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WR 138: new results from X-ray and optical spectroscopy™
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ABSTRACT

Context. Massive-binary evolution models predict that some systgithgo through an evolutionary phase where the originaianiy
has become a supernova and left a compact object behindhémedtbits a Wolf-Rayet (hereafter, WR) star. WR 138 is amXhright
WR star that has been described as a triple system, incladiognpact companion in a short-period orbit.

Aims. Our goal is to search for spectroscopic evidence of a congmpanion around WR 138.

Methods. We used optical and X-ray spectra to search for signaturascofmpact companion, which can be revealed by systematic
variations in WR optical spectral lines induced by orbitadtion of the compact companion or by hard, luminous X-raysnfr
accretion onto this companion.

Results. The optical spectra display emission-line profile variasithat are most probably caused by clumps inside the stélals.
The radial velocities do not vary on a short time-scale cdibfgawith the suggested orbital period of a putative conigacpanion.
The X-ray spectra are found to be normal for a WNEIB system with no indication of accretion by a compact corigran
Conclusions. There is no evidence for the presence of a compact compaazhye therefore conclude that WR 138 is a normal
long-period (R1521 d) eccentric WRROB system.
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1. Introduction could be aliases of those reported in the literature. AnGR0)

. L . analysed a series of medium-dispersion spectra of WR 138 and
—Whilst absorption lines in the spectrum of WR 138 were reganqreq RV variations with a period of 153814 d (although a
ognized several dec?‘des ago, the T““'“P"C'W of this s&@8 hyariod of 1420d could not be fully excluded), an amplitude of
been an open question for a long time. Massey {11980) fouggout 60 kmst, and a moderate eccentricity o0He was un-
no evidence for significan( > 30 kms™) radial velocity vari- apje however, to confirm the short-period variations offes
ations that would have been attributable to an orbital m“ot'?eported by Lamontagne et al. (1982). X-ray observatioes ar
o)) of the emission lines and suggested that the breeinl = gypected to provide an independent indication about the-pre
N 500 k_ms ) absorption !lnes were intrinsic to the WN §tar. Frodce or absence of a compact companion in WR 138. Indeed,

- aseries qf photographlcspectra,.La}montagne etal. '~1gﬂ.éﬁn the presence of a neutron star in a close orbit around a WN star
O low-amplitude radial velocity variations of theiNA4058 line qpyqid lead to substantial accretion by the former and wibuis
«— ‘on a period of 2.3238d, although other periods, such as 0-3}¢hqyce a strong and hard X-ray emission, as seen in high-mas

could not be fully excluded. These variations were not SEeN Y _ray binaries (see e.g. Neguerugla 2010). The X-ray eonissi
« the Hen 14686 line. The absorption lines did not display variay,m R 138 was detected with tENSTEINobservatory (Pol-
«_ tions on this period either. In addition, Lamontagne etE82) |, 1987) and within the All Sky Survey ®@OSAT(Pollock et
.~ noted that the radial velocities (RVs) of both the emissind a 5 1995). However, these observations did not provideetel |
absorption lines vary on a long period of about 1763 or 15336t qeajl required to clarify the nature of the X-ray emissitn
E As a result, they classified WR 138 as a triple system ConSigfis paper, we present new X-ray observations of WR 138 aug-
ing of a WNG star orbited by an unseen low-mass companiQented by several new series of optical spectra to re-iigest
probably a neutron star, in a 2.3238d orbit and an O-typérsta, hether there is a compact companion in a short-period orbit
a 1763d orbit. The interpretation of the short-period W0  5.6,nd the WN star.
as the orbital period of a compact companion was questioneg
by Vreux {1985), who drew attention to the ambiguity of the
period determination due to the aliasing problem. He suggdes2. Observations
that alternative mechanisms, such as non-radial pulsatimuld )
produce modulations of the spectra of WR stars on periods tHal- X-ray observations

Send orint reauests oM. Palate WR 138 was observed serendipitously witkMM-Newton
gp q : (Jansen et &l. 2001) in May 2011, during three exposuresks 20

* Based on observations collected at the Observatoire deeHa . . .
Provence (France), the San Pedro Martir observatory (Mgxind each centred on the massive binary HDE 228766 (Rauw et al. in

with XMM-Newton an ESA science mission with instruments and cortreparation; ID 067048). EPIC instruments (Turner et a0120
tributions directly funded by ESA member states and the USASA).  Strider et al._2001) were operated in full-frame mode and the
** Research Associate FRS-FNRS. medium filter was used to reject optical and UV photons.
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Table 1. Journal of theXMM-Newtorobservations al.[2003) using the MIDAS software provided by ESO. The opti-
Daie Date Useful exposure ime c_al spectrum of WR 138 consigts of many strong and broad_emis-
HID-2450000 MOS 2 pn sion lines with only very fe\{v Ilne-free regions. We normatiz
(dd-mm-yyyy) (ks) (ks) the spectra of each campaign using a number of (pseudo) con-

tinuum windows. Given the ffierent spectral ranges of the two

ggggggﬁ gggi;ég iég ig(l) datasets and e_specially in view of the narrow spectral rafige
18-05-2011 5700.152 538 18.0 (gap) the 2011 data, it was not possible to normalize both datasets

sistently. Nevertheless, within a given dataset, the nbratéions
Notes. The date of the observation is given at mid-exposure. are consistent, allowing us to search for line-profile aifigy.

In the time of August to September 2012, we furthermore col-
lected a series of échelle spectra of WR 138 with the ESPRESSO
spectrograph mounted on the 2.12 m telescope at the Observat

The raw data were processed with SAS software versiff Astronémico of San Pedro Martir (SPM) in Mexico. These
12.0. The first two observations weréacted by background data cover the spectral region from 3900 to 7200 A with a resol
flares, and we therefore rejected these high-backgrousdegps ing power of= 18000. The integration times of individual spec-
from further processing. Because WR 138 was locatedfd’ otfa was 15min. The data were reduced using the IRAF échelle
axis in these pointings, the source sometimes fell on a gap Backages. Due to the strongly peaked blaze of the ESPRESSO
tween the detector chips or on the dead CCD of the MOS 1 detéectrograph and the broad spectral lines of the Wolf-Rstpet
tor. As a consequence, not all EPIC instruments providefiiise¢he normalization of the spectra was verffidult. Therefore, we:
data for WR 138 for each exposure. In particular, we decided4sed the SPM data mainly for measuring RVs and for classifica-
restrict our analysis to MOS 2 and pn data. The extractioregoriOn purposes.
consist of a circle of 40” centred on the source and a nearby
circular zone of 35" radius in a source-free region for thekba
ground. The spectra were binned with a minimum of 25 counts
per bin of energy channel and a maximum oversampling of thbe OHP spectra display several emission linest M 4510-
resolution element by a factor 5. 4534 and 4634-4640; WAl 4604 and 4620; Heil 4542,

Several other X-ray observations were also available 4986, 4859, and . They also display one absorption line:
the HEASARC archives. WR 138 was observed WRBSAT Her14471. We first performed a temporal variation spectrum
in October 1993, in June 1994 with the PSPC instrumefi,YS, see Fullerton et al. 1996) analysis on these spectia an
and in November 1994 with the HRI instruments (SEQ |fpund that three regions were variable: thenNA4510-4534
RP500248N00, RP500248A01, and RH500341N00). The exg&mplex, the Ha 14686 line, and the He1 4859+ Hp blend.
sure durations were 3.6, 4.2, and 42.8ks, respectively. &R 1The Hen 14686 line presents the strongest variations, especially
was also observed witlBWIFT in March 2011 (OBS ID in the core of the line. T_hese variations are clgarly wsduhe_l
00040153001) with an exposure time of 1 ks. FinallflaAN- take the form of changing subpeaks in the line core with a
DRA observation of 69.3ks made in January 2010 (OBS Ifimescale of a few hours to days, as can be seen iflFig.1. The
11092) was also available. In all tROSATandCHANDRAob- Hj region displays the weakest variation, which is at the lwhit
servations, WR 138 is located faffaxis, leading to a severethe significance level (at 1%). The variations of these eiomss
degradation of the PSF. We downloaded the processed data lHig$ are reminiscent of those of other Wolf-Rayet starseyTh
extracted the spectra of WR 138 for these five archival olaser@re commonly attributed to wind inhomogeneities (clumps) a
tions. The extraction zone for t!8WVIFTdata consists of a circu- more specifically to the statistical fluctuation of the numbe
lar zone with a radius of 50" around the star and the surrayndiof clumps emitting at a specific line-of-sight velocity (seg.
annulus with an outer radius of 213" for the background. THé&pine et al._ 1996, 1999). .
extraction zone for thEHANDRAdata is an ellipse of 347" The SPM spectra were mainly used for RV measure-
semi-axes for the source and a nearby circle of 43" radiuthior Mments and spectral-type determination. We studied the same
background. ThR®OSATHRI and PSPC extraction zones con€Mmission lines as in the OHP data plus thevN4058 and
sist of circles of 1’ and 3.5, respectively, centred on tharse Hen414100 and 4200 lines, as well as two more absorption
and surrounding annuli with outer radii of 2’ and 5’ for thecka  lines (Her 114143 and 4921). The lines in the SPM spectra also
ground. The minimum numbers of counts per bin for@¢AN- Present line profile variations that are clearly visible iig[E

DRAandROSATmission are 10 ctbin and 15 ctdin. We determined the spectral type of WR 138 using the critdria o
Smith et al.[(1996). We found that the peak-over-continuam r

tios of Nv 14604 over Nt 14640, Har 15411 over He 1 5875,

2.2. Optical spectroscopy C1v 15808 over Her15411, and Gv 15808 over He15875

) , - . are equal to~ 1.05,~ 1.57,~ 0.80, and~ 1.25, respectively,
WR 138 was monitored with the Aurélie spectrograph (Giltet ¢pich corresponds to a spectral type between WN5 and WNG.
al.[1994) at the 1.52m telescope of the Observatoire de Hapigk (1990) and Lamontagne et al. (1982) found a WN6 spec-
Provence (OHP) during two observing campaigns in Septefpy) type using the old criterion of Smith (1968). Adoptirgst
ber 2011 and June 2012. The 2011 data were taken with a 1809 criterion, we also derive a WN6-type. We therefore clas-
lines mnT? grating blazed at 5000 A and cover a wavelength dgify WR 138 as a WN5-6 star. Annuk (1890) suggested an O9-
main from 4453 to 4675 A with a resolving power ©f20000. g 5|-J| type for the companion, with a high rotational veilyc
The 2012 spectra were obtained with a 600 linesthgrating ysini~ 500 kms®. This high rotational velocity would be un-
also blazed at 5000 A. The wavelength domain covered by thegsial for a bright giant or supergiant in a well-detachedtyin
data extends from 4448 to 4886 A with a resolving power sstem. Unfortunately, we cannot refine this classificaten
=~ 10000. The detector was an EEV 42-20 CCD with 204824 cause our data do not allow us to clearly identify dfisient
pixels. The data were reduced in the standard way (see Rauwgnhber of lines belonging to the OB companion.

Optical spectra
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N IV A 4057 He Il A 4686 interpreted in terms of fierent formation sites, from close to the
A o=~ stellar surface to farther out in the wind.
4r .l We used our spectral time-series to search for the presence
HID HJD of a compact object in a close orbit. We first tried without-suc
o 351 { 173.831 7 96513 cess to fit a sine function to the series of RVs with the period
= 173.725 1 96387 of 2.3238d proposed by Lamontagne et al. (1982). We then ap-
o] 173.691 95.546 . . . .
= 3 | 179778 1 92499 pl|ed the_ gene_rallzed Fourier technique developerd by Heck e
Q 172.740 ga.307 al. _(1985), \_/vhlqh was _reflned _by Gosset et al. (2001), to the
'7; 25 4 172.665 ] s radial velocity time-series obtained fror_n OHP and SI_DM data.
g 170.736 1 93554  The power spectrum did not present a significant peak in the fr
8 2 169.682 ] 08160 guency domain that would have been compatible with such a
z o 95354 short period (see Fifl 2). In conclusion, we did not find emizke
15[ 1 165,689 1 9333  for a short period in the WR 138 system. We suggest that tke lin
168.658 1 912%¢  profile variations previously mentioned may be responditie
I 62 =2/ S M stochastic RV variations, which could have been mistaken fo
4040 4050 4060 4070 4080 4670 4680 4690 4700 4710 periodic changes.
Wavelength (A) Wavelength (A)

Fig. 1. Line-profile variations for the SPM€ft) and OHP 2012r{ght)
observations. The observations are vertically shifted.Byiéft) and 0.4
(right) continuum units for clarity (time is given as HID - 2456000)

Amplitude

3.1. Radial velocities 0 02 04 06 08 1 12 14 16 18 2

1

As mentioned above, several scenarios have been proposed
cerning the multiplicity of WR 138. Massey (1680) favoured € °°
single-star scenario, whilst Lamontagne et[al. (1982) estpgl = °°
that it might be a triple system with a WRO system in a wide &%
orbit and a compact object closely orbiting the WR star. l§na < °?
Annuk (1990) concluded that the system consists of only of % 0z o4 06 - 08 1 12 14 16 1s 2
WR + O pair in a wide orbit. To determine whether a com frequency v(d™")
pact companion is present close to the WR star, we performed 2 U .
. - - . 2. Uppper panelPower spectrum computed on the basis of the RVs
%neE’?i/o%ggl);?)lgc?rnam?]ebsa:;(scg];)?fegﬁrhaellli!{ri]r?esé \;\f dul\slve/(lj;gg ;brgf he Nv 14604 line.Lower panel associated spectral window.
which were too blended to provide accurate measurements. We
stress that the lines are very broad and shallow and therkfad
to quite large uncertainties on the RVs. Moreover, as pdiatg
above, several lines present profile variations that magdth
measurement morefticult. Using the MIDAS software, we fit-
ted Gaussians to the lines, starting from various heightwab
the continuum, to determine their centroid, and for this wee
puted the corresponding RVs. The RVs quoted in the present
per are expressed in the heliocentric standard of rest (byiag
appropriate RV corrections). The RVs reported in Tabl€s @, 3
and[® correspond to the mean value obtained for each serie
measurements performed for each spectrdlline
We note that the He11 4143 and 4921 absorption lines havi 0o 001 002 003 004 005 006 007 008 009 01
positive mean RVs, whilst the Ha 4471 absorption line has a
negative mean RV. The Ha 4471 line also presents a stron(
variation compatible with the motion of a probable secopda
component. For example, the mean RVs ofilld471 change
from 36 (OHP 2011) te-44 (OHP 2012) and-26 (SPM 2012)
kms, while the mean RVs of He14542 change from 36 to
85 and 85 km'd!, respectively (the error is of the order 10
kms™). Fig. 3. Uppper and middle paneld?ower spectrum computed on the
Itis also interesting to note that therNi 4058 emission line basis of the RVs of the i 14058 line. The peak lies at®x 10-4d?,
has a negative mean RV, whilst all the other emission lings hawhich corresponds to a period of 1538.5Lawer panel associated
positive mean RVs. Several WN-type stars display sudieidi spectral window (the highest value, 1, lies/at 0).
ences between velocities ofilNA 4058 and other lines such as
Hen 14686 (see e.g. Shylaja 1987). This can most probably be Our data were obtained over a time basis that is too short
to investigate time-scales as long as 1500 d. We therefame co
! The bluest and reddest measurements yielded the errovahtePlemented our time-series with the measurements publisied
quoted in TableE]Z]3]4, afid 5. The tables also give a mean RV Massey [(1980), Lamontagne et al. (1982), and Annuk (11990).
each observing run and the mean of the error intervals. We selected the spectral lines common to all studies. Even
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Table 2. Radial velocities (in km) measured for the OHP 2011 cam-Table 5. Same as Tablg 2, but for the SPM 2012 campaign (absorption

paign. lines).

HJD Her Hen Nv SN HJID Her Heil Hei SN
- 2450000 14471 214542 214604 —2450000 14143 24471 24921

5825.292 490 42+8 36+2 93 6167.717 72% —301“21I 75j; 37
5825.314 37{1131 38‘_“2 40jﬁ 92 6167.732 116 g -44+3 87j‘% 38
5826.453 299 27j‘3‘ 42fi 83 6167.747 82 —7j§ 3677 33
5826.474 3;‘2 227’:‘%1 32fz 90 6168.658 115 i -67, 54j§ 35
5827.282 1;% 34.675 51% 58 6168.673 9@24 —30%1 132%1 49
5827.303 7218 46.8’:% 54j20 65 6168.689 Sg -33%, 1097 38
5828.278 3@15 49j 350 103 6168.745 3513 —43%2 717 44
5828.298 47§ 44,743 35’:g 100 6168.756 92%2 —111)g 85j§ 42
5830.287 425i 316f§ 39fg 99 6168.771 11;% —21j‘g1 94j5 49
5830.309 4{1% 27jg 46j§ 86 6169.640 42% —24* 807 54

mean 362 367 410 87 6169.665 71 —225§ 126’_’2 47
6169.682 13%‘; -485 175 52
6170.722 413  -3%1 8875 52

though this time-series is sparse and not homogeneousrs ter 6170.736 _14§+2; / / 45
of spectral resolution and signal-to-noise ratio, fiecs the ad- 6172.647 _1319 _12+3 474 41
vantage of covering several decades. We caution, howdatr, t 6172.665 7®I§ _221'47 6912 42

the errors on the older measurements cannot be quantifigd, an  g175 680  _4+22  _337 484 31
neither do we have any information on the rest-wavelefigths 6172.740 —4(_)“1“ _4213 3912 37
used by previous authors to compute their RVs. Systematic bi 6172.765 —126*11 _201‘1‘ 9111 30
ases are therefore possible. The results of the Fourieysisaif 6172778 —46‘_”% _4531 55;% 42

this extended time-series are interesting, however, lsecthe 3, -2
power spectrum is clearly dominated by a peak &t610-4d* 6173.680 5% _31—§ 365 28
for the Niv 14058 (see Fid.l3) and He14542 lines. For the 6173.691 18 _36% _553 21
Hen 14686 and N/ 14604 lines, the highest peaks are found 6173.706 16  -69'; 205 31
at frequencies of 6 x 10* and 67 x 10-*d™. These peaks cor- 6173.725 39% —40f‘§‘ 72%‘ 40
respond to periods of 1538.5, 1515.2, and 1492.5 d. We dstima 6173.820 46 -14* 34 41
P? 6173.831 3’_7? _29+§ 61+g 46

the uncertainty on the period a8 = 0.2 x —, whereAT is 6173.845 8410 _34;3 7652 54

the time interval between the first and the last observatidns mean 4517 264 65 41
the complete time-series (assuming the uncertainty ondhé& p =2 =4 =3
frequency amounts to 20% of the peak width), giving a value of

~ 35d. In conclusion, we thus argue that WR 138 is a binag\( le WR st detected X th .
system with a period of 1522 + 35d, which agrees quite well hgle stars are detected as A-ray sources, others remain

4 - undetected, even witkMM-Newtonand Chandra(e.g. Oski-
with the value derived by Annuk {1380,1538 d). noval 2003, Gosset et al. 2005, Skinner ef_al. 2010,/2012). In
the case of a WROB binary system, an additional site for ther-

4. X-ray emission mal X-ray production is the colliding-wind region, wherecstg
_ shocks can heat the plasma to temperatures of seveialPi-
4.1. Spectral fits tard & Parkin’201D). In addition, a power-law component may

To determine the nature of the system, we fitted several reocfé‘f’\ required to account for a possible inverse-Comptortestag

- : el ission that can occur in the wind-collision region (De IBac
to the EPIC spectra. Very few individual lines are visibléjeh emission C X :
is due to the low resolution. The fits were calculated with U%OO/). Finally, a combination of an optically thin thermkdgma

XSPEC software, v 12.6.0 (Arnaiid 1996). Our spectra pres%‘ﬁ a black-body emission can be considered in the case of a

the highest emission peak around8-91 keV, but extend to more " . t+ neutron st?r systterr;.hWe investigated ?)"3th1eoslf T/Otd;is' re-
or less 8keV, which is quite high assuming a (single) O—typ? r![c |n%hour ar|1a ySes ‘tj. Ie ?hne{r?_yd;?hr)lf\]ﬂeN. _t te) ocavol
star, but is more typical of a colliding-wind binary. The Ay ata with very low 3N ratio. In the thir -Newtorobserva-

emission of an individual massive star can be, in first approI n, WR 138 partially fell in a gap of the pn detector. We drie

imation, described by an optically thin thermal plasma aeat™© fit the data, but the results obtained with this set giverg ve
to a few 16K by shocks intrinsic to its stellar wind (FeldmeieC" Quality fit. To avoid a misinterpretation, we therefoke
et al.[1997, & White 1980, Lucy 1982, Owocki et &l._108g)-ded to reject these pn data. We adopted an eq“"’gﬁ‘;meter
Whether or not the same mechanism also operates in the wi)@; column of neutral hydrogen dfjsm = 0.58 x 10° E(B-

S 202 ; ; ,
of individual Wolf-Rayet stars is currently still an openegu = 0.37x 10°%cn (Bohlin et al 1978) using the star's colour
tion. In fact, unlike O-type stars, single WRs do not exhit

excess obtained from E(B-\& 1.2%/4.1 A, = 0.63 mag (van
clear relation between their X-ray luminosity and theirlate

der Huch{ 2001). WR stars are evolved objects and are charac-
wind parameters (Wessolowski T996). While some (appafen erized by non-solar abundances. We therefore used modhls w

adjustable abundances. However, in view of the low spersal

2 The rest-wavelengths used in this paper comflution, we had to reduce the number of free parameters tid avo
from the NIST Atomic Spectra Database available atocal minima or non-physical solutions. We therefore fixd t
http://www.nist.gov/pml/data/asd.cfml abundances to common values for WN stars found in the liter-
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Table 3. Same as Tablé 2, but for the OHP 2012 campaign.

HJD - 2450000 HeA4471 Heni14542 Nv14604 Henr14686 Hg SN

6091.417 —3772 95j§ 9473 10022 90777 104
6091.438 ~57+12 81* 984 97+17 7319 g9
6091.459 ~3072 778 917/ 95f? 69j282 93
6091.481 —51#;‘ 87jz 88f§ 93%9 71% 94
6091.502 35 o1 91+ 92 70" 97
6091.524 —49@ 87f9§ 87f§ 87% GZE 110
6091.545 _41* 78 83" 87" 61714 102
6091.566 —46jf§ 83‘_3;0 87ﬁ§82 sstg ssjg 94
6092.364 —41712 g2+16 934 79 43712 g1
6092.386 268 7618 99+5 71753 37f§0 106
6092.408 —33ﬁ 78‘_% 100 822 52#5l 76
6092.429 —26'1 738 88f§ T a7 89
6092.500 / 102712 86'! 745 617t 33
6092.528 / 81j§ 92§Bg 68%8 362 37
6093.359 -6217 722 958 89y 574 95
6093.380 —40fi 79f§ 93fél 88%8 55f§8 103
6093.401 —42'" 697 912 83%3 617, 99
6093.469 —5171 814 98¢ 75 561 107
6093.490 —41f§ 86j§1 101j§ 78f§§ 69%% 92
6093.512 —44jg 8978, 100" 785 613 113
6093.533 —45°3 967 100 7328 64" 114
6093.554 —40f§ 99f4§ 96;15g 78f§§ 61ﬁ§§ 104.1
6094.367 ~32+4 854, 97+% 90722 781”1; 81
6094.388 386 77¢ 101+6 87+23 77 99
6094.410 58t 89 10177 85725 75571 101
6094.478 —46% 86j§2 1oq§ 87%% 75%6‘ 107
6094.499 —43% 908 994 91§gg 7910 112
6094.520 53+ 85f§ 9678 87'% 77j‘§‘ 104
6094.544 ~43710 81'g 48 87fgg 647 94
6095.367 -56'2 89_*g 10872 77’:% 78j§581 106
6095.387 —42+4 912 100°2 77%% 74jg 91
6095.408 4514 89rl2 97j§ 803 678 104
6095.478 _42t7 823 o8 812t 47ls 101
6095.499 289 907 97f§ 782 478 1
6095.524 —54j§ 88j§ 92j;9° 78f§§ 54ﬁ§ 106
6095.546 _51* 85+ 91+ 76" 6014 101
6096.366 _47% 81+ 96°S 9517 7980 111
6096.387 a7 81°2 967 0228 7813 146
6096.408 —31jiSE 85j:7'1 8gri0 88f§8 7614 114
6096.429 534 91+10 106" 931 7815 112
6096.499 —4oﬁ sgfgz 8ol 83j§§ 78%% 115
6096.519 -5577, 91+ 9576 82 882 116
6096.541 —59:8 97;31 10073 87f§2 91j§§ 97
mean —447 85 9578 8472l 66 99

ature (Crowther, Smith & Hillief 1993, Hamann & Koesterkeghat the absorption is dominated by the interstellar abgorp
1998, Hamann & Gréafenér 2004). These cases correspond thexefore we used a wabs model with solar abundances (Anders
H/He ratio equal to 0.05, 0.15, and 0.25. Th#1€, NHe, and & Ebiharg 198P2) instead of a vphabs model with non-solar abun
O/He are equal to 0.00048, 0.048, and 0, while all other elesnedainces. The two models led to solutions with similar reduced
were kept fixed to their solar value. Tafile 6 recalls the radat y2, temperatures, normalization factors, and a Myv The three
abundances adopted for théfdirent chemical elements. sets of non-solar abundances yielded solutions with siméa

' . . ducedy?, temperatures, and intrinsic absorption column. The

We first tried a single-temperature plasma model (APEGy malization factors were fierent, however, which is expected

and an intrinsic absorption column. As expected, this simplecayse in modifying the relative abundances, we changed th
model gives poor quality fits, and therefore we switched tofmper of available free electrons and hence the emissian me

more complex two-temperature model with an intrinsic apsorg e of the plasma. We therefore adopted the intermedite va
tion column (wabg y*wabs*(APEG+APEC)). We point out
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Table 4. Same as Tablé 2, but for the SPM 2012 campaign (emissior).lines

HJD - 2450000 NvA14058 Her14100 Her14200 Her14542 Herl14686 HB

6167.717 -8512 1197 14477 102°ES 1077 10977
6167.732 -104°78 205'7 145j? 92°8 989 13372
6167.747 ~7918 84:27 1412 o8t 108} 94+°
6168.658 -70%2 86%% 1474 10&?} 1131% 91j§
6168.673 —98f% 193j§ 1551 118/ 11377 125j§
6168.689 -85'1 19+29 1427 10610 1117} 113&i
6168.745 -931 1523 15270 10212 1127 1257
6168.756 _ge'l 1497 1541 103f]g 1132 118
6168.771 —9011? 150ﬁ§ 149% 999, 114_*38j 118j§
6169.640 -79'1 121} 1383 86" 1095 83°¢
6169.665 —90j£ 178%% 135j§ 68‘_“§ 1127 87j§
6169.682 -92+23 2621 119% 58" 101f§ 116jj71‘
6170.722 -82* 1843 137 7277, 1422 1177
6170.736 —84%% 222j§4 127‘_*‘?1 / / /
6172.647 -611] 327 1287 1008, 1061 1118
6172.665 —70%71 923 1342 08" 1077 1078
6172.682 —7013g 50j§ 1197%; 90j§ 108j§ 104;91
6172.740 -84°% 83j§ 1297 93fg 1029 973
6172.765 -108' 572 1102 70 1172 1228
6172.778 ~96¢7 872 10177, 964 1007 105°8
6173.680 7617 27°3 135% 1017 112% 10674
6173.691 -66" St -44*3 11272 803 119° 763
6173.706 66’10 171 1012 91°8 1100 10272
6173.725 —91% 109 124_*? 838 108j? 106j§
6173.820 -88% 46°3 1161 79°5 1022 79;§
6173.831 -99'1 115j§ 1241 7178 991 97jg
6173.845 -1017 1032 119 40*2 100} 869
mean —85'1% 11273 13172 857 1051 10172

Table6. Relative and solar abundances used for the X-ray spectidd mo

elling. 0.1 L 4
HHe=025 HHe=0.15 HHe=0.05 . B ]

(He/H)/(HeH), 46.998 78330 234990 % 001 L —
(N/H)/(N/H)o 23077 38462 115385 T B E
(C/H)/(C/H)e 5.818 9697 29091 @ - ]
(O/H)/(O/H)o 0.000 Q000 Q000 £ 0.001 ¢ E
(X/H)/(X/H)o 4.000 6666 20000 § F TL ]
Solar abundances (Grevesse & Sauval 1998) i T 1
(He/A), 0.08511 0.0001 & — | 2
(N/H)o 0.00832 5 E =
(C/H)o 0.00033 g E
(O/H)o 0.00068 = 0rF E
-5 = —

Notes. X stand for the other metal elements (Fe, Ni, Ar, etc).

Energy (keV)

_cl)_f lt)fr:[jabyndance for the rfeit Og thef.study (|'¢HH:IfO'15)'. m’g. 4. Top panel Spectra (MOS2jn black and pn,in red, instru-
a gives a summary of the best-fit parameters. It we sim ent) of theXMM-Newtorobservation of HIB2455694.768 and best-

taneously fit the data from the two detectors (except forthe t ,arameter fit obtained witKSPEC Lower panel y2 increments multi-
observation where the pn data were rejected), the resutteeof plied by the sign of the data — modeHidirence.

fits suggest a weaker variability than in the case of the fithef
MOS 2 data alone.

We also used a one-temperature plasma plus fia Notice that the poorer response at energy0.5 and> 5
power-law model with an intrinsic absorption columrkeV mainly explains the high? of the 2-T plasma and the
(wabss y*wabs*(APEG+power-law)). The quality of the 1-T plasma plus power-law model fit. Talple 8 gives a summary
fit is similar to those obtained with the previous model excepf the best-fit parameters. Because of the IgWN &tio above
for the third observation, for which this model gives a bett® keV, it is dificult to determine which of these models is
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best-suited to the WR 138 system. It has to be stressed thattttat the relative error on the observed X-ray fluxes is theesasn
photon index and normalization of the power-law componefar the count rates, and chose the olde&iSATobservation as
are found to be highly variable in this model. In particulae the starting point for arbitrary ephemeris (using thelB21.1 d
had to deal with multiple local minima that severelffegted period found in Sect. 3). The error estimate is probably vesle
our capability to derive consistent parameters from ona dat timated because some parameters $Uighy, are poorly known.
to the other. It is clear, for instance, that the fit in someesasThe flux also strongly depends on the model used, which is af-
predicted excessive normalization parameter values, hwhiected by uncertainties. These additional errors are tunfiately
were therefore accompanied by large absorption columnsdifficult to estimate. We tried to use tlileix err command of
compensate the flux excess at lower energies. This probak§PEC to calculate another evaluation of the error. Theltesu
points to a significant inadequacy of the-ddower-law model. are of the same order of magnitude (few percent) for the upper
Finally, the APEC plus black-body model gives low-qualitg fi limit. The lower limit derived from XSPEC is much lower, but
2>2). a model computed from this lower limit cannot account for the

In conclusion, the two-temperature plasma model seemsotoserved flux. Fid.J5 shows that WR 138 displays only modest, i
be the most adequate one. This model is dominated by the l@my, flux variations, although because of the uncertaiotiethe
est temperature at 0.6 keV. Hamann etlal. (1995) reported albng-term orbital solution, it is not clear whether or not data
minosity of logL,e = 389 (assuming a photometric distancesample critical phases (such as the periastron passade of-t
of d = 1.82kpc, Lundstrom & Stenholin_1984) for WR 138pital motion in the WN5-6+ OB binary. A dedicated monitoring
which is well inside the range of values of the other WNSf WR 138 around periastron might reveal a significant ineeea
6 stars, that is, logle = [38.5,39.2]. The X-ray luminosity in flux. However, this requires an accurate ephemeris andsnee
that we derive with the distance used by Hamann ef al. (193bjledicated and long-term optical monitoring of WR 138.
is about loglk = 3265. With this value, we can derive a
log(Lx/Lpor) ratio of —6.25. Oskinoval(2005) suggested a dis ¢
tance of d= 1.26kpc and a logl, = 38.88. With this dis-
tance and bolometric luminosity, the X-ray luminosity linghe
range logly = [32.33,3248], which leads to a log(/Lpo) =
[-6.55,-6.41].

The X-ray analysis shows that WR 138 is no exceptional s
in this wavelength domain. Oskinova (2005) reported on roth
WN+OB star binaries whose spectra could be represented b
two-temperature plasma model dominated by a soft compon
kT, ~ 0.6keV and a hard componekT, ~ 2keV. Our mod-
elling agrees well for the temperature of the soft compoytarit 1 o 2T plasma i 7
gives a sightly lower value for the temperature of the hari-co % 1T plasma + power law 1
ponent. a5l ‘ ‘ ‘ ‘ ‘ - ‘ ‘

Our results (moderate X-ray luminosity, X-ray spectral mo ST Chitrary phase ]
phology) argue against the presence of an accreting compact

companion. They instead suggest a more conventional |o||1_-@ 5. Variation of the observed X-ray fluxes deri\_/ed V\_IKSPECfOI’
period WR+ OB binary. the ROSAT CHANDRA andXMM-Newtonobservations in the energy

band 0.5-2 keVIROSATobservation 2446928.585ROSATobserva-
tion 2449508.604. The phase 0 has been arbitrary choser wdbst
4.2. Long-term behaviour ROSATobservation. We did not use thg derived by Annuk((1990) be-

) . cause they strongly depend on the line considered. Thedeai® been
Several pointed observations frédWIFT, ROSAT andCHAN-  fixed to P=1521.1 d. Error bars are related to the relative error of the

DRA(see Sedi.Z]1) were also used to determine whether WR £38nt rate (see text).
presents long-term variations in its X-ray emission. Sugigt
term variations exist in long-period highly eccentric WNOB Table[10 gives the value of the count rates given by XSPEC
colliding wind binaries (e.g. WR 22, Gosset etal. 2009, WR 2fr the diferent missions (observed count rates) and those simu-
Pollock & Corcorar 2006). We also fitted the two-temperatutated with XSPEC using the model parameters of a simultasieou
plasma model and the one-temperature plus power-law moddiit of all XMM-Newtonspectra with a two-temperature plasma
theROSATandCHANDRAdata. For thdROSATdata, the spec- model (simulated count rates) folded through the apprgpiia
tra have a very low resolution and do not cover the energies Bumental response matrices. We stress that the coustaade
yond 2.2 keV. A fit of the data without fixing the temperaturéhose within the extraction regions and are therefore ddipgn
gives unrealistically high temperatures (kI0keV). Therefore, on where the source lies on the detector and the size of chosen
we fixed the temperature to the mean value ofXMM-Newton regions; consequently, they are linked to the ancillarpoese
best-fit temperatures. For tkHANDRAdata, we tried to fit the files (arf). Because the exposure time and arf affedint for
data with or without fixed temperatures. In the first case ¢fixeeach observation, we see smalfeiences in the simulated count
temperatures), the normalization factors (and intrinfisoap- rates of the same instruments. The comparison betweernvelser
tion) are similar to theXMM-Newtonfits. In the second caseand simulated count rate is aimed at providing an estimaitesof
(no fixed temperature), the fit indicates slightly lower t@mp potential long-term variations between the epoch of XiM-
atures. These slightfilerences could be due to remaining crosdewtonobservations and that of all previous observations. The
calibration uncertainties. The best-fit parameters arergiv Ta-  count rates of the threéMM-Newtonobservations present vari-
bledT andB. ations of less than 10%, that is, less tham 8xcept for the first
From these fits, we computed the X-ray fluxes in three spgm observation (see Tallel10). The first MOS2 observatian als
tral bands: soft (0.5-1.0 keV), medium (1.0-2.0 keV), anddhapresents a quite high variation that is just below .3Fherefore
(2.0-10.0 kev). These fluxes are quoted in Table 9. We assuntiegre is no contradiction between the pn and MOS2 resulis. Th

cm™?)
o
4
T
\

-1

sL Rosat?

Chandra
XMM

Rosat! Rosat!
ol I ]
3

X-ray flux (10~ %erg s
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Table 7. Best-fit parameter results for the two-temperature plasiodein

HJD Ny kT, Normy kT, Normy x> (d.o.f.)
-2440000 (18cm2) (keV) (105cm) (keV) (105cm™)
XMM-Newton

15686.713 54358 064+004 598589 127038 072057 140(88)
15694.768 <398  063+004 415117 127021 1g81:047  113(78)
15700.152 <235 065008 4417184 1421038 19909 189 (3))
CHANDRA

15213.113 <11 058008 54:044 112011 194875 120 (170)
15213.113 <08  064(fixed) 5893  132(fixed) 12802  127(172)
ROSAT

6928.585 <130 064 (fixed) 691342 132 (fixed) 15 (fixed) 142 (17)
9508.604 <157 064 (fixed) 521*3% 132 (fixed) 15 (fixed) 112 (17)

Notes. The best-fit parameters of tbdviM-Newtonobservation correspond to a simultaneous fit of the MOS2 argppctra (except for the last
observation where the pn data were rejected). The errorsesgmnd to the 90% confidence interval. All fits were perfainmeluding an ISM
absorption column of 3% 10?°cm2.

Table 8. Same as Tab] 7, but for the one-temperature plasma plus {iawenodel.

HJD Ny kT: Normy Pholndex Norm x> (d.o.f)
-2440000 (18Pcm?) (keV) (105cm) (10%ph keV-tcm2s™)
XMM-Newton

15686.713 1642  064+003 1017152 116051 1.32+356 1.39 (88)
15694.768 21528 064+003 62429 26707 8.03:630 1.29 (78)
15700.152 1399 063008 49:308  347+126 17.7+146 0.99 (32)
CHANDRA

15213.113 26755 064 (fixed) 545023 393572 2.26753° 1.28 (171)
ROSAT

6928.585 <288 064 (fixed) 731+641 243 (fixed) 92 (fixed) 142 (17)
9508.604 <329 064 (fixed) 564+564 243 (fixed) a2 (fixed) 125 (17)

Notes. Same note as Tadlé 7

oldestROSATPSPC and HRI observations also display counéporadic variations such as are frequently found in photame
rate variations stronger thand3-which are therefore consideredbservations of WR stars (e.g. Gosset €t al. 1994). Indead, f
to be significant. the longer-termHipparcosphotometry of WR 138, Marchenko
et al. [1998) reported on stochastic variability. The X-gamal-
) ysis seem to point in the same direction, that is, the absehce
5. Summary and conclusion a compact companion. Indeed, the luminosity of WR 138 lies

Throughout this paper we have investigated the validity sfex in the range logl. = [32.33,3248], while the luminosity of

Boraicl Qi
nario where the WR 138 system harbours a close compact cdfi& C;]y_g );—3bsystekm (logi ~ 103_er?§d_, Skinner et al. 2010),
panion. We found that neither the optical spectra nor they-r'Vnich Is the best-known system including a compact companio
spectra analysis provided clear clues for such a companion that accretes the wind material from a WR star, is severalrsrd

The optical campaigns have shown that, as for many Woftt magnitude higher.
Rayet stars, the broad emission lines of WR 138 display bkzria
subpeaks (Lépine et al. 1996, seelfig. 1) that mifflecathe de- The question of a long-period OB companion has also been
termination of the radial velocity of the WN star. The Fourieraised. The presence of this OB companion is now ascertained
analyses of RVs do not show any clear short period compatird supported by both optical and X-ray analyses. The Fourie
ble with that derived by Lamontagne et al. (1882). Photoimetanalysis of the new RVs added to the previously reported ohes
studies have also been conducted by Martin & Plumimer (191B)assey((1980), Lamontagrie (1982), and Anriuk (1990) clearly
Gaposchkin[(1946), and Ross (1961), who first reported on tlewveals a peak associated to a long period. Moreover, th&-var
low-level irregular variability of WR 138, and a photometpe- tions of the measured RVs cannot be completely explained-by i
riod of 11.6 d was reported by Miat & Shara[(1986). How- trinsic wind inhomogeneities. The most probable scenaribat
ever, these results are based on limited and sparse tires-s&f/R 138 is composed of a WN 5-6 star with an OB-type compan-
that are not adequate for distinguishing between periodit aon in a wide eccentric orbit of about 1521 d.
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Table9. X-ray flux.

HJD 2-T plasma model (16%rg st cm2) 1-T plasma+power-law model (10%erg s cm2)
-2440000 s Fm B Rt Fes Rm FR oot
XMM-Newton

15686.710 7.16 442 1.15 49+0.18 6.87 433 1.97 b0+0.18
15694.768 6.63 3.70 098 .6¥+0.17 6.58 354 1.22 91+018
15700.152 7.06 4.04 128 . H+0.16 6.58 3.78 1.04 83+0.16
CHANDRA

15213.113 851 4.24 0.87 20+0.1

15213.113 8.40 4.10 0.95 26+0.1 10.77 3.99 0.81 B4+01
ROSAT

6928.58% 9.97 4091 28+ 0.58 10.73 4.70 82+ 059
9508.604 7.75 4.02 £3+0.64 8.54 3.83 £9+ 0.64

Notes. F§" X-ray flux corrected for ISMysin the band 0.5-1.0 keV, i in the band 1.0-2.0keV, and{ in the band 2.0-10.0 keV.ofE:observed

X-ray flux in the band 0.5-10.0keV (or 0.5-2.0keV for tROSATmission).!Corresponds to the spectral fit where the temperatures ege fr
parameters’Corresponds to the spectral fit with fixed temperatures.

Table 10. X-ray count rates.

Mission - Instrument HJD Observed countrate Relative Sateual countrate  Relative  Energy
error deviatioh  range
-2440000 (16%cts s1) (%) (10%cts s1) (%) keV
XMM-NewtonMOS2 15686.713 B2+0.18 3.3 497+ 0.15 8.4 0.2-10
15694.768 $3+0.18 3.6 500+ 0.16 0.5 0.2-10
15700.152 54+ 0.17 3.1 514+ 0.15 7.1 0.2-10
XMM-Newtonpn 15686.713 185+ 0.41 2.3 1587+ 0.34 11.6 0.2-10
15694.768 128+ 0.40 2.6 1584+ 0.35 -3.7 0.2-10
EINSTEINIPC? 3972.050 100+ 0.40 40.0 209+ 0.20 -109.4 0.2-4.5
ROSATAII Sky Survey  8210.000 26+ 087 26.7 320+ 0.57 1.8 0.1-2
ROSATPSPC 6928.585 .80+ 0.50 11.1 266+ 0.25 40.8 0.1-2
9508.604 B0+ 0.50 15.2 254+ 0.26 23.1 0.1-2
ROSATHRI 9669.924 n7+011 9.8 168+ 0.06 -43.6 0.1-2
SWIFT 15635.350 75+ 042 24.1 120+ 0.24 315 0.3-10
CHANDRA 15213.113 B8+ 0.12 1.8 630+ 0.10 4.3 0.2-10

Notes. ! The relative error corresponds to 18@obs— simulationyobs. The count rates have been obtained with XSPB@lues from Pollock
(1987).2 This value is in good agreement with the one derived by Pekdal. [1995) who reportedROSATAII Sky Survey PSPC count rate of
(3.26+ 0.87) x 1072 cts s. Note that ROSAT HRI had little or no energy resolution.

The X-ray spectra present an extension to high energies tttea weak wind-wind interaction between the WN 5-6 and an OB
would be unusual for single-star emission, but which is mooempanion. Finally, the radio emission of WR 138 was repbrte
common for a long-period system. The typical X-ray luminoge be thermal by Montes et al. (2009) with a correspondingsmas
ity of WN-type stars displays large scatter. For example, 28R loss rate of 118 10°Mg yr~! (assuming a distance of 1.4 kpc).
displays an X-ray luminosity of log,L.= 33.9, while some other Montes et al.(2009) inferred a radio spectral index closmity,
stars remain below detection level (logl< 30.0, Oskinova higher than expected for the free-free emission of the wira o
2005), such as WR 40 (logl< 31.6, Gosset et al. 2005). Oski-single star. These authors suggested that this might reflbetr
nova [2005) reported that the typical value of log{l,q) is ~ aclumpy wind or be due to a radiative-wind interaction zana i
—7. Our results (logk = [32.33,3248] and log(lx/Lpo) = binary system, which agrees well with the scenario of a M8
[-6.55,—6.41]) allow us to conclude that WR 138 is not parecompanion.
ticularly luminous in X-rays, but it is not particularly fati ei-
ther. In fact, WR 138 seems to lie in the mean range of what we
can observe for WN-type stars. This moderate X-ray lumigosi . ) . .
also agrees well with a companion in a wide orbit. Skinner et N conclusion, we can confidently reject the scenario of a
al. (2010[2012) and Oskinova (2005) also suggested that-a tig°MPact companion in a close orbit around the WN star be-
temperature plasma model reproduces the spectra of a@EN Cause no clues (level of X-ray emission, lack of short-teivh R

; I fi ; swiig]  Variations) support this assumption. The OB companion pro-
Pr:?sa;ﬁ;ésetgggr\:\./ ell. Ourbest-fit parameter again agree posed by Annuk (1990) can be confirmed by both optical anal-

ysis (RV variations, peak in Fourier analysis) and X-raylana

We also noticed variation in the X-ray emission, but, beeaugsis (moderate luminosity, extension of the spectra to leigh
of the small number of observations, we cannot deduce a phasgies, variations). Finally, the orbital period can benedi to
locked variability, but we cannot exclude that the variaidue P = 15212+ 35d.
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