Astron. Astrophys. 354, 193-215 (2000) ASTRONOMY
AND
ASTROPHYSICS

Fundamental parameters of Galactic luminous OB stars

IV. The upper HR diagram*

A. Herrero 12, J. Puls’, and M.R. Villamariz !

! Instituto de Astroisica de Canarias, 38200 La Laguna, Tenerife, Spain
2 Departamento de Astrigfica, Universidad de La Laguna, Avda. Asteiéo Francisco &1chez, s/n, 38071 La Laguna, Spain
3 Universifats-Sternwarte Mnchen, Scheinerstrasse 1, 81678rlghen, Germany

Received 15 June 1999 / Accepted 9 November 1999

Abstract. We present observations and analyses of sevearticular H,, becomes doubtful. For the most extreme objects,
Galactic O stars of type O6 and earlier. The analyses are cartieel mass—loss rates needed to fji &e different from those
out using NLTE plane—parallel, hydrostatic models as well ageded to fit H, by a maximum factor of two.

NLTE spherical models with mass-loss. With detailed calcula- From the point of view of individual stars, we have analysed
tions for the former and simulations for the latter, it is showsome of the most massive and luminous stars in the Milky Way.
that the flux blocking due to UV metal lines is important foAccording to our analysis, three of them (Cyg OBZ, HD
these objects, in agreement with previous studies, and the Wi&5670 and HD 15 558) have particularly large initial masses,
the mechanism operates is explained. We find that the plamdese to or in excess of 100[,. Finally, the least luminous
parallel, hydrostatic unblanketed model atmospheres have dbject in our sample, HD 5689, could have been erroneously
creasing difficulties in fitting the early-type spectra of massiassigned to Cas OB7 and might be a runaway star.

stars, and for 50 000 K and above a fit seems to be impossible.

The gravities derived are relatively low even for the luminositiley words: stars: atmospheres — stars: early-type — stars: evo-
class V stars. These objects also show the mass discrepdatign — stars: fundamental parameters — stars: mass-loss
found in earlier studies, indicating that sphericity and mass-loss

are important, even at their higher gravities. We then perform

an analysis using spherical models with mass-loss. It is found

that gravities should be increased by 0.1-0.25 dex, reducing, butntroduction

not solving, the mass discrepancy. We show that spectroscopic . . .

masses are in better agreement with the theory of radiativiSsive hot stars are relevant objects in many areas of as-

driven winds than evolutionary masses are. A helium abundaf@Physics. They are the main sources of photoionization of
larger than solar is also obtained for most objects. their surrounding interstellar medium, and they contribute to the

Some additional effects (partly related to present appro)tahemical and dynamical evolution of the host galaxy through

mations) that have an influence in our analyses are studied. {igir Stellar winds and supernova explosions. They are also the
found that Ha1 A4200 is less sensitive to details of the moddir€cursors of Wolf-Rayet stars and LBVs and constitute excel-

calculations than He \4541 and thus it is preferred for tempe!ent probes of evolutionary models. For these reasons, advances

rature determinations, with the consequence of lower effecti\?ielc(’j”r understahndim of these objects have an impact on other
temperatures. It is shown that the fits to 1184686 are im- fields of astrophysics.

proved when the upward rates of the Heesonance lines are " SPite of all this, few attempts have been made to analyse
reduced (with respect to the conventional treatment adequagSS'Ve OhStaLS quaﬂtltat]lcvely. The most comprﬁhenive study
for lines formed in expanding atmospheres), either by settil{f 10 oW has been that of Herrero etjal. (1992, hereafter Paper

them in detailed balance or by artificially adding extra opacifyr W0 analysed 24 stars from spectral types BO to O5. De-
sources that simulate line blocking. The Hiblend with H, is tailed quantitative analyses of massive stars of early spectral
also affected. type have been even more scarce. Conti & Friost (1977) first

Some stars of our sample have such high mass—loss rép&de a systematic analysis of the earliest spectral types, com-

that the derivation of gravities from the wings of Balmer lines, ifa"ing with theoretical predictions by Auer & Mihalas (1972),
but only for gravities ofog g= 4.0. Later, Kudritzki[(1980) stu-

Send offprint requests té. Herrero died HD 93250, an O3 V star, using models similar to those of
* The INT is operated on the island of La Palma by the RGO in tfdUer & Mihalas [1972), and Kudritzki et al. {1983) studied the
Spanish Obervatorio de El Roque de los Muchachos of the Instituto®RRectrum of¢ Pup and showed that the star has a low gravity
Astrofisica de Canarias. (of the order oflog g= 3.5) and a high helium abundanece (
Correspondence tahd@ll.iac.es N(He)/(N(H)+N(He))= 0.14). Kudritzki & Hummer[(1990)
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list 15 stars earlier than spectral type O6 (only three clasSect[#), this first step is needed for the subsequent application
fied as supergiants), with parameters determined using the safmore sophisticated models, which will use the experience
methods. Puls et al. (1996) list 22 stars earlier than O6 in thained and the parameters obtained as input. An analysis of
Milky Way and the Magellanic Clouds, still taking advantagéne-blocking effects is mandatory here, as it has been seen to
of the optical analysis, but already incorporating the effects béve an influence for the higher temperatures.
sphericity and mass-loss. Pauldrach etal. (1993) analysed Mel-Then, we will repeat the analyses using spherical models
nick 42 and; Pup, using only the UV spectrum, and Taresch &tith mass-loss, and present the study of some effects that both
al. (I997) made a very detailed analysis of HD 93 129A usimgn influence the determination of stellar parameters and that
the UV and FUV spectrum. Finally, de Kotér{1998) has usenll help us to gain new insight into the physics of these stars.
the UV Ov line at 1371A to determine the temperature of veryHaving these parameters determined, we can try to establish
hot stars in R136a. conclusions with respect to the use of different model atmo-

All these studies have revealed a number of problems in thgheres and techniques for the analysis of very early spectral
analyses of these stars, related to our incomplete understagdes. We will compare the results of the spherical models with
ing of these objects. In Paper I, the so—called helium and masass-loss with those from plane—parallel, hydrostatic model at-
discrepancies, already presentin the previous literature (see Kwspheres as well as with the results obtained using the some-
dritzki et al.[1983; Voels et &l. 1989; Groenewegen €t al. 1988hat approximate technique employed by Puls ef al. (1996).
Herrero et all_1990) were shown to be systematic. These referin Sect 2 we present the observations. The effects of line-
to the discrepancy in the values of the stellar mass and the phlwcking in plane—parallel models are treated in $éct. 3 and the
tospheric helium abundance obtained from the analysis of #mectral description and plane—parallel analysis are considered
spectrum using state-of-the-art model atmospheres and evatuSect[4. Sedt]5 shows the analyses performed with spheri-
tionary models. The explanation of these discrepancies is stéll models with mass-loss, while Sédt. 6 contains a qualitative
unclear (for recent working directions, see Howarth 1998). study of some effects of interest which explain some difficulties

In Paper | we already noted the correlation between the méssnd in the preceding section. Then we present our discussion
discrepancy and the distance of the star to the Eddington linfect[T) and conclusions (Sédt. 8).
indicating that the plane—parallel geometry and the hydrostatic
equilibrium gssumptlon could be the reason for thg low sftell I The observations
masses derived. However, the use of wind techniques in the
same work already indicated that the discrepancy could be Fée observations were carried out with the 2.5 m Isaac Newton
duced, but not solved, by including mass-loss and sphericitglescope at the Roque de los Muchachos Observatory on La
effects. This was later confirmed in an analysis of HDE 226 8&&Ima during two different observational runs, in 1991 Septem-
(Herrero et al. 1995), where the authors used Unified Model &er and 1992 August. We have observed the spectral region
mospheres to determine the mass of this star, the optical cobetween 4000 and 5008, and the region around H The In-
terpart of Cygnus X—1, by combining the spectroscopic anakgrmediate Dispersion Spectrograph was used with the H 2400
sis with the orbital data. A similar result has been obtained Bygrid in the blue and the H 1800 V grid in the red, attached to
Israelian et al.[{1999) in an analysis of HD 188 209. The ifhe 235 mm camera, which resulted in spectral resolutions of 0.6
clusion of mass-loss and sphericity did not seem to have aayd 0.8A, respectively, measured on the Cu—Ar arc. The main
effect on the helium discrepancy either (Herrero ef al. 1998ifference between both runs was the size of the CCD detector,
in spite of the variations that strong winds could introduce mith a Igrger wavelength coverage per exposure @tstead
the helium profiles as compared to static, plane—parallel atng$-220 A in the blue) during the second run. Table 1 gives the
spheres (Schaerer & SchmUtz 1994). One of the reasons for gh@lar identification (usually the HD number), star name, OB
weak influence was the fact that the study in Paper | was li@ssociation to which the star belongs, spectral type and the night
ited to spectral types of O5 or later, because it was found ti@twvhich the stellar spectrum was obtained.
above 40 000 K the neutral helium singlet and triplet lines gave The reduction of the data was done following standard pro-
different stellar parameters. Herrefo (1994) suggested that tslures. We used both IRB&nd own software developed in
was due to the neglect of the so-call@te-blocking the UV IDL. The latter was also used for the spectral analysis. The S/N
background opacity due to metal lines, during the line formégatio of the reduced spectra depends on the spectral range, but
tion calculations. Also the inclusion of microturbulence in thede usually about 200 in the Hregion.
calculations can reduce this difference (McErlean €f al. 1998;
Smith &_Howarth 1998; Villamariz & Herrero, in prep.). 3. Line blocking in plane—parallel models

In this paper we study a few stars of early spectral type in
an attempt to cover several objectives. First, we would like t6 Paper|we found thatthe Hsingletandtripletlines of O stars
extend our sample from Paper | towards earlier spectral tyge¥ter than 40 000 K indicated different stellar parameters when
ar.1d thus cover the whole region of mter?St in the HR dlagr.am The IRAF package is distributed by the National Optical Astro-
with plane—parallel analyses to see their complete beh"’“/'orlrgmy Observatories, which is operated by the Association of Universi-

Although the plane—parallel models will have difficulties in €xges for Research in Astronomy, Inc., under contract with the National
plaining even the optical spectrum of these very hot stars (S&8ence Foundation




A. Herrero et al.: Fundamental parameters of Galactic luminous OB stars. |V 195

Table 1. Journal of observations. September dates refer to 1991, and August dates to 1992. The night of 9/10 August was dedicated to
H.. observations. All spectral classifications are taken from Wallorn (1972| 1973), except that of HD 5689, which is taken from Garmany &

Vacca (1991). Properties indicated in the last column have been taken from Mason et &l. (1998)

Order Identification Spectral Type Name  Assoc. Observing nights Notes
1 CygOB2#7 O3If Cyg OB2 6/7,9/10 Aug
2 HD 15570 o4 1f Cas OB6  6/7/8,9/10 Aug
3 HD 15629 O5 V((f) Cas OB6  28/29 Sep; 7/8, 9/10 Aug
4 HD 15558 O5 llI(f) Cas OB6  28/29 Sep; 9/10 Aug binary
5 HD 14947 o5 If PerOB1  28/29 Sep; 9/10 Aug
6 HD 210839 06 I(n)fp ACep CepOB2 28/29 Sep; 9/10 Aug runaway
7 HD 5689 o6V Cas OB7  8/9, 9/10 Aug
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used for the determination of stellar temperatures. Following thensiderable fraction of the flux has been blocked. This energy
results of Pauldrach et al. (1993), who stressed the importamdl appear at other wavelengths. However, as most of the flux
of line blocking for the wind ionization structure and emergemscapes between 912 and 2 0B0this has no real influence
flux, Herrero (1994) showed that this difference is considerabigdward of 912A. It has to be pointed out that Fig. 1 is only
reduced when UV metal line opacity is included. The authdlustrative. It is not the emergent flux which is important here,
attributed this to the different effect of the modified UV radiatiobut the mean intensity of the radiation field at the depths where
field on the Ha occupation numbers. However, no further proadhe Her continuum becomes optically thin. The effect, however,
was given there. is similar.

Here we want to discuss in a more detailed way the effect of The most important effect is produced in the occupation
this line blocking, as it is important for the analysis of the starmimbers of the ground level of HeAs a consequence of the
listed in Tabld. flux blocking, the ionization from this level (its ionization edge

We have included the line list of Pauldrach etlal. (1993) bées at 504A) is considerably reduced, and its population largely
tween 228 and 914. In this region the ionization of Heand increases (see Fig. 2). This does not have any noticeable effect
H takes place. Thus, we can expect an effect on the occupatmother ionization stages, since Hgvery scarcely populated.
numbers of these two ionization stages. The line list comprisEise lower level of the He A\4387, 4922 singlet lines, the 2p
roughly 14 000 lines from 26 different elements and 137 ioniz&#° level, is directly connected to the ground level (which also
tion stages taken into account in the stellar wind NLTE calculbelongs to the singlet system) through a radiative transition at
tions by Pauldrach et al. (1993). We calculate their occupati64 A, and thus partially follows their changes and also in-
numbers in LTE. Although this is a rough approximation, wereases its population. On the contrary, the lower level of the
expect that its inclusion will already give us the major part dler \4471 triplet line (the 29 P° level) is only weakly or indi-
the effect. rectly coupled to the Heground level. In addition, the ground

We will use a model af.gz = 40000 K,log g = 3.40 and level of the triplet system (to which ZP? is strongly coupled)

e = 0.09 to illustrate the effects of line blocking. In Fig. 1 wes dominated by its ionization and recombination at around 2600
plot the emergent flux between 228 and #12swe cansee, a A, and it is not affected by the line-blocking. As a result, the
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Fig. 2. The changes in the occupation num-
bers of the ground level of Héfull line), the
lower level of the singlet lines HeEAA4387,
4922 (2p' P°, dashed line) and the ground
level of the triplet line He 24471 (25 P°,
dashed-dotted), and the formation depths of
the line centers and the continuum. Negative
numbers mean that the atomic level pop-
ulations calculated with line-blocking are
larger. The peak near log = —-2.5 is a nu-
merical artefact in the convergence of the
model without line blocking and does not
appear in other models. The model parame-
LOG (MASS COLUMN) ters are the same as in Fig. 1.
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Fig. 3. The helium line He \4387 with and without line-blocking Fig. 4. As Fig. 3, but for the He A\4471 line.
(solid and dashed lines, respectively) for the same model parameters
as in Fig. 1. Ha A\4922 behaves the same way.
second one, and thus this line should be preferred for analyses
at high temperatures. At lower temperatures and gravities, how-
behaviour of 2p° P follows that of the He ground level to a ever, and due to the so-calldifution effecin this line, the use of
much lesser extent than does the'RY level (as do all triplet the singlet lines is preferable, even if the calculations are made
levels compared to their singlet counterparts). We can see thighout line-blocking. This effect refers to the fact that the fit of
behaviour in Fig. 2, where we have additionally marked the fahe Her A4471 line becomes worse when going from dwarfs to
mation depths of the center of the He\ 4387, 4922 and 4471 supergiants, while the rest of the lines retain a good fit quality
lines and the continuum. We can see that the populations of thésee Voels et al. 1989). Although still not completely clarified,
levels increase over the whole region of formation, the chand&sith & Howarth [1998) recently claimed that microturbulence
being larger for the 2pPY level. In addition, the formation re- could be the cause.
gion of the singletlines is more extended than in the case without At lower temperatures or larger gravities, collisions play a
line-blocking (an effect that is not seen in the figure). The comatronger role, and the effects of line blocking are lower. This ex-
bination of larger changes over a larger line formation regigtains the behaviour of the corrections to the stellar parameters
produces the stronger variations of the singlet lines compafednd by Herrerol(1994, especially Fig. 3) when including line-
to the triplet one. blocking, and basically consist of obtaining lower temperatures
Figs. 3 and 4 show the variations in the line profiles ofiHavhen line-blocking is not taken into account. The amount of the
AN4387, 4471. We see that the changes are much less in ¢beection will depend on the model temperature at a given gra-
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Table 2. Parameters determined for the programme stars using plane—parallel models. Note that the parameters ofZyg@BiD 15570
are only indicative, and could not be determined with the plane parallel models. Temperatures are in thousands 8f Kéldnand M, are

respectively, the present spectroscopic and evolutionary masses, and the initial evolutionary mass, in solar units. The last column indicates

whether we have formally a mass discrepancy considering an error of 0.22 MJpd( sini andv,,q are given in km s*. Semicolons in
vraa indicate that the uncertainty in this value is larger tHe20 kms™*

Star Vraa  Tet logg € V. sing 1% My R/Rs log(L/Lo) M M., My Mdiscr.?
CygOB2#7 +35 510 3.66 0.12 105 —-29.655 -6.20 16.7 6.23 46.2 111.8 114 Yes
HD 15570 -20 50.0 3,51 0.15 105 —-29.553 -6.73 22.0 6.44 51.1 139.1 142 Yes
HD 15629 -50 48.0 3.81 0.09 90 —-29.571 -5.52 12.7 5.89 375 69.9 71 Yes
HD 15558 -35 46.5 3.71 0.07 120 —-29.512 -6.28 18.5 6.16 63.8 91.7 97 No
HD 14947 -35: 45.0 3,53 0.15 140 -29.415 -5.69 14.8 5.91 26.5 65.8 68 Yes
HD 210839 -70 415 3.47 0.25 250 -29.357 -6.17 18.9 5.98 38.7 67.0 71 Yes
HD 5689 -65 40.0 3,57 0.25 250 —-29.337 -4.19 7.7 5.13 7.8 30.1 31 Yes
5[ I I T T 7
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- 4 Fig.5.The blue stellar spectra. The
T T T relative fluxes have been arbitrarily
4000 4200 4400 4600 43800 5000 displaced in steps of 0.5 for the sake
WAVELENGTH of clarity. Wavelengths are iA.

vity, being larger for higher temperatures. It has to be stressed, Before performing the comparison with the theoretical
however, that the corrections are large only if we use the singhebdel atmospheres, we have corrected the spectra from radial
lines for the temperature determination without line—blockingelocity displacements. Correction for the radial velocities is
Using the triplet line results in a smaller temperature than usucial in the very early type stars, because the H and He lines
ing the singlet ones (by 500-1 000 K at temperatures aroucmmmonly used for the spectral analysis may be contaminated
45000 K). Gravity and helium abundance do not significantlyy wind effects that fill their red wings. However, these correc-
vary, although sometimes variations of the parameters withions are particularly difficult: the cores of strong lines may be
our typical error boxes#0.1 in log g and £0.03 in helium affected by the wind and only a few weak metal lines are present.
abundance) have been adopted in the course of the parami@taation adds a new handicap, as it broadens lines, making them
determinations. shallower and favouring blends. In addition the limited spectral
range of each single frame limits the number of suitable lines
) on individual spectra. Thus the first difficulty is to find a set of
4. Spectral analysis _ lines appropriate for the measurement of the radial velocity.
using plane—parallel, hydrostatic models We have discarded all H and He lines. This is already nece-

Fig. 5 shows the spectra of all observed stars between 4000 8@y Since sometimes we can see a trend in the measured radial
5000A, whereas Fig. 6 shows the spectra around H velocity with the excitation potential of the line, indicating that
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the line cores are formed in higher layers moving faster as t§&, My has been taken from Massey & Thompson (1991),
excitation potential decreases. and for HD 5689 has been taken from Garmany & Stencel

Thus the radial velocity correction is based on lines of $1992). The evolutionary masses have been obtained from the
(Sitv and Sirn), N (N v, N1v and Niir), O (O1) and C (Ci). — evolutionary tracks by Schaller et al. (1992).
Sometimes, a few lines are in emission and not in absorption. Except for the line-blocking, the models are the same ones
These lines are used only if they give results concordant witked in Paper |. These are H/He,, plane—parallel models, in hy-
the rest of the metal lines (usually, this is the case). The typicabstatic and radiative equilibrium. The line fit is also made in
uncertainties we obtain ate20 km s!, which is about half of the same way. We first fit H obtaining the best gravity at a
the spectral resolution. This large error is due to the existergieenT,s. The same procedure is followed for the helium lines,
of only a few lines, in addition with broad cores, and reflece a normal He abundance (i.e., 0.09 by number). The locus
the dispersion in the individual values. Within these limits, wethere all lines intersect in the 168.4— log g diagram is taken
have sometimes displaced the fitted lines (also in the analyassgiving the stellar parameters. If the lines do not intersect, the
with spherical models), when it was clear that this was the ortglium abundance is changed. The helium abundance giving the
way to obtain a good fit. Table 2 lists the radial velocities in th@mallestintersection region is adopted as the one appropriate for
kinematical Local Standard of Rest. the star. In previous studies, the helium lines used wene ke

We then determined rotational velocities following the sam#b41, 4200 and HeA)\ 4387, 4922, whereas He\ 4471 was
procedure as indicated in Paper |. Our values compare well witked only for dwarfs or high-temperature stars. As this is the
those by Penny (1996) and Howarth et/al. {1997) for objectsdase in the present study, this is the line we use here. In addition,
common (see discussion about individual objects). Rotatiorial the reasons explained before, we give it a larger weight than
velocities are given in Table 2 together with the parametdiy the singlet lines.
determined for each star. In this table, temperatures are givenThe errors are similar to those quoted in Paper |, witth00
in thousands of Kelvin; gravities are corrected for centrifugll in T,¢, +0.1 inlog g and+0.03 ine. This produces errors
force effects (see individual discussions for model parametersf);+0.06,4+0.19 and+0.22 inlog(R/R), log(M /M) and
e is the helium abundance by number with respect to the totag(L/ L), respectively, when adopting an uncertainty-@¥.3
number of H and He atomd; is the integral of the stellar mag for My, .
flux over A, weighted by thé/-filter function of Matthews & We now describe the line fits of each star independently,
Sandage (1963), used to calculate stellar radii from the modeld the spectral features, if appropriate. In Fig. 7 we show the
atmospheres (see Kudritzki 1980, or Papel); is the absolute theoretical HR diagram for these stars, with the parameters listed
magnitude. This has been obtained using the photometry amdable 2.
colours fromHipparcosfor HD 15570, HD 15 629, HD 15 558,
HD 14 947 and HD 210 839 combined with the extinction laws
and distances from Garmany & Stencel (1992). For Cyg OB2
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4.1. HD 5689, O6 V

This is the only star for which we can clearly see lines ofiHe e
other than He \4471. Its line fit, shown in Fig. 8, is obtained
at T.g= 40000 K,log g= 3.40,e= 0.25 andV; sini= 250 km
s~1. The rotational velocity, however, is uncertain, as in this e
cases we only have the He lines (especiallyH&he given *
value can be seen as an upper limit to the projected rotationalks
velocity. We must correct for centrifugal force by adding the

term (‘/I'SInZ)2/R' Slnce the measured Value IS the eﬁ:eCtlve Ol840185 41;0 4‘\‘95 42‘00 42‘05 42‘10 42105;745530 45‘35 45‘40 45‘45 45‘50
gravity reduced by the centrifugal acceleration, which has to be Wavelength (Angstrom) Wavelength (Angstrom)
added here in order to derive the masses. Corrected for centrifig- 8. The fit to the spectral lines in HD 5 689 using the plane—parallel,
gal forces the gravity in Table 2 isg g = 3.57. As usual for hydrostatic models, with the parameters given in Table 2. From top to
fast rotators, the helium abundance obtained is very large. Tugtom and left to right: K, Hg, Her A\4387, 4922, Her A\4200,
radius, however, is very small, and the derived spectroscopfetl.

mass is much lower than the predicted evolutionary one. These

facts reflect certain problems in the set of parameters for this

star. The star has been classified as O6 V by Garmany & Vateaains. This case is very similar to the one we had in Paper |
(1991). This classification is not in complete agreement wifor HD 24 912, which is a known runaway star. Using the Oort
the star belonging to Cas OB7 (see Humphieys 1978, or Gasnstants given by Lang (1980), we obtain a peculiar velocity
many & Stencel 1992), since the absolute magnitude derivef39 km s~ for HD 5689, which, given our uncertainties, does
from the association distance corresponds to a less luminmas allow us to decide clearly whether it is a runaway or not, if
object than an O6 V star by one magnitude, which causes the adopt the conventional limit of 30 knt §for runaway stars.
small radius derived (see Table 5 of Vacca et al. 1996). The

situation is of course muph worse if, based on the low graw%z_ HD 210839, 06 I(n)fp

we associate this star with a giant and adopt parameters cha-
racteristics of a luminosity class Il object. Thus we have twbhis isA Cep, a well known fast rotator. The line fit (see Fig. 9)
possibilities: 1) the star is a main sequence star that belongsstobtained af . = 41 500,log g = 3.40,¢ = 0.25 andV; sini=

Cas OB7, with a smaller radius than usual for its spectral cl&50 km s™*. The rotational velocity is again uncertain and could
sification, in spite of the large rotational velocity; in this casdye lower, as we suggest later. This is also indicated by the values
the low gravity is difficult to explain, or the models are givingound by Penny((1996; 214 knt$) and Howarth et al[ (1997;

us completely wrong parameters for this star; or 2) the star 1289 km s!). With the centrifugal force correctiogg g in-
parameters typical for a luminosity class Il object. In this casereases to 3.47 (see Table 2). The line fit is the best agree-
the star would probably not belong to Cas OB7, although weent we could find between all the He lines. The parameters
have found no indications in the literature about this possibilitgre very similar to those of HD 5689, (except that now the
Other combinations of the above arguments are also possibhass discrepancy is only the usual factor 2) but the spectrum
but the question that something is non-standard with the ssfiows important differences. Cep displays Of features, and
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Fig. 9. As Fig. 8, for HD 210 839. Here we show Hea 4471 instead Fig. 10.As Fig. 8, for HD 14 947. Here we show He 4471 instead
of Her A 4922. of Her )\ 4387.

has strong emission in 4 This has to be attributed to the largeal. (1997). The spectral line fits are shown in Fig. 10. The star
difference in luminosity (see Fig. 7 and Table 2). In Fig. 7, HB an extreme Of (without being a transition object, see Conti
210839 occupies the position of an evolved luminous star, al-al. 1995), with a large emission iniN A\4630-40 and Ha
ready within the instability strip predicted by Kiriakidis et alA4686, and also in K. We can also begin to seeiSiA4116 in
(1993). In agreement with this locationCep is known to show emission and the N AA4604, 4620 lines in absorption. The line
profile variations due to non-radial pulsations, which howevét, shown in Fig. 10, can be considered as acceptable. The fit
are below the accuracy of our optical spectra (cf. Fullerton et af.the Her A\4922 line indicates that the predicted line is a little
1996, de Jong et al. 19099). (Note, that we have seen tempaoal strong as compared to the observations, but the difference
variations in the H profile which was observed several timess very small compared to variations of the line within the error
In contrast, however, two spectra taken in the region from 4280x. The He abundance is not as large as for the two previous
to 4600A showed no significant variations in the lines used farbjects, but is still larger than solar. The spectroscopic mass is
the spectral analysis.) Finally, let us remark that the IR spectrumore than a factor of two smaller than the evolutionary one.

of X\ Cep has been analysed recently by Najarro ef al. (1998),

who obtained parameters very similar to ours (except in the

temperature, for which they find a value lower by 4 000 K, sgeA' HD 15558, OS5 11I(7)

discussion). This star is a binary, but we expect the spectrum not to be conta-
minated, as it is a single component in a well separated system
(Mason et al-1998). The best line fit, shown in Fig. 11, is ob-
4.3. HD 14947, O5 If tained atT,g¢ = 46500 K,log g = 3.70,¢ = 0.07 andV; sini =

The spectral lines of this star are fittedlag = 45000 K,logg 120 km s!. The rotational velocity value agrees with the 123
=3.50,¢ = 0.15 andV; sini = 140 km s!, which agrees with km s~! of Howarth et al.[(1997) although it departs slightly
the value of 133 km's! given by Penny(1996) and Howarth efrom the one given by Penni (1996) of 147 km!s The Of
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fit is shown in Fig.12. We can see that the fit is good for the
wings of H, and Hz, and for Ha A4471 and Her A\4541, but

it is bad for Ha \4387, and also for HEA4922, that is not
shown in Fig. 12. We have given much less weight to these two
lines, however, because they are very weak and noisy. In the
case of He \4922, the local continuum has also been placed
too low. Correction of this would bring the calculated line into
agreementwith the observations. More worrying is the lack of fit
inthe Herr A4200 line. The fit of this line is bad, and comparable
to that of the Her A4686 line, for which we expect a bad fit with
Jroof 1 hydrostatic models. For this reason we preferred to give more
weight to the fit of Har \4541 than to HetA4200. In spite of

the large gravity and the luminosity class V, this star also shows
the mass discrepancy, which was not the case for less luminous
starsin Paper |, where we found no significant mass discrepancy
for stars of high gravities. This indicates the increasing role of
radiation pressure.

004l Peer 1 It is interesting to note the case of HD 15629, HD 14 947
and HD 210 839. Within our error bars, these stars could rep-
resent different evolutionary stages of a star of initially around
70 M, following standard evolutionary tracks with mass loss
but without rotation. Within this scenario, it is impossible to
explain the higher He abundances of the two cooler stars. This
can be an indication that rotation plays a strong role in stellar
evolution, since there is no other known mechanism that might
substantially modify the atmospheric He content of a single star
like HD 15629 in only two Myr. (Another possible scenario
for an increased He abundance, close binary interaction, can
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0.80 b 0.75 : : : : most probably be discarded in the case of these three particular
4185 4190 4195 4200 4205 4210 42154530 4535 4540 4545 4550 . .
Wavelength (Angstrom) Wavelength (Angstrom) objects, see Mason et A1..1998). Turning the argument around,
Fig. 11.As Fig. 9, for HD 15558. if rotation does not play a significant role in the evolution of

single massive stars, HD 15629 could become rather similar
to first HD 14947 and then HD 210839 in one to two Myr.

features are weaker than in the previous star, as is the emis$idtortunately, we cannot wait to confirm this hypothesis.

in Sitv A4116, but note that the gravity is now larger. The line

fit with hydrostatic models is very difficult. Only the wings of4 6. HD 15570, 04 I

H, and H; are fitted, together with He A\4541. The singlet _ ) . .

Her lines are again too weak and noisy, but in this case al$Bis star is hotter than the former one, and its Of signatures
Her A4471 cannot be fitted. We cannot simply attribute the didr€ Stronger (again, without being a transition object, see Conti
tortion in the blue wing of He A4471 to binarity. If this were €t al.[1995), indicating a lower gravity. This is confirmed by
the case, we should see the singlet lines too (if the companiBiPection of the Balmer series, especially thegofile, which

is relatively cool) or distortions in the Helines (if the com- IS Strong in emission. From 4600 to 4780we see a broad
panion is relatively hot). The lack of a good fit in any Hame ~€mission feature with emission lines typical of Of stars, and
makes the parameter determination much less accurate. FR{! Sitv lines neighbouring kiare in emission, indicating a
the plane—parallel hydrostatic models this is the most massi@Ege luminosity, which is confirmed. There is also absorption
star, and in fact the mass discrepancy is comparatively low, tRN V AA4604, 4620. Itis by far the most luminous star in the

difference between the spectroscopic and evolutionary mas$@&ple, and we were not able to fit the spectrum properly for
being only 30%. this object. The extreme character of the features allows only a

crude guess of the stellar parameters, and we do not show any
line fit. Apart from the projected rotational velocity of 105 km
4.5. HD 15629, 05 V((f)) s~1, we can only say that the temperature is close to 50 000 K

The best line fit for this star is obtainedBg = 48000 K,log g and the gravity should be of the orderlof g ~ 3.50 or even
=3.80,c=0.09, withV, sini =90 km s This last value agrees'eSS- With the given luminosity, the evolutionary mass is very
within +1 km s! with the values quoted by Penry (1996) antrge, indicating an initial mass in excess of 1), which
Howarth et al.[(1997). In spite of the high temperature, the larg&puld make HD 15570 one of the most massive and luminous
gravity allows us the calculation of hydrostatic models. The lirféars known in the Milky Way. The spectroscopic mass is much
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5. Analysis with spherical models with mass-loss

The difficulties in the analysis of some of the spectra discussed
in the previous section result from the neglect of sphericity
and mass-loss effects. Thus, we decided to use the program
described by Santolaya—Rey et al. (1997) to account for these
effects. Briefly, this program constructs a unified model of the
stellar photosphere and wind regions, with a number of stan-
‘ ‘ ‘ ‘ ‘ ‘ dard (stationarity, homogeneity) and non-standard assumptions
4320 4330 4340 4350 43604840 4850 4se0 4870 4880 gnd gpproximations (the most important of the latter concerns
the way the temperature structure is obtained, which results in
102 ] I well approximated, but not forced, flux conservation through-
out the atmosphere and a constant temperature in the wind). It
solves the line-formation problem in an expanding atmosphere
with spherical geometry, and Stark broadening is included in
the final formal solution.

The atomic models used are the H and He models used also

in our plane—parallel analysis, with minor changes to adapt them
T ™ to the new program. Line-blocking has not been included so far.
380 4382 4384 4386 4388 4390 4392 4304 4460 4465 4470 4475 4480 4485 Its inﬂuence, howeven will be considered in the next section (at
least on a qualitative basis), and has affected the results decribed
here.

We have adopted the following procedure. We begin with
the parameters given by the plane—parallel models (see Table 2).
The values of the terminal velocities are taken from Puls et al.
(1996), except for HD 15570 (from Lamers & Leitherer 1993)
and for Cyg OB 2#7 and HD 5689, where we have adopted the
V. — spectral classification relation provided by Haser (1995).
The last object has been assigndd.acorresponding to an O6
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4185 Mgowngggngfhzégnggf; )42‘10 2iesi0 asi | asto | soes P [l star, which is a compromise between the luminosity class
_ _ V given by Garmany & Stence[ (1992) and the low gravity
Fig. 12.As Fig. 9, for HD 15 629. obtained from our analysis (see the discussion in the preceding

section). Note, that this compromise is reasonable, since the
difference between the meaf, of O6V and O6I stars is only
lower, although we have to consider that the gravity has om%o km s,

been “guessed” so far (see next section). There is a chance thaja|so needed are the values of tifeexponent in thes—

the star is helium enhanced, and we adop®0.15. velocity law. For HD 15558, HD 15629 and HD 210839 we
adopted the values given by Puls et al. (1996). For HD 14947,
4.7. Cyg OB2 #7, O31f also analysed by Puls et al., we adopted 1.15 instead of

1.0 as quoted by Puls et al., for reasons explained later in the
This is a very hot star. HeA4471 is only marginally seen, andgiscyssion of HD 14 947. For Cyg OB27, HD 15570 and HD
the emission in Niv A4058 and the absorptions intNAA4604, 5 g89 which were not analysed by Puls et al we u$e0.8, 1.0
4620 are strong. We again find the broad emission feature wifiq 1.0, respectively.
emission lines typical for Of stars, and bothr&iines neigh- For each star we have constructed a small model grid by
bouring H; in emission. In spite of our efforts, we were unablgarying gravity, temperature and mass—loss rate. We then tried
to fit the star with plane—parallel models, the required gravitigs fit H,, H, and the ratio Her A4200 to Ha \4471, which
being too low. As for HD 15570, we had to extrapolate thg our new preferred temperature indicator, following the re-
plane—parallel parameters, and we do not show a line fit. Th@its described in the next section, where we will show that this
final parameters we adopt &fgg = 51000 K,logg = 3.65,¢ Herrline is less sensitive to model details thaniH&4541. Of
= 0.12 andV; sini = 105 km s'*. We did not succeed in cal- course, the use of a new temperature indicator introduces also
culating models in this rangéog g had to be larger at least byan additional difference to the results from our plane—parallel
0.1), and spherical models including mass-loss are obvioughnsiderations.
required. This star is also very luminous and massive, with an a|| other parameters remain fixed at the beginning at their
initial mass in excess of 11N, but with a large mass discre-ya|yes determined from the plane—parallel analysis. When nece-
pancy. ssary, the helium abundance has been changed later. The radius
merits additional comments. Its value is derived from the emer-
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Fig. 13.The programme stars on the Hertzsprung—Russell diagram 4@61;07
ter our analysis with spherical models with mass-loss. Compare the
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gent flux, which has been obtained for a given set of parameters
(those from the plane—parallel analysis). Changing the paramé

ters will change the derived radii, and thus an iteration proce‘jsg)o
might be required. We have recalculated the radii of our objects Wv
with the new parameters, and have obtained an average changé :

of only 2% (the maximum change being of only 45 from éokgo,
22 10 23Ry). Thus we used the plane—parallel values withoﬂtO
further |t§arat|qn. The finally adopted and derlyed parametersare,, " . e s w0 w0 0
summarized in Table 3. For those stars which have been ana- WAVELENGTH IN ANGSTROMS WAVELENGTH IN ANGSTROMS
lysed by Puls et all (1996), we give their results in Table 4 for _ o ) _
comparison. The new position of the stars in the HR diagramFi 14.Fitto the H and_He l'.nes In HD 5689 using a sphencal model
shown in Fig. 13. with the parameters given in Table 3. From left to right and top to
bottom we show H, H., He1 4471, Ha1 4200, Hai 4541 and Hel
4686. Wavelengths (along the abscissa) are giveh ifihe ordinates

5.1. HD 5689, O6 V give the relative fluxes.

RECTIFIED FLUX

We can see the line fit to this star in Fig. 14, for a model with

Ter = 37000 K,log g = 3.45 (Which_in_creases up 10 3.57 dugy g 17 However, this possibility would also imply that the
to the centrifugal correction) and ldd = —6.80. The tempera- ying in HD 5689 is much less efficient than in HD 210 839, as
ture is lower than in the plane—parallel case, in part due to )&, stars would have roughly similar parameters, excepiffor

change of our temperature criterion. The gravity, however, figxortunately, without knowing the distance to HD 5689 more

mains the same (which actually implies an increase with respggt rately, we cannot derive stronger conclusions. We also see

to plane—parallel models, since a lower temperature usually §&s Her; \4541 does not fit completely, and in particular the fit

mands a lower gravity to fit a given line). Thus, the large mags ey 14686 is poor. This line always shows a poor fit, with
discrepancy found above (see Table 2) cannot be reduced Ry nserved absorption that is much stronger than predicted, es-
the spherical models, since it originates from the low value gf |y in the blue wing. As explained in the following section,
the radius, rather than from the low gravity. Neither can we dgsis seems to be related to lack of line-blocking in our models,

cide whether the star has a larger radius in parallel with a highg{y Ha \4541 seems also to be affected, although to a lesser
mass—loss rate, since thg Wind-emission depends only on theextent.

ratio G\/I /R3/?), whereas its photospheric component is inde-
pendent of both. Assuming an absolute magnitude of a typical
06 Ill star (M = —5.78 mag, see Table 6 of Vacca ef al. 199&)2- HD 210839, 06 I(n)fp

results in aradius of 15.8., but does not change the fit qualityrhe |ine fit of this star, shown in Fig. 15, reveals two problems.

(it affects only slightly the fit of He \4471). Of course, mass, First, the form of H, suggest that the adopted rotational velocity
luminosity and mass-loss rate would be affected and we wodyg |arge. A value of 200 knt results in a much betterfjit

obtain a spectroscopic mass of 3081Q,, an evolutionary mass

_Of 41.9Mg, (thus r_edU_Cing the mass discrepancy t%3a typ- 2 a misprint in Table 8 of Puls et al. (1996) gives a velocity of 100
ical value), a luminosity of 5.6, closer to the other objects (seg s~ for this star, whereas 200 km §was the value adopted in that
also the discussion in Sekt. 7) and a logarithmic mass-loss natek. and would agree with previous determinations (Conti & Ebbets
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Table 3. Parameters determined for the programme stars starting with the parameters from Table 2 and using the spherical models with mass-
loss. Temperatures are in thousands of Kelvin, velocities in kiand mass-losses in solar masses per year. MWM stands for modified

wind momentum, and given is lo¢/( V., R*-®), with M in solar masses per yedf,. in km s™! and R in solar radii. M, M., and M, are,
respectively, the present spectroscopic and evolutionary masses, and the initial evolutionary mass, in solar units. The last column indicates
whether we formally have a mass discrepancy considering an error of 0.22 idpg(

Star Teg logg € R/Ry log(L/Lo) Vs B logM M, Mee Mo MWM  Mdiscr.?
CygOB2#7 500 3.72 0.18 16.7 6.20 2900 080 495 530 1045 107 29.93 Yes
HD 15570 420 3.80 0.15 22.0 6.14 2600 1.05 -4.75 1126 79.6 89 30.14 No
HD 15629 46.0 3.81 0.09 127 5.81 3000 100 -6.13 375 614 63 28.70 No
HD 15558 46.5 3.86 0.07 185 6.16 2800 0.75 -540 895 91.7 97 29.48 No
HD 14947 40.0 3.67 0.20 14.8 5.70 2400 115 -525 36.8 47.5 49 29.52 No
HD 210839 37.0 355 0.25 189 5.78 2250 090 -5.17 458 493 52 29.62 No
HD 5689 370 357 0.25 7.7 5.00 2500 1.00 -6.80 7.9 25.4 26 27.85 Yes

Table 4. Parameters as determined by Puls et al. (1996) for some of the stars in Table 3. Units are as in Table 3.

Star T.s logg € R/Ro log(L/Lo) Ve B logM log (M Ve R™?)
HD 15629 47.0 3.90 0.07 142 5.95 3000 1.00 -6.12 28.73
HD 15558 48.0 3.85 0.07 21.8 6.36 2800 0.75 -5.14 29.78
HD 14947 435 350 0.15 16.1 5.93 2350 1.00 -5.12 29.65
HD 210839 380 365 009 19.0 5.83 2250 0.90 -5.28 29.52

The second problem is that we were unable to fit the P Cydimdings is in agreement with Blaauw’s suggestion that all run-
form of the H,—profile. As was pointed out previously,Cep away stars are He enriched (Blaauw 1993). Note also that the
is a possible non-radial pulsator (Fullerton et al. 1996, de Jopgssible runaway nature of HD 5 689 fits within this scenario.
et al.[1999), which might induce deviations from homogene- Finally, we point out that our mass—loss rate coincides well
ity (by exciting the line-driven wind instability already in thewith other determinations from Hby Lamers & Leitherer
lower wind part, see Feldmeier etlal. 1997), and the large ro(@993), but is larger than that derived from radio fluxes (Lamers
tion rate might have an additional influence on the wind structugel_eithereri 1993) by a factor of 3.
and the resulting profile (cf. Owocki et Al. 1998 and references
therein; Retrenz & Ruls 1906). We Qecidgd to goncentratg 8% HD 14 947, 05 If
the red wing of H,, since the theoretical simulations result in
a blue wing affected by an extra kieabsorption, which is in- The analysis of HD 14 947 has been hindered by an inconsis-
adequately described in our present models (see next sectitgt)cy in the radial velocities derived from the blue and the red
and any wind variability becomes much more visible in the blispectrum (the spectra were taken in September 1991 and August
wing, compared to the red one. Again, the predicted emissib®92, see Table 1). While in the blue spectrum there are several
in He1t A\4686 is much stronger than observed; also, the temetal lines to derive the radial velocity correction, in the red
perature is lower than in the plane—parallel case. However, gpectrum we only have three lines of Hand they give a result
gravity is larger, and we do not find a mass discrepancy for thigat is incompatible with that of the blue metal lines. Mason et
star. al. (1998) list this star as having a constant radial velocity and

X Cep has been also analysed by Puls et al. (1996), wihois we don't have a clear explanation for the radial velocity
adopted slightly different parameters. The main difference deange. Therefore, the radial velocity correction for this star is
the helium abundance € 0.09 instead of 0.25), which has garticularly inaccurate. We have adopted the correction indi-
small influence on the gravity, however produces a larger wigdted by the blue metal lines, accounting for the different rest
momentum with a lower luminosity in our present results. (THeames as a function of observation date.
value fore quoted by Puls et al. was not derived from a con- The line fit of H, is comparatively poor for this star (see
sistent spectral analysis, however taken from the literature)Fig. 16). This reflects a problem that we have found for the first
is interesting to note that the high abundance favoured by dime, an inconsistency between the fit foy &Bihd H, . The fit for
- ) . H, would need a mass-loss rate which is only half that gf H
1977, Penny 1996, Howarth et al._ 1997). A change in the I’OtatIOHﬁl'iS inconsistency is only weakly dependent on the gravity.

velocity would not change the adopted parameters, only the quality of : :
the line fit. We show the fit with the value adopted for the plane—paral%ﬂa;ﬁﬁ;egbttzmzzr?:giﬁ dtla:r\]/s(j fg;;lgl 1;:3(;1;5'8 q_]# i(;hilsov(\j/ire
analysis, although a better fit is possible with the loWgesini value. P P ’
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Fig. 15. As Fig. 14, but for HD 210 839. The fit of Himproves con- Fig. 16.The line fit to HD 14 947 using spherical models with mass-
siderably if the adopted rotational velocity is lowered from 250 to 200ss. We see the comparatively poor fit for kh the core, which can
kmst. be largely improved by reducing the mass—loss rate by a factor of two.

to sphericity together with the new criterion of using e\  derived with plane—parallel, hydrostatic models (by 0.15 dex),

4200. Again, in agreement with the large mass—loss rate; Hand in fact the derived spectroscopic mass is nearly equal to the

AN4541, 4686 are poorly fitted, (see discussion in the next segolutionary one, thus making HD 15 558 one of the few cases

tion). for which we do not find any mass discrepancy. The generally
The spectroscopic mass derived is clearly lower than theod agreement in the line fit to HD 15 558 is again broken by

evolutionary one, although they agree within the errors. Tle1r \4686.

analysis by Puls et al. (1996) gave slightly different stellar pa-

rameters, thg mos_t important diff_ereqce being the now Iowg_rS_ HD 15629, 05 V((f))

temperature implying a lower luminosity by 0.23 dex.
There is an upper limit of 10*7> M, /yr for the mass—loss The line fit of HD 15629 is obtained for the parameters given

rate of HD 14 947 derived from radio fluxes (Lamers & Leitherén Table 3 and is shown in Fig. 18. We see that the mass—loss

1993). The value we find here is in agreement with this uppeate is relatively low and agrees very well with the value given

limit. by Puls et al.[(1996). The gravity we obtain is similar to that in

the plane—parallel case, and thus the new mass is again lower

5.4. HD 15558, O5 Ili(f) than .the.evolutionary one, although the_re is formal agreement

considering the error bars. The worst fit corresponds tor He

The line fit to HD 15558 obtained for the parameters given X4686. A comparison with Puls et al. (1996) shows that both

Table 3 can be seenin Fig. 17. The mass—loss rate is rather laggés of values are compatible, although the general trends (lower

in agreement with the high luminosity, especially when conemperatures, radii and luminosities in our case) remain.

pared with HD 15 629, a star that could be considered similar at

first inspection since both Hprofiles are in absorption. How-

ever, the value we obtain here fbf is lower than that obtained 5.6. HD 15570, 04 If

by Puls et al.[(1996) due to the change in the stellar parandis is an extreme object, and the adopted parameters are actu-

ters. The gravity is largely increased with respect to the vala#ly a compromise, reflected in very large uncertainties. For this
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Fig. 17.As Fig. 14, but now showing the line fit to HD 15 558. Fig. 18.As Fig. 14, for HD 15629.

1.10

star we derivelLg = 42 000 K,log g = 3.80,¢ = 0.15, logM = f
-4.75 (see Table 3 for the rest of the parameters). The very high{
mass—loss rate results in an extreme insensitivity of the wings
of H, to gravity variations, as can be seen in Fig.19, where
we have plotted the profiles fasg ¢ = 4.05 andlog g = 3.55.
These can be considered as limits beyond which the fits begin
to become poorer than for the range [3.55,4.05]. Thus we have
adoptedog g = 3.80+0.25. However, it should be borne in mind
that even such a large error is optimistic, as the uncertainty of
the radial velocity correction has not been included. Also theo
He profiles are largely insensitive tog ¢ variations, but they
allow us to restricfl ¢ ande.

The linefitto this staris shown in Fig. 20. A detailed fit of the e
strong H, emission of HD 15 570 was not possible, since for the+sse 4335 4340 4345 4350
given parameters the simulations always showed a double pegk19. The line fit to H, in HD 15570 withlog g = 4.05 (solid line)
due to the extra emission coming from theiiblend (see the andlog g = 3.55 (dashed line). All other parameters are as in Table 3.
discussionin the following section) not seen in the observatiofée abscissa gives wavelengthArand the ordinate relative fluxes.
Thus the adopted criterion was to fit the red wing @f. lAgain,
we found the same problem encountered for HD 14 947. The _
best fit of H, gives a mass—loss rate different from the best fit Fig. 21, where we see the fit for,Hat logM = —4.75 and 5.0
of H,,, without any possibility to fit both simultaneously, withatlog g = 3.80. Comparing with Fig. 19 we see that the effect of
a discrepancy of roughly a factor of two,Hndicates a value lowering the mass-loss rate is larger than any change of gravity
of about logM = —4.75 and H one around loM = -5.0, but at logM = —4.75. At the lower logV of 5.0 we would obtain
this low value of logM would also imply that the gravity is a lower and more constrained gravity, but it is impossible to
lower than in the case of higher mass—loss rate. This is shoplstain even a moderate fit tq,HIn any case, the mass—loss rate
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and logM = —5.00 (dashed line) abg g = 3.80. All other parameters

110 ‘ ‘ ‘ 160 ‘ ‘ ‘ are as in Table 3. Comparing with Figl19 we see that for this strong
X 51 1 wind, changing the mass—loss rate has a larger effect than changing the
¢ o M gravity. The abscissa gives wavelengthAiand the ordinate relative
Y o0t 01l 1 fluxes.
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B0 4530 45 4550 4560 B0 480 460 4700 The line fit for this star, displayed in Fig.22, shows similar
WAVELENGTH N ANGSTRONS WAVELENGTH N ANGSTRONS problems to those of HD 14 947 and HD 15570 discussed be-

gore. The mass—loss rate is quite large, again exceeding 10
Mg/yr, and the parameters point to a very massive star. The
large mass—loss rate results in a changegf with respect to

the plane—parallel hydrostatic models, which is relatively large
(0.15). However, the mass discrepancy is still present, since the

is very large, although we should point out again that our masgRectroscopic mass is still a factor of 2 lower than the derived
loss rate coincides well with other Hleterminations (Puls et al. €volutionary mass. Another important change with respect to
1996; Lamers & Leitherér 1993) but it is larger than that derivélane—parallel models is the new helium abundance, &ow
from radio fluxes (Lamers & Leither&r 1993) by a factor of 4 if-18. It is interesting to note that Herrero et &al. (1999) could
we adopt the value from the fit of Hand by a factor of 2 if we Not find evidence of any helium discrepancy in their analyses of
take the one more consistent with H other, less extreme Cyg OB2 stars.

The temperature is now much lower than in the plane—
parallel case, as for HD 14 947, again due to the combined gf-Additional considerations
fects of sphericity and the new criterion for the He ionization
equilibrium. In agreement with this, the fit to HeA\4541, 6.1. The H problem

4686 is poor. The formal change log g is large with respect As we have seen in the foregoing analysis, for three of our
to the plane—parallel values (0.20 dex) and now HD 15570 hgjects with dense winds the wind emission seen jnisdin-

also the largest spectroscopic mass, even formally exceedig@sistent with the mass—loss rate derived from i may be

100 M. Little can be said about the actual mass and the magfestioned why this obvious problem has not already been dis-
discrepancy. In Table 3 we see that the spectroscopic masgg$ered by Puls et al. (1996) who found no such discrepancy
30% larger than the evolutionary one, but we did not attemp fhd derived— for the object common to both investigations
bring both into agreement (which could be possible adoptingD 14 94%) —a lower value forlog g than follows from our
log g = 3.65), since for HD 15570 gravity and mass are onpnalysis.

formal values in the centre of a large uncertainty area, and have Thjs difference has the following origin. For the problematic

to be regarded as rather inaccurate. Itis clear however that BEjects, the Dopplecore of H., becomes optically thick in the
15570 is one of the most extreme O stars in the Milky Way, and
probably one of the most massive stars. ® Note, that HD 15 570 has not been analysed by Puls et al. by means

of detailed profile fits. Instead, only previously published values for
equivalent widths have been used, so that any comparison is obsolete.

Fig. 20. The line fit for HD 15570. The fit shown corresponds to th
model fitting the red wing of H (see text).
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vironment, whereas the inner wings are severely affected by the
wind conditions, which display a lower density at given opti-
cal depth. Consequently, the use of hydrostatic profiles and the
global correction applied by Puls et al. will inevitably fail under
those conditions. Moreover, the derived valueddgrg will be
e o too small compared to “reality”, since, for a givésg g, the
G40 6550 6560 6570 6580 6500 s G s a0 e 4 hydrostatic densities are always larger than those in the wind
VAVELENGTH N ANGSTRONS VAVELENGTH N ANGSTRONS regime. As a result, the deviations between the profiles calcu-

lated by Puls et al. and ours should become largest just outside
X100
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the Doppler core, and vanish at the extreme wings. Thus, itis not

too surprising that the results of oconsistentescription de-

viate from the results given by Puls et al. wifspect to gravity

(derived from the wings), whereas thg Boppler cores would

be consistent with the mass—loss rate derived fromHtéwever

are unfortunately not visible due to rotational broadening.

‘ ‘ ‘ 080 ‘ ‘ ‘ We like to point out that for a (small) number of objects

M0 M) M a8 490 ney a9 w00 210 220 with denser winds the determination of the stellar mass becomes
WAVELENGI I ANGETROMS AVELENGIF I ANGETRONS completely impossible, since in those cases even the continuum

is formed in the wind and the reactionariyprofile on pressure

scale height becomes impossible.

1 In order to check under which conditions this problem will

arise, we have calculated the (minimum) continuum optical
: m depth given by electron scattering as function of wind parame-

ters:
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with s, the electron scattering mass absorption coefficignt,
Fig.22.The Iir_1e fit_for Cyg OB2#7 using a spherical model with the {ha helium abundance (by number) with respect to hydrogen
parameters given in Table 3. and Iy, the number of free electrons provided per He atom. By
means of the equation of continuity and for theelocity law
which is used also in our model simulations,
wind. Thus, it depends only on the wind conditions (mainly bR, 5
in the transonic region) and is independent of any underlyingr) = voo (1 — —=)", b= 1 — (v5/v00)'/? 2)
photospheric radiation. Consequently, it can be correctly fitted "
by the approach described in Puls et al. and would compardwherev, ~ 0.1vs.una is the velocity at the transition point
our results. between pseudo-hydrostatic and wind region, cf Santolaya—Rey
On the other hand, theingsof H., depend on the illumi- et al.[ 1997, their Sect. 2.2), we have
nating radiation from below the transonic region. In the concept A 1t
applied by Puls et al., this radiation was taken from photos:(v) = ii/ UI([%_Q)d’U/7 (3)
pheric profiles calculated on the basistgfdrostaticmodels, AT Rivoo BB o ju,
e}nd the wind contamin_ation was correctly accognted for. Tufherefu’ — u(r) /v Inserting typical parameters and denoting
fitted log g value was finally corrected for the difference beB A the optical depth-lik tit
. . ptical depth-like quantity
tween hydrodynamic and hydrostatic atmospheres, account|r¥g
for the different formation depths in an approximate gtabal M 10Re 1000km/s 1+ IV

0.70

4520 4530 4540 4550 4560 4610 4680 4690 4100
WAVELENGTH INANGSTROMS WAVELENGTH IN ANGSTROMS

=
o

Te = /oo p(r)dr, ~ 0.4 cm?/ g 1)

way, where the correcti_on turned out to be only moderate in tHe= 10-5M, /yr R, e 114y (4)
parameter space considered.
This procedure, however, is only justified if the major pathe electron scattering optical depth is finally given by
of the wings is actually formed in some pseudo-hydrostatic en- v
vironment, which is the case if the wind densities are not tde(v) ~ 0.028 A (—In 7) for =1
high. For increasing wind density, however, the difference be- A * v s
tween hydrostatic and hydrodynamic stratification (e.g., Pulset ~ ~ 0.028 -5 (1 - (T)T) B#1 (5)

al., Fig. 16) becomes increasingly larger, and the point where
the transition between both regimes occurs shifts to correspépproximating by unity). In Fig[23 we have plotted this quan-
dingly larger (mean) optical depths. Thus, for higher wind defity, evaluated ab /v, = 0.001 (which compares roughly with
sities only the far wings are formed in a purely hydrostatic ethe velocity at the transition point for hot stars) as a function of
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vations, the synthetic line turns out to be too strong in emission,
even if all other lines including K do perfectly fit.

This rather unsatisfactory behaviour, which is normally by-
passed by simply excluding He4686 from the line list, re-
lates to the extreme sensitivity of the participating levels on
the treatment of the He resonance lines and their sensiti-
vity to line-blocking (for a discussion concerning this problem
of the formation of He-lines, cf. Santolaya—Rey et al. 1997,
see also the related discussion concerning the ionization struc-
ture of WRs by Schmutz_1997). In standard simulations for
wind conditions as described here, where line-blocking effects
are excluded, the dominating background “opacity” below 303
A (referring to Hetr Ly,,) is Thomsorscattering leading to ex-
tremely enhanced radiation temperatures at the resonance-line’
P 1 frequencies. Compared, for example, to a detailed balance situa-
Sb L LT tion (see below), the ground-state becomes depopulated, which
-2 -1 0 1 2 in consequence (and in connection with the increased escape-

log A probabilities due to the velocity field) prohibits ke from re-

Fig. 23.Electron scattering optical depth at transition velogity.. — CcOMPining and gives rise to much weaker absorption edges at

0.001 as function ofA (cf. Eq.[d)) and3 = 1.3 (dashed-dotted), 1.0 229A, compared to plane—parallel simulations (cf. Gabler et al.

(fully drawn) and 0.7 (dashed). The positions of our programme st3#889, especially Fig. A2).

(according to the derived wind parameters) have been indicated by Moreover, since the radiation temperature is increasing to-

asterisks. wards higher frequencies (due to the decreasing bf-opacity at
lowest photospheric levels), the NLTE departure coefficients are
larger for higher levels than for lower ones. Thus, in addition
to the wind emission by geometrical effects, the lines between

A andg. The dotted line gives the optical depth of 2/3, and féixcited levels (predominately He4686) are contaminated by
all objects withr, (4) > 2/3 the continuum is definitely formed @ strong source functiot bupper/blower > 1, Which leads to

in the wind. We have indicated the position of our sample stagnuch stronger total emission than would be the case if the
by asterisks, where the number refers to Table 1. Obvioudi§sonance lines were of less importance. Actually, a pilot inves-
object no. 2 (= HD 15570) lies just at the border line, and thiigation by Sellmaier. (1996) for the case @Pup has shown

a gravity determination is almost impossible (cf. Fig. 19 for tH@at the emission of He 4686 could be significantly reduced
influence of gravity on H). For the objects nos. 1 (Cyg OB2if line-blocking was accounted for correctly.

#7),5 (HD 14 947) and 6 (HD 210 839) at least the inner wings In order to mvestlga_te in how far the above effects are of
of H, are severely affected by the wind, and thus result ini&fluence for our analysis (especially for the strengths ofiHe
larger gravity than found by Puls et al. 1996 (if all other pa200 and 4541, respectively), we have run a number of simula-
rameters remain the same). For the remaining three stars, t{igs with different treatments of the Heresonance lines, for
continuum is formed solely in the hydrostatic part, and the dée example of our final model for HD 14947, where the majo-

rived numbers should coincide with the approximate methdéfy of lines is formed in the wind. To check our hypothesis that
as is actually the case. the dominating effect leading to erroneous results follows from

the increased pumping by resonance lines, two principally dif-

ferent approaches were considered, which should give similar

results if the hypothesis were correct.

Those readers in particular who are not well familiarized with Onthe one hand, we setall Heesonance lines into detailed

spectral analyses of hot stars may question why we did not t&i@ance. Alternatively, we simulated an additiopalquare de-

the most prominent line of He in the optical part of the spec- Pendentbackground opacity in the decisive frequency range 227

trum, namely Her 4686 (» = 3 — 4), into consideration so far A < A < 400A, defined by

(although we have plotted it for all models and the discrepancy

is obvious). This question is completely legitimate, since thé " = #ne - p - f, (6)

upper level of this transition is just the lower one of our strate- i

gic lines Heit A\ 4200, 4541, and should be reproduced withith different values of: betweers - 10~* and1- 10~'%. The

similar degree of precision if our models were reliable. frequential dependengg was assumed to be either increasing
However, it is well known that this line (if formed in the©r decreasing,

wind) is extremely difficult to fit, and, to our knowledge, has .

never been used in any kind of NLTE-analysis of luminous d. =1-a

stars. Usually, if one compares the predicted profiles to obsgf- = 0.5(1 + ¢,)

0.001)

log ‘re(v/voo

L L L L

6.2. Influence of He resonance lines
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Table 5. Different approximations for treatment of keresonance
lines: The value of corresponds to the definition in Ef (6), and the
line styles are the same as in Figsl. 24 [and 26.

no. approx. K fv line style
1 “standard” - - dotted x
2 detailed balance - - dashed E
3 blocked flux ~ 3-107'*  f2 fully drawn g
4 blocked flux 3-107'® f! dashed-dotted g

6.0x10% ¢
E 50x104E
() E
3 ;
§4OX104?.--' o8l v 1 Ll Ll Ll
& ;’# 4675 4680 4685 4690 4695 4700
£ 3.0x10% : WAVELENGTH
() E = |
: 4R E Fig. 25. Comparison of the He 4686 profile observed in HD 14 947
2 £.0x10 2 : E with those obtained in our simulation of line—blocking (full drawn),
= 4t E of detailed balance for Heresonance transitions (dashed) and in our

1.0x10° 3
g standard model (dotted).

0E ‘ . 3
10° 103 10* 10° . o _ . _
lambda [A] in A\Cep varies in concert with the high—velocity edge of the

. - C1v \1550 line, suggesting that both variations share a com-
Fig. 24. Radiation temperatures of emergent fluxes for the model 81fon origin that could relv on the behaviour of the backaround
HD 14947, with different treatment of Heresonance lines. Line styles 9 y 9

as defined in Tablg5. opacity or the resonance lines of Heas studied here.
A final check on how far our models compare to reality al-
lows the comparison with the UV-line He1640 (. = 2 — 3),
_ 1/A—1/227 @ since the lower state of this transition behaves differently from
Y 1/400 — 1/227° the other excited levels. In those cases where the resonance

and the appropriate emission component has been set to PIaWEﬁ.S are no longer active (deta_ilgd balance) or are of negligible
The value ofx corresponds to the inverse of the electron den- portance (background opacities) and therHeyman edge

sity at that point where the additional opacity reaches the sa omes optically thick throughout the atmosphere, this state

value as the electron scattering opacity. From the numbers gi gyomes the gﬁectlve ground state of th@]'d—musf 'ts. popula-
above, it is obvious that our choice is rather low compared tignis predominantly controlled by the photoionization balance

what might be expected in reality. For our final discussion, 91;A coi_nciding_with the hydrogen Lyman edge. Since this
have selected four models with parameters given in Table 5 edge is optically thin, the 2nd level becomes strongly overpopu-

Fig[22 verifies the expected behaviour for therHground- lated because of the diluted radiation field, i.e., the absorption

state. Both for the models with detailed balance as well as w fjould be larger thar) for the standard model. A comparisorj with
simulated background opacities, Hebegins to recombine in the observedJE proflleﬁshows that our models are on the right

the outer atmosphere as long as the strong upward rates pre gﬁ‘g In co_ntrast to the s_tandard mpglel v_vh|ch predicts too lit-
absorption. Only at higher velocities, i.e., in the outermost

in model 1 (dotted) are no longer active, so that a significan q h dtoob : h f
enhanced ionization edge develops. Only for the model with t And, are they too strong compared to observations, whereas for

lowestvalue of: = 1-10~16 (not displayed), the influence ofthet 1€ inner Wln(_j, which is the decisive part concerning our analy-
they are in perfect agreement. A comparison with model 4

background opacity becomes so weak that the model remaf . ! o L
ionized throughout the wind. shows that some fine-tuning might improve even the situation at

Besides the reaction of the ground-state, also the expec@’&er velocities. (We note that in order to fit the position of the

behaviour of the excited states (reversal of population) taﬁ?'ssmn peak, we had to _apply an artificial velocity dispersion
place as long as the radiation temperature does not significa |roughly 100 km/s, consistent with the values found from the

increase towards higher frequencies (model 3) or the resonaft glyss of U\./ resonance lines.) .

lines are not active (model 2). A comparison between the corres- In conclusion, we f(_)und that suppressing the large “pW"’.“d
ponding He 4686 profiles and the observations (Eig. 25) showates from resonance lines present in our standard model gives
that our simulations are in almost perfect agreement, whereasThjs situation corresponds to the behaviour of i A-type su-

our standard model displays much too much emission. It is ifergiants.

teresting to note here a remark given by our anonymous refereg.swp 10724, kindly provided in reduced form by I.D. Howarth and
Henrichs|(1991) reports that the equivalent width ofi He4686 R.K. Prinja.
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Fig. 26.IUE spectrum of HD 1494 Her1\1640, compared to pro-  °75 H
files generated from models with different treatment oiHesonance
lines. Observations shifted by 90 km/s to the blue, velocity dispersiorp7ol . 101000 v ey 100 070 Lol
veurb = 100 km/s applied to account for the red-shifted emission peak *%° 0% (>80 02 asat 4940 #1949 4196 4199 4200 4202 4204 4206
(see text). Line styles as defined in Tdble 5.

Fig. 27.Line profiles of Ha1 4541 (left) and He1 4200 (right) for the

simulation of line-blocking (fully drawn), of detailed-balance (dashed),

and for the “standard” model (dotted). Calculations were made for the
rise to a different population of ground and excited levels. THigal model of HD 14 947.
exact mechanism for this suppression, however, seems to be ir-
relevant to the results, and the synthesized profiles of previously _. )
problematic lines compare well with the observations. /."Discussion

We are now able to check the consequences of the martre first thing which is evident from the spectral analysis is
pulations outlined with respect to the strategic lines analysgf increasing difficulty in fitting the spectra of the earliest
so far and to derive constraints on which lines are more robggbes with plane—parallel model atmospheres. In particular, for
concerning our present ignorance of the real situation. 50 000 K and above we were unable to determine the stellar pa-
Fig[Z7 shows the profiles of HeAA 4541, 4200 produced rameters in the same way as we did for stars in Paper | and for

by the different simulations and the “standard” model. We s@ge rest of the objects in the present study. This is true even for
that the wings of the He lines become stronger in the simuthe relatively large gravity star Cyg OB27, and was nearly the
lations as a consequence of the now reduced departure cegée for the relatively cool star HD 15 558. Plane—parallel ana-
ficients of the upper levels. However, the effect is smaller [gses are still useful, however, because they apply up to tempe-
the Hei1 A4200 line (transition 4~ 11) than in the Het A\4541  ratures of 50 000 K and because they can be used as constraints
(transition 4— 9) because transitions involving higher levels amr the analysis in the larger parameter space demanded by more
weaker and form closer to the photosphere, so that the increasgghisticated models.
source functionis not so visible. Since H4200 showsuptobe  The temperature scale defined by plane—parallel, hydrosta-
more stable, this is the preferred line in case of any discrepangy; non-blanketed models is probably too hot (see Vacca et al.
This is a change of criterion with respect to former analysesjg96; Harries & HilditcH 1998). For example, Hubeny et al.
our group, but we prefer always to follow a single criterion thq998) have shown that the same quality fit can be achieved for
allows us to understand physically changes in the derived p@&Lac with aline-blanketed model at 35 000 K and with the non-
rameters. In addition, we should mention that alsdddcomes  planketed model used in Paper | at 37 500 K (all other parameters
weaker, especially in the blue wing, as a consequence of thes@aining the same). The effect can be even larger for the stars
effects in the overlapping Heline. That is the reason why weanalysed here, since the line-blocking effects in plane—parallel,
prefer to fit the red wing in case of difficulties like those imydrostatic models move the stars towards higher temperatures.
A Cep or HD 15570 (and in concert with the findings by Puls  |n the spherical, non-hydrostatic models we have used here,
et al. (1996), who had also to manipulate therH#epartures |ine-blocking has been simulated, and we have found that it has
predicted by unified models if the wind was strong). Finallthe same effect as to keep the HHeesonance lines in detailed
we point out that Heis not so strongly affected if these linesalance (which were already in detailed balance in the plane—
are formed purely in the photosphere, but, as has been sh@fallel models, so that they did not show the influence on the
by Santolaya—Rey et al. (1997) they are also influenced by aa¥ 11 lines of the Pickering series we observe in these spherical
effects that modify the population of the iHeyround level (see models). This effect had important consequences in our analy-
Sect. 3.4.1 in Santolaya—Rey et al., where this problem hasgds. It led us to change the temperature criterion and adapt He
ready been discussed). A\4200 as the main line for the fit, which resulted in lower tem-

peratures than if we had adopted theiH®4541 in those cases

in which we could not fit both lines simultaneously. The sim-
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Table 6.T" values, terminal velocities and escape velocities (in ki) ®btained using the spectroscopic (sp) and evolutionary (ev) masses. In

A. Herrero et al.: Fundamental parameters of Galactic luminous OB stars. IV

both cases we have taken into account the effect of the centrifugal force in reducing the escape velocity.

Star Voo I(sp) T(ev) esc(sP) Vool Vesc(SP) Vesc(ev) Vool vesc(ev)

CygOB2#7 2900 0.71 0.36 586 4.95 1231 2.36

HD 15570 2600 0.31 0.43 1149 2.26 882 2.95

HD 15629 3000 0.45 0.28 781 3.84 1148 2.61

HD 15558 2800 0.46 0.43 981 2.85 1039 2.69

HD 14947 2400 0.32 0.25 789 3.04 943 2.55

HD 210839 2250 0.33 0.31 734 3.07 778 2.89

HD 5689 2500 0.40 0.10 405 6.17 1013 2.47

ulations indicate that the reduction of the strong upward rafes6000

of the Herr resonance lines (whatever the real physical causé 4000 - B

will help to bring both lines into agreement (although at th i K A
moment we cannot say whether it will bring them completely’ 20005
into agreement). It also suggested to us that we should fit the 0L
red wing of H, whenever the fit to the whole line was impos- 0 500 1000 1500
sible. What could be important for the future is that we have Voo (sp) [km s7]
shown that Her \4686 is also affected and its fit is highly im-
proved (although still qualitatively) when the resonance lines of
Heirare kept in detailed balance, or the departure coefficientefgyr
the second level is kept below its detailed balance value through, . | ]
. . 4000 - b
additional background opacity. g I ]
The plane—parallel spectroscopic masses are as usual logey00o | * ]
than evolutionary masses (see Paper | or Vaccalet all 1996). The | ]
new temperature criterion does not strongly influence the mass
discrepancy. In Paper | we showed that lowering the temperature
(for whatever reason) will not bring the masses into agreement.
Inthe present case, however, we find the mass discrepancy gvgres. The escape velocities obtained from spectroscopic (above) and
for luminosity class V stars. This finding is contrary to the corevolutionary (below) masses, against the wind terminal velocities, all
clusion we obtained in Paper | (and is in agreement with othiekms™". The lines have the slopes predicted by theory:fealues of
authors; see, for example, Vacca et al. 1996), namely that luf# and 0.7, e.g., 3.3and 5.2. Plus signs mark the position of HD 5 689 if
nosity class V stars do not show a mass discrepancy. The redbisiptarisassigned a magnit_ude of—5.78,_typica| ofaO6lll star._TypicaI
for this apparent contradiction is that the gravities we derif&°r bars have been plotted in the upper right corner. The abscissa error

here are also low for these luminosity class V stars. Thus {ffeCyg OB2#7 in the upper plot is twice the corresponding error bar,

conclusion should be rather that *high-gravity stars do not sh&iwe © s g’ (sp) value

a mass discrepancy, where the term *high’ actually depends on
the strength of the radiation field.

This indicates a problem of the hydrostatic models due .
the intense radiation pressure, and in fact larger gravities are gess discrepancy).

rived when using the spherical models with mass-loss, Iargelg The Iprq?lem ‘(I:'agl b% al'tern?ft]lvely formula}tec'it.usmg éhelets-d
reducing the mass discrepancy, which is now abotit.5bhis cape velocities. (Table 6 gives the escape velocities and relate

}/g_lues). Escape velocities have been derived usigg values
corrected for centrifugal forces, i.e., tneasuredralues im-

tures are now lower due to sphericity and a new temperature”~" ~. : . X
indicator. An additional contribution came in some cases froﬂl"jc'tely including the centrifugal force acceleration (cf. SECt. 4)

the fact that the wings of Hcan be strongly affected by wind " '(;h d[ez'zerrr?lne ttr;]eﬁectlvleiscage tvelocmes. lociti d
contamination. In one case (HD 15 570) this contamination is so Ig.le¢ Shows Ihe correlation between escape velocities an

strong that actual information about the gravity from the wing{grmmal wind velocities. We see that the dlag_ram using evolu-
Qnary masses shows a good linear correlation between both

of H, is lost. In all other cases, however, the systematic effels i h that with th ¢ . h
that spectroscopic masses (without line-blanketing or blockin antties, whereas that wi € SPECITOSCOPIC MASSES SNOWS &
aker correlation. However, the last diagram is in better agree-

are lower than evolutionary ones (without mixing mechanism t with the th f radiatively dri inds. This th
is still present (note that formally the error bars overlap, and entwi © theory of radiatively driven winds. this tneory
predicts for the O-star domain (i.e., if the force-multiplier pa-

rameters is small, cf. Friend & Abbott 1986; Kudritzki et al.

500 1000 1500
Veso€¥) [k 7]

it%only because the effect is systematic that we can speak of a



A. Herrero et al.: Fundamental parameters of Galactic luminous OB stars. |V 213
1989) 5F
« F
Voo = 2.24mvesc, f X

with ves. the escape velocity and one of the line force mul- .
tiplier parameters (the coefficient in the exponent of the ling 3F
strength distribution function). With typical values for OB stars; ¢ ]
of a= 0.6-0.7 we obtain values of 3.3-5.2 for the ratio of 2F L
terminal-to-escape velocity. This range of values is in agree- | +
ment with those found here for the spectroscopic masses (seg[ * E
Tabl€e8; note that the only point deviating from this range corres- ¢ x
ponds to HD 15570, whose gravity and spectroscopic mass are -, ... .. e s e s s ]
very uncertain, and that HD 5689, which is the leftmost point 0.80 090 1.00 1.10 120 1.30 1.40

in the upper part of Fig. 28, would lie in the middle of the range (sp)/a(ev)
if the abjolute magnitude of a luminosity class Il object WETE . 29 The ratian(sp)ia(ev) againstthe mass ratide,/ M. Asterisks
assumed). refer to the values quoted in Table 3 (in particular, the asterisk in the

On the other hand, we derive very low ratios between termipper right corner corresponds to HD 5 689), whereas the cross marks
nal and escape velocities when using evolutionary masses (s@osition of HD 5 689 if this star is assigned a magnitude of -5.78,
Tablg[®), with an average ratio of 2.57, correspondingt®.53 typical of an 06 Il star.
(which would be very low for the considered spectral range).
Thus, Fig[2B seems to indicate that the evolutionary masses are
systematicallytoo large (via the corresponding escape veloaivith results from Paper | and the possibility that rotation plays
ties), whereas the spectroscopic ratios are closer to the thearéundamental role in the chemical evolution of single stars.
tically expected range. In Fig. 29 we can see this result, alreadgwever, it is not clear whether a difference exists in the mass
contained in former papers (Groenewegen et al. 1989; Lamdiscrepancy between the rapid rotators and the other stars, or
& Leitherer1993), from a slightly different point of view. Herea correlation between the mass and helium discrepancies, that
we have plotted the ratio of evolutionary-to-spectroscopic massuld indicate an overluminous evolution, as predicted by evo-
versus the ratio of spectroscopic-to-evolutionaryVe see that, lutionary rotating models (see Langer & Heger 1998, Maeder
except for the odd case HD 5689, there is a strong correld¥98 or Meynet 1998 and references therein). We should stress
tion, indicating the relation between mass discrepancy and tere that we do not consider HD 5689 as really showing such
present knowledge of radiatively driven winds. (Note moreovarlarge mass discrepancy as it appears to do in Tables 2 and 3,
that HD 5689 would perfectly fit into the correlation when abut that it is a problem of the stellar classification (or a problem
absolute magnitude of -5.78 is assumed, as appropriate forodassigning the star to the Cas OB7 association).
06 lll star, but note also that the terminal velocity for this star Derivation of the mass—loss rates has been hindered by our
was derived from the spectral type—terminal velocity relatidinding of the inconsistency between,ldnd H, in those cases
from Hasel 1995, as was that of Cyg O82). We should stress in which the wind is particularly strong. Thus we have found
that we adopt @—law for the wind velocity and determine therthat both lines can demand mass—loss rates that differ up to a
the a’s directly from the derived relation betweéf and es- factor oftwo. We prefer the values given by, blecause itis more
cape velocity. Thus the agreement of the spectrosedpiwith  sensitive to mass-loss, and attribute the problem to difficulties
the predictions of the radiatively driven wind velocity results im describing the wind in the transition zone. IR observations
mutual support. and analyses giving information about this zone should help in

At present itis still unclear whether the inconsistency fourttie future to solve the problem.
is due to some physical effects that should be incorporated into From the three stars for which we had some information
the evolutionary or into the atmospheric models, although thbout mass—loss rates derived from radio emission, only one
former are perfectly able to explain the discrepancy, at legfir which in addition only an upper limit from radio fluxes is
qualitatively, when introducing mixing effects (Heger 1998) thatvailable) shows agreement between theaHd radio values.
could also affect surface abundances. For the other two, radio mass—loss rates are a factor of three to

Spherical models with mass-loss do not contribute to risur lower than H, mass—loss rates (and thus alues would
duce the helium abundances found with plane—parallel moddis.in between). However, several facts should be taken into ac-
In previous analyses (Herrero etlal. 1995; Israelian et al.|19@®@unt before claiming that there is a contradiction between both
in which we used HeA\4387, 4922 and He A\4541 as tempe- sets of values. First, the concerned stars are only two particular,
rature indicators, the derived helium abundances were similather special cases (one, HD 15570, is a very extreme O star,
As a result of the new indicator, the helium abundances hadd the other, HD 210 839, is a strong non-radial pulsator, rapid
now to increase. However, we see that the stars of larger gravityator with a probably non—spherically symmetric wind, cf.
(HD 15558 and HD 15 629) do not seem to show He overabuBect. 5.2); secondly, what we actually obtain from the observa-
dances. Normal supergiants lie between the former and the timts are Q values, proportional t/(/ (Rv.. )?/?) for H,, and
rotators, that show the largest overabundances, in agreenteitd! /(R3/?v,.)) for radio and thus the derived values depend
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3t We have shown that line-blocking has to be taken into ac-
: 1 count when analysing very hot stars, in plane—parallel as well
E as in spherical models with mass-loss. Line-blocking indirectly
] affects the spectral-line diagnostics through changes in the level
] populations of He. Although for the spherical models with
E mass-loss we only made simulations, this is clearly one di-
] rection for future model improvements. In particular, we ob-
28; E tained very interesting results concerning theri?el686 line

P A ] and the blue wing of | (actually, concerning the corresponding

g ] Heir blend).

R7E L w w ] One of the conclusions of the present paper is that around

5.0 5.5 6.0 6.5 50000 K (the exact value depending on gravity) we reach the

log(L/Lo) limit of applicability of plane—parallel, hydrostatic models to
Fig. 30. The wind momentum~luminosity relation for the stars in ouieal massive stars. This conclusion can be further refined, if we
sample. The abcissaisg(L/Ls) and the ordinate is the logarithmtake into account the fact that line-blanketed models could give
of the modified wind momentum (MWM), logM V.. R%°). As- lower temperatures, or if we consider that spherical models with
terisks represent OB supergiants from Puls et(al. (1996). Open didass-loss will demand larger gravities. The final result would
monds, squares and triangles are respectively OB supergiants, gigattnodels less affected by radiation pressure, larger masses and
and dwarfs from the present work. The positions of HD 14947 ang~qqler temperature scale.
HD 210839 in both studies are joined by a line, where the major.dif- Spherical models with mass-loss are thus needed to analyse
ference results f_rom the dlfferer_lt effective temperatures and hellum-ese stars. We had to correct the gravities of all stars (except HD
abundances attributed to the objects. 5689) when using these models, sometimes with increments as
large as 0.25 dex. Part of the differences in the stellar parameters
derived from both sets of models are due to a change in the
on the particular set of chosen stellar parameters; and thirGHVeferred temperature indicator.
also the proportionality constants in the case above depend onoyr spherical models with mass-loss are also still not free
model details (for example, Lamers & Leitherer 1993, assuf@m internal inconsistencies. For some models with strong
that He is doubly ionized in the wind of HD 210 839 betweeinds, we see that HeA\4200, 4541 give different tempe-
10 and 100 stellar radii, whereas our calculations indicate thatyres, although we expect that inclusion of line-blocking will
from 28 stellar radii upwards, He is single ionized, which woulgbduce this discrepancy, and will strongly improve the fits of
have an immediate effect on the derived radio mass—loss raigsy; \4686 and the blue wing of H We have also found that
increasing them). Thus, we cannot state that there is a gengjaktars with strong winds there is a difference in the mass—loss
problem (or even a particular one), or decide which value Wgtes derived from KHand H,, that can reach a factor of two.
should prefer for each object. We do not find good agreement with the two cases for which

Having derived all parameters we can obtain the modifiggt have mass—loss rates from radio fluxes, although it is not
wind momenta of all stars for which the radiation-driven Wi”ﬁossible to derive any firm conclusion from this fact.
prediCtS at|ght correlation with |umin05ity. Ourresults are given The he"um and mass discrepancies found here are in agree_
in Table 3 and plotted in Fig. 30, together with the data givgfient with the findings of Paper I. The only difference is that we
by Puls et al.[(1996) for Galactic supergiants. We see that gyfd a mass discrepancy also for luminosity class V stars, but
points for supergiants agree well with theirs (we have discuss@g s actually misleading. What we find is that the luminosity
the differences in the individual studies). We have also plottgthss Vv stars analysed here have gravities lower than usual for
the regression lines derived from the supergiants from Pulsygir spectral classification. The conclusion of Paper | should
al. and from all the supergiants (the former and ours) to streggn be changed to state that we do not find the mass discre-
this point. We see that both regression lines are quite parallgdncy for stars with high gravities. At least a part of this effect
indicating that the new values do not significantly change the attributed to the fact that the intense radiation field affects
known WLR. the wings of the Balmer lines also for these stars. An additional
possibility is that they actually never reach the zero-age main
sequence (see, for example, Hanson 1998).

Spherical models with mass-loss largely reduce the mass
We have presented the spectra of seven Galactic lumingligcrepancy. Without solving it completely, the problem lies
O stars, that have been analysed by means of non-LTEW inthe systematic trend of spectroscopic values to be lower
plane—parallel, hydrostatic model atmospheres, including lif8an evolutionary ones, but most of the individual values now
b|ocking, and by means of SphericaL mass_|osing models. B@ree within the formal error bars. We have also shown that
have used these analyses to study some additional effects (pHy&Spectroscopic masses agree better with the predictions from

ical as well as due to applied approximations) that have an fhe radiatively driven wind theory, because they give ratios of
fluence on the results. the terminal wind velocity to the escape velocity (or equiva-
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log(MWM)

8. Conclusions and future work
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lently, values of thev line force parameter) that are in the rangglerrero A., Kudritzki R.P., Wichez J.M., et al., 1992, A&A 261, 209
predicted by that theory. (Paper 1)

From the point of view of individual stars, we have analysederrero A., Kudritzki R.P., Gabler R.,ii¢hez J.M., Gabler A., 1995,
some of the most massive and luminous stars in the Milky Way. A&A 297, 556 _ _ )
We have found that three of them (Cyg OBZ, HD 15570 and errse;g A., Corral L.J., Villamariz M.R., Marn E.L., 1999, A&A 348,
HD 15 558) have particularly large initial masses, around or jn i _
excess of 1)0M@ (dpependingyon t%e technique used for the ma‘é‘é)Warth .D., 1998, In: Howarth 1.D. (ed.) Proceedings of the Ii

T Boulder—Munich Workshop on Properties of Hot, Luminous Stars.
derivation). Cyg OB%7, HD 14947 and HD 210839 have SO sap conf. Serios Vol 131 perties uminous Stars

extreme mass—loss rates that the wings ofake strongly af- powarth 1.D., Siebert K.W., Hussain G.A.J., Prinja R.K., 1997, MN-
fected, and in HD 15 570 the wind is so strong that the exercise ras 284, 265

of deriving the gravity from the wings of Hesults in highly Hubeny!.,Heap S.R., Lanz T., 1998, In: Howarth I.D. (ed.) Il Boulder—
uncertain values. On the other hand, we find that HD 5 689, the Munich Workshop on Properties of Hot, Luminous Stars. ASP
less luminous object in our sample, could have been wrongly Conf. Series Vol. 131, p. 108

assigned to Cas OB7, and might be a runaway star. Humphreys R.M., 1978, ApJS 38, 309
Israelian G., Herrero A., Musaev F., et al., 1999, MNRAS, submitted
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