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ABSTRACT

Aims. Having established the binary status of nineteen O-type stars located in four Cygnus OB associations, we now determine
their fundamental parameters to constrain their properties and their evolutionary status. We also investigate their surface nitrogen
abundances, which we compare with other results from the literature obtained for galactic O-type stars.

Methods. Using optical spectra collected for each object in our sample and some UV data from the archives, we apply the CMFGEN
atmosphere code to determine their main properties. For the binary systems, we have disentangled the components to obtain their
individual spectra and investigate them as if they were single stars.

Results. We find that the distances of several presumably single O-type stars seem poorly constrained because their luminosities are
not in agreement with the “standard” luminosities of stars with similar spectral types. The ages of these O-type stars are all less than
7 Myr. Therefore, the ages of these stars agree with those, quoted in the literature, of the four associations, except for Cyg OBS8 for
which the stars seem older than the association itself. However, we point out that the distance of certain stars is debatable relative
to values found in the literature. The N content of these stars put in perspective with N contents of several other galactic O-type
stars seems to draw the same five groups as found in the “Hunter” diagram for the O and B-type stars in the LMC even though their
locations are obviously different. We determine mass-loss rates for several objects from the Ha line and UV spectra. Finally, we

confirm the “mass discrepancy” especially for O stars with masses smaller than 30 M.
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1. Introduction

Massive stars are the engines of the galaxies. This small part
of the stellar population has a considerable influence on its envi-
ronment both mechanically and by radiation. Indeed, their strong
ionizing fluxes power the H1I regions. Furthermore, their power-
ful winds and their deaths as supernovae enrich their surround-
ings with heavy chemical elements and reshape the interstellar
medium, triggering new generations of stars. Because their life-
time is relatively short, massive stars are excellent tracers of star
formation. Therefore, constraining their properties gives us the
opportunity to better understand how they form and how they
evolve.

The fates of these stars are mainly governed by their initial
mass, but also to some extent by their rotation and their mass
loss. In addition to giving more oblate shapes to the stars, the
rotation modifies their temperature gradient at the surface and
also induces an internal mixing that affects the angular momen-
tum and chemical element transport. The rotation thus influ-
ences the surface abundances and the lifetimes of the massive
stars on the main sequence (Meynet & Maeder 2000). Several
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http://www.aanda.org
*** Postdoctoral Researcher F.R.S-FNRS.
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observational studies analysed these two aspects of rotation. On
the one hand, Hunter et al. (2008, 2009) reported that a large part
of B-type stars in the Large Magellanic Cloud (LMC) presented
a clear trend between their projected rotational velocity (v sin i)
and their surface nitrogen content. This trend was detected in
about 60% of the B star population. The remaining 40% consists
of B stars with slow rotation and high nitrogen enrichment and
unenriched B stars with fast rotation. These groups are currently
not explained by the evolutionary models of single massive stars
which include rotational mixing. On the other hand, numerous
investigations have shown that the rotation brings modifications
to the evolutionary tracks and to the isochrones of massive stars
(see e.g. Meynet & Maeder 2000, 2003; Brott et al. 2011a).
Besides rotation, the stellar winds also play a crucial role in the
evolution of massive stars. Indeed, these objects lose a signif-
icant fraction of their mass during their life. However, the ex-
act quantity of ejected mass by a massive star remains difficult
to determine because the true structure of these winds, and no-
tably their homogeneity, is still poorly known. Although direct
(Eversberg et al. 1998) and indirect (Bouret et al. 2005) evidence
highlighted the presence of outward-moving inhomogeneities in
the winds of O-type stars, the shapes, the sizes, and the op-
tical depths of these inhomogeneities (or clumps) still remain
unanswered questions. Investigations of the structure of these
winds seem, however, to indicate that the clumps are spherical
(Sundgqvist et al. 2011; Hervé et al. 2012) rather than flattened
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as proposed by Feldmeier et al. (2003). The presence of clumps
in the stellar winds thus modifies the determination of mass-loss
rates of massive stars since many mass-loss diagnostics are de-
pendent on the density squared (such as notably Ha).

To bring more constraints on these properties, we have de-
termined and analysed the fundamental parameters of nineteen
O-type stars belonging to four OB associations in the Cygnus
complex. This area is an active star-forming region that includes
a huge number of massive stars. These targets have already been
presented in Mahy et al. (2013, hereafter Paper I) who estab-
lished their multiplicity and analysed the distribution of the or-
bital parameters of the binary systems. Because we know their
multiplicity, in the present paper we can be more accurate on the
determination of valuable physical parameters of these objects.
Although all these targets are formed in the Cygnus region, they
constitute a non-homogeneous sample of main-sequence band,
giant, and supergiant massive stars. Among this sample of stars,
we also detected in Paper I four binary systems: three SB2s and
one SB1, all with orbital periods shorter than 10 days. Therefore,
for the SB2s, we disentangled the observed spectra of these sys-
tems to obtain the individual spectrum of each component to in-
vestigate it with an atmosphere code as we do for single stars.

In the following section, we present the observations of these
targets. The atmosphere code and the main UV/optical diagnos-
tics are described in Sect. 3. The results and a discussion are
given in Sect. 4 and in Sect. 5, respectively. Finally, our conclu-
sions are provided in Sect. 6.

2. Observations and data reduction

We focus on the same data as presented in Paper I. In addition,
we retrieve the IUE spectra (SWP with a dispersion of 0.2 A)
to model the stellar winds of five objects. These data were ob-
tained between 1979 and 1992 with exposure times from 650 s to
8400 s. These spectra cover the [1200—1800] A wavelength do-
main, containing the C1v 1548-1550 and N Vv 1240 resonance
P-Cygni profiles as well as the OV 1371 line, used to estimate
the wind clumping in early O stars. We also add to our sample
four FUSE spectraretrieved from the archives. Because of the in-
terstellar absorption, we only focus on the [1100-1200] A wave-
length region, and mainly on the Pv 1118-1128, C1v 1169, and
C 1 1176 lines. Unfortunately, the far-UV (FUV) and UV spec-
tra are not available for all the stars in our sample. Therefore, the
mass-loss rates of the stars for which none of these spectra exists
will only be derived on the basis of the He line.

For the targets detected as binary systems in Paper I, we
used the disentangled spectra corrected for the brightness ratio
which were already presented in Paper I. We note that we used
a programme based on the Gonzalez & Levato (2006) technique
to compute the individual spectra of both components of a bi-
nary system, but also to refine the radial velocities by applying
a cross-correlation technique. These spectra can thus be consid-
ered as mean spectra for the components of the binary systems.
To have as many diagnostic lines as possible, we favour the op-
tical spectra with the widest wavelength coverage, as well as the
highest spectral resolution and the highest signal-to-noise ratio.
The journal of optical and FUV/UV observations is presented in
Table 1.

3. Modelling

We use the code CMFGEN (Hillier & Miller 1998) for the quan-
titative analysis of the optical and FUV/UV spectra. CMFGEN
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provides non-LTE atmosphere models including winds and line-
blanketing. CMFGEN needs as input an estimate of the hydro-
dynamical structure that we construct from TLUSTY models
(taken from the OSTAR2002 grid of Lanz & Hubeny 2003) con-
nected to a 8 velocity law of the form v = v (1 — R/r)?, where
U 18 the wind terminal velocity. For the stars having only op-
tical spectra, we adopted 8 = 0.8, which represents a typical
value for O dwarfs (see e.g. Repolust et al. 2004). Our final
models include the following chemical elements: H1, HeI-II,
Con-1v, N1I-v, OI-v1, Ne II-111, Mg 11, SiTI-1v, STI-VI, P1v-V,
Armi-1v, Al Fell-vil, and Nill-v with the solar composi-
tion of Grevesse et al. (2007) unless otherwise stated. CMFGEN
also uses the super-level approach to reduce the memory require-
ments. On average, we include about 1600 super levels for a total
of 8000 levels. For the formal solution of the radiative transfer
equation leading to the emergent spectrum, a microturbulent ve-
locity varying linearly with velocity from 10 km s™! to 0.1 X v,
was used. We include X-ray emission in the wind since this can
affect the ionization balance and the strength of key UV diag-
nostic lines. In practice, we adopt a temperature of three million
degrees and we adjust the flux level so that the X-ray flux com-
ing out of the atmosphere matches the observed Lx/Lyo ratio.
We simply adopt the canonical value Lx /Lo = 1077 (Sana et al.
2006; Nazé 2009). In practice, we proceed as follows to derive
the stellar and wind parameters.

— Effective temperature: we use the classical ratio between
the strengths of Hel and HeTI lines to determine 7. The
main indicators are the Hel 4471 and Hem 4542 lines,
but additional diagnostics can be built with the HeT 4026,
He14389, He1 4713, He14921, He1 5876, He 11 4200, and
He1r 5412 lines. When possible we also use the C1v 1169
to C1mr 1176 line ratio, which has been shown to provide a
useful temperature diagnostic (Heap et al. 2006). The typi-
cal uncertainty on the Tt determination is 1000 K, except
for the binary components for which the uncertainty on Teg
is 2500 K.

— Gravity: the wings of the Balmer lines HS, Hy, and H¢ are
the main indicators of log g. Generally, an accuracy of about
0.1 dex on log g is achieved. However, because of side effects
of the disentangling programme, log g of the binary compo-
nents has an uncertainty of 0.25 dex.

— Wind terminal velocity: the blueward extension of UV
P-Cygni profiles provides veo + Umax Where vpax is the maxi-
mum turbulent velocity. Using the above relation for micro-
turbulent velocity gives us a direct determination of v, with
an accuracy of 100 km s~!. For stars without UV spectra, we
use as input the standard values given by Prinja et al. (1990)
according to their spectral types.

— Mass-loss rate: we use two diagnostics to constrain the mass-
loss rate, the UV P-Cygni profiles and Ha. For the UV do-
main, we focus mainly on NV 1240, Si1v 1394-1403, and
C1v 1548-1551, and when FUSE spectra are available, we
consider C1v 1169 and C11 1176 as additional diagnos-
tics to those lines for mass-loss rate determination. A single
value of M should allow a good fit of both types of lines even
though a study by Martins et al. (2012) has shown that this
was not always the case. In our analysis, we reach a general
agreement between UV and Ha lines by playing on other pa-
rameters such as the clumping or the 8. However, when no
FUV/UYV data are available, we fix both values to 1.0 (homo-
geneous model) and 0.8 (see Repolust et al. 2004), respec-
tively. We also stress that some objects were only observed
on [4450-4900] A wavelength domain. Since no sufficient



L. Mahy et al.: The fundamental parameters of O-type star population in four Cygnus OB associations

Table 2. UBVJHK photometric parameters of the stars in our sample.

Star Cluster U B % J H K Ry E(B-V) Dist. My Dist.
(SED) Humphreys (1978)
Cyg OB1
HD 193443 7.08° 761 726 640 634 634 3.10 0.61 - -5.93 1.82
HD 193514 7.32¢ 7.84 743 635 624 6.18 3.00 0.74 1.71 =596 1.90
HD 193595 Ber 86 8.50" 9.08 878 792 787 7.85 3.02 0.69 1.85 -4.64 1.82
HD 193682 8.39" 887 842 730 7.19 7.14 282 0.83 1.95 537 1.82
HD 194094 9.18° 9.57 9.05 774 759 1758 299 0.89 265 573 2.42
HD 194280 8.94¢ 9.08 842 6.74 6.60 649 295 1.06 267 -6.84 2.20
HD 228841 Ber 86 9.08¢ 9.50 9.01 791 7.78 775 278 0.88 270 -5.59 2.09
HD 228989 Ber 86 10.29° 1049 9.83 8.15 797 790 3.10 0.92 - -3.81 1.43
HD229234 NGC6913  9.35¢ 9.58 894 734 718 7.10 2.87 1.07 1.50  -5.02 1.59
Cyg OB3
HD 190864 NGC6871  7.20¢ 793 778 726 728 726 245 0.58 2.15 =530 2.29
HD227018 NGC6871  8.73" 935 9.00 804 795 790 3.28 0.71 275 553 3.15
HD 227245 9.81” 1025 9.69 821 807 799 326 0.91 2,15 494 2.29
HD 227757 8.72¢ 941 927 877 878 876 3.06 0.53 2.15 -4.02 2.36
Cyg OB8
HD 191423 7.43¢ 819 803 7.73 1772 17.79 3.00 0.46 290  -5.66 2.82
HD 191978 7.387 815 803 776 780 7.80 2.70 0.48 275 546 2.84
HD 193117 8.87¢ 929 877 724 7.09 697 3.18 0.87 225 576 2.37
Cyg OBY
HD 194334 9.38¢ 9.54 882 699 6.82 674 294 1.13 1.19  —4.88 1.04
HD 194649 9.82° 993 9.07 686 6.63 651 3.10 1.12 - -4.80 1.20
HD 195213 9.29° 955 882 6.67 644 626 3.27 1.13 1.00 —4.88 1.20

References. (a) Maiz-Apellaniz et al. (2004); (b) Wesselius et al. (1982); (¢) Guarinos (1991); (d) Fernie (1983); (¢) Krelowski & Strobel (2012).

diagnostic exists to determine the mass-loss rate on this re-
gion, we also use as input the values provided by Muijres
et al. (2012) as mass-loss rate values for our models.

Given the complexity of the parameter space for CMFGEN mod-
els, it is not possible for us to describe all the effects of every
parameter change on the synthetic spectra, but we refer to dedi-
cated papers such as Hillier et al. (2003), Bouret et al. (2005), or
Martins (2011). In our analysis, we decide to vary the different
parameters until we obtain the solution which provided the best
x* fit. To this end we generated a non-uniform grid composed of
between 10 and 40 models depending on the wavelength cover-
age of the observed spectra (and thus of the number of param-
eters to determine). From these best-fit models, we reproduce
the UV-Optical-Infrared spectral energy distribution (SED) for
each star (Fig. 5) from the UBVJHK fluxes (see Table 2) and we
include the UV fluxes for the stars that have FUSE and/or IUE
spectra to constrain the distance and the extinction. The galactic
reddening law of Cardelli et al. (1989) is used. We also derive Ry
when the UV spectrum is available. When this is not the case, we
use Ry values from Patriarchi et al. (2001, 2003) and if no value
exists, we fix it to 3.1. We then recompute the My with the new
extinction and the new distance values and we derive the lumi-
nosities on the basis of the My and of the bolometric corrections
given in Martins & Plez (2006). Once the new luminosity is ob-
tained, we compute a new model with this value to improve the
best-fit models. The uncertainties calculated on the luminosities
are mainly due to the poorly-known distances. To quantify these
uncertainties, we computed the largest difference between the
obtained luminosity and the luminosity computed with the min-
imum or maximum mean distances of the associations listed in
Humphreys (1978).

The projected rotational velocities of the stars are obtained
from the Fourier transform method (Simén-Diaz & Herrero
2007). The synthetic spectrum is then convolved by vsini. The

rotationally broadened synthetic line profiles usually provided
a good match to the observed profile for the fast rotators. In
the case of moderately to slowly rotating objects, some amount
of macroturbulence has to be introduced to correctly reproduce
the line profiles of several features (e.g. Hel 4713, C1v 5812,
He1 5876). The need for extra broadening is well documented
(Howarth et al. 1997, 2007; Ryans et al. 2002; Nieva & Przybilla
2007; Martins et al. 2010; Fraser et al. 2010), but its origin is un-
clear. Aerts et al. (2009) notably suggested that non-radial pulsa-
tions could trigger large-scale motions (hence macroturbulence),
but this needs to be confirmed by a study covering a wider pa-
rameter space. A study by Simén-Diaz et al. (2010) also showed
that the amplitude of macroturbulence was correlated to the am-
plitude of line profile variability in a sample of OB supergiants.
In practice, we introduce macroturbulence by convolving our
rotationally broadened synthetic spectra with a Gaussian pro-
file, thus mimicking isotropic turbulence. This is obviously a
very simple approach, but it significantly improves the quality
of the fits. In practice, we used HeT 4713 as the main indicator
of macroturbulence since it is present with sufficient signal-to-
noise ratio in all the stars in our sample. Moreover, secondary
indicators are the O TIT 5592 and He 1 5876 lines.

To determine the nitrogen content of our stars, we rely
mainly on the NI lines between 4500 and 4520 A. They are
present in absorption in the spectra of all stars, they are not af-
fected by winds and they are strong enough for the abundance
determination. The uncertainties are of the order of 50%. They
are estimated from the comparison of the selected NTII lines to
models with various N content. The uncertainties do not take any
systematics related to atomic data into account.

When UV spectra are available (both FUSE and TUE), the
degree of inhomogeneities of the stellar winds is determined.
Clumping is implemented in CMFGEN by means of a volume
filling factor f following the law f = fi, + (1 — fi,)e™*/%, where
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[ 1s the maximum clumping factor at the top of the atmosphere
and v a parameter indicating the position where the wind starts
to be significantly clumped. As shown by Bouret et al. (2005),
Pv 1118-1128, Ov 1371, and N1V 1720 are UV features es-
pecially sensitive to wind inhomogeneities. We use these lines
to constrain f,, in the stars in our sample. Unfortunately, the
last two lines are mainly good indicators for early O-type stars.
Therefore, we are not able to use these two lines to constrain the
clumping factor for HD 191978 given the absence of a FUSE
spectrum.

4. Results

The derived stellar and wind parameters are listed in Table 3.
The CMFGEN best-fit models are given in Appendix A. Below,
we briefly comment on each star.

4.1. The Cyg OB1 association

HD 193443: in Paper I, we estimated the brightness ratio to
3.9 + 0.4. The disentangled spectra corrected for this ratio are
relatively well fitted. However, the wavelength coverage does not
allow us to determine the wind parameters. The individual stellar
parameters of the primary are more reminiscent of a giant star,
whilst the secondary has the characteristics of a main-sequence
object. This confirms the luminosity classes of both components
mentioned in Paper L.

HD 228989: we found in Paper I a brightness ratio of 1.2+0.1
between the primary and the secondary. The spectral lines of
the disentangled spectra are relatively well fitted even though
the He 11 4686 line of both stars stronger than with the synthetic
profiles. This is probably due to a poor estimation of the wind
parameters, but, as stressed for HD 193443, the absence of other
diagnostic lines prevents us from providing a good determination
of the wind parameters.

HD 229234: this object was reported as SB1 in Paper L
However, since the signature of the putative companion is not
detectable in the observed spectra, we consider that these spec-
tra are only produced by the primary star, suggesting that the
derived parameters correspond to an upper limit. The fit is rela-
tively good and indicates stellar parameters similar to those of a
giant star. This agrees with the spectral classification established
in Paper I.

HD 193514: the parameters derived for HD 193514 are sim-
ilar to those of Repolust et al. (2004). However, the wind param-
eters are slightly different. Indeed, we need a clumping factor of
0.01 to correctly reproduce the FUV lines. This thus affects the
mass-loss rate of the star even though My, / \/f remains quite
close in both analyses. The emissions of the N 1T 463441 lines
in the spectrum of HD 193514 are poorly reproduced, but it is
probably not due to the N content, given that the triplet at 4500—
4520 A and the N1V 1720 line are well fitted. Moreover, we
stress that an increase of the mass-loss rate does not improve the
quality of the fit.

HD 193595: the fit of this object is of good quality. The core
of the Ha line is filled in with some emission that is likely to be
partially of nebular origin. The stellar parameters agree with a
main-sequence luminosity class as established in Paper 1.

HD 193682: we use FUSE and TUE spectra to constrain the
wind parameters (see Table 3). The FUSE spectrum is correctly
fitted by our CMFGEN model. The IUE spectrum was observed
with a low dispersion and the small aperture. Therefore, the
quality of the observation is very low and we must strongly
convolve the synthetic spectrum to achieve such a quality. The
C1v 1548-1550 doublet appears too saturated in comparison to
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the observation, whilst the fit of the N1v 1718 line seems ac-
ceptable. Finally, the fit in the optical range is of excellent qual-
ity, even though the HeI 5876 line is too strong compared to
the observations. Unlike Repolust et al. (2004), the red wings
of the He 11 4686 and Ha lines are rather well reproduced. The
line profiles show an important macroturbulence. We find that a
combination of vsini of about 150 km s~! with a macroturbu-
lent velocity of about 70 km s~! leads to much better fits than do
purely rotationally broadened profiles.

HD 194094: no UV spectrum is available for this star, we
therefore restrict ourselves to the optical range. The core of the
Balmer lines is too deep in our synthetic spectra except for Ha.
Moreover, the He I1 4686 is poorly fitted and appears stronger in
the synthetic model.

HD 228841 a good fit of the optical wavelength domain is
achieved, except for the He I1 4686 and the He 1 5876 lines. The
best fit is obtained with profiles only broadened by rotation, i.e.
without any macroturbulence.

HD 194280: the Aurélie spectrum only allows us to de-
termine the stellar parameters. The spectral classification is
similar to an OC9.7I star according to the tables of Martins
et al. (2005a). From the CMFGEN best-fit model, we find a C
overabundance and a N depletion, estimated to about 3.3 and
0.2 times the solar abundances', respectively, as reported by
Walborn & Howarth (2000). To obtain a fit of good quality, we
also need to increase the helium abundance to (He/H) = 0.18
(by number) i.e. almost twice the solar value ((He/H), = 0.10).
However, additional diagnostic lines are required to confirm
such abundances.

4.2. The Cyg OB3 association

HD 190864: a good quality of fit is achieved. We need a vol-
ume filling factor of 0.06 and a 8 of 1.5 to reach a good accuracy
for the wind parameters in both UV and optical domains. As for
HD 193514, My, / \/? is consistent with the value determined by
Repolust et al. (2004). Moreover, as for HD 193514, the syn-
thetic model fails to correctly fit the N 111 463441 lines.

HD 227018: the [4450-4900] A wavelength domain is prop-
erly fitted, which gives us a very good determination of the stel-
lar parameters.

HD 227245: the synthetic model correctly reproduces the ob-
servations which leads to a good accuracy on the determina-
tion of the stellar parameters. Furthermore, the He 1 4686 and
Ha lines are well fitted, thereby corresponding to a reliable de-
termination of the mass-loss rate of the star on the basis of these
diagnostic lines.

HD 227757: we need a slow rotation rate to correctly re-
produce the photospheric lines. We also see that the O1I lines
are present in the spectrum of the star. The stellar parameters,
listed in Table 3, are in agreement with those determined by
Martins et al. (2015). The luminosity derived for that object and
its mass-loss rate determined from the He line could indicate
that HD 227757 is a weak-wind star (see Martins et al. 2005b,
20009, for other examples of weak-wind O-type stars). However,
without any UV spectrum for this star, we cannot confirm this
assumption.

4.3. The Cyg OB8 association

HD 191423: we need to broaden the synthetic model by a
rotational velocity of 410 km s™! to reach a sufficient quality

' (C/H), = 2.45 x 107 and (N/H), = 6.02 x 107 (expressed by
number, Grevesse et al. 2007).
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of the fit. Moreover, the model also yields, through the adjust-
ment of the carbon lines at 4070 and 4650 A, a large depletion
in C (about 0.1 times the solar abundance, i.e. 3.5 x 107 in
number) and an enrichment in N (about 9 times the solar abun-
dance, i.e. 5.4x107* in number). The wind parameters derived on
the UV P-Cygni profiles indicate a low terminal velocity (about
600 km s™'). We also see two weak emissions in the external
wings of Ha. These emissions could be created by a disk of mat-
ter ejected by the high rotational velocity of the star. We stress
that the Pv 1118-1128 and N1v 1718 lines appear slightly weak
in our model in comparison to the observed spectra.

HD 191978: the fit is of an excellent quality, except for the
red wing of the C1v 1548-50 lines and for the He 1 4686 line
which is too weak compared to the observations. As we already
stressed, the OV 1371 and N1v 1718 lines are not good diag-
nostic lines to estimate the clumping factor in late O-type stars.
Furthermore, given the lack of FUSE spectrum for this star,
we adopt f = 1.0 (homogeneous model) for HD 191978. We
need a rotational velocity similar to the macroturbulent velocity
(vsini = 40km s™! and vyac = 32 km s71) to correctly reproduce
the line profiles.

HD 193117: the cores of the Balmer lines are too deep in the
best-fit model. This could come from a nebular emission at least
for Ha. The other lines are rather well fitted. We also stress that
although this star appears to be evolved, its nitrogen content is
solar.

4.4. The Cyg OB9 association

HD 194649: in Paper I we determined a brightness ratio of
4.7 £ 0.4. The fit of the primary disentangled spectrum is good,
except for the core of the HB line. The secondary component be-
ing fainter in the composite spectra, its spectrum appears much
noisier when corrected for the relative brightness and the disen-
tangling process fails to correctly reconstruct the wings of Hp.
Nonetheless, the lines are relatively well reproduced by the syn-
thetic model. Although the spectral classifications indicate an
evolved primary star and a main-sequence secondary star, logg
determined on the basis of disentangled spectra fail, once again,
to characterize this luminosity class.

HD 194334: a good fit is achieved for this object. Only the
cores of the Balmer lines and N 111 463441 are less well repro-
duced. The fits of the He 11 4686 and Ha lines indicate a good
determination of the mass-loss rate of the star.

HD 195213: as for several stars in our sample, the cores of
the Balmer lines are poorly reproduced. However, Ha shows an
emission component in its centre which probably originates from
nebular emission. Furthermore, to reach a good fit of the he-
lium lines, we have to increase the helium abundance to 0.15 in
number.

5. Discussion
5.1. Distances and ages of the OB associations

The stellar parameters derived in Sect. 4 provide the positions
of the stars in the Hertzsprung-Russell (HR) diagram. However,
these locations are dependent on the real distances of the stars.
As we have already mentioned, the luminosities were com-
puted in the present paper from the distance modulus given by
Humphreys (1978) and refined through the fit of the SED of each
object. When no initial value of the distance of the stars is avail-
able in the Humphreys catalogue, we have taken the mean value
of the corresponding OB association. The observed V and (B—V)
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values are from Kharchenko et al. (2009), whilst the bolometric
corrections were taken from Martins & Plez (2006) as a func-
tion of the spectral classification of the stars. The error-bars on
the luminosities of the presumably single stars are mainly de-
termined by the uncertainties on the distances. For the binaries,
an additional uncertainty is also provided by the brightness ratio
between both components of the system.

For this analysis, we use the evolutionary tracks of Brott
et al. (2011a) computed for single stars. Given that rotation plays
a major role in the evolution of the stars, we select the tracks
computed with initial rotational velocities of about 100 km s~!
(black lines in Fig. 1) and of about 400 km s~! (red lines in
Fig. 1). We stress that an initial rotational velocity of 300 km s~!
is generally considered as a “standard” value for O-type stars. In
this analysis, we do not investigate all the sample stars together
because they are not from the same forming regions and so do
not constitute a homogeneous O-type star population.

The distances taken from Humphreys (1978) are close to
the largest estimates of Uyaniker et al. (2001). This yields the
largest values to the luminosities of the stars. By comparing the
luminosities computed in the present paper with the observa-
tional values (considered as standard) reported by Martins et al.
(2005a), we see that the stars belonging to Cyg OB9 as well
as HD 227245 or both components of HD 228989 are fainter
than the standard expectations. On the contrary, HD 193117 and
HD 191423 belonging to the Cyg OB8 association are brighter
than expected. This makes the estimation of their distance ques-
tionable. It is clear that these standard values are dependent on
other stellar parameters that are not the same for the stars in our
sample such as, e.g., log g. To match the standard values for the
luminosity, we should increase the mean distance of Cyg OB9 to
a value of 2.0 kpc and decrease that of Cyg OB8 to a mean value
of 1.9 kpc.

These assumptions could have a great impact on the loca-
tion of the stars in the HR diagram and could thus affect the
real determination of their age. Indeed, from these possible dis-
tances for Cyg OB8 and Cyg OB9 (about 1.9 and 2.0 kpc, re-
spectively), the stars of Cyg OB8 could be slightly older (be-
tween 4 and 6 Myr) than what we find in Fig. 1c, whilst those
of Cyg OB9 could have an estimated age between 2 and 4 Myr,
i.e. slightly younger. Furthermore, the location of the secondary
star of HD 194649 would be more realistic than what we see in
Fig. 1d. This means that the ages of the stars in Cyg OB8 do not
seem to confirm the estimates of ~3 Myr computed from the
evolutionary tracks by Uyaniker et al. (2001) for this associa-
tion, but this assumption must still be verified on the basis of a
larger sample of stars belonging to this association.

From the distances quoted in Table 2, we estimate the
evolutionary ages of O-type stars in Cyg OB1 and in Cyg OB3
between 2 and 7 Myr and between 3 and 5 Myr, respectively, ac-
cording to the parameters reported in Table 3. We must be care-
ful about these HR diagrams, because the real ages of the stars
can be slightly different depending on their initial rotational ve-
locity. Therefore, some stars such as HD 193682 or HD 228841
(with vsini = 150 and 317 km s~!, respectively) could be older
than inferred from their position in the HR diagram (see Brott
et al. 2011a, for further details).

Determining the real positions of the O stars from the
HR diagram is difficult and requires a good knowledge of their
real distances. Therefore, our study stresses the importance of
astrometrical missions such as Gaia to better understand the evo-
lutionary properties of massive stars.
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Fig. 1. Positions of the Cygnus O-type stars in the HR diagram. Evolutionary tracks and isochrones are from Brott et al. (2011a) and were computed
for vyoy,, = 100 km s7! (black lines) and for Uroy;; = 400 km s7! (red lines). Isochrones, represented by dashed lines, correspond to ages ranging

from 2 to 8 Myr with a step of 2 Myr.
5.2. The N content

Nitrogen is an important element to analyse and to understand
the rotational mixing in the evolutionary processes of a mas-
sive star. Theoretical studies (e.g. Meynet & Maeder 2000) have
shown that rotationally induced mixing can affect the chemical
composition of the surface layer of massive stars even though
they are still on the main-sequence band. The theory thus pre-
dicts that the larger the rotational velocity of a star, the higher its
nitrogen abundance. Several observational studies on B stars in
the LMC (notably the ESO VLT-FLAMES survey; Evans et al.
2005, 2006) have shown that at least 60% of the B stars dis-
play the pattern expected from evolutionary models which in-
clude the rotational mixing. However, simulations of LMC early
B-type stars made by Brott et al. (2011b) failed to reproduce
the remaining 40%, which are split into two different groups
of stars, one containing slowly rotating, nitrogen-enriched ob-
jects and another one containing rapidly rotating un-enriched
objects. The analysis of Rivero Gonzilez et al. (2012) also in-
dicated a large number of O-type stars in the LMC with large
enrichment in nitrogen and with a low rotation rate, supporting
the same conclusions as for the B stars in the LMC. These au-
thors stressed, however, that the problem of the group contain-
ing the highly-enriched slow-rotating stars was more severe for

the O-type star population than for the B-type star one. A possi-
ble explanation concerning the presence of the group with high-
enriched slow-rotating stars was advanced by Morel et al. (2006)
who have analysed ten slowly rotating galactic early S-Cephei
B-type stars and found that out of four heavily enriched stars,
three had a magnetic field.

In the present paper, we determine the N content of nineteen
O stars belonging to four Cygnus OB associations. This result
is combined and put in perspective with several other investiga-
tions of O-type stars in the Galaxy (Martins et al. 2012, 2015;
Bouret et al. 2012). Although this constitutes a set of heteroge-
neous studies, all the analyses use the same tool to determine
the stellar parameters. We show in Fig. 2, the nitrogen content
as a function of the projected rotational velocities of 90 O-type
stars, the so-called Hunter diagram (Hunter et al. 2009). We
stress that we remove from our sample all the binary compo-
nents as well as a few stars listed in Martins et al. (2015) that
are binaries, e.g. HD 93250 (Sana et al. 2011) or HD 193443
(Paper I). We tentatively define possible groups similar to those
introduced by Hunter et al. (2008, 2009). To do that, the group
constituted of stars with intermediate rotation rates (between 50
and 110 km s™') and a high enrichment in nitrogen is assumed to
be empty as noted by Brott et al. (2011b). In this diagram, there
is a clear outlier (HD 194280) that seems to belong to none of
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Fig. 2. Nitrogen surface abundance (in units of 12 + log(N/H)) as a
function of projected rotational velocity, the so-called Hunter diagram.
O stars in our sample are shown in black, the O stars of NGC 2244
(Martins et al. 2012) in red, stars studied by Bouret et al. (2012) in blue,
and the MiMes O-type stars (Martins et al. 2015) in green. Grey lines
define the possible locations of the different groups.
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Fig. 3. Nitrogen surface abundance (in units of 12 + log(N/H)) as a
function of stellar luminosity. Dots represent the single O stars in our
sample, whilst triangles are the binary components. Evolutionary tracks
are (from left to right) computed for stars with 10, 15, 20, and 40 M,
and initial velocities of about 300 km s~!.

the different groups. We stress though that defining their exact
location requires a more sophisticated theoretical work similar
to that of Brott et al. (2011b) for massive stars in the LMC.

In Fig. 3, we show the N content of our initial targets ver-
sus their luminosity. We clearly see a trend of higher N content
for more luminous stars. As already stressed by Martins et al.
(2012), the fast rotators do not appear as outliers. Two clear out-
liers are shown in this figure: HD 194280, as we have already
mentioned, with a very low nitrogen abundance and, to a lesser
extent, the secondary component of HD 228989.

5.3. Stellar masses

The differences between the evolutionary masses, i.e. the masses
determined from the HR diagram and the evolutionary tracks,
and the spectroscopic masses, i.e. those determined from the at-
mospherical parameters (Tes, log g, and L), are recurrent issues
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Fig. 4. Comparison of the evolutionary masses and the spectroscopic
masses of the presumably single stars.

in astrophysics. This so-called “mass discrepancy” refers to
a systematic overestimate of the former relative to the latter.
Repolust et al. (2004) already noted that for stars with masses
smaller than 50 M, a parallel relation to the 1:1 relation in the
Mevo1—Mpec diagram could be followed. More recently, Martins
et al. (2012), from a small sample of O-type stars in NGC 2244
and in Mon OB2, reported on a clear trend of mass discrepancy
for stars with M < 25 M, consistent with the results of Repolust
et al. (2004).

In Paper I we also determined the dynamical mass of each
component of the binary systems. We present them in Table 3
as a reminder. We can thus compare them to their evolutionary
and spectroscopic masses. The evolutionary masses have been
estimated for each star (presumably single or individual compo-
nent) by a bi-interpolation of the evolutionary tracks on 7. and
on log(L/Ls), whilst the spectroscopic masses have been com-
puted from M = g R?>/G, where G is the universal gravitational
constant. We stress that these masses were computed from the ef-
fective gravities corrected for the effects of the centrifugal forces
caused by rotation (gqy. in Table 3) by following the approach
of Herrero et al. (1992). We clearly see a real disagreement for
the primary star of HD 228989. First, the spectroscopic mass is
smaller than the dynamical mass that is supposed to be the min-
imum mass. Then, the mass ratio computed from the spectro-
scopic values indicates that the secondary component is more
massive than the primary one which is the opposite of the results
provided in Paper I. This assumes that the distance and/or the
gravities of both components are poorly estimated. The reason
for a poor determination of the log ¢ is that the disentangling pro-
cess does not perfectly reproduce the wings of the Balmer lines
because of the broadness of these lines and because the two in-
dividual line profiles are not completely resolved throughout the
orbit.

When we only focus on the single stars, we find that the ob-
jects in our sample (Fig. 4) with a mass smaller than 30 Mg
present a clear mass discrepancy as already detected for O-type
stars belonging to NGC2244 and MonOB2 (Martins et al.
2012). For the stars in our sample with a higher mass, the
uncertainties do not allow us to conclude whether or not the
mass estimates are significantly different. Two ingredients play
an important role in the determination of these uncertainties: the
distance and log g. As we have already mentioned, the distances
of the stars are still poorly known. It affects the stellar lumi-
nosities and thus the stellar radii since the T.g¢ is thought to be
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well constrained. Concerning log g, we made several tests to cor-
rectly fit the wings of the Balmer lines on échelle spectra and
also on the Aurélie spectra (see Paper I, for a complete list of
the data). Our estimation of the stellar gravity thus seems quite
robust, therefore minimizing the contribution of the log g to the
uncertainty budget of Mgpe.

5.4. Mass-loss rates

We also estimate the mass-loss rates (Table 3) for most objects in
our sample, but the lack of UV spectra does not allow us to deter-
mine all the wind parameters of these stars. Often, the terminal
velocity, f, and the 8 parameters cannot be estimated from only
the Ha line. Moreover, when no FUSE data were available, we
only assumed that the stellar winds are homogeneous (f = 1.0).

The mass-loss rates obtained from atmosphere models and
included in Table 3 can be compared to the theoretical values
quoted by Muijres et al. (2012). These values are given as a
function of spectral type, but some of them are missing no-
tably for late main-sequence stars. For most of our objects for
which a homogeneous wind was assumed, the agreement be-
tween estimated and theoretical values is relatively good. Only
few stars (HD 228841, HD 193514, HD 227018, HD 193117,
and HD 191978) have mass-loss rates which differ by more than

about 0.4 dex. Although the quantities M/ \/? remain quite close
between the observations and the theory, we can see that the ob-
served mass-loss rates in general appear slightly larger than the
theoretical values.

6. Conclusion

We analysed by means of the CMFGEN atmosphere code, the
fundamental properties of fifteen presumably single stars and
of the individual components of four binary systems belong-
ing to different Cygnus OB associations: Cyg OB1, Cyg OB3,
Cyg OBS, and Cyg OB9Y. In addition to the optical spectra, we
retrieved, for several single stars, the UV spectra (FUSE and/or
IUE) to better constrain the wind parameters of these objects.

The analysis of the individual parameters showed that the
luminosities of several objects do not agree with the standard
luminosities of stars with similar spectral classification. This is
most likely because the distances of these stars are poorly con-
strained. Therefore, it is more likely that the positions of cer-
tain stars should be shifted upwards in the HR diagram. A direct
consequence is that the stars in Cyg OB8 and Cyg OB9 could be
younger than we have determined. However, if the distance used
in our analysis is correct, this would mean that Cyg OBS is older
than 3 Myr as quoted by Uyaniker et al. (2001).

We compared the N content of the stars in our sample to
other galactic O-type stars. The resulting Hunter diagram shows
the same structure (the same five groups) as for the O and B-type
stars in the LMC (Hunter et al. 2008, 2009; Rivero Gonzalez
et al. 2012).

By comparing the evolutionary and the spectroscopic
masses, we also pointed out a discrepancy between the masses
for the stars in our sample. This overestimate of the evolution-
ary masses relative to the spectroscopic masses is particularly
obvious for stars with masses smaller than 30 M, as was already
noted by Martins et al. (2012). Above this value, the masses
agree with each other within the uncertainties. Although this
sample of stars takes into account objects more evolved than
those in the investigation of Martins et al. (2012), we obtain sim-
ilar general conclusions.
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Fig. 5. Synthetic SEDs (in red) compared to UBVJHK photometry for the stars in our sample (in black). The distance, E(B — V) and Ry were
determined from the best agreement between models and observations.
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Appendix A: Best-fit models
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Fig. A.1. Best-fit model for HD 193443 primary and secondary (red line) compared to disentangled spectra (black line).

A23, page 13 of 34


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321985&pdf_id=6

A&A 577, A23 (2015)

E,
=

—
p—
o
o
p—
—
o)
o
—
L “
IS
o
—_
p—
(@)
o
[N
— Lol

80

(e
-

50

Normalized flux
= —_

N ;

(@)

(@]

—

(V]

o

(@]

—

(9]

(@)

(@]

—

N

(@]

(@]

—

N

= | I
Bl 1 11111

1650 1700 1750
A[4]

Fig. A.2. Best-fit model for HD 193514 (red line) compared to FUSE and IUE spectra (black line).
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Fig. A.3. Best-fit model for HD 193514 (red line) compared to Elodie spectrum (black line).
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Fig. A.4. Best-fit model for HD 193595 (red line) compared to Espresso spectrum (black line).
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Fig. A.5. Best-fit model for HD 193682 (red line) compared to FUSE and IUE spectra (black line).

A23, page 17 of 34


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321985&pdf_id=10

© © =
O @ = N

Normalized flux
(@] o —_ o o —_
O 0 = N O O = N
U | TTT | T TT

1.2

0.8
0.6

N
o
OIlIIIlIII
o

A&A 577, A23 (2015)

4400

4700
1.2

4800

4900

1

|

i

0.8

0.6

5450 6520 6540 6560 6580 6600

:

A[A]

Fig. A.6. Best-fit model for HD 193682 (red line) compared to Espresso spectrum (black line).
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Fig. A.7. Best-fit model for HD 194094 (red line) compared to Espresso spectrum (black line).
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Fig. A.9. Best-fit model for HD 228841 (red line) compared to Espresso spectrum (black line).
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Fig. A.10. Best-fit model for HD 228989 primary and secondary (red line) compared to disentangled spectra (black line).
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Fig. A.12. Best-fit model for HD 190864 (red line) compared to FUSE and IUE spectra (black line).
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Fig. A.13. Best-fit model for HD 190864 (red line) compared to Elodie spectrum (black line).
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Fig. A.15. Best-fit model for HD 227245 (red line) compared to Espresso spectrum (black line).
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Fig. A.16. Best-fit model for HD 227757 (red line) compared to Espresso spectrum (black line).
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Fig. A.17. Best-fit model for HD 191423 (red line) compared to FUSE and IUE spectra (black line).
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Fig. A.18. Best-fit model for HD 191423 (red line) compared to Espresso spectrum (black line).
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Fig. A.19. Best-fit model for HD 191978 (red line) compared to IUE spectrum (black line).
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Fig. A.20. Best-fit model for HD 191978 (red line) compared to Elodie spectrum (black line).
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Fig. A.21. Best-fit model for HD 193117 (red line) compared to Espresso spectrum (black line).
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Fig. A.22. Best-fit model for HD 194334 (red line) compared to Espresso spectrum (black line).
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Fig. A.23. Best-fit model for HD 194649 primary and secondary (red line) compared to disentangled spectra (black line).
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Fig. A.24. Best-fit model for HD 195213 (red line) compared to Espresso spectrum (black line).
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