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Abstract. The carbon-rich WC5 star WR 114 was not detected during a 15.9 ksec XlMon observation, implying an

upper limit to the X-ray luminosity ofx < 2.5 x 10¥ergs? and to the X-ray to bolometric luminosity ratio &f /Lo <

4% 10°°. This confirms indications from earlier less sensitive measurements that there has been no convincing X-ray detection
of any single WC star. This lack of detections is reinforced by XMMwton and Gianora observations of WC stars. Thus

the conclusion has to be drawn that the stars with radiatively-driven stellar winds of this particular class are insignificant X-ray
sources. We attribute this to photoelectronic absorption by the stellar wind. The high opacity of the metal-rich and dense winds
from WC stars puts the radius of optical depth unity at hundreds or thousands of stellar radii for much of the X-ray band. We
believe that the essential absence of hot plasma so far out in the wind exacerbated by the large distances and correspondingly
high ISM column densities makes the WC stars too faint to be detectable with current technology. The result also applies to
many WC stars in binary systems, of which only about 20% are identified X-ray sources, presumably due to colliding winds.
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1. Introduction stars was initially attributed to shocks due to the intrinsic insta-

he f ) | ; h | . bility of the radiative driving mechanism (Lucy & White 1980;
The few major classes of star whose spectral properties g 1982) Further developments of the theory by Feldmeier

dominated by their mass loss in the form of stellar winds "é't al. (1997a,b) were reasonably able to reproduce the low-

clude the hot OB stars, with roughly solar chemical COMPOSkis o ution spectra of O stars observed by thesR observa-

7 p ~ 7 -1 _ . J

tion and mass-loss_rrar:_/tlemog e 10 MG yrr] and the Wolf- . byt are now facing new challenges with the recent advent
Rayet (WR) stars with ~ 10 Mo yr=. The WR stars come . piq_resolution spectroscopic data from the XMitéwton

in two main types: WN stars with enriched helium content a d Chandra grating spectrometers

deficient hydrogen and WC stars with no hydrogen but strongly L o _
enhanced carbon and oxygen. It is thought that O stars with APPlication of the theory to X-ray production in the high-
sufficient initial masses evolve to WR stars, passing througnSity winds of WR stars has yet to be done in detail.
the WN star stage and become WC stars whose own likely dfgportantly, however, Gayley & Owocki (1995) have consid-
is in gravitational collapse (Woosley et al. 2002). er_ed _the Et_epts of multl_ple scattering in WR wm_ds for the
The mass loss from OB stars is reasonably well explain}Q'c'f|d instability mec_hanlsm. They foupd .thf_it m“'t_'P'e scatter-
in the framework of the CAK theory (Castor etal. 1975) of linel'9 has a suppressmgfeq on the intrinsic mstgblhty that is
driven stellar winds. There has also been progress in the un _maIIy. thought to explain the X-ray .pro.d_uct|0n O.f the ]ess
standing of winds from WR stars. Recent advances in atnft£nSe winds of OB stars. However, a significant residual insta-

spheric modeling demonstrate that the mass loss of WC st gty r_emains and_is sTﬁcie_nt to produce extensive structure in
like that of OB and WN stars, is also generally explicable e wind. Theoretically, this process may lead to shock forma-
radiative driving (e.g. Gafener et al. 2002) on and plasma heated to X-ray emitting temperatures of few

However, the X-ray emission of OB and WR stars remair@Illon Kelvin. Arguably, the presence of lines of highly ion-

enigmatic. Discovered with themsten observatory (Seward Z(atgssg]eecgsess;::ea?g ?at)tlgh%\tgrfgtiarfi;aecl)iz]\e/\-/; r?;?rruz Irggli;)ns
et al. 1979; Harnden et al. 1979), soft X-ray emission from h8 the wind (e.g. Gafener et al. 2002).
Send gfprint requests toL. M. Oskinova, The study of X-rays from single WR stars and their

e-mail:1ida@astro.physik.uni-potsdam.de spectral properties provides much needed new insight into
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Fig. 1. Observed visual spectrum (solid line) of WR 114 from the atlas of Torres & Massey (1987), compared to a synthetic model (dot
line) calculated with the Potsdam non-LTE stellar wind codeaf@rér et al. 2002). The thin smooth line is the model continuum. The model
parameters areflective temperatur&, = 80 kK, luminosity logL./L,=5.2, mass loss rate Idg = —5.0 M, yr-%, terminal wind velocity

Ue = 2000 km s?, chemical composition He:C:©55:40:05, and a clumping contrastdf= 10. The calibration of the observation is confirmed

by v, b photometry (small boxes). The synthetic spectrum is scaled with the distance modulus of WR 114 (11.5 mag from the membershi
the Sgr OB1 association) and reddened \igh, = 1.2 mag (corresponding tBs_y = 1.45 mag) in order to reproduce the observed slope.

the understanding of stellar winds. WR stars have short lif2- Stellar parameters of WR 114

times and, although evolutionarily linked to O stars and thus

located in the same OB stellar associations, are relatively ri¥R 114 (WC5) is an ordinary representative of its spectral
and distant. Most WR stars are X-ray faint and thus hard €. Its optical spectrum, the defining characteristic of the
detect. Among the exceptions are the binary systems, wh¥/€& type, is well reproduced by the Potsdam standard atmo-
Stronger and harder X-ray emission due to wind-wind CO$.pheriC COde, the latest version of which é&ﬁer et al. 2002)
lisions suggests criteria for distinguishing single and do¥te employed to infer the stellar parameters. The best fit to the
ble stars. Unfortunately, little is learned about the X-rays @Pserved spectrum, shown in Fig. 1, was obtained with an ef-
the WR wind itself from such Systems_ fective temperatur_é'* =80 kK, |UminOSity |Og|_b0|/|_® =5.2,

g 0 : : .
In this paper we concentrate on the study of single W&ass l0ss rate lol = -5.0 Mo yr™, terminal wind velocity

_ 1 H e ol . .
stars. On average, the WC stars, with absolute visual m%?—_ 2000km s*, chemical composition He:C:© 55:40:5 by

nitudes not less theM, ~ —4.5mag (vanderHucht 2001) ass, and a clumping contrastf= 10 (for definition of the

are less luminous than the O and WN stars from which th{&fter see Hamann & Koesterke 1998).

evolve because of the reduction in mass during evolution and In “The vnth Catalogue of Galactic WR Stars”
the very high &ective temperatures of up to %R that shift (vanderHucht 2001) a number of galactic WC stars, in-
the energy distribution towards the EUV. For comparison, tiguding WR 114, are considered to have an OB companion
visual absolute magnitudes of O type stars lie betwidlgr~  because of the weakness of their emission lines in comparison
—-4.5 and - 7.5mag (Vacca et al. 1996). with other stars of the same subtype. However, this “diluted

It was clear from the first reports (Pollock 1987b)emission line” or d.e.l. evidence is no_t very strong, as WR
that WC stars are generally fainter in X-rays than other heectra depend awo parameters —fective temperature and
stars, the majority of measurements yielding merely upper |irw_ass_—loss rate —and itis not eleer a priori whether there exists
its. We have now taken advantage of the unprecedented sefsyariety of line strengths within one spectral subclass. In
tivity of XMM- Newtonto observe the carbon type WC5 star 9. 2 we compare the spectrum of WR 114 with the prototype
WR 114 E£HD 169010) for an exposure time, after excludingPparently single WC5 WR111, which was also one of the
bad time intervals, of 15.9 ksec. To our knowledge, this is tirs émployed by van der Hucht (2001) for his comparison.
first such sensitive exposure of a single WC star. Neverthele§8€ Plot reveals that most spectral lines are very similar or
XMM- Newton was unable to obtain even aretection of €Ven identical in strength and profile. Dilution by a compan-
WR 114 in any energy band. In Sect. 2 we summarize the stoP’S continu_um Woulq ﬁecta_ll lines uniformly. Therefore we
lar parameters of WR 114 and in Sect. 3 we describe the obgigubt the “diluted emission line” case argued given by van der
vations of WR 114 with XMMNewton In Sect. 4 we review all Hucht (2001) for the binary status of WR 114.
currently available X-ray observations of single WC stars and WR 114 was observed but detected neither in the mid-
in Sect. 5 we briefly review X-rays observations from binapfrared (Smith & Houck 2001) nor as a source of non-thermal
WC stars. The results are discussed in Sect. 6 and conclusi@mo emission (Chapman et al. 1999), either of which would
are drawn in Sect. 7. have provided supporting evidence for binarity.
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Fig. 2. Observed visual spectrum of WR 114 (solid line) from the atlas of Torres & Massey (1987), compared to an observation of the single
“standard” WC5 star WR 111 (dashed line). For this comparison, the WR 114 spectrum has been deredddiged wifh0 mag in order

to compensate for the stronger color excess of that star, and scaled by a factor of 3.0 to the flux level of WR 111. Obviously, the spectra of
both stars are very similar and indicate similar stellar parameters. Therefore we see no reason to suspect that the WR 114 spectrum is a binary
composite, in contrast to the “diluted emission line” entry given in the van der Hucht (2001) catalogue.

3. XMM-Newton observations of WR 114 contaminated time intervals due chiefly to soft proton flares,

the useful exposure time dropped from.9Bsec to 1® ksec
XMM- Newton observed WR 114 on 23 March 2002, as SUM5 each of the MOS cameras and.4Rsec for pn. The ex-

manzctedkm Ta?lle6léf|§) ' abou':jzg é’ Ik<sec mlttr(])tal. ;ll'v;/rc]) ei(pttosurﬁicted images were carefully investigated. Some X-ray sources
were taken o I KSEC and ©.oksec although the 1atler Wag ., 045 (see Fig. 4), but the area in the vicinity of the opti-

affected by a spacecratt pointing error and is unusable. image of WR 114 contains no X-ray source in either MOS1,

The observatory is (_jescribed in a special letters issuem S2 or pn, individually or in combination. Exposure times,
Astronomy & Astrophysics (vol. 365, L1). Relevant data wer rrected for vignetting, were then determined for this area.

obtained with the European Photon Imaging Camera (EPI ce there are no nearby X-ray or bright UV sources which

and _the thicaUV Monitor (OM). EPIC is equipped with could contaminate the image, and as the number of counts per
two identical MOS cameras and a pn camera. These Jiel

. . ; ) xel in the area is the order of unity, Poisson statistics are ap-
vide CCD imaging spectroscopy with energy coverage betw
0.2-15keV in a 30 arcmin diameter field-of-view (FoV) with ' )
an angular resolution of approximately 12 arcfayHM at ~ We used the SAS's source detection taskrect cHaN
1.5 keV. Observations were made using the full-window moddéth the recommended+detection likelihood thresholq of 10.
and the medium optical blocking filter. OM provides photoAttempts to detect the source were made both in narrow
metric coverage between 1700A and 6500A of the centfand and broad bar_1d images without success. Neither was
17 arcmin region of the X-ray FoV, permitting simultaneou¥/R 114 detected with thresholds as low as. ZThus the
observations in both the X-ray and the fdytical bands. conclusion is unavo!dable that WR 114 was not detected by

Preliminary examination of the standard pipeline processedf XMM-Newtonpointed observation.

images of the full 16.9 ksec exposure immediately gave a puz- We are able to set an upper limit on the X-ray count rate
zling result. Even though the star is obvious in the OM optaf WR 114. The on-axis 1.5 keV point spread functions (PSFs)
cal V band image at anftset of only 002 from its expected of the X-ray telescopes ha¥#@VHM values of about 4.4 arcsec
position, as shown in Fig. 3, it is nowhere to be seen in afiyr MOS1, 2 anck12 arcsec for pn. The EPIC source positions,
of the X-ray images such as the one shown in Fig. 4. The caven for faint sources close to the detection limit, have typi-
ordinates of the star and instrument are shown in Table 1 withl 90% confidence radii of about 2-5 arcsec, limited by the
other relevant data. We then performed a thorough data redstatistical accuracy of the measurements (Watson et al. 2001).
tion using the XMMNewton Science Analysis System soft-Finally, one pixelin the EPIC CCDs covers about 1.1 arcsec for
ware (SAS v5.3.3). The latest calibration files were used atice MOS cameras and 4.1 arcsec for the pn. We chose to take a
data were filtered to select good event patterns ensuring tBaB pixel box covering 1515 arcsec centered on the OM posi-
only X-ray related events were considered. After exclusion tidn of WR 114. Using the SAS taskenmap, we estimated the
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Table 1. XMM- NewtonObservations of WR 1P4 J2000

Parameter Value .
Start (UT) 2002—-03-23 13:46
End (UT) 2002-03-23 18:44
Exposure [ksec] 15.9 (MOS1, 2), 10.2 (pn)
Pointing coordinates 123"1639-134325/8
WR114 coordinates 1823"1630-134326/0
Count Rate [16*cnts']  <2.6 (MOS1, 2), <6.7 (pn) B
Flux [ergcnm?s™] <5.3x 10715
Luminosity [erg s1] <2.5x%10%

-13:43:00

to the target failed. The count rates arevignetting-corrected source
upper limits. The flux and luminosity are for the MOS1 upper limit
in the 0.2-10 keV range and have been corrected for interstellar
absorption oNy ~ 5.5 x 107 cm2,

2 0One 6.4 ksec exposures was of no scientific use since the manoedin?3:30 ’ /

-13:44:00

1o count rate upper limits reported in Table 1. Following the
concept of XMMNewtonfor which each of the three detectors
(MOS1, MOS2 and pn) is located in the focal plane of its own
X-ray telescope and observations are made simultaneously, we
have to accept as an upper limit on the source the lowest cogit 3. Low-resolution OM image iV band of WR 114. The star is
rate of all three detectors, namely MOS1 (see Table 1). clearly seen in the center of the image as indicated by the arrow.
Of crucial influence to the X-ray luminosity determination
is the interstellar absorption. Because no UV observation of:° ;
WR 114 is available, we used the visual color index from the . ' i o)
Potsdam model fit described above and shown in Fig. 1. The e St
slope of the spectral energy distribution is matched best for &
reddening ofEg_y = 1.45mag. For the correlation between
color excess and hydrogen column density, we adopt the valu
given in Groenewegen & Lamers (1988}, = 3.8+ 0.9)x
10?*Eg_y cm?. Then the interstellar column density of neutre® |40
hydrogen isNy ~ 5.5 x 10?* cm™2 towards WR 114.
The integrated X-ray fluxi-x, can be estimated by multi- § : ; . D
plying the observed count rate, CR, by an energy convers'@us:oo' s -
factor ECF, that depends on the shape of the X-ray spectryy
Fx = ECFx CR. To infer an upper limit on X-ray flux for § =
WR 114, when there is no spectrum, we may only sugges B
some plausible model and treat the result with care. For OB : @
stars, the ECF depends mainly on the X-ray temperature o ’ i : i
the emitting plasma and the interstellar absorption (Befeh ™ ‘ @
et al. 1996). We assume a temperatur&Bf = 1keV. Then 55:00
the count rate is converted into flux using ECFs provided by
the XMM-Newton Survey Science Center and the value of L. o -
neutral hydrogen column density from our visual spectral fit. Right ascension (J2000)
tSC)Intcf:]Z tshtzrg Isr;aenrﬁeb;g;rpe ir?tﬁ,e_stilll(;rc,alsssok;givgn Og\g rr]gog'@. 4.MOS1 X-ray image (0.2-10 keV). The square box indicates the
. . same area of sky as shown in Fig. 3.
(vander Hucht 2001), we estimate an upper limit to the X-ray
luminosity (0.2—-10 keV) oLy < 2.5 x 10®°ergs?, yielding
(Lx/Lpol) < 4x 10°°. Itis necessary to emphasize that this ugEatalog 2.2” and theffsets between centers of X-ray images
per limit is in fact the maximum XMMNewtonsensitivity for and optical images of the stars at@@or XMMU J182342.8—
a given exposure time and level of internal and cosmic bacdkl4949 and 01 for XMMU J182321.2-134645. The latter
ground. source is 1.4arcmin from the pulsar PSR J1823-1347 which
Other sources were detected during our abortive attempttras no known optical counterpart although the much closer co-
WR114 as clear from the MOS1 image shown in Fig. 4 and tirecidence with a star o = 14.33mag is probably more rel-
pnimage in Fig. 6. Some of them are listed in Table 2. The opvant. It is worth noting that X-ray sources with optical stellar
tical counterparts were identified using “The STScl Guide Steounterparts have little emission above 2 keV and are probably

18"23m18° 18"23"16° 18"23m14°

35:00

(32
®

1
2
g
8
&)

18:24:00 2330 a0 22:30
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Table 2. Brightest X-ray sources detected by XMNewton in the of attempts to observe X-rays from WC stars but to a greater

vicinity of WR 114. degree of sensitivity.
The second sub-sample from theth catalogue includes
XMMU 2 Count Rates  Optical Counterpart spectroscopic and colliding wind binaries. There are 31 such
[ents™] [mag] systems in the catalog. All X-ray sources included iRsEeIN,
J182342.8-134949 .D4+ 0.009 starV = 1336 Rosar or Asca source catalogues amongst WC stars belong to
J182321.2-134645 .@+ 0.005 starV = 14.33 this group.

J182258.1-135324 .2+ 0.01 -
J182304.3-135038 .@6+ 0.005 -
J182319.8-134011 .@4 + 0.005 -

We will now briefly discuss the archival observations of
WC-type stars. The first quantitative information on the X-ray
emission of hot massive stars was obtained by tkerkn ob-

2 According to the naming convention posted on the XNWdwton  servatory. Seven single WC stars were observed with the IPC
website. aboard Esteiv and none detected as shown in Table 3 taken

from Pollock (1987b). It is usual practice to apply a source de-

tection threshold of > 10, far above any of the WC star statis-

galactic while those without optical counterparts have ritgS, Which are quite typical of random background fluctua-
X-rays below 2 keV and are probably either young stellar o§Ons. The exposure times achieved hysei are quite signif-
jects or extragalactic. icant, giving flux upper limits arounBlx < 10°* ergcnr?st.
The results were further confirmed by theskr mission.
. . The instruments, PSPC and HRI, aboard & were very oc-
4. X-ray observations of single WC stars casionally used to observe WC stars during both the pointed
There has been steady progress in the study of stellar X-pjygramme and the AI!-Sky Survey (RASS?' Although pointed
servations had relatively long exposure times, the survey had

emission. The cornerstone imaging X-ray observatories of t& it of ob . tially all Galactic WR stars f
20th century — Esten (0.2—4.0 keV), Rsar (0.2-2.4 kev), € Merit of observing essentially all L>alactic VR stars for a
fF_w hundred seconds.

and Asca (0.4-10 keV) — have now finished and the new gene ) ) o
ation observatories XMMNewton (0.2—15 keV) and Ganbra As pointed out by Pollock et al. (1995) in a compilation of
(0.08-10 keV) are in operation. With the completion of sourd@sAT observations, single WR stars are weak X-ray sources in
catalogues from theiksteN, Rosar, and Asca missions, it is general, with only upper limits f_orthe majority. There is no sin-
time to review the X-ray properties of WC stars. gle WC star which is included in any of the RASS catalogues.

In order to do so we searched all available catalogs of Since all of the data are now public we have extracted and
Emsten, Rosar, and Asca missions. The normal practice foranalyzed the WC stars reported in Table 4. The table includes
the inclusion of a source in a catalogue is a likelihood detdfe visually brightest single WC stars and those WC stars
tion threshold of 10. Thus it is possible that real but weak d@hich have available pointed observations. Once again, there
tections might have been omitted. ThesR All-Sky Survey are no detections to report. The apparent view in the literature
Faint Source Catalogue (RASS-FSC) is derived from the alitat all types of WR stars are sources of X-ray emission can
sky survey performed during theoRr mission. The sources Only conceivably have been based on Pollock et al.’s (1995) re-
with a detection likelihood of at least 7 and containing at leasP@'t of a weak detection of WR 111 using results from an early
source photons are included in this catalogue. version of the Rsar pipeline. With the more rigorous analysis

In addition, we retrieved available archival data and per,eported here, we are unable to confirm even that feeble result.
formed our own data reduction with no detection threshold wiffhe flux upper limit is roughlfFx < 3x 10-**ergenr®s™.
the purpose of pinpointing even fainter sources. The results areThese long-standing doubts over the emission from sin-
discussed below. gle WC stars can now be confronted with the advent of

Two sub-samples of WC stars from “Thath Catalogue More sensitive observations from the newer generation of in-
of Galactic WR Stars” (van der Hucht 2001) were defined. Tis&uments. Accordingly, we have retrieved all availabkes
first group was formed by nominating as single stars those rg¥IM- Newton and Gianora archival data. For all the stars
designated as spectroscopic or colliding-wind binaries in tHécussed, if not pointed out otherwise, the interstellar neu-
catalogue. We have thus counted the d.e.l. stars with the dlig! hydrogen column density was obtained in the same way
gle stars for the assessment of WC star X-ray emission. Thagefor WR 114 (see above) using van der Hucht's (2001) values
are 56 such stars in therth catalogue. We note that amongs®f Eo—.
them, there are a few objects with the presence of dust as indi-WR 111 (WC5). Asca images of weak diuse X-ray emis-
cated by the letter “d” in spectral classification. Also, one of treon near the area of sky where WR 111 is located are in the
stars from our sample, WR 90 (WC?7), is a confirmed sourcediblic domain. On 10 Oct. 1993 a 29 ksec GIS exposure and a
nonthermal radio emission (Chapman et al. 1999). Therefo28ksec SIS exposure were taken, with no detection of a point
it is most likely that other binary systems are to be found source anywhere in the vicinity of WR 111, as can be seen
this sub-sample as well as single stars. Nevertheless, non&ah Fig. 5. Asca was capable of & point source detections
these WC stars appears in any of theskEiN, Rosar or Asca  at flux limits as low as-4 x 10 1% ergcnt?s™ (Tanaka et al.
source catalogues. It seems that the non-detection of WR 1'B94). Although this value can be accepted as an upper limit
by XMM-Newton confirms the results of more than 20 yearfor non-detected sources, we decided to obtain more precise
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Table 3. EmsteNn observations of WC-type stars showing the WR 144(WC4). This star was in the FoV of séa ob-
log-likelihood detection statisticd, and the maximum-likelihood servations of the Cygnus OB2 stellar association. During a
count rate. 36.3ksec GIS exposure and 33 ksec SIS exposure on 29 Apr.
1993 (Kitamoto & Mukai 1996), the four point-like sources
are the trapezium of O stars from Harnden et al.'s (1979)

WR  type time 2 Count Rate

[ksec] [102cnt 7] discovery paper. Within thedl limit, there is no other point
5 WCé 6.1 00 0.0 source in the image (Fig. 5). There is however a large amount
17 WGCs 55 00 0.0 of diffuse X-ray emission in Cyg OB2 which spreads out
57 WC7 6.5 0.0 0.0 to the region where WR 144 is located. Because WR 144 is
111 WC5 43 1.0 0.2 a highly reddened star, its stellar parameters are not well-
135 WC8 108 0.3 0.1 known. Using the stellar parameters of WR 111 and adopt-
144 WC4 183 00 0.0 ing Eg_v = 1.82mag from Massey et al. (2001), we estimate
154 WC6 43 03 01 Fx < L.5x 10 8ergent?s™?, yielding logLy /Lpol < —7.4.
WR 60(WC8). WR60 was in the field of view of the
Table 4. Rosar observations of prominent WC stérs EPIC pn instrument on board XMNMewton during observa-

tions of the Galactic Plane on 6-7 Feb. 2002. A total expo-

WR type V time 4  CountRate sure of~12.7 ksec was achieved. But since WR 60 is located at

[mag] [ksec] [10%cnts™] ~7.2 arcmin df-axis, the useful exposure time is only 2.49 ksec
23 WC6 967 28 07 6+02 PSPC as listed in Table 6. There is no point-like source in this area in
52 WC5 986 0.2 24 0+30 PSPC any of the energy bands, as seen in Fig. 6. Due to the ldfge o
90 WC7 745 03 00 0+40 PSPC set from the center of the image, the sensitivity is much smaller
106 WC9 12.33 15.7 00 .0+05 PSPC than in the case of WR 114. We estimatecallpper limit to
3 1
111 WC5 823 189 30 0+04 PSPC f[hchountlr;te f(fT_gx 10 cznti .T'rl;hen thg urlabsprbg:j fll;X
isFx < 12X ergcnt<s+. The nominal luminosity o
135 wC8 836 110 21 .2+17 PSPC ~ . L.
* WCS stars is 10dbo1/Lo = 5.3, giving logLx /Lpel < —8.2 for

144 WC4 1549 813 00 .0+£01 HRI
154 WC6 1154 04 03 .8+6.7 PSPC

WR 60.

. - - - WR118(WC9d). The star was in the FoV of
Rosar observations of prominent WC stars from either the short SMM- Newton on 15 March 2002. with a useful expo-

posures of the PSPC all-sky survey ongjer pointed observations . .
with either the PSPC or the HRI detectors. The observation time fea ¢ 1Me of 3.8ksec for MOS and 3.9 ksec for pn. There is no

ported is that combined from the one or more available pointings, agint-likg source detected in. the.X-ray image in t.he.area where
ten at diferent df-axis angles. The count rate is the mean. WR 118 is located, as seen in Fig. 6. Thedpper limit to the
count rate in the pn detector is510°4 cnt s1. From this we

estimates making use of standard processed files retrieved ffBfgf an unabsorbed flux dix < 4 x 10 *ergen?s™, and
the archive. adopting a typical luminosity for WC9 type stars, we obtain
We obtained & upper limits on the count rate using thd®9Lx/Lool < =7-4.
number of counts in the area which corresponds to the PSF, WR 101a-0, WR 102a-l There are six late-type WC stars
and the exposure time corrected for vignetting as listed iimthe Sgr A region of the Galactic Center, which are highly
Table 5. As described in thes& data reduction guide, for reddenedEg_v ~ 9.5mag). Little can be said about these
GIS at energies of about 1 keV, tR&/HM point spread func- poorly studied stars. The properties and evolution of massive
tion is about 3arcmin. For SIS the PSF is smaller, abostars in this region may befiierent (see e.g. Coker et al. 2002)
1.5arcmin. We useddl limits for Gaussian statistics as tabudue to the exceptional conditions in the vicinity of the cen-
lated in Gehrels (1986). Using stellar parameters for WR 11ral Black Hole. The region has been extensively observed by
from Grifener et al. (2002), the upper limit to the X-rayrearly all X-ray satellites including twoHaxpra exposures.
flux, corrected for the interstellar absorption,Aig < 5.0 x We retrieved the archivaliGnzora data and performed a crude
10 ergcnt2s L. Therefore, the upper limit on the X-ray lu-analysis. None of the X-ray point sources coincide with optical
minosity of WR 111 is lod.x /Lyol < —7.8. images of any of the WC stars in this region but the level of
WR 121 (WC9d). The vicinity of WR 121 was observedX-ray backgroundis very high. Thus, no additional information
with Asca on 23 Mar 1999 for a 53ksec exposure timé& our quest on intrinsic X-ray emission from single WC stars
with GIS and 50 ksec with SIS. There is an extended sourcecglld be drawn from these extremely interesting objects.
diffuse X-ray emission in the central part of the image (Fig. 5). The same holds for the members of the Quintuplet clus-
The outer region of this fliuse source is superposed with théer, one of the three massive clusters projected within 50 pc of
celestial coordinates of WR 121. Nevertheless, the signal frahe Galactic center (Figer et al. 1999), which contains at least
the difuse source is very weak, and so we determine an WWC stars. The stars are highly reddenBgd_(,  9.5mag)
per limit of Fx < 2 x 107*3ergcnt?s! for the unabsorbed and many of them are likely surrounded by dusty envelopes. It
flux. The stellar parameters of WR 121 are not well knowis therefore not surprising that no X-ray emission associated
Therefore we adopted a typical luminosity of WC9 type stawgith the intrinsic properties of the stellar winds has been
of log Lyol/Le = 5.3 resulting in lod-x /Lyl < —7.4. reported.
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Fig. 5. ASCA SIS images of the areas of sky in the vicinity of WR 111, WR 121 and WR 144 (left to right). Areas which coincide with the
celestial coordinates of the WR stars are denoted by black boxes. For the exposure times see Table 5.

Table 5. Asca observations of WC-type stérs Table 6. XMM- Newton observations of WC-type stars reporting 1
count-rate and luminosity upper limits.

WR time Count Rates  Ly/L.

[ksec] [103cnts? WR time Count Rates  Ly/L.
G S G S [ksec] [103cnt s
111 29 23 23 23 X 108 MOS pn MOS pn
121 53 50 1.7 0.9 4 1078 60 - 25 - 33 6<10°°
144 36 33 6.2 1.8 4108 114 159 10.2 0.6 0.9 ¥ 10710
aAsca observations of WC-type stars showing lipper limits to S, 118 38 3.9 12 05 410°

the average of SIS1 and SIS2, and G, the average of GIS1 and GIS2,
and the corresponding luminosity.

. ) close to the value we derived from the reddening of the vi-
5. X-ray observations of binary systems sual and UV spectra of WR 65, withs_y = 2.42 leading to
containing a WC star Ny ~ 1072cnmr2.

Extensive observational studies of WR stars in the Galaxy (see The Gianora ACIS-I 5o~ detection yields a count rate of
references in thenth Catalogue) suggest that the fraction of bi8-87 + 0.8) x 10%cnt s, an unabsorbed flux dfx > 2 x
naries among WC stars is quite large, probably more than hd® **cm™?s™, and logLx /Lo > —6.8. However, there is
Thus, it is likely that many WC-type stars are not yet detecté@me ambiguity in the identification of X-ray point source in
binary systems of (a) two massive stars, usuallyM0® type, the ACIS-l image as WR65. The X-ray source has &ised
in which X-rays are generated by colliding stellar winds (e.g\@ = —07009 andAé = +1763 from WR 65 in FK5 (2000) co-
Usov 1992), or rarely, (b) a WC star and a compact compani@rigdinates. At the same time the radio coordinates of the source
such as Cyg X-3, with much more luminous accretion-powerétentified as WR 65 in (Chapman et al. 1999feli from the
X-rays. X-ray source in @anpra’s FoV by only Ae = 07003 and
Such is probably the case of WR 65 (WC9d). It is cordd = —0713. It seems likely, that the radio and X-ray sources
sidered a binary in vander Hucht (2001) on the basis of tR&e identical. Gaensler et al. (2002) reported an uncertainty of
presence of diluted emission lines. We found that WR 65 3#)5 in each coordinate for the pulsar’s X-ray position.
over-luminous for its spectral type: from our analysis of optical From broadband X-ray photometry it is already clear that
and UV spectra, we estimatg, = 1P L. It is also a radio WR 65 is a rather hard source, with an emission maximum in
source, with indications of being a non-thermal radio emittéiie range 2—4 keV and only trace emission in softer passbands
(Chapman et al. 1999). (see Fig. 6 from Gaensler et al. 2002). This is typical for the
Since WR 65 is 4 arcmin from one of the brightest X-ragolliding wind binaries, such ag Velorum and WR 140, but
pulsars in the Galaxy, PSR B1509-58, it has been in the Fdidrd to explain in terms of a single star. Skinner et al. (2002a)
of nearly all X-ray satellites. However, until the excellenbas reported on a hard componekit (> 3keV) in the spec-
Cuanbra angular resolution became available, the star had rintm of WR 110, a nitrogen-rich WN star that is believed to be
been resolved in X-rays.H&nbra observed the pulsar wind single. However, in this case the dominant contribution to the
nebula on 14 August 2000 for a 20 ksec single exposure &say emission is rather soft with a characteristic temperature
reported in Gaensler et al. (2002). Figure 7 shows part lof ~ 0.5keV. Therefore, combining data on the shape of
the Gianpra’s ACIS-I image of the region in the vicinity of X-ray spectrum with radio and bolometric luminosity excess
PSR B1509-58, showing the point-like source X-ray source caad the presence of dust we conclude that WR 65 is a newly
inciding with WR 65. The neutral hydrogen column densitgliscovered X-ray bright colliding wind system. It is clear that
derived by Gaensler et al. (2002) from fitting the X-ray spethe nature of the X-ray emission of WR 65 should be verified
trum of this point-like sourcelNy ~ 3 x 10?2cm?, is quite by further observations.
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Fig. 6. XMM- NewtorEPIC pn images near WR 114, WR 60 and WR 118, left to right, whose positions are at the centers of the black box
Exposure times are given in Table 6.

Although the mechanisms of X-ray production in biwind zone. The small percentage of WC binary X-ray sources
nary systems are thought to be reasonably well understoskows that the conditions under which such a system can emit
only 7 WC binary stars have been bright enough to be d¥-rays are rather special, requiring particular combinations of
tected by one or more of the previous generations of X-ray iorbital dimensions and viewing geometry.
struments, namely WR 11, WR 48, WR 79, WR 93, WR 125,

WR 137 and WR 140. All are spectroscopic binaries with og Discussion

bital periods ranging between days and years. It looks as though

we may now add WR 65 to their number. Seven WC stars INew spectral windows, larger and better telescopes, and ad-
cated in the Sgr A and Quintuplet clusters have either ambigtances in technology have led and continue to lead to impor-
ous or false detections or large positional errors as indicateeht new discoveries about well-known astrophysical sources,
in object catalogues. Thus an overall fraction of detected Xnd even whole new classes of sources. Such has also been th
ray sources is+10% among all WC stars. Even among thease with X-rays from hot massive stars.

total number of the 37 binary WC stars listed in theth Although there is no doubt that OB stars emit X-rays, nei-
Catalogue, six deemed so only by virtue of diluted emissiaher the properties of the ensemble or individual spectra are
lines, about 20% are detected X-ray sources. In this regard, Wl explained. The rough scaling relationship between bolo-
weakness of the X-ray emission from WR 114 has little or naetric and X-ray luminosity of OB starisy o 107"Lpo €S-
bearing on its possible binary status. tablished with early lsteiv observations by Pallavicini et al.

By far the brightest two X-ray WR binary systems, WR 1401981) has been interpreted as a consequence of the coupling
(0O4-5v+WCT7) andy Velorum (WR 11, O7.m+WCS8), both of the wind momentum-luminosity relation of Kudritzki et al.
have WC stars and have been observed reasonably often (£.999) with a special distribution of hot plasma in the wind
Williams et al. 1990; Stevens et al. 1996; Zhekov & SkinngOwocki & Cohen 1999). The X-ray emitting WN stars do not
2000; Skinner et al. 2001). Both show variable absorption dellow this scaling law (Wessolowski 1996) although Ignace &
pendence on binary phase. WR140 is optically thin for moSskinova (1999) showed that the measurements could be un-
of its 7.94-year orbit, but shows strong absorption of X-rayderstood if the X-ray plasma filling factor depends on mass loss
near periastron. By contrast, absorption is heavy during meste and terminal velocity.
of y Velorum’s 80-day orbit, reaching a still substantial mini- Whereas EsteN, Rosar and Asca could provide only
mum when the O-star is in front. XMNWewton observations gross energy distributions,#&pra and XMM-Newton have
of y Vel have been reported by Dumm et al. (2002). At maxeen able to resolve individual lines and thus challenge fur-
imum light, the hard X-ray emission zone is clearly visiblether the current view of X-ray production in radiatively-driven
though still absorbed below about 2keV. At minimum lightvinds. The theoretical X-ray spectra of hot stars with wind-
and throughout the orbit, a constant soft X-ray componentdsstributed shocks are expected to produce asymmetric emis-
present that is convincingly explained by Dumm et al. (2008)on line profiles with blueshifted emission peaks owing to
as emission from cool, distant WC material photoionized twind absorption #ects (e.g. Ignace 2001; Owocki & Cohen
the central collision zone. In both systems, the WC star a@801; Ignace & Gayley 2002). Recent results fromm@ra
only as a passive X-ray absorber of dimensions of a few AUand XMM-Newton have shown that most of the OB stars ob-

Thus, we may conclude from the available spectral asdrved so far display symmetric and unshifted emission pro-
temporal data on binary systems, that there is little or no efiles (e.g. Schulz et al. 2000; Waldron & Cassinelli 2001).
dence for WC-type stars being intrinsic X-ray sources, and thithough the O stat Pup is a notable exception, with pro-
WC stars are féectively opaque to X-rays from the collidingfiles better matching theoretical expectations (Kahn et al. 2001;
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2 | (2) X-rays are generated in the stellar winds of WC stars
1 (asitis the case in OB star winds) but the strongly enhanced
o5 1 density and metal content of their winds lead to their total ab-
sorption before they can emerge to the observer.
] The high optical depth for X-rays in WR winds has long
o | been recognized (Pollock 1987a), and it is this possibility
> that seems the most likely. As an O star evolves through the
WN stage, it converts 44He with an enhancement of N as
the wind density increases. Both factors independently cause
1 the X-ray opacity to rise. This is especially pronounced in cases
R | where helium recombines to Hgprimarily in the winds of late
1 type WN stars. The Heedge for those stars is strong enough
0 1 to place ther = 1 radius to several hundred stellar radii for the
whole soft X-ray band.

For the WC stars, the abundance of CNO elements is dras-
tically increased (while abundances of heavier elements like S,
Right ascension Si and Fe are unchanged) and the mass loss rates are the same
order as for WN stars. It is clear that such a metal-rich and
dense medium is veryfiécient in absorbing X-rays, making
WC winds even more opaque to X-rays than the winds of O
and WN stars.

We have checked this by means of our advanced non-LTE

o ) ) atmosphere model, accounting for line blanketing and clump-
Cassinelli et al. 2001), it has not yet been possible to explzw.[&J in a first approximation. Although the latteffect leads

symmetric line profiles from single stars in the framework Q" smaller empirical mass loss rates (Hamann & Koesterke
the shock model. 1998) compared with those found previously from homoge-
The WR stars are another class of object in which thRous models, the radius of optical depth unity is still ex-
X-ray emission is thought to arise from a similar mechanisrﬁreme|y large. As seen in Fig. 8, althoughHeemains the
The WR stars, being fainter, are an integral step behind thgyjor absorbing element for the soft X-rays, the high abun-
OB stars in terms of spectral resolutioroskr and Asca pro- dances of CNO group elements leads to strong K-shell ab-
vided passband fluxes for WR stars, and now XN\éwtonis  sorption edges and places the X-ray photosphere at distances
providing spectral shapes. The characteristic feature of embggceeding a thousand stellar radii for photons with energies
ded shock models is the soft X-ray spectrum, with maximugiound 1 keV.
temperatures corresponding to a fraction of terminal velocity The upper limit of X-ray luminosity for WR 114 derived in
of the wind. The emission is not expected to be present at @Ris paper refers to themergenstellar radiation after correct-
ergies harder than2—3 keV. However, Skinner et al. (2002a,bjng for interstellar absorption. We cannot infer anything about
have reported “hard tails” (i.e., the presence of emission withe possible generation of X-rays by any hot plasma embed-
kTx > 3keV)in the spectra of the WN stars WR 6 and WR 11@ed deep in the wind that would be absorbed before they can
We have observed WR 1, which is of similar subtype as theggcape. There is much room for such internal X-ray absorp-
other two WN stars. WR 1 does not appear to have a hard tgn as the optical depths in the wind of WR 114 is high to
however, the exposure for this source was less than for Wigge distances. Without any knowledge about the location of
and WR 110, so that the existence of a hard tail in WR 1 je possible X-ray production and the detailed structure of the
inconclusive at this point (Ignace et al., in prep.). The haghsorhing cool wind, quantitative limits on the internal X-ray
tail may indicate the presence of non-degenerate companigﬂgduction rate would be rather speculative.
which have otherwise gone undetected in these systems, an op4t would be extremely diicult for the theory of instabil-
tion that is also discussed in an attempt to explain the X-rjes in radiatively driven winds to explain the presence of
line profiles in O stars. X-ray emitting material at distances of a thousand stellar radii.
In contrast to OB and WN stars, this paper reports on thiere are few detailed physical studies of the X-ray emission
effective absence of X-ray emission from WC stars, anothgfoduced at such large radii. Feldmeier et al. (1997a,b) per-
unexpected result. The obvious question is, why are these starfed hydrodynamical simulations of O type star winds for
so faintin X-rays? There are two obvious alternatives: radii up to 10(R.. The hot X-ray emitting gas can be gen-
(1) WC stars are intrinsically ifgcient in producing erated by shocks only in the accelerating part of the stellar
X-rays. If we understood the production of X-rays bwind, which does not extend further than 5-R.0When the
radiatively-driven winds better, it would be easier to assesgpanding material reaches the constant velocity regime there
this possibility. Our understanding is hampered by the fact traae still regions of hot gas confined between dense and cold
time-dependent hydrodynamical simulations including multelumps. Nevertheless, the density of the interclump medium
line scattering — the latter being central both for the wind drivs 2—3 orders of magnitude lower than the density of clumps,
ing and instability growth rates — are not available yet. hence cooling is notficient and no X-rays can be generated.

)

50

Declination

20 46 44 42 15:13:40 38

Fig. 7. Part of the Ganbra ACIS-l image of the ki region in the vicin-
ity of the pulsar PSR B1509-58. The point-like X-ray source”i§ 1
from the optical position of WR 65.
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Energy [keV] () XMM- Newton observation of the typical WR star
05 02 01 005 WR114 (WC5) confirmed that this carbon enriched
! ! ! ! ! Wolf-Rayet star does not emit X-rays above the detec-
tion limit of our observation. The upper limit to the X-ray flux
from WR 114 isFyx < 5x 10 Pergent?s™.

(m) The apparent absence of X-rays can be explained by
the large absorptive opacity of the stellar wind from WC stars:
the X-ray photosphere is at a few thousand stellar radii.

(tv) All WC stars that are currently known to emit X-rays
are binary systems. The fraction of X-ray sources among all bi-
nary systems containing a WC star is less than 20%, indicating
that the conditions are special under which they are visible.

(v) A previously unidentified source of X-ray emission is
attributed to the WC9d type star WR 65. Because of the hard-
ness of its X-rays, we suggest that it too is a binary system.
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