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ABSTRACT

We report on the analysis of the Chandra-ACIS data of O, B and WR stars in the young
association Cyg OB2. X-ray spectra of 49 O-stars, 54 B-stars and 3 WR-stars are analyzed and
for the brighter sources, the epoch dependence of the X-ray fluxes is investigated. The O-stars in
Cyg OB2 follow a well-defined scaling relation between their X-ray and bolometric luminosities:
log LL—’Z = —7.240.2. This relation is in excellent agreement with the one previously derived for
the Carina OB1 association. Except for the brightest O-star binaries, there is no general X-ray
overluminosity due to colliding winds in O-star binaries. Roughly half of the known B-stars
in the surveyed field are detected, but they fail to display a clear relationship between Lx and
Lpor- Out of the three WR stars in Cyg OB2, probably only WR 144 is itself responsible for the
observed level of X-ray emission, at a very low log % = —8.8+0.2. The X-ray emission of the
other two WR-stars (WR 145 and 146) is most probably due to their O-type companion along
with a moderate contribution from a wind-wind interaction zone.
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1. Introduction

Cygnus OB2 is not only interesting as a very ac-
tive star forming region, but also as an association
containing a wealth of massive stars. This popula-

tion has been intensively studied over recent years
both in terms of a general census
2002; Hanson 2003; N ugwulﬁ MLngl h

) as well as in terms of an extensive ra-
dial velocity survey (Kiminki et all (IZDD_ﬂ and
Kobulnicky et al! (2012) for the most recent re-
sults). Despite its heavy extinction, Cyg OB2 is
therefore an interesting place for the study of mas-
sive stars over a wide range of wavelengths, includ-
ing the X-ray domain.

X-ray emission is a well-known property of
massive stars of spectral type earlier than about
mid-B. For single O-stars, this emission is gener-
ally attributed to a distribution of hydrodynamic
shocks produced by the so-called Line Deshad-
owing Instability (LDI, e.g. Feldmeier et all[1997)
in the radiatively-driven winds of these objects.
Another mechanism to produce X-ray emission
from single early-type stars is the head-on col-
lision of magnetically channeled gas in the stel-
lar winds of massive stars that feature a strong

enough magnetic field (e.g. Babel & Montmerld
11997; lud-Doula & Owocki 2002). Moreover, in
massive binary systems, additional X-ray emission
can arise from large-scale shocks associated with
wind-wind interactions (e.g. Stevens et. all [1992).
The shocks in magnetically confined winds and in
colliding wind binaries occur at much higher Mach
numbers than LDI shocks and are thus expected to
produce stronger and harder X-ray emission than
the latter. Already in the early-days of the dis-
covery of X-ray emission of early-type stars with
the EINSTEIN satellite (Harnden et all 1979), it
has been found that the X-ray luminosity of O-
type stars scales with their bolometric luminos-
ity (e.g. [Sciortino et all [1990). This relationship
was subsequently confirmed and refined with large
samples of O-type stars observed with ROSAT
(Berghofer et al JL%M and more recently XMM-
Newton M . This situation contrasts with
that of Wolf—Rayet stars, for which there is no clear
dependence between X-ray and bolometric lumi-
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nosities (Wessolowski1996) and where some Wolf-
Rayet stars remain undetected with current ob-
servatories (e.g. Oskinova et al![2003;/Gosset. et all
). The same holds for the lower luminosity
end of massive stars, where only a subsample of
the B-type stars is detected (e.g.
). In the case of non-supergiant B-stars, the
winds are generally thought to be too tenuous to
produce strong emission via LDI shocks and al-
ternative scenarios such as low-mass pre-main se-
quence companions and magnetic wind confine-
ment have been suggested (Evans et al!2011).
Despite some attempts for a theoretical expla-
nation (Owocki & Cohen [1999), the origin of the
empirical Lx /Ly scaling relation of O-stars re-
mained elusive for many years. From first prin-
ciples, a steeper than linear relation would be
expected for X-ray emission produced by LDI
shockd]. Very recently, (Owocki et all (2013) ar-
gued that the shocks in O-star winds are radiative,
although the density of the winds remains in most
cases sufficiently low to prevent the wind absorp-
tion from playing a significant role. Turbulence in
the radiatively cooling post-shock gas, could then
lead to an efficient mixing of cold and hot material.
Assuming a scaling of the volume filling factor of
the hot gas with some ad-hoc power m ~ 0.2—-0.4
of the ratio between cooling length and position
in the wind, |(Owocki et all (2013) were able to re-
cover the observed Lx /Lo scaling relation. Fur-
thermore, the i ) scenario pre-
dicts a change in the behavior of the Lx versus
Lpor relation at the high- and low-luminosity ends
of the O-star domain, which needs to be tested ob-
servationally. Indeed, at the high-luminosity end,
winds should become optically thickld, whereas at
the low-luminosity end the shocks should become
adiabatic, resulting in a change of the Lx versus
Ly relation.

The Chandra Cyg OB2 Legacy Survey offers an
ideal data set for such an in-depth study of the
X-ray properties of massive stars, as it provides

1 Lx should scale as L7 or L34 respectively for radiative
or adiabatic shocks ).

2This transition towards optically thick winds was also
found by ) in Monte Carlo radiative trans-
fer models. These authors found a kink in the relation be-
tween M and the Eddington factor I' corresponding to the
transition in spectral morphology from normal O/Of-type
stars to Wolf-Rayet characteristics.
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Fig. 1.— Left: histogram of the detected O-stars as a function of spectral types. The upper panel shows
the distribution of the full sample, where the spectral type of the primary is used for binary systems. The
lower panel illustrates the situation when only presumably single stars are considered. The filled, hatched
and open histograms stand for main-sequence stars, giants and supergiants respectively. Right: histogram of
the B-type stars as a function of spectral type. The upper panel illustrates the distribution of spectral types
for those stars that are detected as counterparts of X-ray sources, whilst the lower panel corresponds to the
full sample of known B-stars in the field of view. The various types of histograms have the same meaning

as for O-stars.

a large and homogeneous sample of objects from
early B-type, over almost all categories of O-stars,
and even several Wolf-Rayet stars.

2. Data analysis

The data analyzed here are taken from the
Chandra Cygnus OB2 Legacy Survey. A full de-
scription of this project and details on the data
reduction are given by [Drake et al| (2014) and
Wright et all (2014). The survey consists in an
overlapping 6 x 6 raster mosaic of 30ks exposures
with an 8arcmin pointing offset between adja-
cent fields. The sources in the central 42 arcmin?
square region were typically observed four times
at different off-axis angles. The survey reaches
90% completeness for Lx = 7 x 102 ergs™' at
the distance of CygOB2. For our variability
study of O-type stars, we further include some
spectra from the XMM-Newton observations dis-
cussed by Rauw (2011, [Nazé et all (2012h), and
Cazorla et all (2014).

2.1. The sample of massive stars

Cyg OB2 has a very rich population of massive
stars. The field of view of the Chandra survey con-
tains a hundred stars classified as B-stars, 52 O-
type stars and 3 Wolf-Rayet stars (Wright 2014)@.

2.1.1.

The sample of O-stars detected with ACIS
spans a wide range in spectral types and luminos-
ity classes, from O31 to 09.5V, although there
is a clear dominance of spectral type O8V (see
Fig.[M). All 52 known O-stars in the field of view
are detected as X-ray emitters. The information
on multiplicity of our stars was taken from the lat-
est results of the Cygnus OB2 Radial Velocity Sur-
vey (Kobulnicky et al! 2012; [Kiminki et all 2007,
and Kobulnicky et al., in preparation).

O-stars

We have estimated the interstellar neutral hy-

3In the present study, we adopt the spectral types compiled
and homogenized by [Wright (2014).



drogen column density towards each source from
the E(B—V) color excess following the conversion
formula of [Bohlin et all (1978). The color excess
was evaluated from the observed B — V' and the
intrinsic (B — V) colors as a function of spec-
tral type according to Martins & Plez (2006). For
stars, where no B — V data are available, we used
the E(J— K) color-excess (Negueruela et all[2008)
and the relation F(J — K) = 0.525 E(B—V) from
Rieke & Lebofskyl (1985). As expected for obser-
vations in Cyg OB2, the interstellar absorption is
quite heavy, leading to Ny values that frequently
exceed 10?2 cm ™2 (see Fig.[2)).

2.1.2. B-stars

Out of 108 B-type stars that fall into the field
of view covered by the survey, 54 are detected as
X-ray sources. The information on spectral types
and multiplicity is taken from [Wright (2014). Un-
like the situation for O-stars, the B-star sample
probably suffers from severe incompleteness and
our knowledge of its multiplicity is only fragmen-
tary.

Out of the nine known binaries in the sample,
all but one are detected in X-rays. As can be
seen in Fig.[ll BO stars have a higher detection
rate (75%) than B2 stars (40%). The distribution
of the interstellar column density (Fig.2]) clearly
indicates that absorption by the ISM has no im-
pact on the detection or non-detection of an X-ray
source associated with a B-star.

2.1.3.  Wolf-Rayet stars

There are three Wolf-Rayet stars that fall in
the field of view of the Chandra survey: WR 144,
145 and 146. All of them are detected as X-ray
sources and they are all of the WC subclass, with
WR 146 being one of the few WN/WC hybrid
stars (van der Hucht 2001)). Two of these three
Wolf-Rayet stars (WR 145 and WR 146) are ac-
tually part of binaries or higher multiplicity sys-
tems. All three stars have interstellar hydrogen
column densities around 10%?2cm~2 (see Fig.2)
and are considered probable members of Cyg OB2
(Lundstréom & Stenholm [1984).

2.2. Spectral fitting

The ACIS X-ray spectra were binned in such a
way as to have at least 5 counts per energy bin.
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Fig. 2.— Top: histogram of the ISM neutral hy-
drogen column density towards the O and WR-
stars in our sample. The filled histogram refers to
the 3 Wolf-Rayet stars. Bottom: histogram of the
ISM neutral hydrogen column density towards the
B-type stars. The shaded histogram corresponds
to the distribution for the detected objects.

They were then fitted using xspec v.12.7 (Arnaud
1996). For each source, we fitted both the spectra
from different observations, provided there were
sufficient counts in the individual spectraﬁ, and
the total, combined ACIS spectrum. For the anal-
ysis of the global properties of the X-ray spectra
(Sect. B]), we used only the combined ACIS spec-
tra.

Unless stated otherwise, we used optically
thin thermal plasma (apec, [Smith & Brickhouse
2001) models with solar abundances according to
Anders & Grevesse (1989)@. The majority of the
spectra were fitted assuming a single plasma com-
ponent. Only in those cases where the spectra are
of sufficient quality and where the addition of a
second plasma temperature significantly improves

4We require that the binned spectra must have at least four
independent energy bins.

5For CCD spectra such as those investigated here, the re-
vision of the solar composition (Asplund et all|2009) has
little impact on the results of the fit.



the fit, did we opt for a two-temperature model.
The models used were thus: phabs*phabs*apec
and phabs*phabs* (apec+apec), where the phabs
component indicates the absorption model. The
first absorption column was fixed to the inter-
stellar neutral hydrogen column density derived
above. The second absorption column is meant
to represent the absorption by the stellar wind.
At first sight, this might appear a crude ap-
proximation as the wind material is ionized by
the photospheric radiation, whilst the model em-
ployed here assumes neutral material. However,
this approximation impacts the spectrum only
at energies below 1keV, which are anyway ab-
sorbed by the heavy interstellar absorption in
CygOB2. Another approximation comes from
the fact that in real stellar winds, the absorbing
and emitting materials are interleaved and a more
sophisticated treatment of absorption is needed to
fit high-resolution X-ray spectra of O-type stars
(Hervé et alll2013). Yet, for CCD spectra, such as
those analyzed here, such complex models cannot
be fitted and the above simple models are suffi-
cient to provide a general description of the X-ray
spectral energy distribution.

2.3. Pile-up

The ACIS spectra of the four brightest sources
in our sample (CygOB2 #8a, #5, #9 and #12)
suffer from severe pile-up. XMM-Newton observa-
tions of these objects revealed orbital or long-term
changes in the observed X-ray flux (Cazorla et al.
2014, and references therein).

We have evaluated the pile-up fraction of the
ACIS spectra via two independent techniques.
First, we applied PIMMS to the best-fit pa-
rameters inferred from the XMM-Newton spec-
tra (De Becker et al! 12006; [Blomme et al! 2010;

Linder et al.l2009;|Nazé et alll2012H;|Cazorla et al.

2014). Adopting the lowest fluxes observed with
XMM-Newton, we estimated pile-up fractions of
60, 34, 18 and 16% respectively for on-axis Chan-
dra observations of Cyg OB2 #8a, #5, #9 and
#12. Of course, the sources were not observed
on-axis for each pointing of the Chandra cam-
paign. For large off-axis angles, the degradation
of the PSF reduces pile-up. Therefore, in a sec-
ond approach, we estimated the pile-up fraction
directly from the data, by looking at the maxi-
mum count rate of all the pixels within the PSF.

This approach confirms that the four brightest
sources are most of the time subject to pile-up
fractions well above 10%. The Chandra data of
these sources are thus not considered further in
this paper.
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Fig. 3.— Histograms of the wind column densi-
ties and temperatures obtained from our fits of
the spectra of 49 O-type stars in CygOB2. The
left column corresponds to the 1-T fits (39 stars),
whilst the right column yields the results for 2-T
models (10 objects). 27 of the 39 objects with 1-T
model fits have a zero wind column density. These
objects are not shown in the Ny (wind) histogram.
The hatched histogram in the distribution of kT
for 1-T fits corresponds to objects with a signifi-
cant wind column density.

The next brightest sources of our sample
are CPR2002A20, CPR2002A11, MT91516,
CygOB2 #3, and WR 146. The former and the
latter two stars fall outside the field of view cov-
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Fig. 4.— Left: best-fit wind column density as a function of interstellar neutral hydrogen column density.
Right: best-fit wind column density as a function of observed flux in the 0.5 — 10keV domain.

ered by the XMM-Newton observations (Rauw
2011) and we can only estimate the pile-up frac-
tion from the Chandra-ACIS data themselves. For
the two remaining stars, we proceeded in the same
way as for the four brightest objects, relying on
the parameters derived by [Rauw (2011) for the
conversion from XMM-Newton data. In this way,
we estimate pile-up fractions of 3 — 10% for these
five stars, except for ObsID 10961 where the actual
data indicate a 15% pile-up fraction for MT91 516.
We keep these objects in our analysis, although
their spectra are probably affected by a moderate
level of pile-up. As a test, we have repeated the
spectral fits, using the pileup model implemented
in xspec and based on the work of [Davis et al
(2001)). The best-fit parameters are usually in
good agreement with those obtained without pile-
up corrections. The fluxes (both observed and ab-
sorption corrected) are on average 5 — 6% larger
than without pile-up correction. Because of some
degeneracy between the plasma parameters and
the pile-up model, some of the individual spec-
tra yield larger deviations. We will thus include
both solutions (with pile-up correction and with-
out) when discussing the variability of these five
sources.

All other O-stars in our sample should have

pile-up fractions of less than 5%, and we did not
apply a correction in these cases.

3. Spectral analyses

3.1. O-type stars

Excluding the three O-stars with heavy pile-up
(CygOB2 #8a, #5 and #9), we are left with a
sample of 49 O-type stars. The fits of the spec-
tra of 10 objects required two plasma components
with different temperatures, whilst the remaining
spectra were well fitted with a single plasma com-
ponent. The distributions of the best-fit temper-
atures and wind column densities are shown in
Fig.[Bl

For single temperature model fits, there is a
continuous distribution of k7" from about 0.1 to
1.4keV, with a prominent peak between 0.5 and
0.6 keV. This looks quite different from the tem-
perature distribution found for the O-stars in the
Carina Nebula (Nazé et all2011), which is rather
flat between 0.1 and 0.7 keV and lacks objects with
higher values of kT. However, for CCD spectra
with a low number of counts, there is a well-known
degeneracy between the column density and the
plasma temperature. In the present case, the fact
that we have found a significant number of ob-



jects that apparently lack a wind column density
in the best-fit model (see below) could bias kT to-
wards higher temperatures. To test this hypothe-
sis, we also show in Fig.[3 the distribution of kT
for those objects where the best-fit wind column
density is different from zero. This distribution
actually lacks the plasma temperatures between
0.5 and 0.6keV that dominate the histogram of
the entire data set. This confirms that most of the
higher best-fit plasma temperatures are associated
with a zero wind column density. For 2-T fits, the
lower temperature is generally below 0.3keV with
a few exceptions. The second temperature spans
a wide range of values, between 0.6 and 3keV.

For 27 stars out of the 39 fitted with a single
plasma component, the best-fit column of the wind
absorption is found to be zero. One may thus won-
der whether there are biases in our sample against
the detection of a wind column. The most obvious
candidates for such biases are the strong interstel-
lar absorption towards most objects in Cyg OB2
and the low flux level of some of the sources. We
have tested both hypotheses. The interstellar col-
umn has no clear impact on the detection of addi-
tional wind absorption. There are however some
hints for a potential bias against such a detection
for the lowest flux objects (see Fig.H]).

Fig.Blshows a comparison of the observed fluxes
inferred from the ACIS spectra analyzed here with
the XMM-Newton EPIC-pn count rates reported
by Rauw (2011) for 17 objects in common. Gen-
erally speaking, we find that the EPIC-pn count
rates of most objects are larger than expected from
the fluxes that we infer from the ACIS spectra.
In some cases, the difference amounts to a factor
two (0.3dex). We have also compared the fluxes
obtained here with those derived by Nazd (2009)
using the 2XMM catalogue. The fluxes of the
brighter sources are in good agreement, whereas
there are rather large discrepancies for the fainter
objects. Whilst some of the discrepancies could be
due to variability (see below), it seems extremely
unlikely that all stars would be fainter at the time
of the Chandra observations.

The current status of the cross-calibration of
the Chandra-ACIS and XMM-Newton-EPIC in-
struments is discussed by [Schellenberger et al.
(2013). These authors compare the fluxes in-
ferred from a sample of more than 50 clusters
of galaxies that are fitted with optically thin ther-
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Fig. 5.— Comparison of the observed fluxes in-
ferred from the ACIS spectra and the count rates
of the EPIC-pn instrument aboard XMM-Newton
(from [Rauw [2011). The symbols have the same
meaning as in Fig.dl The dashed straight line
yields the conversion factor for a spectral model
with the parameters that are the mean values of
those inferred here (Ng(ISM) = 1.07 x 10*2 cm ™2,
Ny (wind) = 0.12 x 1022cm~2, kT = 0.56keV).
The dotted lines correspond to conversion factors
for models with one standard deviation about the
mean spectral parameters.

mal plasma models, as are our stellar spectra.
These authors find that ACIS yields lower flux
than EPIC, mainly in the lower energy range (0.7
— 2.0keV) with typical differences of about 10%.
This is less than the differences found here, but
one has to bear in mind that [Schellenberger et al
(2013) focus on extended sources in an otherwise
rather empty environment, whereas our study is
concerned with point sources in a crowded envi-
ronment. Therefore, the most likely reasons for
the larger discrepancies in our case are source
confusion in crowded regions with XMM-Newton,
due to its coarser point spread function (PSF), and
photon loss due to pile-up of the brighter sources
for Chandra. We have inspected the impact of ap-
plying a wider extraction region (such as required
for XMM-Newton data) to the treatment of the
ACIS data. Compared to a 2.5 arcsec extraction



radius (as used typically for the ACIS data), an
extraction radius of 28 arcsec leads to a 50 — 100%
increase in the number of photons associated with
a moderately bright source. This is due to con-
tamination by a weak diffuse emission and/or a
conglomerate of faint point sources. The situation
is even worse for sources such as CygOB2 #8c
where the extraction region in the XMM-Newton
data is affected by the wings of the PSF of the
very bright Cyg OB2 #8a. In summary, we con-
clude that most of the discrepancies seen on the
fainter sources indeed stem from a contamination
of the EPIC spectra by neighboring sources.

3.2. The Lx/Ly, relation of O-stars in
Cyg OB2

To investigate the relation between X-ray lumi-
nosity and bolometric luminosity, we rely on the
X-ray fluxes and bolometric fluxes, which have the
advantage of being independent of the distance of
CygOB2. The X-ray fluxes were inferred from
the best-fit models of the ACIS spectra. These
fluxes were corrected for the interstellar absorp-
tion only, i.e. they were not corrected for addi-
tional wind absorption. Errors on the absorption
corrected fluxes were estimated via the cf1ux com-
mand in xspec. The bolometric fluxes were com-
puted from the V magnitudes, assuming a value of
Ry = 3.1 and adopting the bolometric corrections
of Martins & PleZ (2006). When no B, V' photom-
etry was available, we relied on the near-IR pho-
tometry of Negueruela et all (2008). The resulting
relation between X-ray flux and bolometric flux is
shown in Fig.[ll This plot reveals the well-known
empirical scaling relation between the bolometric
and X-ray luminosities of O-type stars (see [Nazé
2009, and references therein).

Early-type binaries are a priori expected to be
more luminous in X-rays as a result of the vi-
olent wind-wind interactions (e.g. IStevens et al.
1992). However, Fig.[ll does not show a clear
overluminosity of the known binary systems in
CngBQﬁ. The same conclusion was already
reached by |Oskinova (2005) from a sample of mas-

6We note however that this statement does not apply to

the three X-ray brightest O-stars, Cyg OB2 #05, 8a and 9.
These three multiple systems are clearly overluminous (see
bottom left panel of Fig.[6), especially at phases/epochs
when their X-ray flux reaches its maximum (see also
Cazorla et all2014).

sive binaries observed with ROSAT, |Sana. et al.
(2006) for O-type stars in NGC 6231, Nazé (2009)
for the general sample of O-type stars observed
with XMM-Newton, Nazé et all (2011) for the
O-stars in the Carina complex, and, most re-
cently, by Nazé et all (2013b) for the O-star pop-
ulation of IC 2944-8 and Havlen-Moffat 1. In our
sample, the strongest over-luminosities are found
for CPR2002 A26, CPR2002 A20, MT91 516, and
CPR2002A11. The corresponding points are la-
belled in Fig.lll The X-ray flux of the first of
these objects is almost certainly spurious. Indeed,
the ACIS spectrum of CPR2002A26 has a very
low number of counts and the error bar on the
net flux is huge (see Fig.[0l). Its large absorption
corrected X-ray flux results from the correction
of an apparently low-temperature plasma (kT =
0.147{2keV) by the effect of a large interstellar
column density (Ng = 1.26 x 10*2cm~2). The
position of this point should thus be taken with
extreme caution. The other outliers have much
higher quality spectra and are thus robust. Con-
versely, there are a number of underluminous stars
towards the lower end of the range in bolomet-
ric luminosity explored by our sample. These are
MT91611, 420 and CP2012E54 (three presum-
ably single stars with a 1-T fit) and Cyg OB2 #41
(a binary candidate). The spectra of some of these
objects are again of poor quality. We have thus
built a new version of the figure, where we have
discarded those data points that correspond to
spectra with less than 30 counts (lower left panel
of Fig. [@)).

We can then adjust the Lx /Lo relation of the
O-stars in Cyg OB2. For this purpose, we exclude
the five data points corresponding to spectra with
less than 30 counts, as well as the three overlumi-
nous systems (CPR2002 A11, A20 and MT91516),
and we combine the data of CygOB2 #22A and
#22B (see Sect.[L2T]). Let us start with a simple
scaling law between the X-ray flux and the bolo-
metric flux (see also Appendix [A]). We obtain the
following result:

log Lx /Lol = —7.21 4 0.24 (1)

where all 40 data points were given equal weight
in the fit. This result is in perfect agreement with
the scaling relation found by [Nazé et all (2011) for
the O-type stars in the Chandra Carina Complex
Project. If we weight the data according to the
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square root of the number of counts in the spec-
trum, we obtain

log Lx /Lot = —7.15 + 0.22 (2)

Alternatively, we can also weight the data accord-
ing to the cflux estimated errors on the X-ray
fluxes. This time we find

log Lx /Liol = —7.18 +0.21 (3)

Both relations are fully consistent with the un-
weighted result. Keeping the data points with
less than 30 counts in the fits does not change the
log Lx /Ly relation, but increases its dispersion.
Keeping also the overluminous systems further in-
creases the dispersion and leads to a slight increase
of log Lix /L1 but still within the uncertainties of
Eqgs.[0 2] and Albacete Colombo et all (2008)
reported log Lx /Lye = —7 £ 1 for a sample of 26
OB stars in Cyg OB2. Their relation is consistent
with ours, but with a much larger dispersion than
obtained here.

Nazé (2009) obtained log Lx/Lpo = —6.97 +
0.20 for O stars of CygOB2 in the 2XMM cat-
alogue. This is 0.25dex brighter than what we
find here. If we restrict the 2XMM sample to
those stars that are not known to be overlumi-
nous (either from XMM-Newton data or from the
present study), we are left with 20 objects which
have log Lx /Lol = —7.10+0.26. The difference is
now reduced to 0.1 dex. This remaining difference
can stem from the issues discussed above and/or a
slightly different treatment of the bolometric lumi-
nosity (e.g. differences in adopted spectral types).

Following the suggestion by |Owocki et al.
(2013), we have searched for a scaling of Lx with

UM. For this purpose, we need to estimate the

wind parameters M and vs,. We have based our
evaluation of these parameters on the mass-loss
rates inferred using the [Vink et al) (2001) formal-
ism and tabulated by [Muijres et all (2012), and on
the assumption that voo = 2.6 vese (Lamers et al
1995) for all O-type stars. If we restrict our-
selves to the presumably single stars in our sample
(weighted according to the estimated errors on the
fluxes), and discarding the two overluminous stars
MT91516 and CPR2002 A20, we obtain

M
log fx = (048 £0.10) log — ~ 8.19£0.97 (4)

(o9}
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This result is shown in Fig.[l In terms of the
Owocki et all (2013) relation, the X-ray luminos-
ity should scale with (2£)!=™ over most of the
spectral range of O—typoé stars, where the LDI
shocks that produce the X-rays are radiative and
the winds themselves are optically thin. We thus
find that m ~ 0.52 4 0.10, which is slightly larger
than the upper limit of the range (0.2 — 0.4) pro-
posed by IOwocki et all (2013). We note however
that there is considerable scatter around the rela-
tion given by equationd This could indicate that
either the relation is not tight, or that the values
of the wind parameters are not well enough deter-
mined with the assumptions made here.

—11 — A single star, 1T fit _
L [ single star, 2T fit i
% WR 144
[ 0 MT91 516 )
r 0O az0 7

log(fy) (erg cm™2 s71)
|
@
I

‘ Il ‘ Il ‘ Il Il
—11 —10 -9 -8
log(M/v_) (Mg, yr~! km™! s)

Fig. 7.— Logarithm of the ISM absorption cor-
rected X-ray fluxes of presumably single O stars,
and of WR 144 as a function of log UM

Our current results do not show a change in the
log Lx /Ly relation towards the higher or lower
luminosity end of the O-star range, as was sug-
gested by |Owocki et all (2013). At the lower lumi-
nosity end, we actually find that the log Lx /Lol
relation of O-stars holds also for the most lumi-
nous B-stars (see Sect.B3)). Concerning the high
luminosity end, it must be stressed though that
the Wolf-Rayet star WR 144 clearly deviates from
the relation in Fig.[l Furthermore, the O-star
population of Cyg OB2 does not contain O If" su-



pergiants which are likely transition objects be-
tween O and WR stars, and would thus be the
ideal targets to search for the predicted change in
the log Lx /L) relation at the highest luminosities
(De_Becker 2013).

As pointed out above, we find no indication of
a strong X-ray overluminosity of the known bi-
nary systems in the ACIS data. Yet it is interest-
ing to consider this situation in a more detailed
way. Wind interactions in relatively short pe-
riod O 4+ OB systems are usually in the radiative
regime where the X-ray luminosity of the wind-
wind collision scales with M v2, . If we consider the
known O 4+ OB binary systems (leaving the higher
multiplicity system CygOB2 #5 aside) with or-
bital periods shorter than 30 days, we find indeed
a roughly linear increase of the X-ray overlumi-
nosity with the kinetic power of the primary star
wind, although the scatter is quite substantial (see
Fig.®). The two long-period systems Cyg OB2 #9
(P = 860days) and #11 (P = 72days), do not
follow this trend. [Nazé et all (2012h) showed that
the wind collision zone in Cyg OB2 #9 is indeed
in the adiabatic regime, where the X-ray luminos-
ity scales with M /(veo d), with d being the orbital
separation. Given its orbital period, a similar sit-
uation probably applies to Cyg OB2 #11.

3.3. B-stars

Aside from the bright blue hypergiant Cyg OB2
#12 (Rauw [2011; Nazé et alll20124; |Cazorla et al
2014) which suffers from pile-up in the ACIS data,
the vast majority of the B-type stars in our sample
are rather faint X-ray sources. First, we have per-
formed a spectral fit for those sources with a suf-
ficient number of countd] in their combined spec-
tra (35 objects out of 51), using the same model
as for the O-stars. There are two families in the
best-fit parameters. The majority (2/3) of the ob-
jects have a spectrum that does not require an
absorption component in addition to the ISM col-
umn density. The kT of these objects lies between
0.2 and 4.4keV, with a mean of (2.4 + 1.3) keV.
The remaining objects apparently require addi-
tional columns in the range 0.1 to 2.2 x 10?2 cm 2
with a mean value of (0.79 + 0.65) x 10?2 cm~2.
The corresponding temperatures are lower (be-

"We require again a minimum of four bins in the binned
spectra.
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Fig. 8.— Overluminosity in the X-ray domain
versus kinetic power of the primary wind for the
known binary systems in our sample. Triangles
indicate Chandra ACIS-I data, whilst the data
for CygOB2 #8a and 9 (hexagons) are taken
from XMM-Newton observations. Filled symbols
stand for systems with orbital periods of less than
30 days.

tween 0.1 and 1.6keV), suggesting that the ad-
ditional columns are due to the above-mentioned
degeneracy between temperature and column den-
sity in the fits of X-ray spectra with a low num-
ber of counts. The X-ray plasma in the B-type
stars appears to be generally hotter than in the
O-type stars, although there is a large dispersion
in kT for the B-stars. The lowest temperatures
are usually found to be associated with early-type
B-stars, although some late-type B-stars also have
low kT and some early-type B-stars are found to
have large kT

We have used the above fits to derive X-ray
fluxes corrected for the ISM absorption. For the
16 objects where no spectral fit could be achieved,
we have derived observed and ISM absorption-
corrected fluxes, assuming that their count rates
are consistent with a spectrum described by a ther-
mal plasma model with kT = 2.4keV, absorbed by
the sole ISM column. The resulting distribution
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the B-type stars as a function of their bolometric
fluxes. The different symbols identify the lumi-
nosity classes of the stars and indicate whether
or not the fluxes were derived from a spectral
fit. Symbols corresponding to objects with more
than 30 counts in their spectra are encircled. The
straight line indicates the best-fit relation for O-
type stars. Bottom: distribution of the observed
fluxes of B-type stars (hatched red histogram),
O-type stars (blue filled histogram) and the full
population of 1457 CygOB2 X-ray sources from
Wright & Drake (2009) cleaned for foreground
and background sources (black empty histogram).
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of X-ray fluxes versus bolometric fluxes is shown
in Fig.0l The bolometric fluxes were taken from
Wrightl (2014). For those known B-stars that were
not, detected in X-rays, we have evaluated upper
limits on the X-ray luminosities. For this pur-
pose, 1-0 upper limits on the number of detected
counts were estimated by inserting their position
into the ACIS-extract pipeline. These were then
converted into photon fluxes following relation (8)
of Broos et all (2010), and into ISM absorption-
corrected fluxes assuming kT = 2.4keV and ac-
counting for the ISM column density. The results
are shown by the downwards pointing open trian-
gles in Fig.[d

The relation valid for O-stars that we have
derived above, still holds for the brightest B-
stars (early B supergiants with 1ogLL¢£1 > 4.9,
corresponding here to log fbet > —5.9). For
fainter stars, there is a huge dispersion. Re-
stricting ourselves to the brightest objects (en-
circled in Fig.[) would suggest a flattening of
the Lx/Lpo relation (see the case of NGC 6231,
Sana et alll2006). This feature as well as the gen-
erally high plasma temperatures of B-stars could
reflect X-rays from magnetically confined winds
(Babel & Montmerle [1997). However, studying a
sample of early-type B-stars with known magnetic
fields, |Oskinova et all (2011) found that hard and
strong X-ray emission does not necessarily corre-
late with the presence of a magnetic field. More-
over, such a flattening is not supported by the full
sample. The same conclusion was reached from
the data of the Chandra Carina Complex Project
(Nazé et all2011).

The X-ray flux of the brightest non-supergiant
B stars reaches about 4 x 10~ 'ergem=2s7!
which, adopting a distance of 1.4 kpc, corresponds
to an X-ray luminosity of about 103! ergs~!. The
latter is not inconsistent with the possibility that
the X-ray emission arises from a low-mass pre-
main sequence companion. In this context, the
bottom panel of Fig.[d compares the distribution
of observed fluxes of O and B stars with the dis-
tribution for the full set of Cyg OB2 sources from
Wright & Drake (2009) cleaned for foreground
and background sources (see [Wright et all [2010).
The latter should be dominated by low-mass pre-
main sequence stars. |Gagné et all (2011)) per-
formed a similar exercise for the B-stars in the
Chandra Carina Complex Project and found an



excess of X-ray bright B-stars compared to the
distribution of PMS stars. Fig.[d does not show
such an excess and hence does not argue against
the low-mass companion scenario.

3.4. Wolf-Rayet stars

WR 144 WR 144 is a presumably single WC4
star (Sander et all 2012, and references therein).
With a net number of 5.8 counts, this star cor-
responds to the weakest detection of a WR star
in our sample. To the best of our knowledge,
this is the first X-ray detection of a presumably
single WC star. Our spectrum has only two en-
ergy bins, which is not sufficient to perform a
decent spectral fit. The energies of the source
counts indicate a hard emission, probably as a
result of a heavy circumstellar absorption. Al-
though the data are not of sufficient quality for
a spectral fit, we can use them to obtain some
estimate of the X-ray flux. For this purpose we
have assumed a single-temperature model with the
plasma composition as derived by Sander et al.
(2012) absorbed by the ISM column and an ad-
ditional wind column with the same composition
as the emitting plasma. We built a grid of models
with kT varying between 0.3 and 3.0keV where
the only variables correspond to the normaliza-
tion parameter of the vapec component, and the
wind column density. To within a factor 1.5 un-
certainty, we find that the detected photons cor-
respond to a flux (corrected for ISM absorption)
of ~ 2.55 x 107 ergem™2s~!. Comparing with
the bolometric flux derived from the bolometric
luminosity inferred by [Sander et all (2012) yields
log Lx/Lpo = —8.8 & 0.2. This low value is con-
sistent with previous results on single WC stars:
Oskinova et all (2003) reported the non-detection
of the WC5 star WR 114 and argued that single
WC stars are X-ray faint with log Lx /Lpe < —8.4
for WR 114. Our result qualitatively and quanti-
tatively fits into this picture.

WR 145 With a spectral type WNT7/CE +
O7V((f)), WR145 (= MR111) is one of a few
WR stars in our Galaxy with a hybrid WN/WC
spectral type. [Sander et all (2012) found that its
spectrum is well fitted by a WN-type model with
enhanced carbon. WR 145 is a spectroscopic bi-
nary with a period of 22.5 days showing evidence
for a wind-wind interaction in the profiles of op-
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tical WR emission lines (see [Muntean et all 2009,
and references therein).

As far as its observed X-ray emission is con-
cerned, WR 145 is the brightest WR star in
Cyg OB2. Its X-ray emission was already detected
with EINSTEIN (Pollock [1987) and ROSAT
(Pollock et all [1995). The EINSTEIN-IPC data
yield a count rate between 3 and 9 x 10 3 ctss™1,
although the differences between the different
pointings are not statistically significant (Pollock
1987). ROSAT observed WR 145 twice, once
during the All-Sky Survey (PSPC-C count rate
of (7.4 + 3.5) x 107 3ctss™!) and once during
a pointed observation (PSPC-B count rate of
(2.8 £ 2.5) x 1073 ctss™1, [Pollock et al. 1995).
In the Chandra survey, the star was only ob-
served once at orbital phase 0.34 according to
the ephemerides of [Muntean et all (2009). Our
data thus correspond to an orbital phase shortly
after quadrature with the O-star companion be-
ing closer to us than the WR star. We have
fitted the spectrum with a modeld of the kind
phabs*vphabs*vapec (see Fig.[I0) where the ISM
column density was set to 9.7 x 102! cm~2 and
the non-solar abundances were adopted, both for
the emitting plasma (vapec) and the circum-
stellar absorption (vphabs), from [Sander et al!
(2012). Abundances (with respect to hydrogen)
of He, C and O were frozen at 1000 times so-
lar. The N abundance was set to 0.001 times
solar and all other elements were set at 706 times
solar. A good fit (x2 = 1.08 for 110 degrees
of freedom) is achieved with a single tempera-
ture model with Nyina = (3.475) x 101 cm—2
and kT = 1.59f:?§ keV. The comparatively low
value of Nying indicates that the bulk of the
X-ray emission probably arises from either the
wind-wind interaction zone or the O7V compan-
ion. In this case, and given the orbital phase
of our observation, one could argue that the
circumstellar column towards the hot plasma
might have a roughly solar abundance. In fact,
adopting solar abundances for the wind column
yields an equal quality fit, but this time with
Nyind = (2.82*_‘:‘;’%) x 10%22cm~2. We have fur-

8Zhekov (2012) analyzed the same spectrum along with sev-
eral archival XMM-Newton spectra and concluded that a
2-T plasma model was necessary to represent the data
(kT1 = 0.99, kT> = 4.8keV). Our fits do not require a
second plasma component.



ther tested a model with solar composition also
for the emitting plasma. The fit is actually
marginally better (x2 = 1.05 for 110 degrees
of freedom), and the parameters are Nying =
(2.68153) x 1022cm~2 and kT = 1.607 75 keV.
Whatever the adopted abundances, the observed
and ISM corrected X-ray fluxes are equal to
5.3 x 10713 and 6.5 x 1073 ergem 257! respec-
tively. The dereddened flux is a factor 2.5 larger
than what we would expect from the sole O7 V((f))
companion, based on our log Lx /Lye relation for
O-type stars. Therefore, it seems probable that
most of the X-ray emission of WR 145 arises from
the O-star companion along with a contribution
from the wind-wind interaction.

Our variability test reveals a clear intra-
pointing variability of the X-ray emission of
WR 145 (Kolmogorov-Smirnov statistics of 6 x
10~7) during the single observation. |Zhekov
(2012) reported some small differences between
the absorption-corrected fluxes of the various
XMM-Newton and Chandra observations. We
have folded our best-fit (solar composition) model
through the response matrices of the EINSTEIN-
IPC and ROSAT-PSPC-C instruments. The pre-
dicted count rates are (6.7 & 1.1) x 1073 ctss™!
for the IPC, and (1.9 £ 1.5) x 10 3 ctss~! for the
PSPC-C. The agreement with the EINSTEIN data
is reasonable, whilst the ROSAT All Sky Survey
observations yields a much larger count rate than
predicted here. However, given the large uncer-
tainties (mainly due to the short integration time
of the RASS on this source), this difference is not
highly significant. The older X-ray data are thus
not helpful to clarify the issue of variability of the
X-ray flux of WR 145.

WR 146 WR 146 is a visual binary system con-
sisting of a WC6 star with an OS8I-IIf com-
panion (Lépine et all 12001) at a separation of
0.168 arcsec (Niemela et all [1998). Radio obser-
vations reveal a thermal component associated
with the WC5 star, along with an elongated non-
thermal component (Dougherty et al) [1996). Us-
ing high-resolution HST images and the radio
maps of [Dougherty et all (1996), Niemela et al.
(1998) demonstrated that the non-thermal radio
emission arises in between the two components,
thereby establishing this emission as a result of
the wind-wind interaction. However, the sys-
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tem might actually be more complex. Indeed,
Setia Gunawan et all (2000) found variations in
the radio light curve of WR 146 on different time-
scales (decades, 3.38years and weeks), and in-
terpreted the 3.38yr periodicity as evidence for
the presence of a third component orbiting the
O8 star. A similar conclusion was reached by
Dougherty et all (2000) based on the level of ra-
dio emission, and the derived mass-loss rate, of
the O8 star. These authors suggested that the
latter might actually consist of an O8 star orbited
by another WC star.

X-ray emission from WR 146 was previously re-
ported with EINSTEIN (IPC count rate 67 x
10~3 ctss™1, [Pollock [1987) and ROSAT (PSPC-C
count rate (3.54+1.9) x 1073 ctss™!, [Pollock et al.
1995). WR 146 was observed three times with
Chandra, once in March 2007 (JD2454177.31)
and twice within one day (JD2455258.18 and
2455258.53) in the course of the survey in March
2010. As a first step, we have again adopted non-
solar abundances from [Sander et all (2012), for
both the emitting and absorbing gas. In this case,
abundances (with respect to hydrogen) of He, C, N
and O were set to 897, 1000, 0.001 and 1000 times
solar. All other elements were set at 706 times
solar. The spectra require a 2T-plasma model to
achieve a good quality fit. As the model param-
eters of the three observations agree within the
error bars, we conclude that there is no strong
evidence for a time-dependence of the X-ray emis-
sion of WR 146 (see below). We thus focus on
the spectrum obtained from the combination of
all available ACIS data.

In all our models, the ISM column density
was set to 1.32 x 1022c¢cm~2. For the non-solar
abundance model (phabs*vphabs*vapec(2T)),
the best fit (x2 = 1.32 for 176 degrees of freedom)
is achieved with Nying = (6.2771) x 10'¥ cm™2,
KTy = 036703 and kTp = 210725 keV. As
for WR 145, the low value of Nyinq indicates
that the bulk of the X-ray emission probably
arises from either the wind-wind interaction zone
or the O8 companion. We have thus repeated
the fitting process adopting solar abundances
for both the emitting and absorbing gas (see
Fig.[0). As for WR 145, this model provides
a somewhat better adjustment (x2 = 1.23 for
176 degrees of freedom), and the parameters are
Nyina = (0.46730) x 1022em=2, kT = 0.367 0%
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Fig. 10.— ACIS-I spectra of WR 145 (left) and WR 146 (right), along with their best fit assuming a non-solar
composition for WR 145 and solar abundances for WR, 146.

Table 1: Summary of the variability study based on the photon fluxes corrected for the average response.
The last column yields the ObsID of the Chandra pointing (if any) at which intra-pointing variability is

detected.

Star Spectral type Variability

Inter-epoch  Intra-pointing ObsID

O-stars
CPR2002A15 OT7I N Y 12099
CygOB2 #3  O6GIV + O9III Y N -
CygOB2 #4  OT7III Y N -
CygOB2 #15 O8V + B Y N -
CPR2002A11 O7.511 + OB Y N -
CygOB2 #22 0O3If + 06V Y N -
MT91421 09V 4+ B9V-A0V Y N -
CygOB2 #7  0O31If Y N -
MT91516 055V Y N -
MT91 534 07.5V Y Y 10960
CygOB2 #11 O5If + BOV Y N -
CygOB2 #75 09V Y N -
CygOB2 #73 OS8III 4+ OS8III Y N -
MT91771 o7V + 09V Y N -
B-stars
MT91103 B1V + B2V Y
MT91213 BOV Y
MT91 336 B3III Y
MT91 620 BOV Y
MT91 646 B1.5V Y
MT91 759 B1V Y
WR-stars

WR 145 WN70/CE + O7V((f)) - Y 10969
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and kT, = 2.173 keV. The observed and ISM cor-
rected X-ray fluxes are equal to 3.0 x 10713 and
13.6 x 1073 ergem=2s7! respectively. Adopt-
ing an O8I classification for the companion, we
find that the dereddened flux agrees extremely
well with the level expected from the sole O-
star via our logLx /Ly relation. It thus seems
quite likely that part of the X-ray emission of
WR 146 arises from the O-star companion. To
further investigate the temporal dependence, we
have folded our best-fit (solar composition) model
through the response matrices of the EINSTEIN-
IPC and ROSAT-PSPC-C instruments. The pre-
dicted count rates are (6.7 + 1.1) x 1073 ctss™!
for the IPC, and (7.5 4+ 3.1) x 10 3ctss™! for
the PSPC-C. The agreement with the EINSTEIN
data is very good, whilst the ROSAT All Sky Sur-
vey observations yield a count rate a factor two
lower than predicted here. Given the uncertain-
ties (mainly reflecting the short integration time
of the RASS on this source), this difference is how-
ever not highly significant. We thus conclude that
there is currently no firm evidence for long-term
variations in the X-ray flux of WR 146.

4. Inter-pointing X-ray variability

In single massive stars that emit X-rays through
the LDI mechanism, a large number of pockets
of shock-heated X-ray plasma are expected to be
scattered throughout the wind volume. The re-
sulting X-ray emission is usually not seen to vary
(Nazé et all 20134d). However, considerable vari-
ability can arise either as a result of rotational
modulation in single stars with magnetically con-
fined winds (Babel & Montmerle[1997), or in mas-
sive binary systems that host a wind interaction
zone (Pittard & Stevens 1997). The tiling strat-
egy employed for the survey implies that most
stars are observed typically four times over a six-
week period. In addition, the combination of the
legacy survey with older data (Wright & Drake
2009) allows us to check for long-term variability.
We can do this using either the exposure-corrected
count rates or the fluxes inferred from spectral fits.

4.1. Count rates

As a first step towards a quantification of the
inter-pointing X-ray variability of massive stars
in CygOB2, we consider the photon fluxes cor-
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rected for averaged observatory response over the
[0.5,8] keV energy band (see Eq.8 of Broos et al.
2010). For each source, we have performed a x?2
variability test on the count rates recorded during
the various observations. Out of the 108 detected
sources (51 O-stars, 54 B-stars, 3 WR stars), 23
are found to be variable at the 1% significance
level. These 23 objects include the brightest stars
(CygOB2 #5, 8a, 9) which suffer from pile-up in
the ACIS observations. The photometry of these
objects could thus also be affected and we leave
them aside in the following. The results are given
in Table[ll We further identify three stars which
show short-term variability (during a single obser-
vation) at a significance level of < 1% according
to a Kolmogorov-Smirnov test.

4.2. Fluxes

Based on our spectral fits, we have also investi-
gated the variability of the X-ray flux of the bright-
est sources that were observed several times. We
focus on the fluxes as they are generally much bet-
ter constrained than other spectral model param-
eters, such as plasma temperatures and wind col-
umn densities, which are affected by parameter
correlations. Yet, we caution that, because of the
larger error bars on the fluxes compared to the
count rates, some objects found to be variable in
the previous section are found not to be signifi-
cantly variable in terms of their fluxes.

4.2.1.

Known binary systems

In colliding wind binary systems, one can ex-
pect phase-locked variability of the X-ray spec-
trum as a result of a changing column density
along the line of sight towards the wind-wind inter-
action zone as the stars move around their com-
mon center of mass. In eccentric systems, addi-
tional variations are expected as the physical prop-
erties of the wind-wind interaction change with the
changing separation. If the wind interaction zone
is in the adiabatic regime (Stevens et all [1992),
one expects to observe an orbital modulation of
the X-ray flux as 1/d where d is the instanta-
neous separation between the stars, as is actually
observed in the long-period system CygOB2 #9
(Nazé et al![2012b).
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11.— Left: epoch and phase-dependence of the observed and absorption-corrected X-ray fluxes of

Cyg OB2 #3. The orbital phases were computed using the ephemerides from [Kiminki et all (2008). Right,
from top to bottom: observed X-ray flux in the soft (0.5 — 2keV) and hard (2 — 10keV) bands (in units
10~ ergem=2s71), position angle (defined as p.a. = 0° at conjunction with the primary in front) and
relative orbital separation of CPR2002A11. The filled and open symbols stand respectively for the ACIS

and EPIC data.

Cyg OB2 #3 According tolKiminki et al! (2008),

CygOB2 #3 is an O6IV + O9III eclipsing bi-
nary system with an orbital period of 4.7464 days
and an almost circular orbit (e = 0.07). The
ACIS spectra from individual observations can be
fitted using a single temperature plasma model.
The intrinsic X-ray spectrum appears rather soft,
with a meanf] kT of (0.83 + 0.11)keV and mod-
erate absorption by wind material (Nying =
(0.20 £ 0.10) x 10?2 cm~—2).

Our observations of this star (collected over a
total time span of 27 days) sample more than half
of the orbital cycle (see Fig.Mdl). The observed
flux varies by 14% (standard deviation about the
mean)@ This is compatible with the estimated
relative errors on the fluxes of individual pointings,
which are between 6 and 15%. The ISM corrected
fluxes show larger variability (22%), but are also

9The uncertainties quoted correspond to the dispersion
about the mean.

10Pile-up should not be a critical issue for this source, as
we estimate corrections on the observed X-ray fluxes of at
most 3%.
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subject to larger uncertainties (partly due to the
degeneracy between plasma temperature and wind
column). In summary, we conclude that there is
no clear evidence for significant orbital modulation

of the X-ray flux of Cyg OB2 #3.

CPR2002A11 = MT91267 The SBI1 sta-
tus of this O71 star was recently reported by
Kobulnicky et all (2012) who derived an orbital
period of 15.511days and an eccentricity of 0.21.
From XMM-Newton observations, its X-ray emis-
sion was found to be variable with flux variations
by more than a factor two (Rauw 2011)). Most in-
dividual ACIS spectra require a two temperature
plasma to achieve a decent fit and for consistency,
we have repeated the fitting of the EPIC data with
the same model as for the ACIS spectra.

We have computed the orbital phases of the ob-
servations using the ephemerides of[Kobulnicky et al.
(2012). Combining the XMM-Newton and Chan-
dra data, we have an almost complete coverage
of the orbital cycle, except near phase 0.0 (pe-



riastron). To better constrain the origin of the
variability, we distinguish the observed fluxes over
two energy domains: a soft band (0.5 - 2keV) and
a hard band (2 — 10keV). The results are shown
in Fig.[ITl along with a plot of the relative orbital
separation and the position angle (defined as p.a.
= 0° when the O71I primary star is in front). Al-
though there are some hints that the flux in the
hard band is lower near phase 0.5, this needs con-
firmation. Indeed, the EPIC data show a larger
amplitude of variability than the ACIS data, and
observations taken at similar orbital phases some-
times display rather different fluxes. Whilst there
could be some remaining discrepancies between
the calibration of the EPIC and ACIS responses
(see Sect. [), it seems unlikely that they could
account for the observed differences. The ACIS
spectra could suffer from pile-up, but based on
the EPIC spectra, we have estimated that the
ACIS pile-up fraction should be less than 9%. In-
cluding the pileup command in the fit, leads to
slightly different fluxes (typical differences of 7%),
but does not change the general appearance of the
plot in Fig.[IT}

CygOB2 #22 CygOB2 #22 is a multiple
system consisting of an O31 component (star A)
and an O6V star (star B, [Walborn et all 12002;
Mason et all[2009) separated by about 1.5arcsec.
The O6 V component is itself a double system with
a separation of 0.2 arcsec and a magnitude differ-
ence of 2.34 in the z filter (Sota et all[2011), and
is furthermore found to be an SB1 binary with a
period near 35 days (Kobulnicky et al., in prepa-
ration). Components A and B are resolved with
Chandra when the star falls on-axis (ObsIDs 4511
and 10956), but are highly confused otherwise. Al-
though the acisextract routine attempts to ex-
tract sources A and B as a pair on all our obser-
vations, those data taken at large off-axis angles,
must be considered with cautio

Based on six XMM-Newton observations, Rauw
(2011) reported on X-ray variability of this system
with the combined X-ray flux of A + B varying by
a factor 1.75 within ten days, a time-scale poten-
tially related to the newly found orbital period of
Cyg OB2 #22 B. Including all the XMM-Newton

HIn the X-ray to bolometric luminosity relations, we have
considered the sum of components A and B.
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data, flux variability by a factor 2.1 was found.
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Fig. 12.— Combined X-ray flux of Cyg OB2 #22
components A and B as a function of time during
the ACIS survey program.

To allow comparison with the EPIC data and
because of the above described difficulties with
the source extraction, we have summed the fluxes
from the ACIS data of components A and B (see
Fig.[2)). Although this result must be taken with
caution, it seems that the ACIS data indeed sup-
port the existence of flux variations on time-scales
of a few days.

In principle, we should be able to combine the
fluxes from the ACIS and EPIC data to perform a
Fourier analysis. However, the difficulties with the
source extraction described above could impact on
the result. Moreover, comparing the fluxes found
with XMM-Newton and Chandra, we notice that
the former are systematically larger than the latter
by a factor 1.5 — 2.0.

Therefore, whilst it seems that the X-ray flux
of Cyg OB2 #22 A+B is variable on a rather short
term, the current data do not allow us to establish
the exact value of this time-scale.

CygOB2 #11 CygOB2 #11 (O51) was re-
ported as an eccentric (e = 0.50) SB1 binary
with a period of 72.4days by [Kobulnicky et al.
(2012). According to the ephemerides provided
by the latter authors, our observations span a bit
more than one third of the cycle roughly cen-
tered on phase ¢ = 0.4 (periastron passage cor-
responding to ¢ = 0.0; see Fig.[[3]). The observed
flux varies by 17% (standard deviation about the
mean), which is significant, given that the typi-
cal relative errors on individual data points are
of order 5%. CygOB2 #11 is thus a good can-
didate for a phase-locked variation of the X-ray
flux due to wind-wind interactions, and it would
be interesting to collect observations near perias-



tron passage. If the wind interaction zone is in the
adiabatic regime, we would then expect the X-ray
flux to be about three times larger than measured
during the present campaign.
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Fig. 13.— From top to bottom: observed and

ISM-absorption corrected X-ray fluxes (in units
107 B ergem=2s71), position angle and relative
orbital separation of Cyg OB2 #11.

MT91771 MT91771is an OTV + O9V binary
with an almost circular orbit (e = 0.05+0.03) and
a short period of 2.82days (Kiminki et all[2012).
Our observations reveal little evidence for variabil-
ity. The standard deviation around the mean ob-

served flux amounts to 9% (with relative errors on
individual fluxes of 6%).

4.2.2.  Binary candidates

MT91 138 and Cyg OB2 #8c are radial velocity
variable stars listed respectively as SB1 and SB1?
by [Kiminki et all (2007), although no orbital so-
lution is available for any of these stars.

Our data include four observations of MT91 138
over 26 days. The observed X-ray flux of this star
remains constant to within 6%, which is well below
the typical relative uncertainty of 11%.

For Cyg OB2 #38c, we have five observations at
hand, four of them are from the survey and span
two days. The fluxes of the source seem to vary
at the 20% level (typical uncertainties being 7%).
One must be careful though with this source, as it
falls very close to the bright Cyg OB2 #8a which
could contaminate its spectrum or the background
spectrum especially for observations taken at rel-
atively large off-axis angle.

We thus conclude that there is currently no
clear indication for flux variability of these sources.

4.2.3.  Probably single stars

CPR2002 A20 was observed twice, separated by
2.5 days. No significant variability is found in the
observed fluxes of this source.

MT91 534 was observed five times, at first dur-
ing the original CygOB2 Chandra observation
and six years later in the course of the survey.
Typical errors on observed fluxes of individual
pointings range between 5 and 15%. Except for
one pointing (ObsID 10960), the fluxes are rela-
tively constant: the standard deviation about the
mean (2.6 x 10" ergem=2s71) of the observed
fluxes amounts to 6% of the mean flux'3. Ob-
sID 10960 is a clear outlier: the observed flux
(3.19 x 107 B ergem™2s71) is a factor 12 larger
during this observation than during any other
pointing and the star shows clear intra-pointing
variability (see Table[ll). Furthermore, the plasma
temperature is much higher than on average (5.0
versus 1.7keV). These properties are reminiscent
of flares in low-mass pre-main sequence stars. This
flare could potentially reveal an otherwise unde-
tectable low-mass companion near the O-star. In
this context, we note that the ISM-corrected flux
at ObsID 10960 (5.14 x 10~ ergem™=2s71) corre-
sponds to an X-ray luminosity of 1.2x 1032 ergs~1.
Such values are certainly not unusual for flaring
late-type pre-main sequence stars (e.g. [Wolk et al
20085).

CygOB2 #7 was observed five times with
Chandra (during the original CygOB2 observa-
tion and six years later in the course of the
survey, four times within 2 days), as well as at
seven epochs with XMM-Newton. Based on six

12This star was slightly fainter than this mean level at the
time of the XMM-Newton observations (see its position in

Fig. [).



of the seven XMM-Newton observations, Rauw
(2011) concluded that this star was constant to
within 10% in the XMM-Newton data. The sev-
enth XMM-Newton observation yields a somewhat
lower flux which deviates by 22% from the mean of
the previous six spectra. For the ACIS spectra, we
find a dispersion about the mean of 7%, support-
ing the idea that the source is constant at least
on relatively short time-scales. The EPIC data
were well fitted using a single plasma component.
The ACIS spectra are usually better fitted by
including a second plasma component, although
there is a degeneracy between the plasma tem-
perature and the wind column density, and the
second (higher) plasma temperature is usually
only very poorly constrained. Comparing the sin-
gle plasma component fits, we find an observed
flux of (1.70 £ 0.18) x 107 ergem =257 for the
XMM-Newton data , whilst the ACIS spectra yield
(1.154£0.09) x 10~ ergem 2571, i.e. a difference
of 50%. A priori, pile-up should not be an issue
for this object (estimated pile-up fractions are 2
— 4%). We have nevertheless also performed a
2-T fit of the ACIS spectra including the pileup
command. However, the observed flux remains at
a low level of (1.22 £0.10) x 10~ ¥ ergem 2571
Contamination of the EPIC data by nearby weak
point sources is the most likely explanation of the
difference between the ACIS and EPIC fluxes.

Cyg OB2 #8b was observed at the same five
epochs as Cyg OB2 #7. Typical errors on the de-
termination of the observed fluxes are between 6
and 16%. The standard deviation about the mean
of the observed flux is 24%. One has to bear in
mind that this source is located in a complex re-
gion (see our remarks on Cyg OB2 #8c).

MT91516 was also observed five times. As this
source is at the limit of a moderate pile-up, we
have used the pileup command in the fits. The
resulting observed fluxes are found to vary by 36%
(peak to peak). This is slightly larger than the
22% flux variability found by [Rauw (2011)) in the
XMM-Newton data of this object]. On aver-
age, the ACIS fluxes are somewhat lower (12%)
than the EPIC results, although, in the case of
cyclic variability, this could also be due to a dif-

13The seventh XMM-Newton observation (Nazé et alll2012H)
yields an observed flux of 5.07 x 10713 ergem—2s71,
slightly above the highest value of the other six observa-

tions discussed by [Rauwl (2011)).

ference in the sampling of the variability cycle.
Variability could hint at binarity with a likely
time scale of order a few weeks (see Fig. [[4]), al-
though [Kiminki et all (2007) reported a probabil-
ity of 11.5% that the radial velocity variations of
this star be spurious, and from 12 radial velocity
measurements, Kobulnicky et al. (in preparation)
found no significant variations.
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Fig. 14.— Observed flux of MT91516 as a func-
tion of time. The open symbols stand for XMM-
Newton data from Rauw (2011) whilst the filled
symbols indicate fluxes inferred from the ACIS
data presented here.

MT91213 (BOV) is the only B-stal'] that was
found to be variable and has a sufficient number of
counts nearly each time it was observed to perform
a spectral fit. The variations of the flux during the
survey are shown in Fig.[[5l There are very rapid
variations (by a factor 3) between ObsIDs 10944
and 10945, i.e. within less than 8 hours. One may
wonder whether the flux of ObsID 10945 is reli-
able, as it is the only data point that strongly devi-
ates. However, an older observation (ObsID 4501)
actually indicates a very similar, even somewhat
lower, flux of 1.21 x 10~ ergem=2s~!. Thus, we
conclude that the flux of MT91 213 indeed varies
by at least a factor three and that these variations
can occur on short time scales. Flares from an un-
seen low-mass companion are unlikely to explain
this behavior, as the star seems to spend more
time at a roughly constant high flux level, unlike
what is seen in flaring stars.

14This is actually a Be star with variable emission lines (Kob-
ulnicky et al. in preparation).
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5. Summary and conclusions

In this paper, we have analyzed one of the rich-
est samples of X-ray data of OB stars belonging
to a single association. These data have shed new
light on the X-ray properties of massive stars.

We have shown that O-stars in CygOB2 fol-
low a well-defined scaling relation between their
X-ray and bolometric luminosities with log LL;()] =
—7.2+0.2. This relation is in excellent agreement
with the one previously derived from Chandra ob-
servations of the Carina Nebula, suggesting that
any environmental effect on this relation should
be quite small. Our investigation indicates that,
owing to its narrow PSF, Chandra is the best mis-
sion to evaluate the X-ray emission of moderately
bright and faint massive stars in crowded envi-
ronments, whilst XMM-Newton is better suited to

study the massive stars at the X-ray brighter end.

Except for the brightest O-star binaries, that
we have not studied here, we do not find a gen-
eral X-ray overluminosity due to colliding winds in
O-star binaries, neither do we find a clear phase-
locked variability in most of them. For O-star bi-
nary systems with short orbital periods, there is
some tentative trend for an increase of the X-ray
overluminosity with wind kinetic power, although
this result clearly calls for confirmation.

B-type stars do not show a clear relationship
between their X-ray and bolometric luminosity,
suggesting that their X-ray emission might come,
at least for some of them, from a low-mass com-
panion.

21

Finally, out of the three WC stars in Cyg OB2,
probably only one (WR 144) is itself responsible
for the observed level of X-ray emission, log % =
—8.8 £ 0.2. The X-ray emission of the other two
Wolf-Rayet stars in Cyg OB2 can be accounted for
by the emission of their O-type companion as well
as a moderate contribution from a wind-wind in-
teraction zone.
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A. More details on the Lx/Ly, relation

Albacete Colombo et all (2008) argued that at least for evolved OB stars (luminosity classes I-III) in
Cyg OB2, a lower scatter is achieved for power-law relations instead of simple scaling laws.

We have therefore tested a power law relation on our full data set, where Lx is allowed to scale with some
power of L. The best-fit power-law relation (for equal weights of all 40 data points) becomes

logfx = (1.24 £ 0.12) log fro1 — (5.85 £ 0.69)

Adopting instead a weighting according to the square root of the number of counts in the spectrum yields
log fx = (1.20 4 0.09) log fi,o1 — (6.02 & 0.48)

In the same way, weighting the data according to the estimated errors on the fluxes leads to

log fx = (1.19 & 0.08) log fiyo1 — (6.14 & 0.46)

We have then considered the 13 O-type stars of our sample with luminosity class I-III. These objects have
log LX/Lbol =-7.18£0.19
(unweighted), and
logLx /Lol = —7.15+0.19

(weighted; same relation for both types of weights). A power-law relation for the unweighted and weighted
samples of giants and supergiants yields respectively

logfx = (1.04 £ 0.09) log fro1 — (6.97 £ 0.51)
and
log fx = (1.16 = 0.13) log fuo1 — (6.33 = 0.65)

for weighting according to the square root of the total number of counts, and
logfx = (1.14 + 0.12) log fy,o1 — (6.41 £ 0.62)

for weighting according to the estimated errors on ISM-corrected X-ray fluxes.

We see that, independently of the weighting, and of whether or not we restrict ourselves to the giants
and supergiants, the exponent of Ly, deviates by less than 2o from unity (i.e. from a simple scaling law).
Our data thus do not support the need of a power-law relation, suggesting that a scaling law is sufficient to
describe the dependence of Lx on Lo for O-stars of all luminosity classes.

Restricting ourselves to the 23 presumably single stars of the cleaned sample, we obtain the scaling relation
logLx /Lol = —7.27+0.21
logLx /Lol = —7.22+0.21

and
logLx /Lol = —7.23+0.19

for the unweighted data, the data weighted according to the number of counts, and the data weighted
according to the estimated errors respectively. The corresponding power law relations are

log fx = (1.04 % 0.20) log fpo — (7.06 & 1.16)
log fx = (1.13 4 0.27) log fpe — (6.49 = 1.60)

and
logfx = (1.09 4 0.27) log f,o1 — (6.72 & 1.58)

Within the error bars, there is no significant difference between the relations obtained from the full sample
and those for presumably single stars only, even though including binaries leads to systematically higher
average log Lix /Lpe1 values (as was also found e.g. in the Carina Nebula, [Nazé et all2011).
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Table 2: Spectral fits of O-type stars

Star Spectral type a 13 Total counts NISM Ngind kTq norm1{ kTo normog f%bs fx XE v
(32000.0) (32000.0) (1022 cm—2) (1022 cm—2) (keV) (keV) (103 ergem—2s—1)

MT915 06 V((f)) 203039.82  +413650.5 15.1 1.11 0127239 0.377 5% 8.0 x 10~9 - - 0.05 1.04 0.49 3
CPR2002 A26 09.5V 203057.61  +410956.6 13.0 1.26 0.0 0.14T- 32 5.2 x 1073 - - 0.04 32.5 0.05 1
CygOB2 #1 o8V 203110.53  +413153.4 87.0 0.99 0.16T-3% 0.497-19 8.0 x 1079 0.10 1.16 0.53 14
MT91 70 09V 203118.33  +412121.8 29.0 1.37 0.52F275 0.161-28 2.14 x 1073 - - 0.02 0.73 0.79 8
CPR2002 A15 o071 203136.91  +405909.4 111.6 1.46 0.0 0.60T-1% 9.9 x 105 0.13 2.93 1.06 20
Cyg OB2 #3 061V + O9III  203137.50  +411321.1 1445.2 1.11 0.51717 0.24*15‘& 5.55 x 103 0.92712 4.56 x 10—4 1.52 10.83 1.09 125
MT91 138 08.51 203145.40  +411826.9 353.2 1.31 0.0 0.591-99 1.51 x 10~ 4 - - 0.22 1.45 1.06 53
MT91 140 09.51 203145.97  +411727.0 92.7 0.31 0.0 0.28T-08 1.9 x 1075 0.08 0.35 0.62 16
Cyg OB2 #20 09 111 203149.66  +412826.3 56.9 0.79 0.0 0.27F-19 3.6 x 1075 - - 0.02 0.40 071 12
CP2012 E45 o7v 203159.63  +411450.2 87.6 1.10 0.0 001729 223 x 1075 - - 0.08 0.64 0.54 14
Cyg OB2 #4 o7 111 203213.84  4+412711.4 296.9 0.84 0.26739 0.377-1% 2.1 x 1074 0.16 1.51 0.74 42
Cyg OB2 #14 09V 203216.57  +412535.7 104.5 0.88 0.0 0.607-19 1.3 x 1075 - - 0.04 0.38 0.83 23
CygOB2 #15 o8V 203227.66  +412622.1 41.1 0.85 0.107-38 0.547-92 4.3 x 105 0.09 0.85 0.68 1
CPR2002 A11 07.5111 203231.53  +411408.1 7482.8 1.43 0.237:93 0.84F 1% 8.19 x 104 231798 4.46 x 1074 420 17.10 111 301
CPR2002 A38 o8V 203234.87  +405617.0 117.4 1.08 0.0 0.857-22 1.88 x 1075 - - 0.06 0.56 0.83 67
Cyg OB2 #16 o8V 203238.55  +412513.6 286.8 0.86 0.0 0.687-07 3.3 x 109 0.11 1.01 1.29 48
Cyg OB2 #6 o8V 203245.44  +412537.6 264.3 0.88 0.0 04918 602 x 1075 - - 0.12 1.63 1.09 43
Cyg OB2 #17 08.5V 203250.01  +412344.5 171.0 0.94 0.0 0.08713 1.77 x 1079 - - 0.08 0.47 0.66 33
MT91 376 o8V 203259.16  +412425.3 96.9 0.94 0.307-39 0.227-07 5.67 x 104 0.05 0.97 0.79 15
MT91 390 o8V 203302.92  +411743.1 139.9 1.31 0.0 0.08T1% 2.18 x 1075 - - 0.07 0.58 0.74 22
CPR2002 A20 0811 203302.93  +404725.2 3190.7 1.28 07614 0191k 461 x 1072 118799 200 x1073 585 24.80 0.88 207
Cyg OB2 #22 031f + 06V 203308.77  +411318.7 1522.0 1.35 0.467 10 0.45703 1.58 x 1073 > 2.83 1.97 x 105 1.04 7.85 1.26 118
MT91 420 09V 203309.45  +411258.4 15.1 1.29 0.0 1207l 78 x 10—6 - - 0.01 0.05 0.17 2
MT91 421 09.5V 203309.60  +411300.6 126.1 1.29 0.0 057732 523 x 1075 0.06 0.80 0.43 22
MT91 448 06V 203313.25  +411328.6 187.7 1.41 0.0 031101 1.98 x 104 - - 0.06 3.82 1.01 36
MT91 455 o8V 203313.68  +411305.7 173.3 1.21 0.0 070735 356 x 1075 - - 0.07 0.65 0.81 29
Cyg OB2 #7 031f 203314.11  4+412022.0 3550.2 1.00 081719 017102 3.74 x 10~2 0.63T- 28 8.31 x 10—4 1.25 6.90 1.28 156
Cyg OB2 #8b 06.5 11 203314.76  +411841.7 590.5 0.97 0.407:18 0.317 18 5.69 x 10— 4 - - 0.18 1.89 118 79
Cyg OB2 #23 09.5V 203315.77  +412017.0 61.4 1.00 0.0 045731 161 x 1075 0.02 0.41 0.46 11
Cyg OB2 #8d 08.5V 203316.34  +411902.0 149.6 0.99 0.0 061735 283 x 1075 0.07 0.84 0.93 30
Cyg OB2 #24 07.5V 203317.48  +411709.2 196.9 1.08 0.0 0.61%:13 3.24 x 1075 - - 0.07 0.96 0.76 32
Cyg OB2 #8¢ 05 111 203317.99  4+411831.2 981.5 0.96 0.43713 0.277-08 1.29 x 1073 0.937:$¢ 5.37 x 1075 0.40 3.59 0.90 95
MT91 485 [T 203318.02  +412136.8 225.3 1.03 0.45759 0.127 19 218 x 1072 0.98TL13 161 x 10758 0.08 2.50 0.78 36
MT91 507 08.5V 203321.01  +411740.1 94.3 1.04 0.0 052732 1.68x 1075 - - 0.03 0.46 0.87 18
MT91 516 05.5V 203323.48  +410912.6 7349.5 1.44 0.197:08 0.307-29 3.64 x 103 187738 7.25 x 104 4.16 35.10 1.10 306
Cyg OB2 #25 08.5V 203325.53  +413326.6 65.4 1.06 0.52172 0.19T 13 7.88 x 1074 - - 0.03 0.49 1.34 15
MT91 534 07.5V 203326.74  +411059.4 872.2 1.24 0.837-37 0.167-3¢ 121x 1072 225792 9s52x 1075 055 1.73 112 123
Cyg OB2 #74 o8V 203330.30  +413557.9 127.0 1.26 0.0 060712 a72x 1073 0.08 1.40 077 24
MT91 611 o7v 203340.90  +413017.9 21.9 1.06 0.0 0.79%-33 5.0 x 10-6 - - 0.02 0.15 1.22 2
Cyg OB2 #10 091 203346.11  +413300.7 253.6 1.04 0.0 0.60T-13 595 x 1075 0.13 1.77 122 46
CygOB2 #27  09.5V + BOV  203359.56  +411735.5 113.3 1.11 0.0 0.60t12 238 x 1075 - - 0.05 0.70 070 22
Cyg OB2 #41 o9V 203404.87  +410513.1 31.7 1.37 0.0 0.037-%7 8.1 x 106 - - 0.02 0.23 0.97 5
CygOB2 #11 O5If+BOV 203408.52  +413659.3 1262.9 1.03 0.647-15 0.207-0% 1.02 x 10~ 2 001111 3.22 x 10~4 1.03 6.38 1.16 119
Cyg OB2 #75 09V 203409.51  +413413.9 185.9 1.00 0.50T 2% 1217492 418 % 1070 - - 0.14 0.35 112 33
Cyg OB2 #29 o7V 203413.53  +413502.8 147.3 1.03 0.0 0118 376 x 1075 0.11 1.15 0.59 23
CP2012 E54 09.5V 203416.03  +410219.5 16.8 1.22 116207 0.19733 2.20 x 1073 0.02 0.16 1.75 8
CygOB2 #73  OSIII + OSIII  203421.95  +411701.5 251.4 1.14 0.321-17 0.921-15 7.48 x 102 - - 0.20 0.92 1.10 a1
MT91 771 07V 4+ 09V 203429.60  +413145.3 1223.4 1.34 018717 0.557-07 5.19 x 1074 18278 1.06 x 10-4  1.06 8.95 0.95 128
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Table 3: Same as Tablel] but for B-type stars

Star Spectral type a S Total counts NISM Ngind kTy normy f%bs x x% v
(32000.0) (32000.0) (1022 cm—2) (1022 cm—2) (keV) (107 ergem =25 1)

MTOT 20 BOV T O91 203051.07  +412021.6 0.7 T.37 = = = 0.16 0.36 = =
MT91 42 B2V 203059.56  +413600.2 5.8 0.84 - - - 0.26 0.50 - -
CPR 2002 A30 B2V 203122.11  +411202.9 4.0 1.09 - - - 0.62 1.31 - -
MT91 103 B1V + B2V 203133.35  +412248.2 144.8 1.26 0.0 246785 210x 1075 142 3.10 114 30
MT91 129 B3V 203141.66  +412820.3 49.3 0.86 0.0 3.0F1L3 6.2 x 1076 0.55 0.96 0.84 7
MT91 174 B21IIT 203156.96  +413148.0 6.8 0.80 - - - 0.05 0.10 - -
MT91 179 B3V 203159.93  +413712.8 4.4 0.79 - - - 0.07 0.14 - -
MT91 213 BOV 203213.13  +412724.3 270.6 0.79 0.0 3.077206 2.4 x 1075 2.62 4.05 111 48
MT91 216 B1.5V 203213.82  +412741.6 31.1 0.80 0.0 2.63713% 3.9 x 1076 0.32 0.58 048 5
MT91 220 B1V 203214.61  +412233.5 8.0 1.00 - - - 0.08 0.17 - -
MT91 221 B2V 203214.70  +412739.6 203.3 0.86 0.517-32 121794 2.95 x 1075 1.09 2.40 1.00 36
MT91 239 B4V 203221.77  +413425.4 7.8 0.74 0.09 0.16
MT91 250 B2 11T 203226.10  +412940.9 7.4 0.72 0.06 0.1
MT91 252 B1.51I + B1V  203226.53  +411913.4 14.4 1.00 0.21 0.42
MT91 255 B2 111 203227.25  +412156.6 35.7 0.92 0.0 301314 4.8 x 1076 0.41 0.74 0.47 9
Cyg OB2 #21 BO.5V 203227.77  +412852.1 46.2 0.71 0.0 0.617-28 6.0 x 10-6 0.23 1.79 074 8
MT91 271 B4V 203232.42  4+412257.9 7.1 0.95
MT91 295 B2V 203237.72  +412615.5 43.3 0.81 0.0 4.4y, 3.8 x 106 0.44 0.67 0.65 10
MT91 298 B3V 203238.35  +412857.0 43.7 0.81 0.2171,07 1601199 6.7 x 10~ 6 0.37 0.75 059 7
MT91 300 B1V 203238.89  +412520.3 22.1 0.82 0.0 4357y 28x 1076 0.31 0.48 0.67 3
CPR 2002 A31 BO.5V 203239.50  +405247.5 18.6 1.29 0.0 0.277-59 4.0 x 1075 0.09 7.19 131 21
MTO91 311 B2V + B3V 203242.88  +412016.4 194.2 0.90 0.39723 110723 2.1 x 1072 0.74 2.10 1.15 36
MT91 322 B2.5V 203246.47  +412422.0 93.6 0.87 0.55735 11538 2.36 x 1075 0.80 1.83 0.67 17
MT91 336 B3 I11 203249.65  +412536.4 97.6 0.77 0.0 2.307106 137 x 1075 107 2.01 0.83 17
Cyg OB2 #37 B3V 203254.40  +411521.9 14.5 1.33 - - - 0.10 0.23 - -
MT91 372 BOV + B2V 203258.90  +410430.1 72.4 1.37 0.0 o7t 168 x 1075 001 2.47 0.98 13
MT91 378 BOV 203259.63  +411514.7 61.9 1.33 1.44 018712 243x 1073 o0a3 0.79 0.93 15
MT91 400 B1V 203305.16  +411751.2 7.4 1.05 - - - 0.04 0.09 - -
MT91 425 BOV 203310.10  +411310.2 17.0 1.24 2.2015-58 0.071208 29.7 0.03 0.41 0.32 3
MT91 428 B1V 203310.47  +412057.4 32.8 1.14 0.0 3675 3.3 x 106 0.31 0.54 1.06 6
MTO1 429 BOV + B3V 203310.57  +412222.7 11.7 1.02 - - - 0.08 0.13 - -
MT91 435 BOV 203311.09  +411032.3 14.2 1.38 0117348 0.4279,97 9.0 x 10~6 0.05 1.37 0.42 3
MT91 453 B5V 203313.34  +412639.4 15.5 0.73 0.0 232775 2.1x 1076 0.17 0.31 0.59
MTO1 459 B5V 203314.33  +411933.0 104.5 1.10 0.427-9% 0.307-26 1.26 x 10°4  0.28 3.69 111 20
MT91 467 B1V 203315.27  +412956.5 52.4 1.03 0.0 3167190 9.0 x 1076 0.79 1.42 0.65
MT91 477 BOV 203317.41  +411238.7 17.9 1.23 1237188 0387135 337 x 1075 0.06 0.23 0.65 3
MT91 509 BOIII 203321.02  +413552.4 0.8 1.15 - - - 0.04 0.10 - -
Cyg OB2 #18 B11b 203330.77  +411522.7 28.3 1.10 0.0 0.18+-69 9.1 x 1073 0.06 10.70 1.06 9
MT91 561 B2V 203331.62  +412146.7 6.6 0.86 - - - - - - -
MT91 573 B31 203333.97  +411938.1 21.2 0.98 0.0 402ty s5.4x 1076 0.57 0.92 0.95 2
Cyg OB2 #70 BOV 203337.00  4+411611.1 91.5 1.09 013792 0.59733 1.90 x 10~5 0.31 3.47 0.85 24
CP2012 E52 BOTb 203338.21  +405341.1 101.4 1.10 0.0 090772l 3a4x 1075 120 9.24 0.64 17
Cyg OB2 #19 BOIab 203339.09  4+411925.9 159.2 0.97 0.28T-37 04139 7.52 x 10~° 0.59 5.96 071 27
MT91 620 BOV 203342.30  +411146.4 31.0 1.17 0.0 0s1t22 3.1 x 10-6 0.09 0.92 171 6
MT91 621 B1V 203342.55  +411457.0 9.1 1.21 - - - 0.10 0.22 - -
MT91 635 B11II 203346.83  +410801.6 169.1 1.10 0.0 258790 135 x 1075 0.99 2.01 1.23 38
Cyg OB2 #26 B11II 203347.81  +412041.2 73.2 1.01 0.86753 073731 2.41 x 10~° 0.32 0.89 0.87 17
MT91 639 B2V 203347.84  +410908.2 30.3 1.12 0.0 111181 3.1 x 10-6 0.13 0.70 093 7
MT91 646 B1.5V 203348.83  +411940.5 107.9 0.92 1,427 %37 164789 2.22x 1075 077 1.03 0.88 22
MT91 692 BOV 203359.23  +410537.9 6.7 1.10 - - - 0.26 0.54 - -
MT91 720 BO.5V + B1.5V  203406.02  +410809.3 7.2 1.29 - - - 0.09 0.21 - -
MT91 759 B1V 203424.60  +412624.7 142.6 1.08 0.0 2597118 2331075 174 3.48 0.82 24
CPR.2002 A36 BOIb + BOIII 203458.78  +413617.3 269.3 1.19 0.0 0.907-29 1.25 x 1074 4.01 36.01 0.64 40
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Table 4: Same as Table2] but for Wolf-Rayet stars
o 5

Star Spectral type Total counts NISM Abund Nyind kT normj kTo normo IS x X2 v
(32000.0) (J2000.0) (1022 cm—2) (1022 cm—2) (keV) (keV) (10713 ergem—2s—1)
WR 144 Woi 203202.92  1411518.8 58 0.97
WR 145  WN70/CE + O7V((f))  203206.26  +404829.6 696.3 0.97 wc 3.4F:5) x 1073 1.597:38 405 x 1076 5.39 6.56 1.08 110
WR 145  WN70/CE + O7TV((f))  203206.26  +404829.6 696.3 0.97 solar 2.687-53 60T 212 x 1073 - - 5.33 6.50 1.05 110
WR 146 WC6 4 OSIII 203547.07  +412244.7 1827.5 1.32 wc 62721y x107%  036h% 443 x1076 210725 828 x 1077 202 13.02 1.32 176

WR 146 WC6 + OSIII 203547.07  +412244.7 1827.5 1.32 solar 0.461 20 0367 2.88x1073 214730 a06x 1074 205 13.60 1.23 176
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