several striking features. First, phienary
eclipse seems to vary over the time: it presenfietént depths
over diterent cycles and showsftéirent ingress and egress
shapes. Rapid variations are also observed slightly béiere
primary eclipse as well as slightly after the secondary dhe.
right wing of the secondary eclipse displays an inflectioimpo
in they andb bands, while a strandg@furcation is observed in
theu band. Finally, even outside the eclipses, the behaviour of
the system is clearly not as quiet as in our data set (see Fig. 2

While a change of the period or of the eccentricity with time
is hard to explain, a change in the longitude of the periastro
could mimic a non-eccentric system. Another hypothesis al
mentioned by Sterken & Bouzid, is that the observed disper-
sion of their light curves reveal the signature of some kifd o
activity in CPD—41°7742. Under this hypothesis, the system
could have remained in a quiet state during the 11-cycle du-
ration of our observations, while Sterken & Bouzid couldé&av
observed dferent activity states during the longer time-span of
their campaign.

$=0.25

4.3. Longitude of periastron w

The two values for the primary longitude of periastron atali
$=0.51 from the spectroscopy = 149) and from the photometry
(w = 33) are clearly not consistent. In Paper I, we also com-
puted an orbital solution including all published primarysR
and we obtained an argumant= 27 + 31° closer to the lat-
ter photometric value. In principle, the light curve anayis a
more powerful tool to derive accurate valuesdgragain from
the separation between the two light minima. In Fig. 2, the se
aration between the primary and secondary eclipses istlgligh
larger than half a cycle. This indicates that the longitutess
riastron is located betweeri @nd 90, thus rejecting the much
larger spectroscopic value.

In Paper I, we already noted the large dispersion in the
(\E/silues deduced from data sets associated witleréint lines,
ranging fromw = 99 to 190. We tentatively suggested that
this was linked to the diculty to accurately determine the pe-
riastron argumentin such a slightly eccentric system. Fsam
orbital solution, we however derived a reasonable erromlpar
CPD-41°7742 in the Stromgren system. Surprisingly, theit0°. While searching for the origin of the discrepancy between
data set reveals almost perfectly symmetric light curvel withe photometric and spectroscopic solutions, we have inves
the two light minima separated by exactly half a cycle, thugated this point more deeply. Adopting the orbital parame
indicating either a non eccentric system or a longitude of peters of Table 1, we computed a set of orbital solutions, vayyi
astron very close to 90 or 27(No detailed analysis of the lightthe periastron argument froni € 360C°. The obtained curves

Fig.3. The model of CPDB-41° 7742 viewed at dferent orbital
phasesp. The corresponding phases using the ephemeris of Tabl
are, from top to bottomy = 0.85, 0.95, 0.10 and 0.36.



H. Sana et al.: The Massive Binary CR1° 7742. 1| 9

are very similar in shape; the mainfiirence is a shift in ra-
dial velocity of an amplitude of about 10 km'speak-to-peak.
Comparing this with the root-mean-square (r.m.s.) residtia
4.8 km s of our orbital solution gives us a first impression that
the periastron argument is probably loosely constraineithéy
radial velocity solution and that the quoted error-bar ddug i
underestimated in this particular case. 200

300 —

In a second approach, we performed Monte-Carlo simulé—
tions adopting a Gaussian distribution of the errors on the-m g i
sured radial velocities (RVs). For the primary, we adopted & B
standard deviation of 4.8 knmt’5 thus equal to the r.m.s. resid-& -
ual of our fit. For the secondary component, we accounted for gg |-
the obtained ratio between the primary and secondary uncer- |
tainties, s,/s, = 2.1, as quoted in Paper |. Finally, for each
observation, we scaled the dispersion according to théwela
weighting adopted to compute the orbital solution. For each
measured RVs, we randomly drew a series of 10 000 simulated
RV points from these distributions, so building an equinale 0 ‘
number of simulated data sets. We then computed the corre- 0 100 200 300
sponding orbital solutions using the same method as the one w ()
described in Paper I. We finally computed the distributiohs o
the resulting orbital elements. This latter approach alames- Fig. 4. Distribution of the longitude of periastran in a set of 10 000
timate the errors assuming a random dispersion of the obdersimulated orbital solutions built using Monte-Carlo teiciues (see

points. This evidently does not account for possible syatam text). An equivalent Gaussian characterized by the sammaistl
errors or outstanding points. mean and standard dispersion and with an equivalent surecbeen

) _overplotted.
We found that all the orbital parameters follow a Gaussian

distribution, centered on the values of Table 1, exceptahgit

tude of periastron (and thus the time of periastron pass@be)  The canadian amateur astronomer, J. Miller Barr noted that
simulated 1e dispersions were found to be systematically, by, longitudes of periastron of spectroscopic binariesnate
not dramatically, higher than the published uncertain@ié® ,nitormiy distributed between’Gand 360 (Barr 1908). Out of
difference is, on average, not larger than 80% but can reachfsnectroscopic binaries with elliptical orbits, appaiseonly
factor of 3. These new values for the uncertainties are quUot§ ;- hadw between 180 and 360, all others had their lon-

in the right column of Table 1. Concerning the distributidn Qyit,de of periastron in the first two quadrants. Barr advence
the periastron argument, Fig. 4 shows that it significangid 1, nossible explanations for this systematiteet: either the
ates from a Gaussian distribution. The width of the peak horessyre or temperaturéects in the atmospheres of the stars
ever does approximately correspond to the width of an equiNg,ift their spectral lines with respect to their genuineitatb
lent Gaussian characterized by an estimated standardideviamotion’ or a non-uniform brightness of the components com-
equal to the one of the simulated distribution and by an equiyineq with a large rotational velocity causes the spedtrasito
alent surface. We thus retain therldispersion of the distribu- ,e00me asymmetric. Although Barr included several Cepheid
tion as a g0(_)d estimator of the typical error on t_he deterthing,riables in his sample, a similaffect was (re-)discovered by
spectroscopic value fap. As a consequence, while the quoted,e (1948, see also the discussion by Batten 1983, 1988).
error on the periastron argument was indeed underestirmated e apparently found an excess of systems withthe first
Paper |, this new estimate explains rather well the dispersiqaqrant, He suggested that this could be due to streams of ga
observed from time to time but still rules out the photomefeyyeen the stars which lead to spurious eccentricitiesahd
ric valuew = 33". The origin of the inconsistency between,qg of, in the first quadrant. The existence of the Bafeet
the photometric and spectroscopic values, as well as with 55 confirmed by the studies of Fracastoro (1979) and Howarth
Sterken & Bouzid (2004) data, should be looked for elsewhe{gggs) Fracastoro used the data from the Viith Catalogue of
One could indeed think of a possible physicfieet that orbital elements of spectroscopic binaries and found aidist
would modify the observed RV curve compared to thege bution of w for systems with large eccentricities £ 0.6) that
curve of the system. In particular, a modification of the pshows an excess of systems with= 0° and a flat minimum
sition of the spectral line centroids could produce fiedent aroundw = 25C°. The dfect was most prominent in systems
RV value compared to thieue velocity of the stars. In such awith short orbital periods. Howarth (1993) analysed tiect
slightly eccentric binary as CPB41° 7742, it is also plausible by means of non-parametric statistical tests, restri¢tingam-
that a small variation in the measured RVs could mimic orbifde to systems with orbital solutions of reasonable qualtity
with quite a diferent periastron argument. Though the exafdund a statistically significant&ct only for systems with or-
nature of the phenomenon is unknown, we tentatively linkedhital periods shorter than 3 days. The distributioropeaks
to a possible manifestation of the Baffext. at a preferred direction ab ~ 100°, corresponding to a shal-
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larger than the typical 09.5 V radius of % Biven by Howarth
& Prinja. Adopting the bolometric correction of Humphreys &

e McElroy, BC = —-3.3 + 0.1, we derived a visual absolute mag-
= B L P— nitude My 1 = —4.00 + 0.21, fainter than the values of4.5,
—-4.2, —4.5 and-4.43 respectively reported by Humphreys
& McElroy (1984), Howarth & Prinja (1989), Schmidt-Kaler
B 1517 (1982) and Vacca et al. (1996), though again in agreemeht wit
the slightly later spectral-type 09.5 V. Comparing the oisd
values with those of other eclipsing early-type binarisgeli
by Gies (2003) clearly indicates that the physical pararsete
of the primary in CPD-41° 7742 correspond to the observed
range for O9 dwarfs. Vaz et al. (1997) reported a mass of 49 M
for the O9 V component in HD 165921 though with a rela-
tively smaller radiusR = 6.13 R,). On the other hand, the
CPD-41° 7742 primary is slightly larger and heavier than the
09.5 dwarf components in CRIB392603 (Rauw et al. 2001,
M =145 My, R=49R;), HD 193611 (Popper & Hill 1991,
M =166 + 163 My, R=74 + 7.4 R,) or HD 198846
(Simon et al. 1994; Hill & Holmgren 1995; Burkholder et al.
1997,M = 17.0- 177 My, R=5.7- 7.7 R;). The dwarf na-

Fig.5. Position of the primary (filled symbol) and secondary (opefti® Of the primary star is consistent with the derived siefa
symbol) components of CPD41° 7742 in the H-R diagram. A formal gravity (altough the corresponding error is rather large).
error of 1000 K has been adopted on the temperatures. Sudist kevo-
lutionary tracks from Schaller et al. (1992) foffdirent initial masses.
Dotted lines: isochrones ranging, from left to right, frono210 Myr
with a step of 2 Myr.

8 \\\\‘\\\\‘\\\\‘\\\\:::
4.7 46 45 44 43

log T,

4.2

From the &ective temperature calibration of Humphreys
& McElroy, the secondary temperature corresponds to a spec-
tral sub-type BO0.5, in rough agreement with the B1 spectral
type obtained from spectroscopy. Its radius and visual mag-
nitude however fall within the expected range for B1-2 stars

lower, longer rising branch in the radial velocity curve and (Humphreys & McElroy 1984; Schmidt-Kaler 1982). The sec-

steeper, shorter falling branch. Howarth interpreted ¢ffisct Ondary is also slightly smaller and lighter than the B1 V com-
as the result of a gas stream from the primary towards the segnent in HD 175514 (Bell et al. 198% = 135 Mo, R =

ondary, though no simulation of the phenomenon has been &99_ Rs). All in all, and accounting for the uncertainties on the

formed to check its exact influence on the RV curve. spectroscopic data, adopting a B1.5 V spectral sub-typiéor
secondary in CPB 41° 7742 yields a better match between its

physical parameters and the typical observed and theaketic

4.4. Time of periastron passage Tg values expected for such a star.

The diference in the spectroscopically and photometrically de- The locations of the CPB41° 7742 components in the
termined times of periastron passage directly results fiteen H-R diagram are shown in Fig. 5 together with the evolu-
inconsistency between the values of the periastron argumionary tracks of Schaller et al. (1992). A rough interpola-
derived using the two techniques. This problem has alredifyn from these tracks yields initial massm‘lo) = 237Mg

been extensively described in the previous paragraph .(Segid Mgo) = 111 M, and current ages between 3 and 8 Myr.
4.3). We just note here that adopting a periastron argumemiese ages do well reproduce the range of derived values for
w = 33 yields a value for the time of periastron passage g¢fie NGC 6231 cluster (see the cluster literature review maSa
To = 2452399498 (HID). et al. 2005a). In such a small time span, the actual masses of
the stars remain close to their initial masses and are thitss qu
larger than the observed masses of about 18 andsL(Mable

6). In a binary system, mass exchange between its compgnents
through e.g. Roche lobe overflow, could alter their evohio
Thanks to the light curve analysis, the inclination of theteyn ary status compared to single star models. From the photo-
is now very well constrained. Combining this with the spectr metric light curve, CPDB- 41° 7742 is actually a well detached
scopic information of Table 1, we derived absolute values feystem. Due to its young age, it is thus very unlikely that the
the system separation and the star radii and masses. We sy@em could have undergone such a phenomenon (now inter-
derived their luminosity and the surface gravity. The pbgki rupted) in its past history. New evolutionary tracks thatcat
parameters of both stars are given in Table 6. With an alesoltdgr the efect of rotation could help to investigate this appar-
radius ofR; = 7.45+0.45R,, the primary componentis slightly ent discrepancy. Finally, comparing the absolute mageg&ud
smaller than typical O9 V stars. Howarth & Prinja (1989)pbtained in Table 6 with the visual magnitutfe= 8.228 of
Schmidt-Kaler (1982) and Vacca et al. (1996) respectiveGPD—41° 7742 (Sung et al. 1998), we estimated the distance
listed radii of 8, 9.5 and 8.8 R The observed radius is howevenf the object. We adopted a colour excé&f8 — V) = 0.49 and

4.5. CPD - 41° 7742 physical parameters
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Fig. 6. Net EPIC MOS count rates of CPP41° 7742 as a function of 3 - ﬁ HE Hﬁ% t I ﬁ #
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R = 3.3 as derived by Sung et al. (1998). We finally obtained
DM = 10.92+0.16, in excellent agreement with the cluster av- 8.6
erage distance modulidV = 11.07+0.04 (Sana et al. 2005a).

4686

8.8
5. X-ray light curves and spectral analysis

The X-ray light curves of CPB 41° 7742 as seen by the 8
two MOS cameras are shown in Fig.6. The count rates, av-
eraged over the duration of each pointing, were taken fram th
NGC 6231 X-ray source catalogue of Sana et al. (2005a) and>
were obtained using thexs task emldetect. The count rates &
are thus corrected for thefects of exposure, vignetting and
finite size of the extraction region. They also account fer th
background subtraction. It is clear from Fig. 6 that the }-ra
emission from CPD-41° 7742 displays strong signs of vari-
ability. A y? test of hypothesis consistently rejects, at the 1%
significance level, the null hypothesis of constant ratethen
[0.5 - 10.0 keV] band and in the Mand H bands. Fig. 6 Fig.7. Top pane: EP.IC MOS background count rates in the
also indicates that the phase coverage of the orbital cgcldd-5-10-0keV] band.Middle panel: CPD-41 7742 EPIC MOS
almost complete with only a small gap slightly before pha%é'ickground-corrected count rates in the same energy r&ihgdime

— 0.2. To increase our time resolution. we also extract %lning of these two panels is 5ks. The vertical axes are itsun
y =02 : 91 3cnts?t. No correction for the limited encircled energy fraction

bgckground-corrected light curves with a time binning 085K, < een applietLower pandl: RV curve (in km s?) and optical light

Figure 7 shows that the count rate changes by about a faci@e (in mag) of CPB 41° 7742. Note the coincidence of the X-ray

two over relatively short time scales. These variationsa#se drop aroundy = 0.35 and the time of conjunction with the primary

seen in the dferent energy ranges (Fig. 8) and are most promjtar being in front, as well as the lack of coincidence of txosdary

nent in the intermediate () band. As in Fig. 7, they suggesteclipse with the passage at the systemic velocity.

a double-peaked light curve with two broad maxima around

phases) ~ 0.1 and 0.5. From the top panels of Fig. 7, we

conclude that the observed modulations are clearly notaue t

background fluctuations. Note that, in Figs. 7 and 8, no cerreninimum in the optical light curve. The observed modulagion

tion for the limited encircled energy fraction has been eguhl are probably phase-locked since, for example, the two wings

neither for the vignetting nor for the exposure. This expdai of the eclipse have been observed during twdfdrent orbital

the lower count rates obtained compared to Fig. 6. revolutions. However, except near= 0.85, the diferent point-
One of the main pictures in the X-ray light curve is a serings do not overlap in phase. One can therefore not defihjtive

sible decrease of the signal between phase0.27 and 045, assert the phase-locked behaviour of the observed X-rhy lig

which almost exactly corresponds to the time of the secgndaurves.

200

—200 f
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Fig.8. CPD-41° 7742 EPIC MOS background-corrected count rates in the #mesgy bands as a function of orbital phase. The time binning

is 5ks. The vertical axes are in units"#@nt s'. No correction for the limited encircled energy fractiorsiieeen applied.

HR1 = (M-8) / (M+8) NSM = 2.8 x 10?2 cm™2. In the spectral fits, we thus requested
o5 E ‘ { E‘ o ? T E‘ E a column density larger or equal t4". The best spectral
o o Bl ;8 B Eg Eﬁﬁ% EEEEEEE ; ;8 B fits are obtained for a two—temperatmekallthermgl plasma
= E E%{IE I it E%{IE 3 model (Mewe et al. 1985; Kaastra 1992) with two independent
—0.5 E ‘ ‘ ‘ E absorbing columns. These fits indicate a soff (k 0.6 keV)
-l e T slightly absorbed plus a hardefT{k- 1.0 keV) and more heav-
— 05 & T # w B ily absorbed component. However, they only provide an upper
é 0 %E}EE%I = Eiiﬁﬁ L Eﬂfzﬁﬁﬁiﬁ = E limit on the absorbing column associated to the soft compo-
-0.5 i = nent. As for HD 152248 (Sana et al. 2004), fixing this addi-
B tional soft column to zero yields even better fits, chardober
0 Oj’ 1 by more stable solutions. The best-fit parameters are listed

Table 7 and tend to indicate that the CRB1° 7742 X-ray
THRectrum is significantly harder when the total flux is larger
More accurate information is howeveiffitult to obtain since,

as can be deduced from the modulations of the hardness ra-
tios (Fig. 9), the spectral variations are probably avedam#

over the 30ks duration of a pointing. Unfortunately, snralle

els: a higher state betwegn~ 0.0 and 0.5, during which the bin sizes do not allow to obtain spectra of dwient quality to

eclipse is observed, and a lower state between 0.6 and derive reliable constraints on the spectral properties.

1.0, where no counterpart of the primary eclipse can be seen. The combined MOS spectra obtained from the merging of
The hardness ratio curves are shown in Fig. 9. Though the &€ Six XMM-Newton observations are shown in Fig. 10 to-
ror bars are quite large, they seem to indicate that the anisgether with the best fit 2-T model. Though the general quality
is slightly softer around phasg = 0.3, so approximately at of the fit is relatively good, the model tends to underestémat

the time of conjunction, while it is presumably harder at thif'e fluxes at high energy-(4 keV). This could indicate the ex-
maximum of the emission. istence of a high energy component as well as the presence of

While the orbit is presumably not circular, the value of thi€ Fe K line at 6.7keV. The merged spectra do unfortunately
eccentricity is pretty small and it is unlikely that the \ion ot have a sflicient quality at high energy to constrain this
of the distance between the two stars plays a signiﬁcanirlloleorObable additional component.

CPD-41°7742. In consequence, the observed modulations of

the X-ray emission are more probably due to a modification of .

the line of sight towards the system while it is revolvingand ©- CPD —41° 7742 X-ray properties

its centgr of mass. The observe_d X_—ray Iight curves will ks di6.l. X-ray emission from the stellar components

cussed in the framework of a wind interaction model presknte
in the next section (Sect. 6.3). The X-ray emission from massive stars presumably comes

As a next step in the analysis, we attempt to constrain them shell collisions within the lower layers of their winds
physical properties of the X-ray emission by adjusting &ser which result from the growing of radiatively-driven wind-in
of models to the obtained spectra for each pointing. We simgtabilities (Feldmeier et al. 1997). It is expected thathhik
taneously fitted the two MOS spectra using thesc software of the emission is produced in a zone extending to about five
v.11.2.0 (Arnaud 1996). Using th® — V colours quoted by times the stellar radius. Within a binary system with aniincl
Baume et al. (1999) and Sung et al. (1998), we infer a colouation close to 90 we thus expect only a small fraction of this
excess of abolE(B - V) = 0.49 for CPD-41°7742. The cor- extended emission zone to be occulted by the motion of one
responding ISM neutral hydrogen column density amountsd¢ompanion in front of the other. In consequence, because of

Fig. 9. Hardness ratios vs. phase for the EPIC MOS instruments.
adopted definition foHR; is given on top of the panel.

Figure 7 seems thus to indicate twdfdrent emission lev-
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Table 7. Results of the simultaneous fits of the MOS1 and MOS2 spedtraxarec. The model used igabs;gy * (wabs; * mekal; +
wabs, * mekal,). The termwabs sy was fixed to the interstellar valudlg sy = 0.28 x 10°72cm2); wabs; was hold to zeroNy; = 0cnr?,
see text). The first and second columns give the phase and#egvation number. The next six columns (Cols. 3 to 8) pmvitk best-fit
parameters while Col. 9 lists the corresponding reducedghare and the associated number of degrees of freedorf).(to yields the
absorbing column (in units 18 cm2), kT is the model temperature (in keV) whitermis the normalisation factor (expressed irmr46m>,
norm= %dl; fneanV with d, the distance to the source — in cnmgsandny, the electron and hydrogen number densities — irfgnColumns
10 to 13 provide the observed fluxes (imiterg cnt?s1) in the 0.5 - 10.0 keV energy band and in thg Blx and Hc bands respectively. The
last line of this table provides the best-fit parameterssidflion the spectra extracted from the cumulated six pgsitin

4 Obs. # NHy]_ kT]_ normy NH,Z kT2 nornm, )(3 (dof) fx fx’s fX,M fX,H
[1] [2] [3] [4] [5] [6] [7] [8 [0 [10] [11] [12] [13]
0113 2 00 ®G2% 08115 079°¥ 1222 271774 063(59) 210 56 115 38

0278 5 00 G2 0659 0742 0972 164% 121(60) 130 47 70 13
0468 3 0.0 2419 066% 07678 09512 2288 082(81) 154 49 87 18
0668 6 00 L% 0751 0744 0933 11721 085(64) 127 53 65 09
0819 1 00 o0 076 05227 08182 0944 1.08(53) 102 50 47 05
0930 4 00 5% 0633 0461 0758 16174 122(46) 118 52 60 06

Merged 00 9% 074% 0732 1053 13920 109(209) 140 52 73 15

the much larger emission zone, the eclipses in the X-ray diable 8. Unabsorbed fluxes (in 1®ergcm?s), i.e. fluxes cor-
main are probably not as clearly marked as in the optical. rected for the interstellar absorptioN(jsw = 0.28 x 1072 cm?), ac-

However, the CPD-41° 7742 X-ray light curve (Fig. 7) c_ording to the best-fit m_odel_s p_resented in Tal_)Ie 7. The lalsthmn

' gives the total X-ray luminosity (in erg¥ assuming a distance mod-
shows a clear decrease — around- 0.35 — almost perfectly | o, "5 07
synchronized with the optical secondary eclipse. This satyy
a different geometry and, probably, the presence of a localized—, Obs. # fges fgebs funabs funeds [og(Ly)
emission component, in addition to the intrinsic emissibime [1] 2] [3] [4] 5] 6] [7]
two stars. To match the observed light curve, this component.113 2 36.2 164 158 4.0 32.06
should be occulted around = 0.35. It should thus be associ- 0.278 5 254 142 938 1.4 31.91
ated either with the primary inner side, or with the secopdar 0.468 28.7 148 121 1.8 31.96
inner or outer sides. The emission level also appearstomlo  0.668 258 155 93 1.0 3192
betweeny = 0.6 and 1.0, thus when the line of sight points both  0-819 238 164 69 05 3188
towards the primary inner side or the secondary outer side. T 0.930 257 164 87 0.6 31.92
second possibility (i.e. an X-ray emission associated with Merged 272 154 103 15 319
secondary inner side) therefore seems to best describediine m
features of the X-ray light curve, at least qualitativetySect.
6.3, we present a phenomenological model that associates@anger shocks within its lower layers and, subsequeatly,
extra X-ray emission with the secondary inner side. enhanced X-ray emission. Sana et al. (2005b) further regort

Using the relations of Berghofer et al. (1997) and bolomdhat, in NGC 6231, the B stars seem to follow a brightefL.i
ric luminosities from Table 6, we obtained X-ray luminositi relation than predicted from Berghofer et al. (1997). Fitbia
of log(Lx) = 3151 and 3089 (erg s?) respectively for the 09 NEW relation, the B1-1.5 component in CRE21° 7742 could
and B1-1.5 components in the band 6 2.0 keV. Accounting be at least three times brighter, yielding a luminosity oéw f
for the distance modulus of the clusi2M = 11.07, this corre- 10°ergs™.
sponds to unabsorbed fluxesfaf= 9.99 and 154 x 10 % erg
cm2 s, Though the energy bands considered are slightly d'grz CPD— 41°
ferent, we can compare these predictions with the values ob-"
tained from the X-ray spectral fits (Table 8). It appears,thathe wind properties of the two components of CPB1° 7742
even at its minimum of emission(~ 0.82), CPD-41°7742 are not known. We however used the newly derived physi-
is at least twice brighter than expected from the Berghétfat. cal parameters of the stars to get an insight into their wind
relations. Part of the gap between the observed and prddicdtrengths. We estimated their mass-loss rates using the mas
values could however be filled by the following considenasio loss recipes from Vink et al. (2000, 2001). We obtained, for
First, the dispersion around the Berghofer et al. relatizn the primary, logil;) = —7.06 (Myyr—1). The temperature of
quite large and does not allow an accurate determinatidmeof the secondary component however falls within the bi-sitgbil
X-ray luminosities. Second, Massa et al. (1984) reportetl tjump region. Using the recommendations from Vink et al., we
the winds from the main sequence B stars in NGC 6231 are pastimated the position of the bi-stability jump to be locbie
ticularly strong. The B star in CPB41° 7742 could thus have about 22 800K for the particular stellar parameters of the se
a particularly powerful wind for its spectral type, produgi ondary. This puts the companion on the hot side of the jump,

AP O W

7742 wind properties
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yielding thus logMlz) = —8.74 (Moyr~1). We estimated the ter- PD_t1 7742
minal wind velocities by first computing the escape velesiti - osi+osz
and then adopting the average ratig/Vvesc = 2.6 as appropri-
ate for the winds of the stars on the hot side of the stabili
jump. We respectively obtained terminal velocitiesvaf; =
2380km st andv.,» = 2150km s for the two components
of CPD-41°7742. While these values are typical for O-type,
stars, the secondary terminal velocity seems quite Iargafo?é
typical B1 dwarf. As stated above, Massa et al. (1984) reygort s
particularly strong winds for the B dwarfs in NGC 6231. For
example, they derived, for the single B1V star CRI° 7719,
a terminal wind velocity close to 2300 kmi's thus very near
our estimate for the B componentin CR1° 7742.
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6.3. A wind interaction in CPD — 41° 7742 ' channel eneray (keV)

Using th timated wind t ted th Fig. 10. Least square simultaneous fits of the cumulated MOS1 and
sing the estimateéd wind parameters, we compute € RiBs2 spectra of CPB 41° 7742 with absorbed 2-fiekal models.

_S't'(_)n of the ram Pressure GQUI!IbrIum surfgce tha_t .ty[ir}cal-rhe bottom panel shows the contributions of individual bimghe
indicates the location of a possible wind-wind collisiorar F ¥ of the fit. The contributions are carried over with the sigrtta
this purpose, we adoptedf= 1 velocity law, as appropri- deviation (in the sense data minus model).

ate for the hot star winds. Due to its larger mass-loss rage, t

primary wind clearly overwhelms the secondary wind and no

equilibrium is possible. In consequence, the O-star windigh  mary wind at the distance of the secondary surface, we obtain
crash into the B-star surface, preventing the secondargt ein . ~ 1.0. Both under the influence of Comptonization and of

develop towards the primary star. Under the above hypothgdiative inhibition, the shock region might thus shift ands
ses, the primary wind luminosity at the distance of the segre radiative regime.

ondary surface is about log( 1) = Iog(Mg’%) ~ 34.7 (erg sY). Using the formalism of Gayley et al. (1997), we also inves-

Accounting for the secondary radius and its distance to e tigated the possibility to alter the wind-photosphereriattion
mary, a fraction of about 2.7% of the O9V wind is intercepteloly sudden radiative braking. In such a phenomenon, the wind
by the secondary and we therefore expect the shocked plagshéhe primary star could be suddenly brought to a stop due to
to be heated to temperatures of a few KQthus generating the radiative pressure coming from the companion. The main
a substantial amount of X-rays. According to the formaliseiffect of radiative braking is to modify the position of the dy-
of Usov (1992), and using a primary wind pre-shock velocramical ram pressure equilibrium surface by pushing itfert

ity of 1380km s?, the X-ray emission generated by such away from the secondary star. In certain cases, radiatiadebr
wind-photosphere interaction should be aboutlgg(~ 328 ing could be strong enough to prevent the primary star wind
(erg st) for a purely radiative interaction (Usov's Eq. 80) ando actually reach the secondary surface, thus yielding @win
log(Lx) ~ 30.7 (erg s?) in the adiabatic case (Usov’s Eq. 79wind interaction structure rather than a wind-photospliere
adopting a solar chemical composition for the wind). Folluyv teraction. Adopting the known stellar parameters, we cdeghu
Stevens et al. (1992), the ratio between the charactecstic the radiative braking cdicient. We then used fierent values

ing time and flow time isy = teoo/tiow ~ 5.2, indicating a of the cak parameters (Castor et al. 1975) appropriate for ef-
mainly adiabatic collision. fective temperatures around 30 kK. According to the valdes o

However, the interaction region is immersed in the inten&aese cofficients as given by éierent authors (Pauldrach et al.
UV photon field of the secondary. Inverse Compton coolin?86; Shimada et al. 1994; Puls et al. 2000), the radiatizk-br
(Comptonization) could thus be significant, yielding a kigh iNg can, or can not, disrupt the wind-photosphere intevacti
cooling rate, thus a lower value for tggoarameter. In addition, It is thus impossible to conclude on this point. Howeverreve
under the influence of the radiative pressure of the secgnddyhen the braking occurs, the interaction is moved only slygh
the acceleration of the primary wind may be slowed down (tivay from the secondary star surface. Though the shock struc
so-calledradiative inhibition effect, Stevens & Pollock 1994).ture would be quite dierent, the geometry of the emitting re-
According to the formalism developed by these latter awtho@ion will probably remain rather similar, with an extra esits
the mass-loss rate on the axis should not fbected by more component mainly located close to the secondary innerceirfa
than 1%. From a crude interpolation of their results, the pri
mary wind velocity at the secondary surface might however .
reduced by about one third. In consequence, the wind kint%ﬁp henomenological model
cal energy would be cut down by a factor of about two. Hencég estimate the influence of such a wind interaction on the ob-
radiative inhibition might significantly féect the value of the served X-ray light curve, we built a simple geometrical mode
x parameter, which depends on the fourth power of the velgaresented in Fig. 11. We adopted a circular orbit, sphdyical
ity. Assuming a factor B on the velocity reached by the pri-symmetric stars and winds, angsa= 1 acceleration law for




H. Sana et al.: The Massive Binary CR1° 7742. 1| 15

\

(a) / (b)

Fig. 11. Schematic view of the geometrical wind-photosphere intéa model in CPD- 41° 7742.(a) A view from above the orbital plane:
the secondary star intercepts a small fraction of the pgmand, of which part of the kinetic energy is turned into heghd A similar view
along the line of sight. The fierent degrees of shading of the secondary surface reptheedifferent X-ray luminosities, these latter being
larger closer to the system axis.

the primary wind. Assuming a totally radiative interactiove In a second step, we try to provide a moderate tuning to
considered that, when encountering the secondary stacsyrfthe model, in order to investigate to which degree it can matc
the kinetic energy associated to the normal velocity corepbn the observed modulations. According to the model, no emis-
of the incident wind flow is totally dissipated into thermate sion from the interaction is expected around= 0.8 — 0.9,
ergy. We thus computed the amount of energy re-emitted agd it should only provide a faint contribution at the time of
each elements of the secondary surface. Then, accountingtfi@ secondary minimum. At those particular phases, we thus
the orbital inclination and the possible occultation by fine  probably observe the intrinsic emission of the two starscihi
mary star, we computed the interaction contribution to the oas explained above, is only slightl§ffacted by the eclipses be-
served X-ray light curve. We noticed above the possibility @ause of its wide extension. Correcting the observed lighte
radiative braking to occur within the system. We caution hovor the limited encircled energy fraction, the intrinsicisgion

ever that it should not alter much this simple model. Indéed, from the two stars gives about ¥40-3cnt st in the two MOS

the case of a wind-wind collision, the interaction regioowld instruments. From Table 7, this approximately correspaads
still be located near the secondary star surface, so thafethe an observed flux about 1x 1014 erg cnt? s71. We also note
ometry of the problem would be only slightly modified. Thehat the model provides unabsorbed fluxes while the observed
emission from the secondary shock would further be very linmount rates have fiigred interstellar absorption. Comparing the
ited. Indeed, so close to the surface, the radiative aat&er values of the absorbed and unabsorbed fluxes (Tables 7 and 8),
could not have been veryfeient yet. The secondary wind ve-we estimate the ISM material to absorb about half of the flux at
locity is thus probably of the order of the photosphericthalr the considered energy.

velocity, therefore close to 20 km’s Under these hypotheses,

the possible contribution of the secondary shock to thé ¥ota At this stage, the model predicts an emission rate still much

ray emission would thus be about_zi@_rg s7, atleast one order larger than the observed emission. To properly match therebs
of magnitude below the other emission components. vations, we have to divide the predicted flux again by a faator
6, so that the maximum contribution of the interaction zane t
The results of this simple model are presented in Fig. 12e observed flux is now about £Q0-**erg cnt? s71. This last
(upper panel) and provide an upper limit on the actual costep finds a relative justification in the fact that, as diseds
tribution of such an interaction. Indeed, as stated abdwe, Bibove, the present purely radiative model only providesman u
interaction is probably not fully radiative, so that onlyrad- per limit to the X-ray emission emerging from the interautio
tion of the incoming energy isfiectively radiated. Radiative zone. In addition, #ects that might reduce the shock strength,
inhibition might also reduce the wind velocity, giving rig®@ such as radiative inhibition, are not accounted for. Assgmi
a weaker shock, hence to a weaker emission than consideaiative braking to take place, one might also think thatso
here. In Fig. 12, the occultation of the interaction zoneh®y t emission may originate from the trailing arm of the shockecon
primary is clearly seenyf ~ 0.35), while the interaction doesIn such a configuration, the extra emission from the coltisio
not provide any contribution when the secondary is turniag would not drop to zero aroungd ~ 0.8—0.9. In the current fully
outer side to the observep (~ 0.8 — 0.9). In this simple form, radiative model, the plasma immediately cools down after th
this phenomenological model indeed predicts the highesemshock. By nature, it could thus not produce an extra-entissio
sion slightly before and after the secondary eclipse, wihiée at these particular phases. Such a contribution from the afm
secondary inner side is facing the observer, and the lowes-enthe shock cone would however be legieated by the eclipses
sion state half a cycle later, when the interaction zoneddédn in the system and, as a first approximation, one can consider
by the secondary body. It also reasonably reproduces thi withat it has been accounted for in the empirical pedestaltadop
of the observedclipse in the X-ray light curve. in Fig. 12. This latter is indeed higher than expected from th
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g 150 ‘ ‘ Clearly, Fig. 12 shows that the observed modulations in the
= B | X-ray light curves is dominated by an extra-emission compo-
. - ~ nent associated with the secondary inner surface. Howtineer,
2 100 B N details of the phenomenon could be more complicated as sug-
g = - gested by the observed delays in the rising and falling tvasic
- B ] neary = 0.4 and 0.6. Finally, the hardness ratio curves indi-
o L i cate that the hardest emission is observed at the time ofithe t
L 90 — = emission maxima. This is expected if the extra emissionads pr
R~ i ] duced in a wind interaction region, which provides typigall
?3 - B harder X-rays than the intrinsic emission from the stars.
£ 0
1 7. Final remarks and conclusions
In the first part of this paper, we presented optical photom-
o 30 - etry of CPD-41°7742. Adopting the period obtained from
- n Paper I, the analysis of the system light curves indicatat th
y 20 o = CPD-41°7742 is a well detached system with an inclination
= B © close to 77. The obtained curves display two eclipses with a
- 15 Lol r ‘?O separation slightly dierent from half an orbital cycle, thus in-
A - il <0 = dicating a small eccentricity, in agreement with the resaft
© Ll i o Paper I. Combining the spectroscopic and photometric analy
° 10 Eiinclio . S\ #Y 7 15 4 ses, we derived the absolute physical parameters of tHarstel
§ i ] : components and confirmed that the system is formed by two
T i — 10 % dwarf early-type stars with masses, sizes and luminosgias
b5 } } ] 5 tively close to typical values expected both from obseorsl
- ds and theoretical works.
B . 4 The photometric and spectroscopic data sets however
oL 1. Ll LT = provide discrepant values for the longitude of periastron.
0 0.5 1 Independent observations by Sterken & Bouzid (2004) also
v tend to indicate either a periastron argument close to 90 @r 2

or a zero eccentricity. Their light curves, obtained ovdeast
Fig. 12. Upper panel: Predicted unabsorbed flux emitted by a radidwo years, also display intriguing signs of variability.e@tly,
tive wind-photosphere interaction in CRDI1° 7742. Lower panel:  further observations are needed to elucidate these agphisen
Tuned phenomenological model (thick line) overplotted ba tb- crepancies.
served X-ray light curves. Filled triangles and open scpiaespec- In the second part of the present paper, we focused on re-
tively §how the background-corrected EPIC MOS1 and MOS2toyant XMM-Newton X-ray observations of the system. The X-
rates in the 0.5-10.0 keV energy band. These count rates there ray emission from CPD 41° 7742 is well described by a two-

corrected for the limited size of the extraction region.X¥xes are . :
in units of 10Merg cm? s'* in both panels. The dashed line giVesFemperature thermal plasma model with energies close to 0.6

the adopted intrinsic contribution from the two stellar gaments of and 1.0keV, thus slightly harder than typical emission from

CPD-41° 7742. It acts as a pedestal. early-type stars. The X-ray light curve of the system isidjea
variable both in the total and in theffirent energy ranges;

the emission level is higher when the primary is in front & th

sole Berghofer et al. (1997) relations for the intrinsicigsion secondary. During the high state, the system shows a drop of
of the early-type stars in the system. its X-ray emission that almost exactly matches the optieel s

It is clear that the reality is probably feérent from this ondary eclipse. Assuming that the X-ray light curve is repro
idealized situation. It is not our purpose to over-intetghe ductible, we interpreted this as the signature of a windrinte
present model; our aim was to show that, using reasonable asion phenomenon in which the overwhelming primary wind
sumptions, an interaction region located on, or near, te serashes into the secondary star surface. Alternativedyyihd-
ondary surface can reproduce the main features of the addabemphotosphere interaction could be altered by sudden radiati
X-ray light curve. braking, yielding a wind-wind interaction located closetie

From Fig. 12, the time of the beginning of the X-ray eclipssecondary surface, and displaying thus a similar geomafy.
is well reproduced by our model. The right wing of the eclipsexpect this phenomenon to produce a substantial amount of X-
is however slightly larger, suggesting that the interacti® rays, which could be the major source for the observed modu-
more extended on the surface side opposite to the orbital nettions in the EPIC MOS light curves. As a next step, we built a
tion. Similarly, the drop in emission around ~ 0.6 occurs simple phenomenological model that associates an exteyX-r
slightly later than expected from our model, which means thamission component with the inner side of the secondary star
the X-ray emitting region should remain visible slightiynfger, surface. Though limited by some simplifying assumptiohis, t
a condition which does not tally with the previous suggestiomodel renders the main properties of the observed vargtion
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and lends thus further support to our interpretation of thayX Antokhina, E. A. 1996, Astronomy Reports, 40, 483

light curve. Arnaud, K. A. 1996, in ASP Conf. Ser., Vol. 101, Astronomical
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face to the observer. As a final check, we put a point-like X-ra 233
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of the same surface elements by the radiation of the primd@ianchi, L., & Garcia, M. 2002, ApJ, 581, 610

component, is about 2000-2500K. This clearly suggests tigairkholder, V., Massey, P., & Morrell, N. 1997, ApJ, 490, 328

the heating of the secondary surface by the nearby interactCastor, J. I., Abbott, D. C., & Klein, R. I. 1975, ApJ, 195, 157
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