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Abstract. We present the results of the spectral analysis of 11
OB stars in Cyg OB2, among them seven giants and supergiants.
The projected rotational velocities of these stars are low or mod-
erate. We find that only one of the stars (previously classified as
luminosity class V) shows helium enhancement, and that this
turns out to be compatible with standard evolutionary models
without rotation. Only a second object gives an abundance that
could be larger than solar. In addition, these two stars are found
to be the most luminous in the sample. In summary, no helium
discrepancy is found for the stars analysed in Cyg OB2. The
cause of this result is speculated to be due to: a) the youth of
the stars studied, b) the low rotational velocity of the sample
observed, or c) a combination of both. The massive stars in Cyg
OB2 are found to have ages between 1 and 5 Myr, and the most
massive ones have initial evolutionary masses in excess of 100
M�. Thus we confirm that Cyg OB2 is a young association rich
in very massive stars. We study a possible correlation between
the helium abundance and the stellar rotation and conclude that
present data are consistent with the hypothesis that mixing pro-
cesses probably related to rotation are present in the massive
stars and in some cases strongly influence their early evolution-
ary phases.
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1. Introduction

Massive hot stars are important constituents of galaxies and play
a key role in their structure and evolution through their strong
stellar winds and their own evolution (see Kudritzki, 1998; Lei-
therer, 1998). In order to understand the behaviour of massive
hot stars it is necessary to get accurate parameters for them.
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These parameters are then used as input quantities for the the-
ory of radiatively driven winds, in the study of the interstellar
medium, the theory of stellar evolution and in the study of galac-
tic evolution among other problems.

With this goal in mind Herrero et al. (1992; hereafter Pa-
per I) carried out the first extensive analysis of massive OB stars
in the Milky Way. They analysed with state-of-the-art methods
25 stars with spectral types from B0.5 to O5, and found a num-
ber of results, besides the derivation of the stellar parameters.
Among the results of Paper I are what the authors calledmass
and helium discrepancies. The mass discrepancy consists of a
difference between the masses predicted by the evolutionary
theory on the one hand, and those predicted by the radiatively
driven wind and the stellar photosphere theories on the other, dif-
ferences larger than the adopted errors. The helium discrepancy
consists of a difference between the surface helium abundances
derived from the spectroscopic analysis and those predicted by
the evolutionary theories, also beyond the adopted errors. These
results have antecedents in the literature (see the references in
the introduction of Paper I), although Herrero et al. were the
first to give them a general character.

The discrepancies were found mainly for supergiants, al-
though one of the supergiants was found to have a nearly normal
helium abundance, and the stars rotating rapidly were found to
have enhanced helium abundances even when they were of lu-
minosity class V and lay close to the ZAMS. The mass discrep-
ancy was shown to have a strong correlation with the distance
from the Eddington limit. No mass or helium discrepancy was
found for luminosity class V stars at low or moderate rotational
velocities (although some authors extend the mass discrepancy
to all luminosity class V objects; see, for example, Vacca et al.,
1996, and references therein). No conclusion could be reached
about whether the discrepancies were due to deficiencies in one
of the theories or techniques involved, or in all of them.

The mass and helium discrepancies stimulated a number of
studies in the field of stellar evolution and stellar atmospheres.
Sellmaier et al. (1993), Herrero (1994), Schaerer & Schmutz
(1994), Herrero et al. (1995) and de Koter et al. (1997), among
others, have shown that the inclusion of sphericity and mass loss
reduced the mass discrepancy by increasing the derived stellar
gravity, but without solving the problem completely. Further-
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more, different studies of massive binaries do not clearly support
any of the mass determinations (spectroscopic or evolutionary)
against the other one (see Burkholder et al., 1997; Penny et al.,
1998).

Recently, McErlean et al. (1998) and Smith & Howarth
(1998) have shown that microturbulence strongly influences the
helium lines in early B supergiants and late O supergiants, and
thus that the helium discrepancy might be affected by it. Villa-
mariz and Herrero (in preparation) confirm this result, but show
that for O stars the corrected abundances are within the error
bars given in Paper I. Thus the helium discrepancy cannot be
completely explained by microturbulence.

On the side of the evolutionary theories, Langer (1992) pro-
posed turbulent diffusion and semiconvection and Dennisenkov
(1994) included rotationally induced diffusive mixing. Meynet
& Maeder (1997), Maeder (1997), Talon et al. (1997), and
Maeder & Zahn (1998) study rotational mixing induced by
meridional circulation and turbulent diffusion. Langer & Heger
(1998a, b) have studied the possibility of rotational velocity
changes during stellar evolution and of evolution close to critical
rotation. These studies show that by inclusion of additional mix-
ing the stellar mass–luminosity relation and the surface abun-
dances can be a function of the rotational velocity of the star and
the stellar age. Thus, the position in the HRD would not uniquely
determine stellar parameters, age and evolutionary status. Ad-
ditional mixing seems to be a broad requirement over the HR
diagram. For example, it has also been invoked as an explana-
tion of the systematic age discrepancy between the conventional
turnoff ages of young open clusters (Alpha Per, Pleiades) and
the older ages derived from lithium observations of very low
mass stars and brown dwarfs (Basri & Martı́n, 1999).

We thus decided to observe stars in an OB association, where
we could study a more homogeneous sample than that used
in Paper I. We have chosen the galactic association Cygnus
OB2, which contains a wealth of OB stars. This association
was studied by several authors in the past including Johnson
& Morgan (1954), Schulte (1956, 1958), Lawrence & Redish
(1965), Redish et al. (1967), Torres-Dodgen et al. (1990) and
Massey & Thompson (1991). From the last authors we have
taken new spectral type determinations from which we have
selected the stars of our sample.

The observations are described in Sect. 2. In Sect. 3 we
present the analysis of the spectra and the parameters that we
derive from them. The discussion of the results is presented in
Sect. 4 and in Sect. 5 we present the conclusions with some of
the future work that can be done.

2. Observations

The observations were carried out by one of us (EM) with the
2.5 m Isaac Newton Telescope at the Roque de los Muchachos
Observatory (La Palma) during a single observational run, in
1995 August. We observed the spectral region between 4000 and
5000Å, and the region around Hα. The Intermediate Dispersion
Spectrograph was used with the H 2400 B and the R 1200 B
grids in the blue and the H 1800 V grid in the red, attached to

Table 1. Stars observed in Cyg OB2. All numerical identifications
are taken from Schulte (1958), except for Cyg OB2#516, which is
taken from Massey & Thompson (1991). Positions for epoch 1950.0
have been taken from these last authors and processed within IRAF
for epoch 2000.0. Spectral types are also from Massey & Thompson,
except for Cyg OB2#11 and#4, that are taken from Walborn (1973)

Ident α(2000) δ(2000) V Spec. type Blue
mag. resolution (̊A)

22 20:33:08.8 41:13:17.8 11.55 O4 III(f) 1.3
516 20:33:23.5 41:09:12.0 11.84 O5.5 V((f)) 1.3
8c 20:33:18.0 41:15:31.1 10.19 O5 If 1.3
9 20:33:10.8 41:18:07.9 10.96 O5 If 1.3
11 20:34:08.6 41:36:59.6 10.03 O5 If+ 1.3
29 20:34:13.5 41:35:02.4 11.91 O7 V 1.3
4 20:32:13.8 41:27:13.9 10.23 O7 III((f)) 1.3
20 20:31:49.7 41:28:27.5 11.52 O9.5 V 0.6
19 20:33:39.1 41:19:25.9 11.07 O9.5 III 0.6
10 20:33:46.1 41:33:01.4 9.88 O9.5 I 0.6
21 20:32:27.8 41:28:53.4 11.42 B0.5 V 0.6

the 235 mm camera, which resulted in a spectral resolution of
0.6, 1.2 and 0.8̊A, respectively, measured on the Cu–Ar arc.
The wavelength coverage was different in the three cases: about
430Å in the first case, 870̊A in the second, and 570̊A in the
third. Thus, in the case of the H 2400 B grid we needed two ex-
posures to cover the region of interest. Table 1 gives the stellar
identification, position, magnitude, spectral type, and the spec-
tral resolution obtained in the blue. Data are taken from Massey
& Thompson (1991).

The usual reduction procedure of bias subtraction, flat-field
division and wavelength calibration was applied using IRAF1.
The spectra were rectified using our own procedure written in
IDL in order to get normalized spectra that were compared to
the results of atmospheric models (see Sect. 3).

Fig. 1 shows the blue spectra of the observed stars. We see
the strong reddening in Cyg OB2 reflected in the intense IS
absorption features at∼4430 and∼4880Å. The stars were se-
lected in an attempt to cover a significant range in luminosity
and temperature on the HRD, but without aiming at a complete
sample.

3. Spectral analysis

Before doing the comparison with the theoretical model atmo-
spheres, we determined rotational velocities following the same
procedure indicated in Paper I. Rotational velocities are given in
Table 2 together with the parameters determined for each star.
We see that all O stars show low or moderate projected rota-
tional velocities. Furthermore, six out of the eleven stars have
very similar projected rotational velocities, between 120 and
140 km s−1.

1 The IRAF package is distributed by the National Optical Astron-
omy Observatories, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., under contract with the National
Science Foundation.
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Fig. 1.The blue stellar spectra. The relative fluxes have been arbitrarily displaced in steps of 0.5 for the sake of clarity. At the top, the main lines
used in the analysis are marked, together with the IS bands. Wavelengths are inÅ.

The parameter determination was made following the pro-
cedure pointed out in Paper I, based on the analysis of the lines
chosen in that work, namely Hγ , Hβ , Heiλλ 4387, 4922, 4471
and Heiiλλ 4199, 4541̊A. Here, we give an overview of the
method.

The spectral line profiles of H, He I and He II were compared
with the line profiles synthesized for a large set of NLTE plane–
parallel, hydrostatic model atmospheres calculated without line-
blocking (see Paper I for details). The models were calculated
from 25 000 to 50 000 K inTeff , in steps of 2 000 K, between
3.0 and 4.4 inlog g, in steps of 0.2 dex, and for two values of
the helium abundance by number,ε = 0.09 and 0.20 (where
ε = N(He)/N(He) + N(H)).

For each spectral line of H, He I and He II, we find the
combinations oflog g andTeff that best fit the whole line profile
(not only the equivalent width), and we plot the resulting fitting
curve in thelog g–Teff plane. The parameters of the star are
given by the intersection of these curves for all the lines used in
the analysis, which is ideally a single point for the right value
of ε, but actually it is an area of the diagram whose center we
assume to give the parameters of the star. The procedure is made

at the two helium abundances and an interpolation is made inε,
adopting theε with the smallest intersection region as the stellar
helium abundance. The size of the region of line intersection is
adopted as the intrinsic error of the parameters. Usually the
errors found are of± 1 500 K inT and± 0.1 in logg. There is
no strong dependence on resolution, because we use here only
the relatively broad lines of H and He.

Following these procedures preliminary parameters were
derived for each star. From here on we calculate new models
changingTeff , log g andε as the fits to the lines suggest, until
we find the best fit to the observed spectra, which gives us the
final parameters of the star.

In this second step of the analysis we decided to introduce
line-blocking in the model profile calculations. Line-blocking
was shown by Herrero (1994) to be responsible for the discrep-
ancy found in Paper I between theTeff values derived from
singlet and triplet Hei lines above 40 000 K. We have included
line-blocking in an approximate way by treating the metal pop-
ulations in LTE. As a result of the inclusion of line-blocking the
UV flux is diminished, and the model that best fits the profiles
differs from that calculated without line-blocking. A more de-
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tailed discussion can be found in Herrero et al. (in preparation).
The differences were always smaller than 1 500 K inTeff . All
these calculations were made without microturbulence, as the
results of Villamariz & Herrero (in preparation) show that the
inclusion of this parameter has only a minor effect for models
in the O-star region.

In Figs. 2 to 12 we present the comparison of the observed
and calculated profiles. With the parameters obtained we calcu-
late radii, luminosities and gravities corrected for the effect of
centrifugal forces and spectroscopic masses, in the same way we
followed in Paper I. The absolute magnitudes have been taken
from Massey & Thompson (1991).

The final parameters derived for the observed stars are pre-
sented in Table 2.

3.1. Comments on individual stars

Here we comment on some difficulties or inconsistencies we
have found in the data, the analysis or the results of each par-
ticular object.

Cyg OB2#22 The spectral-line fits of this star can be seen in
Fig. 2. The line fit is impossible for the singlet Hei lines. They
are too weak and get lost in the noise of the continuum. At this
high temperature, however, the Hei 4471 line should be reliable.
The preferred model has a moderate He enhancement. The age
we derive for this star is very low, even less than 1 Myr.

Cyg OB2#516 The star has been classified as O5.5 V((f))
by Massey & Thompson (1991). The reddening given by these
authors is very large, and thus the absolute magnitude derived
from the distance modulus is –6.89, much larger than that cor-
responding to its spectral classification. The discrepancy is less
worrying if we consider the low value found for the gravity,
more typical for a giant than for a dwarf. If Cyg OB2#516
has stellar parameters closer to typical giants than to dwarfs, its
absolute magnitude would be less than one magnitude brighter
than the canonical value for this spectral type (Massey, 1998,
gives –5.9 mag as theMv value of an O5.5 III star). Even then,
Cyg OB2#516 would be very luminous and would be among
the most luminous stars in the Milky Way. Such large depar-
tures from the correlation between spectral classification and
stellar parameters can be expected if the chemical composition
of the atmosphere is also non-standard. Interestingly enough,
Cyg OB2#516 is the only star in our sample for which we
have derived an enhanced helium abundance. The spectral-line
fit is relatively bad for Hei 4387, but trying to improve it would
not help to reduce the high helium abundance. Nevertheless,
this value is coincident with the predictions of the evolutionary
tracks by Schaller et al. (1992), which giveε= 0.14 for this star.
Thus, no helium discrepancy is found for this object. Also in-
teresting is that it does not show a clear mass discrepancy, and
that both the spectroscopic and evolutionary masses are close
to or above the 100M� value. The spectral-line fits can be seen
in Fig. 3.
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Fig. 2. The spectral-line fits for Cyg OB2#22. From left to right and
top to bottom, we show the fits of Hγ , Hei 4471, Hei 4388, Hei 4922,
Heii 4200 and Heii 4541 for the model withTeff= 47 000 K,log g=
3.60 andε= 0.12. Note that the vertical scale is different for different
lines.

Cyg OB2#8C The star has been classified as an O5 If star.
However, we derive a relatively high gravity, although the mass
discrepancy is large. The line fit of Hei4387 is again impossible,
and the continuum near Hei 4922 presents difficulties for the
rectification due to the strong IS absorption, so that the line has
not been used for the parameter determination. The spectral-line
fits can be seen in Fig. 4.

Cyg OB2#9 The spectral-line fits shown in Fig. 5 indicate that
the plane–parallel gravity could be slightly lower. The Hei sin-
glet lines have similar problems to those of#22 and#8C. There
is a problem with the distance of this star.Hipparcoshas mea-
sured a parallax of 2.48± 1.75 mas, corresponding to a distance
of 403 pc, with minimum and maximum distances of 235 and
1430 pc. On the other hand, Massey & Thompson (1991), in
agreement with other authors, give a distance modulus of 11.17
± 0.08, which corresponds to a distance of 1713± 65 pc. Thus,
there is some doubt that Cyg OB2#9 belongs to the cluster.
However, the reddening data are perfectly compatible with those
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Table 2. Parameters determined for the programme stars. The second column gives the spectral type. Temperatures are given in thousands of
kelvin; gravities are corrected for centrifugal force effects;ε is the helium abundance by number;V is the integral of the stellar flux overλ,
weighted by theV -filter function of Matthews & Sandage (1963), used to calculate stellar radii from the model atmospheres (see Kudritzki,
1980, or Paper I);Ms, Mev andM0 are the spectroscopic mass, the present evolutionary mass and the initial evolutionary mass, respectively.
The latter have been obtained from the evolutionary tracks by Schaller et al. (1992) for non-rotating stars.

Star S.T. Teff log g ε Vr sini V Mv R/R� log(L/L�) Ms Mev M0

22 O4 III(f) 47.0 3.61 0.12 125 –29.482 –6.69 22.7 6.36 76.2 118.7 131
516 O5.5 V((f)) 44.0 3.61 0.15 135 –29.449 –6.89 25.2 6.33 94.5 100.1 123
8c O5 If 48.0 3.77 0.09 145 –29.555 –5.61 13.3 5.93 37.8 73.1 74
9 O5 If 44.5 3.52 0.09 135 –29.390 –6.53 22.0 6.24 57.5 98.9 107
11 O5 If+ 43.0 3.42 0.09 120 –29.327 –6.51 22.4 6.17 47.5 80.7 94
29 O7 V 40.0 3.83 0.09 180 –29.390 –4.71 9.5 5.32 22.3 34.2 35
4 O7 III((f)) 39.0 3.52 0.07 125 –29.301 –5.44 13.9 5.60 23.2 42.1 44
20 O9.5 V 35.0 4.00 0.09 25 –29.221 –3.88 7.0 4.82 17.9 21.8 22
19 O9.5 III 30.0 3.02 0.09 75 –28.904 –5.41 16.4 5.29 10.3 26.7 28
10 O9.5 I 31.0 3.11 0.09 85 –28.930 –6.86 31.6 5.92 46.9 54.2 61
21 B0.5 V 34.5 3.90 0.09 30 –29.160 –3.58 6.3 4.70 11.4 20.2 21
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Fig. 3. The spectral-line fits for Cyg OB2#516, withTeff= 44 000 K,
log g= 3.60 andε= 0.15. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.
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Fig. 4. The spectral-line fits for Cyg OB2#8C, with Teff= 48 000 K,
log g= 3.75 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.
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Fig. 5. The spectral-line fits for Cyg OB2#9, with Teff= 44 500 K,
log g= 3.50 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

of all other stars in the cluster. Thus we prefer to assume that
Cyg OB2#9 belongs to the cluster.

Cyg OB2#11 The adopted model, with a logg of 3.40 could
not be brought to convergence. Instead, we show in Fig. 6 the
fit of the next converged model, withlog g= 3.45, all other pa-
rameters being the same.

Cyg OB2#29 The spectral-line fits are shown in Fig. 7. We
see that now the Hei 4922 fits slightly worse than the other two
Hei lines, but all three are consistent within the errors.

Cyg OB2#4 The derived He abundance isε= 0.07, slightly
lower than solar. Again, the main conclusion is that the star
does not seem to be He enriched, in spite of being an O giant.

Cyg OB2#20 The spectral-line fits are shown in Fig. 9. Only
Heii 4200 seems to show a problematic fit. The value of the
visual extinction,AV, given in Massey & Thompson (1991)
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Fig. 6. The spectral-line fits for Cyg OB2#11, with Teff= 43 000 K,
log g= 3.45 (although the best fit is withlog g= 3.40, see text) andε=
0.09. The order of the lines shown is the same as in Fig. 2. Note that
the vertical scale is different for different lines.

corresponds to anR value of 2.42, much lower than the standard
value or the average value of 3.0 derived from all other Cyg OB2
stars (see Table 7 in Massey & Thompson, 1991). This low
value leads to an absolute magnitude of –3.06, which would
correspond to a much cooler star (later than B1 V). This would
again lead to very small values of the radius and mass. Massey
& Thompson (1991) do not discard the star as a member of Cyg
OB2. Thus we have adopted the average value ofR = 3.0 and
derived all values from here. The obtained values, which we
could define asnormal for an O9.5 V star, are those given in
Table 2.

Cyg OB2#19 The spectral-line fits are shown in Fig. 10. In
spite of the low gravity, the fit is consistent with a normal
He abundance. Furthermore, if we try to give more weight to
Hei 4387 (taking into account that this line is only weakly af-
fected by microturbulence, see McErlean et al., 1998, and Smith
& Howarth, 1998), the helium abundance would be lower. This
case is similar to others found in Paper I, where Hei 4922 was
preferred to Hei 4387 because this last would indicate He abun-
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Fig. 7. The spectral-line fits for Cyg OB2#29, with Teff= 40 000 K,
log g= 3.80 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

dances lower than solar. The important point for the present
analysis is that the star, being a late O supergiant, is not helium
enriched.

Cyg OB2#10 As for Cyg OB2#19 we have chosen the best
fit given by Hei 4922 (see Fig. 11). Again, this will not affect
the conclusion that the star is not He enriched.

Cyg OB2#21 The spectral-line fits are shown in Fig. 12. Only
the Heii 4200 line seems to be slightly problematical.

4. Discussion

In Paper I a correlation was found between the mass discrepancy
and the distance from the Eddington limit. This correlation was
attributed to the use of plane–parallel, hydrostatic models, and
thus it is not surprising that we find it again in the present data, as
can be seen in Fig. 13. As has been said in the introduction, the
inclusion of sphericity and mass loss in the models significantly
reduces the mass discrepancy (see Herrero et al., 1995, and
Herrero et al., in preparation, for more detailed discussions).
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Fig. 8. The spectral-line fits for Cyg OB2#4, with Teff= 39 000 K,
log g= 3.50 andε= 0.07. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

Thus we will not investigate the mass discrepancy further here.
Instead, we will concentrate on the helium discrepancy.

The easiest way to show that the helium enhancement is
related to the rotational velocity would be to find a tight cor-
relation between rotational velocity and helium abundance, or
better, betweenω = Ω/Ωcrit (whereΩ is the equatorial angu-
lar velocity at the stellar surface andΩcrit is the corresponding
break-up velocity, including the effect of radiation pressure, for
which we have used the approximate expression VII.7 given in
Kudritzki, 1988), which is the parameter affecting the stellar
evolution (see Meynet & Maeder, 1997, Maeder, 1997, Maeder
& Zahn, 1998) and the helium abundance. In Fig. 14 we have
represented the values we have obtained here and in Paper I,
plus values from Herrero et al. (1995), Herrero et al. (in prepa-
ration) and Israelian et al. (priv. communication). It is difficult
to see any correlation.

However, with stars taken from different clusters and from
the field this would be very hard. To illustrate this point, let
us imagine that there exists a clear relation between helium
abundance andω of the form

ε = a0 + a1ω + a2ω
2.
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Fig. 9. The spectral-line fits for Cyg OB2#20, with Teff= 35 000 K,
log g= 4.00 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

To find the coefficients of the formula let us arbitrarily as-
sume that the stars with the largerω at a givenε in the data of
Fig. 14 have a negligible projection effect. Then we obtaina0 =
0.10,a1 = -0.12 anda2 = 0.39.

Now we try to determine the real distribution ofω among
the O stars. For this, we take advantage of the data of projected
rotational velocities published by Howarth et al. (1997). For
those stars with good data and known spectral type, we con-
struct the distribution function of observed projected rotational
velocities. The spectral types are then used to calculateωsin(i)
using the calibration of stellar parameters versus spectral type
given by Howarth & Prinja (1989). (We have to use this cali-
bration because we do not have individual data for all the stars
considered). Then we use Lucy’s algorithm (Lucy, 1974) to ob-
tain the intrinsic distribution ofω under the assumption that the
stellar rotational axes are randomly distributed in space. Fig. 15
illustrates both the observed and the intrinsic distributions.

Having the intrinsic distribution ofω we generate a sam-
ple of 10 000 points according to such a distribution and use
the expression above to assign them helium abundances. In this
form we have a simulated sample of O stars that we now project
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Fig. 10.The spectral-line fits for Cyg OB2#19, withTeff= 30 000 K,
log g= 3.00 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

according to a random orientation of their rotational axes with
respect to our line of sight. The resulting diagram of helium
abundances versusω sin(i) is shown in Fig. 16. It is easy to see
that if we pick up a few stars at random (i.e., not chosen because
of their velocities or helium abundances) we will end up with
a distribution similar to that from Fig. 14. In addition, effects
like progressive enrichment (mixing does not necessarily occur
instantaneously, the He enrichment needs time to appear) and
rotational velocity changes (see for example Langer & Heger,
1998a, b) are very likely and will tend to hide the original de-
pendence. Of course, Fig. 16 is not a proof of any law relating
ε andω, but shows that the observed data are not incompatible
with such a relation.

Our Cyg OB2 sample consists of eleven stars, seven of which
had been classified as giants or supergiants. None of the last has
shown the enhancement in the helium abundance that was found
in Paper I for this kind of stars, although we have followed the
same techniques and criteria (except for the inclusion of line-
blocking effects, which does not affect the results beyond the
error bars, see Herrero et al., in preparation). In view of the
above discussions concerning the helium abundances and rota-
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Fig. 11.The spectral-line fits for Cyg OB2#10, withTeff= 31 000 K,
log g= 3.10 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

tional velocities, this is a very interesting result. In addition, the
only star for which we derive a helium enhancement is classified
as luminosity class V (although its gravity and other properties
would allow us to include it among the giants, see the notes in
the preceding section). This star seems to be extremely lumi-
nous, and thus it could be that the enhanced helium is an effect
of a faster evolution. This possibility is confirmed by the fact
that the evolutionary tracks of Schaller et al. (1992) predict a
surface helium abundance ofε= 0.14 for this star. We should
note, however, that a larger efficiency of a hypothetical mixing
mechanism would also increase the abundance. Interestingly,
the only other one star for which we find indications of he-
lium enhancement is also very luminous. We can see in the HR
diagram of Fig. 17 that both stars lie close to each other, and
that they are the most luminous stars in the sample. Also their
projected rotational velocities are similar.

The most promising working hypothesis we can think of
is that the low rotational velocities or the youth of the stars in
Cyg OB2, or both combined, are avoiding the effect of mixing
mechanisms on the surface helium abundance, and that only for
the most luminous stars are these mechanisms efficient enough
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Fig. 12.The spectral-line fits for Cyg OB2#21, withTeff= 34 500 K,
log g= 3.90 andε= 0.09. The order of the lines shown is the same as in
Fig. 2. Note that the vertical scale is different for different lines.

Fig. 13.The mass discrepancy in Cyg OB2 with the data from Table 2.
The stars that could be helium enhanced are represented by an asterisk
(Cyg OB2#516) and a triangle (Cyg OB2#22); stars with normal
helium abundances are represented by filled squares.
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Fig. 14.The helium abundance plotted against the observed projected
fractional angular velocity (ω = Ωsin(i)/Ωcrit); for stars analysed in
Paper I, in Herrero et al. (1995, in preparation) and here

Fig. 15.The observed distribution ofω sin(i) compared to the intrinsic
one. Observed rotational velocities (projected) are taken from Howarth
et al. (1997), and the spectral type–stellar parameters calibration of
Howarth & Prinja (1989) has been adopted. The inversion has been
performed with Lucy’s algorithm (Lucy, 1974).

or the evolutionary timescales short enough to affect the photo-
spheric abundances. However, it is impossible to demonstrate
these hypotheses with only the present data for Cyg OB2, and
we will need to explore more galactic OB associations before
reaching firm conclusions.

Note that, except for the approximate inclusion of line-
blocking effects, we have not changed or improved our model
atmospheres with respect to the calculations in Paper I, nor have
we changed the reduction and analysis techniques. Thus, all the
cautionary remarks made in Paper I, in the sense that we can-
not discard the possibility that the helium discrepancy is due to
deficiencies in the model atmospheres or in the spectroscopic

Fig. 16.Simulation of the dependence of the helium abundance on the
projected rotational velocity for stars following the law given in the
text. Compare the results of randomly picking up a few stars from this
figure with the observed distribution from Fig. 14.

Fig. 17.The HR diagram of the stars analysed in Cyg OB2. The cross
at the bottom left corner represents error bars. Numbers in the diagram
represent initial evolutionary masses. Tracks are from Schaller et al.
(1992) for non-rotating stars.

analysis techniques remain valid. What we can state is that the
present data are compatible with the hypothesis that mixing pro-
cesses probably related to rotation are present in massive stars
and in some cases strongly influence their early evolutionary
phases.

Finally, let us say a few words about the association. From
the points in Fig. 17 we see that Cyg OB2 contains some very
young stars, with initial masses above 100M�. Indeed, if we
derive the age from these stars, we would see that their posi-
tions are compatible with an age of about 1.0–1.5 Myr. (derived
from the tracks by Schaller et al., 1992), much younger than the
minimum age of 3 Myr. given by Torres-Dodgen et al. (1990)
for Cyg OB2. However, as we see in Fig. 17, a few of the stars
(Cyg OB2#10 and#19) suggest a greater age, of 3–5 Myr. We
should point out that we have not seen signs of binarity in the
spectra of these last stars that could alter their evolution. This is



552 A. Herrero et al.: Fundamental parameters of galactic luminous OB stars. III

consistent with the finding by Massey & Thompson (1991) that
the stars in Cyg OB2 cannot be strictly coeval. Thus, it would be
more correct to conclude that our data give an age of between 1
and 5 Myr for the massive stars in Cyg OB2 if we apply models
for non-rotating stars.

5. Conclusions and future work

We have presented observations and analyses of 11 stars in Cyg
OB2, a very young OB association. Seven of the stars were
previously classified as luminosity class III or I, and we think
that one more, Cyg OB2#516, could also be classified as giant.

We find that the rotational velocities of the Cyg OB2 stars
are all moderate (for O stars), a fact that could be very useful
for investigating the helium discrepancy.

Only the most luminous stars in Cyg OB2 show indications
of helium enhancements, but without showing a He discrep-
ancy (i.e., the He abundances obtained from the spectroscopic
analysis and from the evolutionary tracks agree). As a working
hypothesis, we attribute this difference with the results found
in Paper I to the moderate projected rotational velocities of the
stars in Cyg OB2 and their low age. We cannot, however, conclu-
sively demonstrate this hypothesis, and more analyses in other
associations with a range in age and rotational velocities will be
needed.

We confirm that Cyg OB2 is an association rich in massive
stars. We find that three of the analysed stars have initial evolu-
tionary masses in excess of 100M�, with spectroscopic masses
that greatly exceed 50M�. The association is very young, and,
applying evolutionary models for non-rotating stars, we find that
there is an age spread in the massive stars of Cyg OB2 between
1 and 5 Myr.

No progress has been made here in explaining the mass
discrepancy or in discarding the possibility that the helium
discrepancy is due to deficiencies in any of the stages of
the spectroscopic analysis. For this, we still have to improve
our model atmospheres to include line-blanketing, sphericity,
mass loss and turbulent motions in a self-consistent way.
Different authors have already incorporated some of these
effects in their models (see Sellmaier et al., 1993; Schaerer &
Schmutz, 1994; Hubeny & Lanz, 1995; de Koter et al., 1997;
Santolaya–Rey et al., 1997) and future analyses will have
to consider a larger space of parameters. However, present
data are compatible with the hypothesis that mixing processes
probably related to rotation are present in the massive stars and
strongly influence in some cases their early evolutionary phases.
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