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Abstract. We report the analysis of 2MM-Newtorobservation of the close binary HD 159176 (O7 V + O7 V). Theeobad
Lx/Lyor ratio reveals an X-ray luminosity exceeding by a faetat the expected value for X-ray emission from single O-stars,
therefore suggesting a wind-wind interaction scenaridCE&hd RGS spectra are fitted consistently with a two tempegat
mekal optically thin thermal plasma model, with temperaturesgnag from ~2 to 6 1¢ K. At first sight, these rather low
temperatures are consistent with the expectations forse dmary system where the winds collide well before reagttieir
terminal velocities. We also investigate the variabilifytioe X-ray light curve of HD 159176 on various short time ssal

No significant variability is found and we conclude that ifdngdynamical instabilities exist in the wind interacti@gion of

HD 159176, they are not sufficient to produce an observabteasirre in the X-ray emission. Hydrodynamic simulatiorisgis
wind parameters from the literature reveal some puzzlisgrdpancies. The most striking one concerns the predicteay X
luminosity which is one or more orders of magnitude largemtthe observed one. A significant reduction of the mass loss
rate of the components compared to the values quoted intdratlire alleviates the discrepancy but is not sufficieritiiy
account for the observed luminosity. Because hydrodyr@inmodels are best for the adiabatic case whereas the agllidi
winds in HD 159176 are most likely highly radiative, a togatlew approach has been envisaged, using a geometricaystead
state colliding wind model suitable for the case of radatixinds. This model successfully reproduces the spectaplesbf the
EPIC spectrum, but further developments are still needatlid¢viate the disagreement between theoretical and obdetwray
luminosities.
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1. Introduction 0.05mag in the optical and UV wavebands. These light curves

. . . . were analysed by Pachoulak[s_(1D96) who inferred radii of
HD 159176 is a relatively bright (m= 5.7) double-lined spec- both stars of orde6.25 a, wherea is the orbital separation.

troscopic binary (Trumplelr_ 1980) in the young open clust(/-a‘r di : iy
. . to th Its, the stars d tfill up th it
NGC 6383. The system has been well studied in the visible e\/r[afj?;elggldoareiii;ens(;{c \fery Zesf(?:;eg not il Up theier

UV wavelengths. Conti et al[_(19I75) derived an orbital solu-
tion that was subsequently improved by Seggewiss & de Groot
(1976), Lloyd Evans{1979) and most recently by Stickland et Several observations point towards the existence of a wind
al. (1993). The binary has an orbital period of 3.367 days aifderaction process in HD 159176. For instance, the optical
consists of two nearly identical O-stars in a circular arbit ~ spectrum of the system displays the so-called Struve-$ahad
Conti et al. suggested that both stars are O7 stars tREect, i.e. the absorption lines of the approaching st@eap
have evolved off the main-sequence and nearly fill up thé&itronger (Conti et al. 1975, Seggewiss & de Gfoot 1976, Lloyd
Roche lobes. However, Stickland et al. argued that the st&ans1979), although the reverse effect is seen in the UV
were probably not evolved. Although the system does niitickland et al. 1993). Though the origin of this effectssyat
display photometric eclipses, Thomas & Pachoulakis (19929t established, a commonly proposed scenario involves¢he
reported ellipsoidal variability with an amplitude of aliouistence of an interaction process within the binary systéiag
et al.[1997).

* Based on observations witXMM-Newton an ESA Science
Mission with instruments and contributions directly furdey ESA Analysing UV resonance line profiles of HD 159176 as ob-
Member States and the USA (NASA). served withlUE, Pachoulakis[(1996) derived a mass-loss rate
** Research Associate FNRS (Belgium) of about3 10~ Mg yr=! for each star (note that this value is
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a factor five larger than the one derived by Howarth & Prinjphases between 0.53 and 0.66 (phase 0.0 corresponding to the
1989). The stellar winds of the components of HD 159176 amaximum radial velocity of the primary component).

therefore probably sufficiently energetic to interact. Titter- The total observation was split into three exposures. @urin
action region is expected to be located roughly mid-way bthe first exposure (Obs. ID 0001730401), the satellite wills st
tween the stars and it prevents the wind of each star from deside the radiation belts and only the RGS instruments were
ploying into the direction towards the other star. Thisaion used for on-target observations. The total on-target ERIC e
has an impact on the UV resonance line profiles and the Ubdsure time of the other two exposures (Obs. IDs 0001730201
light curve (Pachoulakis 1906, Pfeiffer etlal. 1997). Réziet and 0001730301) is about 26 ks.

al. analysed the variations of the UV resonance lines and con The three EPIC instruments were operated in the full frame
cluded that there exists a source of extra emission betweenmode (Turner et dl. 2001, Strider etlal. 2001). All three®PI
stars. These authors associated this extra emission véith réenstruments used the thick filter to reject optical light€eTiwvo

nant scattering of photospheric light by the material insédd RGS instruments were operated in the default spectroscopy
colliding wind region. According to their analysis, thisoek mode (den Herder et al.2001).

region is slightly wrapped around the secondary star.

HD 159176 was detected as a rather bright X-ray We used version 5.2 of theMM-NewtonScience Analysis
source WIthEINSTEIN(0.157 + 0.008ctss ™! with the IPC, System §As) to reduce the raw EPIC data. For each EPIC cam-
Chlebowski et al[_1989) anROSAT(0.291 + 0.034ctss! era, the observation data files (ODFs) of the two exposures
during the All Sky Survey, Berghofer et &l._1996). Chlebkivs were merged by th&MM-NewtonScience Operation Center
& Garmany [19911) suggested that the excess X-ray emissi@OC) into a single set of observation data files. In order to
observed in many O-type binaries compared to the expecfgacess the EPIC-MOS files with the ‘emproc’ pipeline chain,
intrinsic contribution of the individual components is drwed we had to manually correct some keywords in the ODF sum-
by the collision of the stellar winds (see also e.g. Steveansreary file generated by the ‘odfingest’ task. For the pn camera,
al.[1992). Therefore, it seems likely that at least part ef tihe merged ODF had to be reprocessed byXievi-Newton
X-ray flux of HD 159176 may originate in the wind interactiorfSOC to generate an event list.
region. In contrast with this picture, Pfeiffer et al_(1997 The only events considered in our analysis were those with
suggest that the bulk of the X-ray emission arises primaripattern 0 — 12 for EPIC-MOS and 0 for EPIC-pn respectively
from the intrinsic emission of the individual componentgTurner et al.2001). We found no event with pattern 26 — 31,
rather than from a colliding wind interaction. so that we conclude that no significant pile-up affects otei.da

In this paper, we discuss only the X-ray data for

To clarify this situation, we obtained an AXMM-Newton HD 159176. The other X-ray sources found in the EPIC field

observation of HD 159176. Since the system is X-ray brigtf view and associated with the open cluster NGC 6383 are

it is well suited to investigate the X-ray properties of asho discussed in a separate paper (Rauw et al.l2003). The respons
period early-type binary. matrices used for the EPIC spectra of HD 159176 were those

provided by the SOC. No difference was found between spec-
tra obtained with these response matrices and those obitaine
Table 1. Relevant parameters of the HD 159176 binary sygith the sas-generated ones.
tem adopted throughout this paper unless otherwise stiited.  For the RGS data, separate ODFs were provided for each
numbers are taken from Pachoulakis (1996, P96) and Diplagp&the three observations. The three data sets yield exgosur
Savagel(1994, DS). times of respectively about 10, 16 and 9 ks. The RGS data were
processed with version 5.3 of tlsas. The raw data were run

Param(eéer) P”m'28 5 Sec. pgeef. through the ‘rgsproc’ pipeline meta-task. Appropriatgmse

a sint (Re . . . ;

M (Mo) 319 316 P96 matrices were generated using the ‘rgsrmfgexs task.

i(°) ~ 50 P96

Tewr (K) 42500 35000 P96 3. Dealing with high background level episodes

R.(Ro) 9.8 9.3 P96

Voo (kms™1) 2850 P96 We extracted a light curve at very high energies (Pulse
M (Mg yr~1) 3.2107% 2.6107% P96 Invariant (P1) channel numbers 10 000) that revealed a high
log N 1sm (€m™2) 21.23 DS level of soft proton background. The soft protons respdasib

for these flares are thought to be accelerated by magneto-
spheric reconnection events unrelated to solar flares (Lumb
2002). Unfortunately this high-level background affects a
significant fraction of the exposures. Indeed, nearly oriedfia

the total EPIC observation is affected. For this reason hase

to check whether a bad time interval rejection is necessary,
The observation of HD 159176 witkMM-Newton(Jansen et whether the background correction of spectra could taksethe
all2001) took place during revolution 229, in March 200Gindesired events properly into account. As a convincing tes
(JD 2451977.903 — 2451978.338). According to the ephemenis generated EPIC spectra on the basis of the whole event
given by Stickland et al[{1993), the whole observation cedle lists (including events occurring during the flare). On thieeo

2. Observations
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Table 2. Performed and useful exposure times for )dMM-
Newtoninstruments. The useful RGS exposure time is con- 200 200
siderably reduced due to a strong flare of soft protons. The ]
fourth column yields the background-corrected count rate f
the source, between 0.4 and 10 keV for EPIC, and between
0.3 and 2.5 keV for RGS. In the case of the RGS instruments,
only exposure 0001730201 is considered. The error barsson th
count rate represent thie 1 o standard deviation.

150

100

Counts

50

Instrument Performed Effective Background-corrected

duration exposure count rate o L Vo e ‘ .
(s) (s) (counts™) 1.0053x10° 1.0054x10° 1.0055x10°
MOS1 25901 25435 0.512 0.005 Time (s)
MOS2 25906 25473 0.532 0.005
pn 22759 20402 1.302 0.009 Fig. 1. Light curve for events with Pi> 10000 obtained for
RGS1 16495 7490 0.085 0.006 the EPIC-MOS?2 field and covering the two exposures where
RGS2 16535 6838 0.10% 0.006

the EPIC instruments were operating. A time bin of 100s was
adopted.

hand, we filtered the event lists for time intervals with kigh
energy (PI> 10000) count rates exceeding thresholds of 0.20

and 1.10ctss!, for the MOS and pn cameras respectively, in 065 Qo6
order to reject the flares and obtain filtered spectra. Ofsmur g ]
the spectra obtained with the complete event list have aibett 705 * * 205
signal-to-noise ratio than the spectra obtained from the it Boab * \ Tos
one because of the longer exposure time (about 25 ks forthe 7 '
whole exposure, instead of about 13 ks for the filtered data). E o3 - s Jo3
Following detailed comparison of the results from the two ER el *
approaches, we did not find any significant difference betwee S °2 e L e 702
the fitting results (see Sectibh 4) relevant to both casethio o1 E . L dos
reason, we decided not to reject the flare intervals from our v 1‘0;

EPIC data set, and the effective exposure times (see [Mlable 2) PI
are thus close to the performed observation duration.

Fig. 2. EPIC-pn count rates versus Pl for the global background
Timing analysis of the flare events was also performed {gcluding the soft proton flares) for & 350 arcmi area
evaluate their impact on the lower energy {BD000) light (apout a half of the whole detector plane area). The backgrou
curves. We extracted EPIC-pn events with boxes covering tdemnych stronger in low energy bands than at higher energies.
12 CCDs, but excluding the sources appearing in the fielthe hump seen near PI = 8000 is due to fluorescent emission
Light curves were extracted, between Pl 400 and 10 000, wjthes produced by charged particles interacting with tha-ca

a Pl width of 400 units and time bins ranging from 50 t@ra body material. The error bars representtheo standard
1000 s. These light curves show that the mean level of fla4gyiation.

contribution to the background is only about twice the mean

level of the proton unaffected background. Elg. 2 shows the

count rate versus Pl, where each point stands for a 400 PI

channel interval, for the time interval affected by the maitirelevant for the analysis of HD 159176, and that the flare is
flare. The count rate of this background decreases by abptaperly taken into account by the background subtractiem s

a factor 10 from PI 400 to 10 000. The bump near Pl 8000 is

due to fluorescent emission lines produced by interaction of However, this conclusion does not hold for RGS data.
charged particles with the camera body material (LUmb200®)deed, the comparison of spectra obtained with and without
Comparing the overall background level (including the flar¢he flare epochs revealed significant differences. As a eonse
to the count rate in the source region overdP400:800], i.e. quence, low-background good time intervals were selected
over the energy range with the highest background level, g application of count thresholds to the high energy light
find that, at its peak level, the total background contrisuteurves. These thresholds were evaluated, on the basis of a
only for about 0.9% of the corrected source count rate. Thissual inspection of the light curves. The third (9 ks) exjres
same calculations performed in other energy bands reveals almost completely contaminated by high background,
that the background contribution below 5 keV is always athereas the first (10ks) observation gave only about 3 ks of
least 4 times lower than the source count rate. This resusteful time. Only the 16 ks exposure could be used, although
confirms that the rejection of the soft proton time intervals more than half of it had also to be rejected. For this reasen, t
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effective RGS exposure time is severely reduced, as shown in 1
Tabld2. c
T o1 Lty
x E
4. The EPIC spectrum of HD 159176 P F
The source spectrum was extracted within a circular regioné 001 b
of 60arcsec radius. The intersection with a circular region € F
of radius 15arcsec centered on a faint point source located L
at RA=17:34:40 and DEC=-32:34:33 (Equinox J2000) was g go1 \ L

rejected. The background was selected within an annular 0.5 1 5
region centered on HD 159176, with an outer radius 1.414 Energy (keV)

times larger than for the source region. Again, the intéises {a}g 3. EPIC-MOS1 spectrum of HD 159176 fitted with the
0

with 15arcsec circles centered on two point sources
RA=17:34:48, DEC=—32:34:24 and RA=17:34:48, DEC=\'Ctemperatureekal modelbetween 0.4.and 5.0 keV.

32:35:21) were rejected. Consequently, source and bagkdro
regions extend nearly over the same area. We also tried to
select alternative background regions with boxes didteithu a second absorption component to account for circumstellar
near the source region, and avoiding the numerous poafitsorption. The results are listed in TdHle 3. We note theat th
sources of the field. This selection did not give a significahest-fitting power law components turn out to be rather steep
difference in the background corrected spectrum. In the cagith photon indicesI() above 3.8. This situation is very much
of the pn camera, an additional difficulty arises from thesgapeminiscent of the results obtained for the O4V star 9 Sgr
between the CCDs of the pn detector. We excluded the ggpse Rauw et al—200Rb). Figuké 3 illustrates the spectrum
manually from the source and background regions. of HD 159176 as observed with the MOS1 instrument. Note
The additional figure (jpeg format) shows the EPIC-MOSthat including different absorption columns for the indival
field with the selected regions for the source and the bag¢kedel components does not improve the quality of the fits. In
ground in the annular case. The small circular regions deet, XsPECTails to fit at least one of the column densities.
used for the exclusion of the point sources located insidseh
source and background regions. Another model was fitted with some success to the
EPIC-pn data. This model consists of three components: 2
The emission lines of the RGS spectrum (see the ndékermal mekal components and a non-thermal power law
section) indicate that at least the low energy X-ray emissio component (see SeEl. 8 for a possible interpretation of this
HD 159176 is dominated by a thermal plasma emission. @amponent). This fit yields a bettey?, albeit the value
the other hand, the shock region in a colliding wind binamgbtained for the photon index is once more rather large. The
might accelerate free electrons up to relativistic velesiand results are summarized in Table4 for the two background
in combination with the intense UV radiation fields of theegions selected. One can see that both background teesniqu
two stars, these particles could produce a hard non-theryigld very similar results. This comforts us with the ideatth
X-ray emission through inverse Compton scattering (seanCHeackground selection is not a critical issue for this souacel
& White[I991, Eichler & Usolz1993). Therefore, we testethat the annular region with parasite sources excludedgeev
various models combining optically thin thermal plasma satisfactory description of the actual background. Fidur
models with a non-thermal power law component. In thdisplays the pn spectrum along with the best-fit correspandi
framework of a model where the X-ray emission arises frotn this latter model. We note that this three component model
shocks (either in the wind interaction or in instabilitiet oyields a significantly better fit to the EPIC-pn spectrum abov
the individual winds), one should observe a range of plasi@&eV than the two component models.
temperatures corresponding to the distribution of theghrack
wind velocities. Therefore, one expects a priori that more The main motivation behind these fits is to provide an
than one thermal component is required to fit the observederall description of the observed spectral distributibat
spectrum. So, the spectra have been fitted either with tean then be used to derive fluxes and to check for consis-
temperaturerekal thermal plasma models (Mewe etlal. ID85ency with previous observations. With the parameter \alue
Kaastrd _1992) or with models containing a single tempeeatwbtained for these fits, we can determine the flux emitted by
mekal component along with a non-thermal power laiD 159176 between 0.4 and 10.0 keV. For this purpose we
component. For each thermal component, solar metallicity wadopt the best fitting model obtained for EPIC-pn, i.e. tmegh
assumed. component model whose parameters are shown in [hble 4. The
The spectra were rebinned to achieve a minimum of 9 and A% corrected for interstellar absorption only is 5.5219
counts per energy bin for the MOS and pn data respectivelsg cnm2 s~ 1. If we adopt a distance to NGC 6383 of 1.5 kpc,
and then fitted with thexspPEC software (version 11.1.0). Forwe obtain a luminosity of 1.48 £8 ergs!. This value can
each model, we used an interstellar neutral hydrogen colutrn compared to X-ray luminosities obtained WEINSTEIN
density of N; = 0.17 132 cm~2 (Diplas & Savagé 1994), and(Chlebowski et al. 1989) anROSAT(Berghofer et al, 1996).
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Table 3. Fitted model parameters for EPIC spectra of HD159176. Theewuppart of the table concerns
the wabsigy* wabswinp* (mekal + nmekal ) model, whilst the bottom part summarizes the results for the
wabssy* wabswinp* (mekal + power) model. The N given in the table refers to the circumstellar (i.e. windjuoon
assumed to be neutral. The interstellar column densityosefn at 0.17 1% cm~2 for all models. The Norm parameter of the
mekal componentis defined 480~1*/(4 7 D?)) [ ne nu dV, whereD, n. andny are respectively the distance to the source
(in cm), and the electron and hydrogen densities (im &ywhereas for the power law this parameter correspondstptibton
flux at 1 keV. The error bars represent the gonfidence interval.

Nu KT! Norm® kT? Norn? %
(102 ecm2)  (keV) (keV) d.o.f.
MOS1 0.41 0.22 2.04 107 1.05 1.5110° 2.19
+0.03 +0.04 +038102 +0.02 +0.0910° 197
MOS2 0.39 0.21 2.11 10 1.00 158 10° 2.65
+0.03 +0.04 +040102 +0.02 +0.0910° 198
pn 0.35 0.18 1.88 1T 0.59 2.9810° 1.87
+0.02 +0.03 +026102 +0.01 +0.1710° 321

Ng kT Norm? r Norm? 1%
(102 ecm2)  (keV) d.o.f.
MOS1 0.26 0.30 4.69 10° 4.01 1.87 10° 1.65
+0.02 +001 +0.8410% +0.09 +0.1810° 197
MOS2 0.24 0.29 5.08 10° 3.80 1.69 10° 1.99
+0.02 +001 +0.8910% +0.08 +0.1610° 198
pn 0.28 0.28 6.72 10° 4.09 1.67 10° 1.70

+0.01 +001 +0.8010% +0.08 +0.1410% 321

Table 4. Fitted model parameters for the EPIC-pn spectrum of HD 169a&7two different background estimation techniques.
The adopted model isabs sy * wabswinp* (ekal + mekal + power). The column densities given in the table refer
to the circumstellar material. The interstellar column signis frozen at 0.17 1 cm—2. The error bars represent thesl
confidence interval.

Ng kT! Norm? kT? Norm? r Norm?® X2
(102 ecm™2)  (keV) (keV) d.o.f.
Annulus 0.20 0.20 4.39 10 0.58 1.7910° 3.50 7.3510° 1.11
+0.02 +001 +1.0510°% +0.01 +0.1910°% +0.12 +12510* 319
Boxes 0.18 0.21 3.66 10 0.59 1.7210° 3.43 8.12 10° 1.09

+0.01 +001 +0.8310°% +0.01 +0.1810°% +0.10 +1.1310* 319

In the case oEINSTEIN Chlebowski et al. converted the IPC
count rates between 0.2 and 3.5keV into fluxes, assuming
a 0.5keV thermal bremsstrahlung model and an absorption

E 0.1 . column (0.209 1& cm~2) calculated on the basis of the color
- g ] excess EB — V) determined through a relation given by
E 0.01 é Mihalas & Binney [1981) for an intrinsic color indéB — V'),
g g = of —0.309 and an observed — V) color index of+0.04.
S 0.001 b % For ROSAT Berghofer et al. converted the PSPC count rate
B i (between 0.1 and 2.4keV) into a flux assuming a 0.73keV
0.0001 L1 L LD ] Raymond & Smith [[1977) optically thin plasma model. The

o
S}

1 5 same absorption column as 8BINSTEINwas used. The X-ray

Energy (keV) luminosities scaled to the 1.5 kpc distance are shown in the
second column of Tabl@ 5 f&@INSTEIN ROSAT andXMM.

Fig.4. EPIC-pn spectrum of HD 159176 fitted with the twol N€ luminosities derived from the different satellites quite

mekal components + power law model between 0.4 arfifferent. These discrepancies cannot be explained by the

5.0keV. The three components are also individually dissday differences in the sensitivity ranges of the various insteats.

The power law begins to dominate the spectrum at energlBgtéad, it seems more likely that the model assumptions
above 2 keV. used to convert th&INSTEINIPC andROSATPSPC count

rates into luminosities are responsible for the discrepant
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luminosities. To check this, we have usedPECto simulate 0.06 —
EINSTEINIPC andROSATPSPC spectra of HD 159176. The i
three component model derived from the fit of the EPIC-pn - L
data (see Table 4) was folded through the response matfices 62 0.04 |-
the IPC and PSPC instruments. The corresponding thedretica? i
count rates, 0.138 cts’$ for the IPC and 0.287 cts's$ for the
PSPC, are in very good agreement with the observed value
(see Table 5). Therefore, we conclude that the archive data d
not reveal evidence for long-term variability of the X-rayl

of HD 159176. o B
Since the orbit of HD 159176 does not have a significant
eccentricity, it is expected that a possible orbital motiata Wavelength (A)
of the X-ray emission from a colliding wind interaction zone

would be due entirely to the changing circumstellar columfiy 5 Combined fit of RGS1 and RGS2 spectra between 8 and

density along the line of sight. However, given the rather loo7A for a two-temperatureekal model. The strongest lines
inclination ¢ ~ 50°, Table1), we expect only a marginaly e |abelled.

orbital modulation of the X-ray flux at energies above 0.4.keV
At this stage, it is worth recalling that oMM observation
of HD 159176 was obtained during orbital phases 0.53-0.&xposures, we had to restrict our analysis to the resultseof t
i.e. shortly after quadrature. Therefore, we expect nongtropipeline processing of the 16 ks exposure. We extracted first
occultation effect of the X-ray emission from either compon order spectra of HD 159176 via the ‘rgsspectrusa’s task.
or from the wind interaction region: our value of the lumiitps Figure shows RGS1 and RGS2 spectra. The most prominent
should thus reflect the typical X-ray emission of HD 159176 .features in the RGS spectrum are thexlljnes of Nex and
Oviil, as well as the He-like triplet of @11 and some strong
We use the total bolometric luminosity of HD 159176 aEexVvil lines. The Nex He-like triplet is also present, but
derived from the parameters in Tafle 1, i.e. 1.491@gs !, the poor quality of our data as well as the blend with many
to compute the /L, ratios given in TablEl5. On the otheriron lines from various ionization stages hamper the amalys
hand, we estimate the X-ray luminosity of the individuadf this part of the spectrum. The temperatures of maximum
components by means of the empirical relation of Berghofemissivity of the lines seen in the RGS spectra of HD 159176
et al.[199F). The ratio of the sum of the expected X-rsgpan arange from 2to~ 610°K (i.e. kKT~ 0.17—0.52keV,
luminosities and the total bolometric luminosity amourds tsee the APED database, Smith & Brickholuse 2000).
1.4810°7, which is about a factor 7 inferior to tR&MIM value
listed in Tabl€b, suggesting that there exists indeed a mtele ~ Models were fitted to the RGS spectra. The model includ-
excess X-ray emission in HD 159176. ing the two-temperatureekal component yields the best
fits. The combined fit of RGS1 and RGS2 spectra by a two-
temperaturerekal thermal model is also illustrated in FIg. 5.
Table 5. X-ray luminosities and luminosity ratios fromThe best fitting parameter values are given in Teble 6. With

EINSTEIN ROSATand XMM observations of HD 159176. reasonablg? values, we obtain temperatures (about 0.16 and
Luminosities are calculated for a 1.5 kpc distance. The Obs. 0-60keV) consistent with the fit parameters of the EPIC pn
column gives the count rates from Chlebowski etial, {1988) afPectrum. It is interesting to note that these temperatoes
Berghofer et al [{1996) respectively fBINSTEINandROSAT reéspond to the extreme values of the range inferred hereabov
as well as our value for EPIC-pn. The Th. CR column providé@m the maximum emissivities of the I|_nes identified in the
the theoretical count rates calculated on the basis of thieigh  SPECtrum. The interstellar column density appears also-com

ual instrument response matrices for the 3 component madePgrable within the error bars to the EPIC results for the same

O VIII

O vl -

0.02 —

Norm&ized

. R,
20 25

Tabld3 (see text). two-temperature model.
The agreement between the RGS and EPIC pn parameters
Satellite Lx Lx/Lbas Obs.CR Th.CR suggests that we can attempt a simultaneous fit of the spec-
(ergs') (ctss') (ctss) tra from different instruments. For this purpose, we used th
EINSTEIN 4.3310° 2.8910°  0.157 0.138 two-temperatureekal model. The results are summarized in
ROSAT 84310° 564107  0.291 0.287 Tabld®. First, we fitted the three EPIC spectra togethert,Nex

3 7 .
XMM  14816° 993107 1303 1.328 we also included the RGS spectra.

We see that, in the first case, best fitting parameter values
are very close to the results obtained hereabove for the MOS
spectra (which are somewhat different from the best fitting
parameters of the pn spectrum). On the other hand, including

5. The RGS spectrum of HD 159176 also the RGS spectra in the fit, we obtain a value of the
Because of the strong soft proton activity and since it tdrnsecond temperature which is also in good agreement with
out to be impossible to merge event lists from separate R@fat obtained for the MOS spectra fitted individually. Fipal
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Table 6. Model parameters for a two-temperaturekal model fitted to the RGS1 and RGS2 spectra of HD 159176, to
the three EPIC spectra considered simultaneously andyfibalall the XMM data taken together. The adopted model is
wabsgsyv* wabswinp* (mekal + mekal ) . The column density given in the Table refers to the loca&. (Eircumstellar)
absorption. The interstellar column density is frozen &7A.F2 cm~2. The error bars represent thertonfidence interval.

Ny kT?! Norm? kT? Norm? X2

(102 ecm™2)  (keV) (keV) d.o.f.

RGS1 0.32 0.16 1.66 10 0.62 3.96 10° 1.36
+0.11 +001 +1.70102 +0.04 +1.8110% 61

RGS2 0.27 0.16 1.37 16 0.59 2.67 10° 1.45
+0.09 +001 4026102 +0.03 +1.0510% 71

EPIC 0.40 0.21 2.19 10 0.97 1.4810° 2.41
+0.14 +0.02 4023102 +0.01 +0.0510°% 726

EPIC 0.40 0.21 2.22 10 0.96 1.5410° 2.28

+ RGS +0.01 +0.02 4022102 +0.01 +0.0510°% 862

we note that fitting the EPIC + RGS data with a differentialide a clear evidence that the lines are formed in the wind
emission measure model (i.e. tb6pnekl model inXxsPEG collision zone. However, since we have only a singlM-
see Singh et al._1906) yields a differential emission measiewtonobservation of HD 159176 at our disposal, we cannot
with a very broad maximum spanning from about 0.15 tmake any statement about the existence or not of such a mod-
1.2keV, again in reasonable agreement with the temperatulation. Unfortunately, our current data set does not hbee t
ranges inferred from the RGS line spectrum. quality needed to perform a detailed comparison between the
The best fitting temperatures of the X-ray spectra abserved lines and the predictions from the various moddls.
HD 159176 are rather low. In fact, these temperatures ave can state is that the @il Ly « line is slightly blue-shifted
roughly typical for presumably single O-stars. On the othéy about 300 — 600 knTs, though the highest peak in the pro-
hand, for an O + O colliding wind binary, one expects a priofile is found near the rest wavelength. Within the error bars,
to find harder X-ray emission from the wind interaction regio these features are in reasonable agreement with some of the
For instance, in the spectrum of HD 93403, Rauw et al. (2002me profiles predicted by Owocki & Cohen (2001) for a single
found a hot thermal component with k¥ 0.92 — 1.25keV, O star wind. On the other hand, the agreement with line pro-
which is significantly hotter than the temperature of thedkar files formed in a wind interaction zone for a wind momentum
component in the EPIC and RGS spectra of HD 15917tio ofy ~ 1 (see below) and an orbital phase of 0.53 — 0.66
However, the smaller orbital separation of HD 159176 (gsorrespondingt@ < [98°,130°] in the formalism of Henley
compared to HD93403) prevents the stellar winds of ittt al.f200B) is slightly less good. At these phases, thedingi
components from reaching their terminal velocities befbey wind models predict the highest peak to occur with a signifi-
collide, leading to lower temperatures in the wind intei@ct cant blue-shift (Henley et al.). We caution however thatitie
region. profiles presented by Henley et al. were computed assuming an

adiabatic wind interaction, while the wind interaction edn

HD 159176 is most likely radiative (see below).

Given the rather poor signal-to-noise ratio of our RGS data,

nothing reliable can be said about the morphology of theemis Another noteworthy feature of the RGS spectra of
sion lines. For instance, the strongest line of the spectthen HD 159176 is the fact that the forbidderf)( component
Oviil Ly a line at 18.97, is illustrated in FiglB. This line ap- of the OviI He-like triplet is very weak. Inspection of the
pears to be significantly broadened. In fact, the line’'s FWHRBpectrum reveals no significant excess of counts above the
estimated from Fidl6 is about 2500 km's while the FWHMs level of the pseudo-continuum at the wavelength of the
of the instrumental profiles at this wavelength are aboud 0.0ne, whereas the intercombinatiori) (and resonancer)
and 0.0A (i.e. 950 and 1100kms") for RGS1 and RGS?2 lines are clearly detected at a level of abGuk 10~5 and
respectively (den Herder et &l._2001). The line appear®thed x 10~°photonscm?s~! respectively. Unfortunately, the
fore significantly larger than what would be expected for lanited quality of our data does not allow us to perform
coronal emission model (see Owocki & Colien 2001). We alsophisticated fits of the triplet. Nevertheless, we havedithe
note that the line profile is neither gaussian nor lorentziatmiplet by three gaussians plus a constant (to mimic thegiseu
Theoretical models of line emission from either single @ety continuum) where we requested that the three gaussiankishou
stars or colliding wind binaries (e.g. Owocki & Cohen 2D0lhave the same Doppler shift and the same width. This fit yields
Feldmeier et al_2003, Henley et AI._2D03) predict rather flatn f /i ratio of 0.08 which can probably be considered as a safe
topped profiles with asymmetries depending on the amountugdper limit. A low f /i ratio is not unexpected. In fact, in the
wind absorption and, in the case of binary systems, on the wtinds of hot early-type stars, the intense UV radiation oehi
bital phase. The detection of an orbital modulation of the & strong coupling between the upper level of the forbiddsm li
ray line profiles such as predicted by Henley et al. would prand the upper level of the intercombination line, leading to
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the other hand, we do not expect to see such an effect in the
spectrum of a relatively unevolved system such as HD 159176.

6. Short-term variability of the X-ray flux

Hydrodynamic models of colliding wind binaries predict the
existence of various kinds of dynamical instabilities staduld
affect the wind interaction region (Stevens et al._ 1992ZaRit

& Stevens$ 1997) and manifest themselves through a rapid vari
ability of the emerging X-ray flux in addition to the much
slower orbital phase-locked modulation. Theoretical cbars
ations (Stevens et &4l._1992) indicate that the nature oéthmes
stabilities depends on the efficiency of radiative coolimghie
shocked region which is a function of the orbital separadiot

of the wind properties of the components of the binary system
Previous X-ray satellites lacked the required sensititgtipok

Fig.6. The Oviil Ly « line at 18.97 as seen with the RGS1 for the signature of these variations. Owing to the largéeco!

(dotted line) and RGS2 (solid line) instrument.

ing area of the X-ray mirrors onboakMM-Newtonand since
HD 159176 is rather X-ray bright, we can use our present data

an enhancement of theand a decrease of thé component
(Porquet et all_2001). For the v He-like triplet, Porquet
et al. calculate arf/i ratio of less thar8 x 103 for a star
with a radiation temperaturg 30 000K and for a dilution
factorw > 0.1. In HD 159176, this mechanism can act on the
intrinsic X-ray emission of the individual binary componen
as well as on the X-ray emission from the colliding wind
region. Indeed, assuming that the wind-interaction zoes li
about half-way between the two stars, the UV radiation fiéld o
each star is diluted by = 0.15 at the location of the colliding
wind region. The enhanced plasma density in the colliding
wind region could further reduce th&/i ratio (Porquet et al.
2001), though this is likely to be only a second order effact i
the case of a hot, close binary such as HD 159176.

Finally, a further comparison of the RGS spectrum (Hig. 5)
with RGS spectra obtained for stars such as 9Sgr (Rauw
et all200Z2b) or¢ Pup (Kahn et al.2001) shows that the
HD 159176 spectrum does not display theIN X 24.8A line.

To find out whether this is due to a reduced N abundance or not,
we fitted simultaneously RGS1 and RGS2 spectra with variable
abundanceekal models, allowing the nitrogen abundance to
vary (with other abundances frozen at the solar value). €he r
sulting fit suggests a slightly (2.85 1.26) enhanced N abun-
dance (with respect to solar abundance) while we recover the
temperatures for the RGS fits within the error bars. Moreover
the Nvii A 24.8A line appears clearly in the theoretical RGS
spectrum of HD 159176 when the absorption columns are set
to zero, albeit this line nearly completely disappears wihen
absorption components are set to the values derived in our fit
Therefore, the absence of thevN line in our observed spec-
trum is due to the strong absorption that photons at thiserath
low energy suffer when they encounter the circumstellaner i
terstellar medium. Also, the relative intensities of oxydjaes

Count rate (cnt/s) Count rate (cnt/s)
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compared to other elements seem quite higher in the spectftig 7- Count rates evaluated in the 0.4-10.0 keV energy band
of HD 159176. At this stage, it is worth recalling thaPup is versus time for MOS1 (upper panel), MOS2 (middle panel) and
an evolved object and the line intensities in its RGS spectrPn (bottom panel). The time bin used is 1000 s for all instru-
reflect the signature of the CNO process (Kahn éfal.2001). Gy¢nts. The error bars represent thd o standard deviation.
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To investigate the putative short-term variability ofvheret.ool, tesc, v3, d7, andM_- are respectively the cooling
HD 159176, we divided the effective exposure into short tintene, the escape time from the shock region near the line of
intervals. In the case of the MOS instruments, we used 2.1tke centers, the pre-shock velocity in units of 1000 krh she
time intervals. We obtained 9 and 10 equal time intervatistance from the stellar center to the shock in units ki,
respectively for MOS1 and MOS2. Because the good tina@d the mass loss rate in units of f{M, yr—! (see Stevens
intervals (GTIs) of the different instruments are not slyic et al[1992). Depending on the binary parameters, the gas in
identical, the time bins of the time series of the two instemts a colliding wind region could be either adiabatig ¥ 1) or
do not match exactly. A spectrum was extracted for each timaiative ( < 1). While present day hydrodynamical models
bin through the same procedure as described in Sddtion A. Epambably provide a safe estimate of the X-ray emission in
spectrum was rebinned, to get at least 4 counts per eneagjabatic winds, their use in a highly radiative situatien i
channel, and fitted with a two temperatunrekal model. more problematic. In fact, for values gof lower than about

2 or 3, the numerical simulations fail to spatially resolte t

Some parameters seem indeed to change with time baoling length in the wind interaction region. Moreoverg th
no correlation is found between MOS1 and MOS2. In eathin-shell instabilities that appear in the simulation bése
case, the lower temperature does not vary significantlyevhiihocks introduce a mixing of hot and cool material that feirth
the higher temperature component displays larger vaniatiocomplicates the prediction of the X-ray emission. Therefor
No systematic trend is found for these variations. The saite radiative case, it seems more appropriate to use acallyti
study was carried out for EPIC-pn data using the two modéRsults to estimate the X-ray luminosity.
described in Sect. 3 for time intervals of 2 ks. In this case,
we do not observe any significant variation in the model Turning back to HD 159176, we can estimate the value
parameters either. of the relevant cooling parameter using the binary pararsete

given in Tablé&ll. In a close binary such as HD 159176, the stel-

A more model-independent way to check for variabilitjar winds do not reachy before they collide. The pre-shock
consists in studying the run of count rates for particulareti velocity should be in the range 850 — 2000 km sThe upper
bins, over different energy ranges: see for instance[Jigr7 boundary of this range is obtained assuming a ‘standarddwin
count rates between 0.4 and 10.0 keV within 1 ks time binglocity law with 3 = 0.6 and v, = 2850kms™'; the lower
This figure does not reveal any significant correlation betweboundary corresponds to the value expected if we account for
the different EPIC instruments. The same conclusion appli@diative inhibition effects for equal stars with a separabf
also for narrower energy ranges selected within this same &bout 40R, (see Fig.4 of Stevens & Pollock 1994). These
terval. Moreover, we see that count rates in all energy barfere-shock velocity values are derived along the line cotingc
are nearly constant within2 for all instruments. the centers of the stars, where the bulk of the X-ray emission

Finally, we extracted light curves for the three EPIC instrds generated.
ments with smaller time bins of 200s and 100s, within spa-
tial regions corresponding to the source and the background Therefore, adopting the parameters of Table 1 and a pre-
areas selected for spectra extraction (§&ct. 4). Becaustaref shock velocity lower than 2000 km'$, the resulting value of
dard GTls, some of the time intervals were shorter than 20@dypical of radiative winds. The corresponding intrinkicay
(or 1005s) and we therefore scaled the count rates to the-effiégninosity can be estimated for each component of the binary
tive exposure time within each bin. The background corcectéhrough the following relation taken from Pittard & Stevens
count rates display some fluctuations but do not reveal any c@002):

relation between the various instruments. tests performed Lx intr ~ 0.5 =M v?
on these corrected light curves confirm this lack of shoretim )
scale variability. where = accounts for a geometrical factor (1/6 for equal

winds) and a small inefficiency factor (hence we used
= 0.1), andwv is the wind speed at the contact surface. In
7. Confrontation with theoretical models the conditions described hereabove ik, is significantly
larger than our observed value. For a pre-shock velocity of
To complete our study, we can compare the overall propertigsoo km st Lx.intr (= 8 1035 ergs ') is more than a factor
of the observed spectrum of HD 159176 with the predictions 60 too high. Note that the intrinsic luminosity needs to be
colliding wind models. corrected for stellar wind absorption before it can be camega
to the observed luminosity. However, as we will see below,
this correction hardly exceeds a factor of a few tens and is
therefore not sufficient to account for such a huge discregpan
If we reduce the pre-shock velocity to 850 km'sthe intrinsic
A relevant quantity which should be introduced here is tHgminosity becomes k... =~ 10% ergs!, which is still
cooling parameter: much too large.

7.1. Analytical and hydrodynamical estimates of the
X-ray luminosity

_ teool _ v§ dr In order for our predicted luminosity to match the observed

tese  M_g7 value of Lx, we need to reduce the mass-loss rates. As a
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second step, we therefore addgt = 6107 Mg yr—! for

both stars as suggested by Howarth & Prirja (1989). With
a pre-shock velocity of 2000 knt$, Y amounts to~ 3.5,
allowing us to derive the X-ray flux from a hydrodynamical
simulation. For this purpose, we used the code of Pittard
& Stevens [(1997) which is based on the VH-1 numerical
code (see Blondin et al.1990). This code uses a lagrangian
piecewise parabolic method to solve the partial diffeadnti
equations of hydrodynamics followed by a remap onto a
fixed grid after each time step (for details see the reference
in Pittard & Steven$ 1997). The simulations do not include
radiative driving and assume instead constant wind speeds.
A theoretical attenuated X-ray spectrum was generated from
a 3D radiative transfer calculation on the hydrodynamical
results, and we foundyL .. ~ 210°* ergst. Hence it seems
that M must be reduced below the Howarth & Prinja_(1989) 0
value in order to account for the observeg.L

L,[0.5-10.0] [-10% erg/s]

In order to explore a wider range of the wind parameter
space, we decided to test an alternative approach thatsallow
us to overcome some of the practical limitations encoudtere
hereabove. This is described in the following section.

Fig.8. Emerging X-ray luminosity between 0.5 and 10.0 keV
as a function of the mass loss rate and the terminal velosity a
o ) computed for a distance of 1.5 kpc. The parameter spacesover
7.2. Steady-state colliding wind model values between 2.5 16 and 6.010¢ Mg yr—! for the mass

_ _ o loss rate, and between 1700 and 2450 kihfer the terminal
The main problem when modelling the X-ray emission froje|ocity.

a close binary system like HD 159176 is that the wind-wind
collision can be highly radiative. Since it is difficult, ifoh )
impossible, to resolve the width of such shocks in hydrody-2.1. Equal winds

namical calculations, the necessary information to comfhe Following this approach, a grid of models was generated and

_X-ray emission 1s lost. For this reason, Antokhin et BL (E’OOC nverted into a table model suitable to be used wiXsrREC
in preparation) have developed a steady-state model able,{o

tfor the phvsics of radiative shocks i - As a first step, the assumption of equal winds was adopted.
accountfor the physics of radiaive Snocks in a way Sultabi€.r, . parameters of the model are the mass loss rate and the
lead to a relevant discussion of colliding wind X-ray enossi

; terminal velocity. The parameter space coversalues from
from close binary systems. 2.510°%1t06.010° My yr—t, and v, values between 1700
and 2450 kms!. The luminosities computed by the model
In this approach, Antokhin et all[{2003) completelyere converted into fluxes assuming a distance of 1.5 kpc.
neglect instabilities and orbital rotation. Assuming aosg The model normalization which scales as the inverse of the
radiative cooling, both shocks generated in the primary adgtance squared should be unity if all the model assumption
the secondary winds are thin. The pre-shock wind velocitiage correct and the distance is indeed equal to 1.5 kpdFig. 8
are specified by a3—law, and the shape of the contacshows the emerging (i.e. after absorption by circumstellar
surface is computed. The wind density and normal velocitgaterial) luminosity between 0.5 and 10.0 keV versus the
are calculated at the exact position of the shock. The Ifass loss rate and the terminal velocity. This figure shows
hydrodynamic equations are then solved for the case oftlaarly that the general trend followed by the luminosity is
radiative post-shock flow. The X-ray spectrum is computeth decrease as the velocity decreases. HMowalues lower
and the process is repeated along the contact surface tm obtaan about 8.5 10" M yr—!, Lx increases as the mass loss
an integrated spectrum. The absorption of the X-ray ramhatirate increases, but it decreases with increasing massdtess r
by the winds and by the shocks is determined using waffior higher M values. This turnover in the behaviour of the
material opacity tables obtained with th®.oupy v.94.00 luminosity versuV is due to the increase of the optical depth
code (http://thunder.pa.uky.edu/cloudy/). This modaileets of the warm wind material as the wind density increases.
any dissipative process and assumes that all the kinetiggne
of the winds is radiated, thus giving an upper limit to theuatt To take into account the fact that intrinsic emission of the
X-ray luminosity. For further details about this model, veéer individual winds is supposed to contribute to the observed
the reader to Antokhin et al._(2003). spectrum, we used aekal thermal plasma component
in addition to the colliding wind component. Interstellar
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absorption is accounted for by using an absorption column
frozen to the value used in Sddt. 4. The best fit of our EPIC-pn !
spectrum requires an additional power law component to fit.
the high energy tail already mentioned in the framework ef th £
EPIC-pn spectral analysis in Sddt. 4. The physical motvati -
of this power law is discussed in Sdgt. &ig.[d shows the fit @
obtained between 0.4 and 10.0 keV where the three individua%
components are displayed. The fluxes of the three components

in the 0.4-10.0 keV band are 1.516G ergs!, 3.810°!2 0.0001
ergs! and 5.710'% ergs! respectively for thenekal ,

0.01

= lenlen b cvvnd vl vl

the colliding wind and the power law components. This fit 10

corresponds tdogM = —6.67 + 0.09, Voo = 1905 + 50 x 0

kms!, and a normalization parameter @24 4 0.04. In the -10

best fit model, tharekal component has a temperature of 0
0.29 + 0.01 keV, and the power law has a photon index of Energy (keV)

2.50+ 0.22. While this model provides an acceptable fit to the

data — the reduceg? is 1.14 for 319 d.o.f. — we note that theFig. 9. EPIC-pn spectrum of HD 159176 fitted witmakal +

best fit value of the normalization parameter is a factor ‘b'owcolliding wind + power law model between 0.4 and 10.0keV in

than expected. Because of the members_hip of _HD 15917644@ case of equal winds. The contributions of the three cempo
the open cluster NGC 6383, it seems quite unlikely that theq are also individually displayed: the long-dashedrtsh

distance could be off by as much as a factor 2. Moreover,drashed’ and dotted lines are respectively rieéal , wind-
order to explain the low normalization parameter, the aCtUt,aoIIision and power law components

distance of HD 159176 would have to be larger by a factor 2

whereas an estimate of the distance on the basis of the expect

absolute magnitude of an O7V + O7V binary rather suggesigplore in the following section could be that the stars have
that the distance of HD 159176 might be less than 1.5 kpevinds of unequal strengths.

If the normalization value is frozen to one, the model clgarl

overestimates the data mostly between 1 and 5 keV, leading

to an unacceptablg?. Therefore, the low normalization value, .

probably means that the model predicts, for the derlved 7.2.2. Unequal winds

and \, a luminosity which is too large by about a factor ojyjthough Pachoulakis (1996) inferred only slightly diféert
4. A similar result is obtained for a simultaneous fit of MOS}ind momenta (see Tatlk 1), we note that the stellar parame-
and MOS2 data with the same model. The only difference iggtg (T, Lvor) derived by Pachoulakis yield very different val-
somewhat higher terminal velocity {y= 2190 £ 50 kms™), es ofM (9107 and 1107 My yr—1) when passed through
compatible with the higher temperature obtainedrfekal  the relation of Vink et al.{2001). Such large differencedin
models described in SeLl. 4, and a stronger disagreemére ofdng hence wind strength, are however at odds with the essen-
normalization parameter which is a factor about 8 too low. tially equal spectral types inferred from optical speatoysy.
Nevertheless, we attempted to establish whether an unequal
The results of this subsection can be summarized @fhd CWB model could reconcile the predicted and observed
follows. Exploring a domain of the parameter space thgiminosities. We thus developed a grid of models depending o
includes the full range of reasonable valuesvband v, for four parameters: the terminal velocity of the primary(y),
stars of spectral type O one subclass, we have found ghe mass loss rate of the primaryi(), the terminal velocity

model where the interplay between emission and circurastelhs e secondary (y »), and finally the wind momentum ratio
absorption allows to reproduce the observed spectral shagi§ined as

However, this model as well as all other combinationsvof
and \, in this domain of the parameter space fail to reproduce
the observed luminosity. The most likely explanation fasth
failure is that one or several of the model assumptions brebkis latter parameter is used to control the ratio of the wind
down in the case of HD 159176. One possibility that we briefistrengths, to avoid any collision of the primary wind witketh
photosphere of the secondary. An additional normalization
parameter as described for the equal wind case is also used.
increase of the intensity of the Fe K line at about 6.7 keV ua level The velocity parameters are allowed to vary in a range betwee
that is totally inconsistent with our data. 1700 and 2500 kms', and the allowed values favl; are
—1 6 —1

2 With my=5.64 (FitzGerald et d[_.1978) corrected for the redder‘i‘:Jlken between 3.0 10 Meyr~" and 6.010° Mg yr—. The
ing (Av=1.12) and M;=—4.8 (Conti & Alschulef T971) for a typical Parameter, can vary between 1.0 and 1.44. Beyond this upper
07V star, leading to M=-5.55 for an O7V + O7V system, we infer aboundary the stronger wind of the primary crashes onto the
distance of about 1.0 kpc only. With#—5.2 (Schmidt-Kalef 1982), secondary surface.
the calculated distance is about 1.2 kpc. The result of the fit seems only weakly sensitive to the value

1 Voo,1

M Voo 2

1 We explored higher velocity values to try to fit this high emer
tail with the colliding wind model. However, these modelglgli an
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of n (note that the range covered is quite narrow)slfs does not rule out the possibility that relativistic eleaso

frozen to unity and velocities constrained to be equal, #mees could be accelerated at the wind collision shock. In fact,

fitting result as described for the equal wind case is obthine the acceleration site would be buried so deeply within

However, we were not able, with the current model, to obtain a the radio photosphere that no synchrotron emission could

satisfactory fit with a norm parameter close to unity. Thiie escape and we would therefore observe HD 159176 as a

illustrates again the impossibility to reconcile the obser thermal radio emitter.

spectrum with the model at its current stage of developnagnt,

least within the parameter space we explored. - Besides the non-thermal tail, the observed spectral shape
can be consistently reproduced using a steady-state-collid
ing wind model with a mass loss rate value of about 1.7 —
2.610° 7 My yr—! and a terminal velocity ranging between

8. Summary and conclusions 1850 and 1950 knmrs' (or between 2140 and 2240 km's
The main results from our study of théMM-Newtondata of ~ for EPIC-MOS data). However, this model is unable to
HD 159176 are the following: predict X-ray luminosities compatible with the observed

spectrum of HD 159176. Theoretical values are systemat-
- The study of EPIC and RGS data reveals a soft spectrum ically higher than the observed X-ray luminosities. This
which is consistently fitted with a two temperature thermal disagreement between theory and observation is discussed
model. The hottest component is at about 0.6 keV for hereafter.
EPIC-pn and RGS, and about 1.0 keV for EPIC-MOS
data. The X-ray luminosity is rather low, with a value of
Lx/Lyo1 showing a moderate excess (7) compared to The disagreement between oXiMM-Newtonobservation
what is expected for isolated stars with the same bolometéiod the theoretical predictions could possibly be expthine
luminosity but without any wind-wind interaction. by several factors. First, let us recall that the kinetic pow
of the collision should be considered as an upper limit on
- Our analysis of RGS data reveals that lines are signifiganthe X-ray luminosity even in a highly radiative system. For
broadened. For instance, the/@ Ly « line at 19.0A has instance, some of the collision energy might be taken away by
a full width at half maximum of about 2500 kms, in the shocked gas which ends up with negligible velocity and
agreement with X-ray lines originating either from shockgressure near the line of centers. In order not to pile upeat th
distributed throughout the wind or from a colliding windstagnation point’, this gas must be advected from the syste
zone. and the work needed to lift it out of the gravitational poiaht
of the system could take away energy at the expense of X-ray
- The study of EPIC light curves failed to reveal angmission. Second, higher values of the paramgtésee the
significant variability on time scales of 100 — 2000s. Thignequal wind case, SeCi. 7.2) should be considered.#gdtho
indicates that, at least in a system like HD 159176, ttibe current version of the model is unable to deal with the cas
hydrodynamic instabilities that might exist in the regiowhere the primary wind crashes onto the secondary photo-
of the shocked winds are not able to produce a clegphere, this scenario should be envisaged. Let us emphasize
variability of the X-ray emission. however that the optical spectrum of HD 159176 does not pro-
vide support for very large values 9f Third, diffusive mixing
- The EPIC spectrum reveals a high energy tail which céietween hot and cool material is likely to exist due to the
not be fitted by thermal modelsrékal or colliding instability of the shock front. As a consequence, the maleri
wind). This hard X-ray emission component was fittetends to emit a much softer spectrum (i.e. EUV, or even UV),
with a power law with a photon index of about 2.5. Itait the expense of X-rays. Unfortunately, current simuretio
presence could reflect a non-thermal process such lagk the needed resolution to accurately deal with this mgxi
inverse Compton scattering (Pollock 1987, Chen & Whitdote that thermal conduction (Myasnikov & Zhekbv_1D98)
1991). The photon index is not too far from the 1.5 valuié also expected to produce a softer spectrum. Finallyhéurt
expected for an X-ray spectrum arising from a populatigtevelopments of the current model are needed to address
of relativistic electrons generated through an accelmatithis issue. An improvement of the current steady-state inode
mechanism involving strong shocks. The possibility ofould be for instance to consider the effect of mechanisms
a non-thermal X-ray component was already suggesteble to lower the predicted luminosities like sudden raekat
for instance for a system like WR 110 by Skinner et ahraking (Gayley et al.1997), which can potentially occur
(2002). So far, the most prominent indication of relatigist every time unequal winds interact in a close binary system. |
electrons in stellar winds of early-type stars have be@adition, orbital effects should also be included to stuglghs
found in the radio domain where a significant fraction afystems.
the stars were found to display a non-thermal, probably
synchrotron, emission (e.g. Bieging et al. 1989). In the@cas HD 159176 is the first short period colliding O + O binary
of HD 159176, radio observations failed to reveal suchsaudied with the high sensitivity of the instruments on labar
non-thermal component, providing only an upper limit othe XMM-Newtonsatellite. The major point of this system is
the radio flux at 6 cm (Bieging et &l. 1989). However, thithat the shocks associated with the wind collision are tagia
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making them very difficult to simulate with current hydrodyPachoulakis, I. 1996, MNRAS, 280, 153

namic models. For the first time, an alternative model has bg&feiffer, R.J., Pachoulakis, I., Koch, R.H., & Stickland,JD1997, The
used to address this case, following a steady-state geiemetr Observatory, 117, 301

cal approach leading to promising results. To achieve abeffittard, J.M., & Stevens, |.R. 1997, MNRAS, 292, 298

understanding of the special case of radiative collidingdwi
shocks, other close binary systems should be observed in
junction with further developments of the new theoretiqal a
proach followed in this study.
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