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ABSTRACT

Aims. We have studied a sample of 28 periodically variable B-type supergidetsest from the HIPPARCOS mission and 12 comparison
stars covering the whole B-type spectral range. Our goal is to test iftaeability is compatible with opacity-driven non-radial oscillations.
Methods. We have used the NLTE atmosphere code FASTWIND to derive the atradspand wind parameters of the complete sample
through line profile fitting. We applied the method to selected H, He and Si lofégs, measured with the high resolution CES spectrograph
attached to the ESO CAT telescope in La Silla, Chile.

Results. From the location of the stars in the (Idg;, log g) diagram, we suggest that variability of our sample supergiants is intleetb

the gravity modes resulting from the opacity mechanism. We find nine ofottmparison stars to be periodically variable as well, and suggest
them to be newr Cyg variables. We find marginal evidence of a correlation between tpétade of the photometric variability and the wind
density. We investigate the Wind Momentum Luminosity Relation for the wholgeraf B spectral type supergiants, and find that the later
types ¢ B5) perfectly follow the relation for A supergiants. Additionally, we provadeew spectral typeTFe; calibration for B supergiants.
Conclusions. Our results imply the possibility to probe internal structure models of massars of spectral type B through seismic tuning of
gravity modes.

Key words. Stars: atmospheres — Stars: early-type — Stars: fundamental paramé&tars: mass loss — Stars: oscillations — Stars: variables:
general

1. Introduction variability, with very diverse causes, within that samplée

study of Waelkens et al. (1998) is quite different in this re-

One of the remarkable by-products of the ESA HIPPARCOS)ect, as they came up with a sample of 29 new variable B su-

mission was the discovery of a large amount of new per'o‘E'ergiants exhibiting clear periodic microvariations datieely

cally variable B stars, including almost a hundred new sjowkh ot periods of one to a few days. The current paper contains
pulsating B stars (SPBs hereafter) and 29 periodicallyel#ei ; fo|low-up study of the latter sample. Our goal is to evaduat

B-type supergiants (Waelkens et al. 1998; Aerts et al. 199fs suggestion by Waelkens et al. (1998) that these pesiliylic
Mathias et al. 2001). The photometric behaviour of différeg isple B-type supergiants experience oscillationstesddy

kinds of evolved massive stars were analysed in detail frqpp opacity mechanism, in analogy to main sequence B stars.
HIPPARCOS data. VanLeeuwen et al. (1998) performed an

analysis of 24 known B- to G-type variable supergiants and The suggestion of occurrence of non-radial oscillation
found periods of tens of days for each of them, in agreemeanbdes in massive supergiants is not new. Microvariatioris wi
with previous ground-based studies. Marchenko et al. (1.998mplitudes between a hundredth and a tenth of a magnitude in
on the other hand, focused on the HIPPARCOS variability tfie visual, and periods ranging from some 5 to 100 d, have been
141 O-type and WR stars and noted the remarkable varietyfofind in numerous supergiants of spectral type OBA, termed
a Cyg variables (Sterken 1977, 1983; Burki et al. 1978; van
Send offprint requests to: K. Lefever, e-mailkar ol i en@t er . Genderen etal. 19'89; Lamers et al. 1998; van Genderen 2001).
kul euven. be Burki (1978) considered a sample of 32 B- to G-type super-
* Figures of the spectral line fits and discussion of th@iants and derived an empirical semi-period-luminositiear
individual objects are only available in electronic form vidPLC) relation (see his Eq.5), from which he suggested the
http://www.edpsciences.org variability to be caused by oscillations rather than mass.lo
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Lovy et al. (1984) indeed managed to come up with a theloiminosity, mass-loss, rotational velocity, etc.) of thars in
retical PLC relation in agreement with the observed one ftire sample by Waelkens et al. (1998) using high-quality spec
this type of stars. However, only 40% of the variable supetroscopic data. From this, we derive their position in the HR
giants have periods compatible with the radial fundamentibgram with high precision and check if the stars lie within
mode, while the majority must exhibit a different kind of osthe instability strips of gravity mode oscillations preid by
cillation mode. Kaufer et al. (1997) made an extensive highamyatnykh (1999nd Saio et al. (2006)During our analy-
resolution spectroscopic study of 6 BA-type supergiantEkvh sis we also look for asymmetries in the metallic line profiles
they monitored for several years. They concluded that thie va=urther, we search for correlations between the physicahpa
ability patterns are extremely complex and point towarddicy eters and the photometric variability. In particular, weeisti-

cal variations in the radial velocities. From CLEANiIng the-p gate if there is any connection between the observed peak-to
riodograms of the radial-velocity curves, they derivedtiplé peak amplitude and frequency of the light variability, thedv
periods and assigned them to non-radial oscillations kscadensity and the rotation of the stars. Finally, we invesédhe
the travelling features in the dynamical spectra turnedmbe  Wind momentum Luminosity Relation (WLR) for the complete
incompatible with the rotational periods of the stars. B-type spectral range.

Glatzel & Kiriakidis (1993) interpreted the periodic vari-
ability of supergiants with masses aboveMg in terms of 2
strange-mode instabilities and showed the classical ppaci
mechanism to be unimportant in such objects. Glatzel et We selected all southern stars of luminosity class | or jltér
(1999) subsequently performed detailed calculations tfmss than 9th mag in the sample by Waelkens et al. (1998) which
with M = 64 M, and predicted irregular velocity and luminosf{itted the observation window of the assigned telescope.time
ity variations with time scales of 1 to 20d. They also progbsdhis concerns 21 stars. To this we added 10 noaralidate
that such massive stars undergo pulsationally-driven#ie@gss « Cyg variables from the Catalogue of Periodic Variables of
It is not clear how their result will change for stars in thessia HIPPARCOS (ESA 1997), in such way that the complete sam-
range of 10 to 30, which is the transition region from low to ple fully covers the B-type spectral range. Waelkens et al.
large mass-loss rates due to line driving. Therefore, thegie (1998) were unable to assign them to one of the five consid-
variations of the B supergiants found by Waelkens et al. §19%red classe3(Cep stars, SPBs, chemically peculiar stars, B-
might still be due to the classical opacity mechanism, sthee type supergiants, Be stars), see also Kestens (1998). @adpe
instability strips of thegg Cep stars and the SPBs were found tanalysis and their spectral type clearly point towatd€yg
extend to higher luminosities shortly after the discoveapgr variables, however.

(Pamyatnykh 1999; Balona & Dziembowski 1999). These 31 targets (for spectral types, see Table 6 and dis-

Waelkens et al. (1998) positioned the new periodic B saussion in Sect. 7) were added to the long-term spectroscopi
pergiants in the HR diagram on the basis of multicolour photmonitoring programme of periodic B stars conducted at Lauve
metric calibrations (accurate parallaxes are not ava)adhd University (Aerts et al. 1999). The spectra of the stars were
found them to be situated between the SPBs and previoughthered with the CES spectrograph attached to the CAT tele-
known a Cyg-type variables (see their Fig.2). Oscillationscope at La Silla during numerous observing runs spread over
were not predicted in that part of the HR diagram. Given the/o years. For most targets, we obtained two exposures of the
uncertainty in the effective temperature and luminositgrtd He line in different seasons (in order to check for its variabil
(2000a) tried to improve upon the fundamental parameter dig?, one of the H line, one of the He 1 6678 line and one of the
termination by constructing the spectral energy distidsubf He 14471 line. Besides these, we observed one silicon line fo
the stars as a better diagnostic to derive their effective teeach star with the goal to obtain an accurate temperature est
perature and gravity. This did not improve the large uncemate. Depending on spectral type, this is either the Si 10413
tainties on the latter parameters, however. Neverthetbss, doublet (late B-type) or the Si 111 4560 triplet (early B-&)p
sample selected by Waelkens et al. (1998) remained the mostThe spectra were reduced in the standard way, i.e., by
valuable one to investigate observationally the occueensfc means of flatfielding, wavelength calibration through Th-Ar
gravity modes in supergiant stars, because it is unbiastiebin exposures and rectification of the continuum through a cubic
sense that the stars were not at all selected to be obsertled gpline fit. The resolution amounts to 70 000 and the exposure
HIPPARCOS on the basis of variability. For this reason, wémes range from 3 to 50 minutes, resulting in a high sigoal-t
conducted an extensive spectroscopic campaign for thelsampoise ratio of about 250.
with the goal to perform line-profile fitting as away to estima It became immediately evident that the three stars
the fundamental parameters of the stars with unprecedent#a 71913, HD 157485 and HD 165812 were misclassified in
precision. We report upon the analysis of these new data, dhd Bright Star Catalogue (BSC) as supergiants. They turned
the position of the stars with respect to the instabilitypstf  out to be news Cep stars. These have been studied in detail by
gravity modes, in the current work. Aerts (2000b) and are not included here. This finally leads to

The questions we will address here are the following. &8 sample supergiant stars.
elaborate further on the HIPPARCOS data in order to search In order to assess the importance of havpegiodic light
for multiperiodic variability, which is a natural propemynon- variability in our sample, we have additionally selected 12
radial oscillators. From selected H, He and Si line profies, bright B supergiants from the BSC, again chosen to cover the
derive the physical parameters (effective temperatuayityy complete B-type spectral range. These variables were ast cl

. Observations and Data Reduction
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sified asperiodic variable by the HIPPARCOS classification
algorithm. While for some of these bright objects stellar pa-
rameters are available in the literature, we have investedlt
lecting their spectra as well, in order to treat these stathe
same way as the sample stars.

3. Photometric Variability

The HIPPARCOS data of the 40 targets were subjected to
detailed period search by means of the Scargle (1982) and
Phase Dispersion Minimisation (Stellingwerf 1978) method
In Fig. 1, we show the phase diagrams for the dominant fre-
quency for two representative cases. The detailed redule o
frequency analyses are provided in Tables 1 and 2.

For most targets we recovered the main period found by
Waelkens et al. (1998), but not for all of them. For six stars,
the first harmonic of the main frequency was also needed to
obtain an accurate fit to the HIPPARCOS data (see, e.g., Fig. 1
We found evidence for multiperiodicity for eleven starseTh
detected periods range from 1.15 to 25d, with only four stars
having a period longer than 10 d. Thus we confirm that most of
the 28 sample stars have periods which are significantlytehor
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than the ones of otherCyg variables.

We do also find short periods (less than 10 d) for scom
parison stars, though they were not classified as periodic by the
HIPPARCOS team. When comparing the observed periods and . .
peak-to-peak amplitudes between the sample and comparison or - ]
stars, seven out of twelve comparison stars have lower peak- ’
to-peak variations, whereas the other five seem to havedserio
and amplitudes comparable to the ones detected in our target o1 ‘ ‘ ‘ ‘
sample.

Hipparcos H

Phase

Fig. 1. The HIPPARCOS lightcurve folded according to the dominant
frequency for the stars HD 96880 (B1 la) and HD 98410 (B2.5 Ib/Il)
The dots are the observations and the full line is a least-squares fit for
the indicated frequency and its first harmonic.

4. Spectroscopic Analysis: Results from Line
Profile Fitting

4.1. vsini from Metallic Lines

The projected rotational velocity,sini, was found from the
automated tool developed by Sim-Diaz et al. (2006), which
is based on a Fourier method to separate the effects ofonédti
broadening and macro-turbulence (which can be significant i
B-type supergiants, cf. Ryans et al. 2002). This method W?ES

. ; . . their fast rotation, and we adopt a mean value \fsini as
first described by Gray (1973) and reviewed in Gray (1978). . ! :
is discussed into detail more recently by Piters et al. (1996 provided by SIMBAD. For the other two objects (HD 51110

Weak metallic lines are the best diagnostic to devisai, and HD 1.;7670)' no Vﬁluel.'s given in SlMBAhD’ and 't. w'afs
e ney ar (o defnton) e rom saturaton e % PSSP 0 056 e e 0 messuie e sy
least affected by collisional broadening. We have the ¥ollo for HD 147670 onlv ky had been secured P '
ing lines at our disposal: either Si 1l 4128-4130 or Si Il 255 y '

4567-4574 (depending on spectral type), Mg Il 4481 (in the The occurrence ofsymmetries in the line profiles may
same spectral order as He | 4471) and, for slow rotators, ateweal the presence of time-dependent pulsational breaden
C Il 6578-6582 near hl. Besides these primary diagnosticang (see, e.g., Aerts & De Cat 2003 the current sam-
often also other, even weaker metallic lines can be found. ple, clear asymmetries in the Si lines were detected only

Table 3 lists our results fovsini, together with its stan- for HD 54764, HD 92964 and HD 109867. Most probably,
dard deviation and the number of lines we used. For the ttRay are related to binarity (HD 54764) or to a large mass-
comparison objects, not all selected orders were measamdd, loss rate (HD 92964), which in both cases affect the photo-
hence only few lines could be used. For five stars we evepheric lines in an asymmetric way. Only for HD 109867,
lack useful metallic lines. Three out of these five (HD 64768ye can speculate about a relation between line asymmetry
HD 157246 and HD 165024) have blended metal lines dueand pulsational variability.
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Table 1.Results of the period analyses for the 28 sample stars. The periads &pressed in d and have an accuracy better than 0.001d. The
amplitudes Aand their br error,o 4, are given in mmag. When the frequency’s first harmonic is preésene lightcurve, the label “yes” occurs

in column “H”. Column “v.r.” indicates the variance reduction of the hamic fit, in %. P, is derived from the residuals, after prewhitening
with P;. The total variance reduction is obtained from a harmonic fit to the data withgeriods. In the last column the observed peak-to-peak
value (i.e., the difference between the largest and the smallest edsaagnitude) is given in mmag.

HD P AL+ oA H V.I. P Ao+ Ta, H wr (tOtaI V. r.) AHP,ObS
47240 1730 224 no 60% 70
51110 2.315 6%6 no 53% 150
53138 24.390 455 no 49% 3.690 354 no 45% (73%) 100
54764 2695 144 no 33% 50
68161 16.949 252 no 68% 50
80558 1695 386 no 42% 5.814 265 no 25% (57%) 90
89767 1.153 284 no 34% 100
91024 2.398 366 no 42% 100
91943 6.452 244 no 40% 70
92964 14.706 435 no 45% 2.119 3&5 no 43% (71%) 110
93619 4.310 246 no 24% 100

94367 7.937 485 yes 58% 4.329 2Z5 no 34% (73%) 100
94909 16.949 36 no 36% 1256 254 no 28% (54%) 110
96880 2475 4&6 yes 47% 120
98410 1453 9%&8 yes 53% 8.696 4@8 yes 45% (75%) 230
102997 2.688 226 yes 33% 2976 234 yes 37% (58%) 110
105056 2.899 4%8 no 36% 7.299 5%8 yes 46% (67%) 130
106343 3.650 2#6 yes 38% 3906 234 no 31% (58%) 110

108659 5.076 224 no 30% 80

109867 4.484 323 no 46% 4.785 2&3 no 30% (63%) 80
111990 2.890 3@&4 no 26% 120
115363 3.077 388 no 22% 120
141318 1.466 162 no 35% 50

147670 5435 6&4 no 68% 110
148688 6.329 466 no 61% 1.845 244 no 42% (79%) 90
154043 2.874 3&7 no 34% 80

168183 2.105 6&5 no 49% 150
170938 5.618 9418 yes 61% 110

Table 2. Results of the period analyses for the 12 comparison stars. Notationsm@sdre the same as in Table 1.

HD PL Ayxoa H wvr P, Ay+op H v (total v.r) AHpgns
46769 0.1122 %2 no 40% 22
58350 6.6313 4#6 no 39% 145

64760 2.8090 1%2 no 34% 1.8447 @2 no 33%  (56%) 28
75149 1.2151 335 no 43% 2.2143 2@4 no 34%  (63%) 100
86440 6.1996 @2 yes 51% 0.2371 &2 no 22%  (62%) 36
106068 4.2644 425 no 46% 251889 244 no 31%  (64%) 110
111904 3.3389 3@4 no 38% 19.1205 123 no 32%  (58%) 110
125288 8.0906 @2 no 21% 38
149038 0.6390 123 no 61% 37
157038 3.6430 487 no 68% 1.5432 2%#3 no 50%  (84%) 100
157246 1.1811 182 no 40% 0.1281 @2 no 40%  (64%) 20
165024 2.7693 &1 no 28% 0.8455 &1 no 24%  (46%) 24

4.2. Determination of Physical Parameters troduced by Santolaya-Rey et al. (1997) and has meanwhile
been updated for a number of improvements. The most im-
To investigate the position of our sample stars in the HR dipertant ones concern the inclusion of line blocking/bldimge
gram on a solid basis, we determine the fundamental pararaffects and the calculation of a consistent temperatute-str
ters of the stars from our high-resolution spectroscogloie  ture by exploiting the condition of flux-conservation in tie
up data. For this purpose, we use the non-LTE, sphericafigr and the electron thermal balance (e.g., &ut al. 1999)
symmetric model atmosphere code FASTWIND (Fast Analysis the outer part of the atmosphere. A detailed description o
of STellar atmospheres with WINDs) which enables us to déie code was given by Puls et al. (2005), where also represen-
rive atmospheric and wind parameters. The code was first in-
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Table 3.Projected rotational velocity,sini, and its standard deviation 5.0}
(in km/s) for all 40 sample stars, determined via the Fourier transform i
of metallic lines. When no metallic lines or only blended lines are 30 L
available, the corresponding values from SIMBAD are given in italic. [
The column indicated as “n.o.l.” gives the number of lines used t&

determine the mean value v$ini and its standard deviation. 2 5F B
- [
HD vsini s.d. n.o.l HD vsini s.d. n.o.l. © i
46769 68 5 2 102997 39 8 13 2.0 N ]
47240 94 9 G 105056 61 21 10 r
51110 nla 106068 26 5 6 L 1
53138 38 4 14106343 44 7 14 1.0 Si Il 41287
54764 108 15 10 108659 29 5 12 [ ]
58350 37 5 4 109867 50 14 16
64760 220 111904 32 9 4 10 14 18 22
68161 17 2 20111990 36 6 6 Teff (kK)
75149 30 8 4 115363 55 12 8
80558 28 5 17 125288 25 4 4 Fig. 2. Isocontour levels of equivalent line width (expressed in
86440 20 6 5 141318 32 3 8 Angstrom) for Si Il 4128 (solar Si abundance, negligible mass-loss)
89767 47 6 12 147670 nla demonstrating that this line is a good temperature indicator up to
91024 25 6 23 148688 50 11 13 20000 K.
91943 48 7 12 149038 57 4 2
92964 31 6 17 154043 37 9 8 4 0F -
93619 47 13 11157038 41 5 4 3
94367 31 4 15 157246 302 3 5F ]
94909 64 10 11 165024 95 I
96880 44 9 14 168183 124 16 7 [
98410 31 3 10170938 51 6 10 o 5.0r ]
O [
o 2.5r ]

tative results have been compared with those from altexnati C
NLTE codes, CMFGEN (Hillier & Miller 1998) and WM-basic -0 |
(Pauldrach et al. 2001). Meanwhile, a number of spectrascop i
investigations of early type stars were performed by means 1.5 i
of FASTWIND, both in the optical (e.g., Herrero et al. 2002; E— — E— B

Trundle et al. 2004; Repolust et al. 2004; Massey et al. 2004, 10 14 18 27 26 30
;882) Mokiem et al. 2005, 2006) and in the NIR (Repolust et al. Teff (kK)

As stated earlier, for most stars two hydrogen lines 8d  Fig. 3. As Fig. 2, but for Si Ill 4552. At temperatures around 23 000K,
Hy), two He | lines (the triplet line 4471 and the singlet linéi Il 4552 reaches a maximum in equivalent line width. The isocon-
6678) and one silicon multiplet (Si Ill 4552-4567-4574 fhet tours show that from this maximum, theoretical line profiles can be-
early types, up to B2, and Si Il 4128-4130 for the later Smctrhave similarly towards loweand higher temperatures, causing a di-

types) have been observed. The choice to measure these %fbtgpmy in the determination of the effective temperature, when we

cific lines has not been made randomly, but is based on thlglcr Sillor Siiv.

well-known specific dependency on one or more of the basic
parameters we want to unravel. The model atom for silicon
used in this investigation is the same as used and describedbd references therein), which has changed only margitally
Trundle et al. (2004) in their analysis of SMC B supergiants.log (Si/H) =-4.49) in the recent update of the solar compmsit

In Figs. 2, 3 and 4, we show the isocontour levels of equivéAsplund et al. 2005).
lent line width of Si 1l 4128, Si lll 4552 and He 1 4471 respec- The silicon abundance in B stars is heavily disputed.
tively, and their dependence on the effective temperatnde @epending on sample and method, values range from roughly
surface gravity based on an extensive grid of synthetic isodeolar (Gies & Lambert 1992; Gummersbach et al. 1998;
(see below). These figures show that Si Il is a very good teiRelleston et al. 2000) to a depletion by typically 0.3 deXig&
perature indicator for B-type stars with an effective tenape 1992; Kilian et al. 1994; McErlean et al. 1999; Daflon & Cunha
ture below 20 000 K (Fig. 2). From then on, Si lll takes over @004), in both cases with variations hy0.2 dex. Analyses
a temperature diagnostic (Fig. 3). Used in parallel, bdibasi  of individual objects by Urbaneja (2004) and Przybilla et al
multiplets could be used to infer information about thecsiti  (2006) indicate a rather large scatter, again in the sangeran
abundance. Since, however, we always have only one of botlofralues. In view of this uncertainty, and the fact that Citoey
our disposal, we adopt a solar silicon abundance for ourystuet al. (2006) in his analysis of Galactic B supergiants foonad
(log (Si/H) = -4.45 by number, cf. Grevesse & Sauval 1998bvious problems in using solar values, we also adopted this

Si Il 45527
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40F T T T T T T e mined in parallel with the fit and accounting for a typicaliedel
S tangential distribution (Gray 1978).

In a first step, we derive coarse parameters by using an ex-
tensive grid of synthetic models, with effective temperasu
ranging from 10 000 K up to 30 000 K (taking steps of 1 000 K)
and appropriate gravities in steps of 0.1 dex inddgystem-
atically shifting the gravity range to higher values for lnég
effective temperatures). We consider the grid stepkgnand
logg as arough estimate (see Sect. 5) for their uncertainty. For
eachTeg/logg grid point, six different values (equidistant in
He | 4471 the log, with appropriate boundaries) for the wind strerggth
R R R R rameterQ have been calculated, wif@ = M/(v., R.)®, thus

combining the effect of mass-loss, terminal wind velocitygla
10 14 18 22 26 radius into one single parameter. The reason for doing $@ais t
Teff (kK) different combinations of these individual parameteraglieg
Fig. 4. Isocontour levels of equivalent line width (expressed iF’IO the saméQ-value, lead to almost identicald-profiles (Puls

Angstrom) for He | 4471 (n(He)/N(H) = 0.1, negligible mass_loss)et al. 1996), whereas the other lines remain also conserved

In the cool B-type regime, He | 4471 is a perfect temperature indicg?UIS et al. 2005). In so far, the “real” fit quantity @ and

tor as the isocontours are almost vertical. At higher temperatures, ff the mass-loss rate itself, which is determined onlyr afte
line changes into a good diagnostic for the gravity. andR. have been adopted and/or derived.
As a first guess, we adopted a “typical” radius for each grid
point, as calculated from evolutionary models and followhesl
value. We will report on the influence of this assumption an thobserved terminal velocities of massive hot supergiams fr
final outcome later on. Prinja & Massa (1998) to initialise.. In combination with

He | 4471 serves several purposes: for early B-types ittise predescribe@®-values, this leads to a wide spread in mass-
a good gravity indicator (with a certain sensitivity to tezn@- loss rates. As mentioned above, all models were calculated f
ture as well), whereas for the later B-typ8%q( < 15000 K) the “old” solar silicon abundance. For the grid, we also abns
it becomes progressively independent of gravity, but can beed solar values for the helium content (n(He)/n(H) = Q.10)
used to constrain the temperatures perfectly (Fig. 4). dseh However these values were adapted whenever requiredlyFinal
cases where the effective temperatures (from Si) and the grall profiles have been calculated for three different vahféke
ity (from Hy, see below) are well defined, both He | linesnicro-turbulent velocityymicro, Namely 5, 10 and 15 km/s.

(He 1 4471 and He | 6678) are useful to constrain the helium After having derived a coarse fit by comparison with the
content, as well as to check for the overall consistency ef tbynthetic spectra from our model grid, we further refined the
results, which in any case is the primary purpose of the secatellar and wind parameters (in particulM,and,B) in order to

He | (singlet) line. The recent debate on the difficulty to ussbtain the best possible fit. Note that also the micro-tumtul

He I singlet lines as diagnostic tools (due to subtle line ovekelocity was adapted when necessary. We consider this quan-
lap effects of the He | resonance line in the FUV, Najarro et aity to be spatially constant and identical fall investigated
2006) is (almost) irrelevant in the present context, sihcem- lines, i.e., we assume thegco does not follow any kind of
cerns only spectral types of BO and hotter. stratification throughout the atmosphere (see Section 5).

Of course, He | 4471 is not our primary gravity indicator. In a last step, the actual radius (contrasted to the adopted
As usual, we employ the Balmer line wings for this purposene) was estimated in an iterative process, by comparing-the
in our case particularly the wings ofyHSince the K line is band integrated theoretical fluxes with corresponding labeso
formed further outin the atmosphere, it is affected by te#tast visual magnitudes M, which in turn were taken from the cal-
wind, and, for larger wind densities, displays the typiaai® ibrations by Schmidt-Kaler (1982) (except for HD 168183 and
sion or P Cygni type profile. Depending on the mass-loss rak) 111904, which are known cluster members and hence we
M, the velocity law exponeng, and the terminal wind veloc- could derive M, from their distance). This procedure (includ-
ity, Veo (With V(r) = Voo (1 - R./r)?), the profile will have a more ing corresponding updates bf) was repeated until the differ-
pronounced emission profile, a steeper red wing or a broaderce in input and output radius became negligible (usualéy o
absorption. Note that for lower wind densities, only theecof  or two iterations were sufficient).

He is refilled by wind emission, and the errors regarding the Note that the derived gravities are contaminated by cen-
derived mass-loss rates become larger. trifugal effects. In order to obtain the “true” gravitiesaued

We used a “by eye” line profile fitting procedure to find théo calculate, e.g., the masses and to find the appropriate pos
best fitting synthetic FASTWIND spectrum for the observetions in the lodles — logg diagram (Sect. 9), one has to apply
line profiles of each object, in order to derive their fundamea “centrifugal correction” with respect to the derived tagaal
tal parameters. The synthetic profiles are convolved wiitr a velocities (Repolust et al. 2004, and references theréhgse
tational profile with appropriatesini (cf. Table 3), whereas corrections have been applied, and the corresponding sralue
the macro-turbulencenacro (Well visible in the wings of the can be found in Table 6 as entgy,,. For our further analysis,
Si-lines) is considered as an additional free parametéer-dewe will use exclusively these data.

3.5
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o
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4.3. Results from the Line Fits Comments on General Problems

Due to the restricted number of available spectral linestand We have noted a certain discrepancy between the two lines of

cause different regimes of the parameter space lead tO’-diﬂIQe Si Il 4128-4130 doublet. Theory predicts the Si Il 4130

ent accuracy, given the available diagnostic, we subdigige I'r?e t]? bel sorrf1e\r/]vhat stro(r;ger than the_ Sill 4hl|28 Iifne, Sich
sample in three groups of stars, depending on the relialoit thegt value of the second component is roughly a factor 1.

the derived stellar parameters (maiflly; and logg). The first larger than of the first component (different atomic databas

group (hereafter “group I”) comprises sample stars for Whi(give very similar results). However, in most (but not allses,
we consider the results as very reliable we observe an equal line strength for both lines. While further

investigation is needed, we approached this problem byrfindi
The second group constitutes objects which suffer from thecompromise solution in the final fit. The related errors are
following “defect”. From Fig. 3, it is obvious that there Wil discussed in Sect. 5.
be models aeach side of the “peak” around 23000 K which  Thanks to the high spectroscopic resolution, a problem with
produce similar Si Ill 4552 (and 4567-4574) profiles. Sincge forbidden component in the blue wing of He | 4471 could
these lines are our major temperature indicator for theyeafe identified. It appears that this (density dependent) cemp
type stars, this leaves us with two possibilities gy, and nent is often (however not always) predicted too weak for the
Only the Strengths of additional Si Il or Si IV lines would al'ea”y type Stars<( B]_) and too Strong for the late type stars (
low for a conclusive answer. For sample stars of spectra@ tyg2). For the cooler stars, this might be explained by a fairly
B1-B2, only the Si lll multiplet is available to us. In thissms strong O Il blend at this position.
we make the appropriate choice between the high and the low For some stars, He | 6678 would need a higher macro-
temperature solution relying either on He | 4471 (whichl Sti{urbulence,vmacro than the other lines. The clearest exam-
has a certain sensitivity on the temperature, but requitesa ple of this situation is given by HD 92964, but, to a lesser
sumption of the Helium abundance) or on its spectral subtyggient, it also occurs in HD 89767, HD 94909, HD 93619,
(which we infer from SIMBAD or recent literature). Due to the4p 96880 and HD 106343, all of them being early type
restricted reliability of this approach, all corresporglbjects stars. Their He | 6678 'fits’ show that there must be an addi-
are collected in “group II". We discuss this approach in detajonal broadening mechanism which we do not understand
in the appendix, for the prototypic example of HD 54764 whick present.
is a B1 Ib/ll star. The effective temperatures and gravities In a number of cases we were not able to reproduce the
rived for group | and Il objects will be finally used to obtain &hape of the H profile, mainly because of two reasons. On
new calibration off ey as a function of spectral subtype. the one hand, the assumption of spherical symmetry adopted i
“Group 111" contains stars for which we have no meanEASTWlND (and almost all other Comparable line-blanketed

to derive accurate stellar parameters, either becausekthe NLTE codes) prohibits the simulation of disks or wind com-
jects are rather extreme or suffer from additional effecis nPressed zones in case of large rotational speeds. On the othe
included in our atmospheric models, either because of reeir hand, we neglected the effects of wind clumping (small scale
culiar spectrum that complicates a reliable fit, or a comiona density inhomogeneities redistributing the matter intosie

of both. Therefore we classify these stars as “unreliazlat| clumps and an almost void interclump medium, see, e.g., Puls
their parameters should be considered with caution. et al. 2006, and references therein), which can have a gertai

' effect on the shape of thedHorofile and on the absolute value
Apart fr“om these”three groups, we define a fourth 99U the mass-loss rate. Recent findings by Crowther et al 6200
(hereafter “group I.V) consisting of th_e twelve COMPariSoR e indicated that this effect is rather small in B-typeesup
stars. For these objects, at.mos.t three I.|nes. havg beervertjseE]i‘,;m,[S though. Even if the detailed shape af il not matched,
(He | 4.471’.H/ and H), wh|ch,_|n combination W'th OUrNeW yhe error in the derived (1-D) mass-loss rate remains aecept
Ter-calibration (see above)., .W'” be uged to estimate eﬁecn\éble, due to the strong reaction of the profile on this paramet
temperatures, surface gravities and wind parameters. at least if the wind densities are not too low. For such lowdwvin
For most of the sample stars we observed twogtofiles densities then, the discussed processes do not lead tosny di
about one year apart, in order to obtain an impression of tbieepancy with the observed profile shape, since only the core
wind variability (for a detailed investigation, see Markost al. of Ha becomes refilled.
2005). We model each dprofile separately by fixing all pa-  We stress that, in this kind of analysis, a reliable normali-
rameters except for the mass-loss rate. The resulting tiuesa sation of the spectra is of crucial importance. An incorrext
for M are finally averaged to compute the wind strength paramalisation of the silicon lines, e.g., leads to errors indbgved
eter logQ and the mean wind density which are required for o@ffective temperatures, which will propagate into the i
further investigations in Sect. 10. surface gravitie$.Errors occurring in the normalisation ofyH

In the appendix (only available in the electronic editior® Wadd!;!on::.llly e?ggifthe eLror n :@ wh;r(ra]as e;]n erronelous
will display and discuss, where necessary, the individual ffectification o affects theQ-value and thus the mass-loss

one by one, for all four “reliability groups”. The deriveceir 1 ¢ see Zsanget al. (2006) for recent progress regarding a 2-D
and wind parameters are presented in Table 6. In the follogjodelling

ing, we give some comments on general problems encounterédto preserve the # profile, changing the temperature by 1 000 K
during our fitting procedure. requires a simultaneous change in gravity by roughly 0.1 dex.
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rate. Though we were restricted to few selected orders (trsexjuences of our assumptions regarding abundance and micro
cutting out the largest part of the available continuumg,réds turbulence.

maining spectral windows were generally sufficient to abtai

a correct normalisation thanks to the high S/N ratio whicls wa

obtained. For pure emissiorutprofiles, on the other hand, this5 1. Error Estimates for Teg

was more difficult, due to the large width of the profiles.

A reliable derivation of terminal velocitiesy.., turned out Whenever many lines from one ion are present, the micro-
to be possple only for a restricted number of .stars. As ﬂljrbulence can be specified with a high precision given a
ready explained, we adopted the values determined by Prigia . n" abundance. A few lines from different ionisation

& Massa (1998) from the UV as a first estimate, with an exa4es, on the other hand, allow for a precise temperattire es
trapolation towards later B-types by using the cormespmpéi 410 since in this case the ratios of lines from differeages

supergiant data provided by Lamers et al. (1995). Both @882 S, ¢ (31most) independent of abundance (which is the reason t
have been collected in Table 1 of Kudrltz!« & Puls (2000). B¥pectral classification schemes use these ratios). Missiing
means of these values, for most of the objects such a good f'tt:B?nplete knowledge becomes a major source of uncertainty if

Ha (and other lines) had been obtained at first instance that fUﬁIy few lines from one ionisation stage are available. We as
ther alterations seemed to be unnecessary. Only for HD 92984 e different effects one by one.

the adopted/,,-value might be too low, which could explain

the mismatch of He | 6678. However, the firstrHbrofile of

this object is in complete emission and also the second .

displays only a tiny absorption dip, which makes it diffictat Ogil Influence of Si Abundance

derive a reliable value. Thus, also for this star, we adofited

UV-value. Concentrating first on Si, a star with depleted abundande wil
On the other hand, by alternativedgriving v., from fitting  diSPlay, at a given temperature, weaker Si lineslinionisa-

the shape of H, we generally found values which are eithefion stages, and vice versa, if Siis enhanced. Thus, if tie li

similar or lower than the ones from the UV. Though the agreglréngths decrease with increasing temperature (as forsgi

ment was extremely good for some objects, for others a dfd9- 2), the effective temperature would be overestiméftei

crepancy by more than a factor of two was found, resulting irf&tual abundance is lower than the assumed solar value, and

mean difference of W and UV terminal velocity of 45%. Note Underestimated for increasing line strength with tempeeat

that the fits generally improved when adopting the UV valud§-9-» for the low temperature region of Si lll, cf. Fig. 3).

finally. L ) ) _ To check the quantitative consequences of this uncertainty
Thus we conclude that it is not possible to precisely esfjje calculated, for three different temperatures (15 00@QZD
matev,, from Ha alone, at least in a large fraction of cases,q 25000 K), various models which are depleted and en-
where the typical error by such an approach is given by afacinced in Si by a factor of two (thus comprising the lower
of two. values discussed in the literature, see Sect.4.2), andtinve
gated how much the derived temperature would change. When
changing the effective temperature of the model, one has to
change the surface gravity in parallel, in order to presémee

Thanks to the high quality of our spectra, fitting errors due 7 Profile.
resolution limitations or instrumental noise do not plaglkiin

our gnalysis. The major P“)b'ef“ encountere_d here is the V%'Me), such a depletion/enhancement of Si corresponds to a
restricted number of available lines, and the involved iagsu decreasefincrease dky by 2000K (and logy by 0.2). At

tions we are forced to apply (particularly regarding thekiira 25000 K, which is a representative temperature for the early

dance and the micro-turbulent velocity, see below). type objects for which we only have the Si lll triplet, theeaft

Apart from this principal problem, the major source of efyas found to be identical. At 20000 K, the effect depends on
rors is due to our “eye-fit” procedure (contrasted to aut@mat,yhether we have Si Il or Si lll at our disposal, and the overall

methods, e.g., Mokiem et al. 2005), which is initiated by aneffect is a bit smaller. If we have Si Il, we again find an over-
ally scanning our pre-calculated grid (see Section4.2.@M gstimation, now by 1500 K, if the star is depleted in Si, but
fective temperatures and gravities did not need refinentee 0 455 med to be of solar composition. If we have Si lll, which is
a satisfactory solution had been found from the grid, aftar t o) gaining in strength in this temperature regime, tfeetive

ing the mass-loss rates and the velocity exponents. Thefef‘?emperature would be underestimated by 1500 K.
the grid steps reflect the errors on those parameters. In prac

tice, this means thaypical errors are of the order of 1000K  In conclusion, due to the uncertainties in the Si abundance,
in Teg and 0.1 in logy, which is — for later spectral types —we expect that our temperature scale might systematicadlis o
somewhat larger than possible under optimal conditioes, i.estimate the actual one (except for those group Il objecistwh

if much more lines were available. Finer step sizes or furtheely on Si lll, where an underestimation is possible), by @ KO
fine-tuning of the models with respect to effective tempaegt to 2000 Kif the average abundance were actually 0.3 dex
on the other hand, was regarded as irrelevant, due to the domer than solar.

5. Error Estimates

For late-type stars at 15000 K (where only Si Il is avail-
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5.1.2. Influence of Vmicro 5.2. Error Estimates for Other Quantities

One might argue that a Si depletion is not present in oursampﬁfthoggh the f|t—/modeIII|ng—err|?r |nllog IS ;_?1 for alglveg
since in almost all cases our secondary temperature ditigno§ ect_lve tempgrature, aitself varies withTeq (as already
mentioned, typically by 0.1 foAT = 1000 K), so that for a

He I, was fitted in parallel with Si without further problems. iy | T (d der-/ bund
However, we have no independent check of the He cont te_ntla y larger error infeq (due to under-foverabundances
Si) also the gravity has to be adapted.

(only one ion available). In most cases, the He | line profil
were consistent with solar abundance, but strongly evabeed The errors for the other parameters follow the usual error

jects have processed material and should have a larger He églqpagation (for a detailed dis.cussion, see Markova D&l 2
tent (see, e.g., the corresponding discussion in Crowthealr e and Repolust et al. 2004), being mainly dependent on the un-
2006) certainty in the stellar radius, which in turn depends onvire

lidity of the used calibration of the absolute visual magdé
Even if one would regard the consistency between Si afidm Schmidt-Kaler (1982). A precise error estimate of tite |
He as conclusive, it depends on one of our additional assurg-quantity is difficult to obtain, but at least for early amitl la
tions, namely that the micro-turbulent velocities are ¢ans sypergiants (until B3 Ia) we can compare this calibratiothwi
with height, i.e., identical for He and Si linésThough there is the results from Crowther et al. (2006, Sect. 2), who derived
no clear indication in the present literature that this fiesis \1,, values either directly from cluster membership arguments
is wrong, a stratified micro-turbulent velocity seems pilales o from average subtype magnitudes of Magellanic Cloudstar

In such a case (i.e., differemkcro for He and Si), we would comparing their results with ours, we find similar averade va
no longer have a clear handle on this quantity, and due to {&s, with a 15 scatter of

well-known dependence of line strength on this quantity §io

lines, see, e.g., Trundle et al. 2004, Urbaneja 2004, foirds| AMy ~ £0.43 mag

McErlean et al. 1998), an additional source of error would be . . . .

present. From test calculations, it turned out that a chafige/Nich will be adopted in the following, also for the later spe
1000 K (which is our nominal error ifis) corresponds to a tral types and the other luminosity classes. From this numbe

change of/micro by roughly 4 to 5 km/s in the Si lines. and the error iMeg, the error in the radius becomes

For the few objects with low macro-turbulent velocity, AlogR./Ry = £0.088

Vmacro @nd low rotational speed, we were able to directly “mea—h, h 0 . . ith the diff
SUre” Viniero, thanks to the high resolution of our spectra. [Whic corresponds to 22%, and is consistent with the differ-

these cases, the profiles become too narrow in the wings &€ in the radii derived by us and by Crowther et al. (2006),
too strong in the core, when decreasing. (and vice versa see also Table 4. We subsequently find a typical uncertainty i

when increasingimicro). This behaviour cannot be compensateld® luminosity of

b_y ch.angmgT.eff. I_:or most of the objects, howeverz sgch pre- AlogL/Lg ~ 0.22...0.19

cise information is washed out b¥,acro In the majority of

cases we were able to obtain satisfactory fits (He in paralfel T =12 000 K. .. 25000 K, respectively. The wind-strength
with Si) by keeping typical values available in our grid, wii parameter, lo®, can be determined with rather high precision.
are 15 km/s for early type objects and 10 km/s for late type oReopting a combined contribution of fit error and uncertgint
jects. Changinmicro by more than 2 to 3 km/s would destroyin T of £0.05 (Repolust et al. 2004, their Sect. 6.2), and an ad-
the fit quality of either Si or He. ditional contribution of+0.1 accounting for the temporal vari-

In conclusion, we are confident about the derived values@ility (Table 6 and Sect.10), we find
Vmicro (@nd thus of the temperatures), provided that the He and AlogQ ~ +0.11
Si lines are affected by a similar micro-turbulent broadgni
i.e., that stratification effects are negligible. The precision im log M amounts to

AlogM ~ +0.24,

5.1.3. Influence of the Si I Problem if we estimate the error im, as 30%Finally, the error in the

As mentioned in Section4.3, there is a discrepancy betwdfived wind-momentum rate is
the two lines of the Si Il 4128-4130 doublet for most of our Alog Dmem ~ +£0.34,
late-type objects. By allowing for a compromise solutiom (i
which Si Il 4128 is predicted as too weak and Si 1l 4130 as to@., somewhat larger than the error in logL.
strong), we minimise the error. Indeed, todiher of both lines
perfectly, we would have to change the effective tempeediyr . . L
roughly 500 K, which is well below our nominal error. 6. Comparison with Other Investigations
We compare the results of our analysis with correspondieg on
from similar investigations, in particular those by Croesth
3 For most of our objects, the analysed He lines are stronger thginal. (2006); McErlean et al. (1999) and Kudritzki et al. 429
the Si lines, i.e., they are formed above the Si lines. for five stars in common.
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Fig. 5. Comparison between synthetic line profiles (downgraded) from otfittexy models(black) and the low/intermediate dispersion spec-
tra of Crowther et al. 200@rey), for four early B-type supergiants in common: (a) HD 94909; (b) HB4B; (c)HD 148688; (d) HD 53138.

6.1. Comparison with the Analysis by Crowther to us by P. Crowther). In order to compare the spectra with

et al. (2006) each other, we first downgraded our synthetic spectral lines
by convolving with an appropriate Gaussian. Subsequently,

Our sample has four targets in common with the sample @& verified whether the best model we found from a limited

Galactic early B supergiants studied by Crowther et al. §00 number of lines also provides a good fit to the additional H,

HD 94909 (BO la), HD 91943 (BO.7 Ib), HD 148688 (B1 laHe and Si lines in the complete spectrum. In this procedure,

and HD 53138 (B3 la). They used the alternative NLTE modgle only adaptedM when necessary to fit the aHprofile.

atmosphere code CMFGEN (Hillier & Miller 1998) to deriveCrowther et al. used a solar Si abundance as well and 0.20 by

the physical parameters and wind properties of these stafigmber for the helium abundance. The complete comparison

Compared to their low dispersion CTIO and intermediaie summarised in Table 4.

dispersion JKT/INT spectra, we have the advantage of the

very high resolution CES data. On the other hand, Crowther

et al. have complete spectra at their disposal (kindly pledi



Lefever et al.: Periodically variable B supergiants 11

Table 4. Comparison between the fundamental parameters derived in this stddyyaCrowther et al. (2006); McErlean et al. (1999) and
Kudritzki et al. (1999) for the objects in common. The mass-loss ratre we-determined from the low/intermediate-resolution spectra of
Crowther et al., but do not differ significantly from the values deriftein our data.Q-values refer to mass-loss rates in unitshf/yr,
terminal velocities in km/s and stellar radii Ry,

HD Ter logg My R. logL/Ls Voo B logQ Vmicro  reference
(kK)  (cgs) (R) (km/s) (see capt.) (km/s)
94909 25.0 27 -6.9 36 5.65 1450 1.8 -12.96 20 this study
27.0 2.9 -6.4 255 5.49 1050 15 -12.34 10 Crowther et al. (2006)
91943 240 27 595 23 5.19 1400 25 -13.36 15 this study
245 2.8 -6.3 26.8 5.35 1470 1.2 -13.01 10 Crowther et al. (2006)
148688 21.0 2.5 -6.9 42 5.49 1200 3.0 -12.90 15 this study
22.0 2.6 -6.8  36.7 5.45 725 2.0 -12.39 15 Crowther et al. (2006)
53138 17.0 2.15 -7.0 50 5.27 490 2.5 -13.20 10 this study
155 2.05 -7.3 65 5.34 865 2.0 -13.57 20 Crowther et al. (2006)
185 2.35 5.04 10 McErlean et al. (1999)
185 2.30 39.6 5.22 620 2.5 -13.61 40 Kudritzki et al. (1999)
58350 135 175 -7/0 65 5.10 250 25  -13.17 12 this study (groyp IV
16.0 2.10 5.36 15 McErlean et al. (1999)

HD 94909 (BO la) From the CTIO spectrum of this star,centrate on our high resolution spectrum (Fig. A.3. in the ap
Crowther et al. estimated the effective temperature to pendix). Clear variations in the wind outflow are registeted
27000 K and log 2.9. It is impossible to fit our Si lll lines the first measurement ofd the P Cygni profile has only a
with such a high temperature, because they become far tmy absorption trough and a considerable emission, wiserea
weak. Instead, we derive an effective temperature of 25 Q00tKe second profile indicates a much lower wind density. This
in combination with a log of 2.7. When we compare our (de-star is one of the objects to show the discrepancy between pre
graded) best fitting model with the CTIO spectrum (Fig. 5(a)jlicted and actual line strength of the Si Il doublet compasien
we see that Si IV is predicted too weak, which explains th{&ect. 4.3) for which we adopted a compromise solution.ig th
higher temperature found by Crowther et al. By exploring theay, our best fitting model gives an effective temperature of
neighbouring parameter space, it turned out that we cani8t000 K and a log of 2.25.
simultaneously fit Si Ill and Si IV, and we suggest that thés st ~ When degrading the resolution of this best fitting model to
is overabundant in Si. the resolution of the full spectrum provided by Crowtherlet a
(originating from the LDF Atla$), we find some discrepancy

HD 91943 (B0.7 Ib)For this star, only a few additional linesin the Si lll triplet (see Fig.5 (d)). This discrepancy can be
(besides those measured by us) are available due to the KRfPlved by decreasing the temperature in combinationatith
noise level. In Fig.5(b) we show Si Ill 4552-4567-4574 fother a lower micro-turbulent velocity or a depletion in $nce
consistency, together with lines of an additional ioniwati also Si IV 4089 seems to be a bit too strong. To cure this prob-
stage of Si (Si Il 4128 and Si IV 4089/4116/4212) and heliu#gM. we can go down as far as 17 000 K (with lpg 2.15 and
(He | 4026, He | 4387 and He Il 4200). There might b¥mico = 10 km/s), which is still 1500 K higher than the value
a problem with the normalisation of the Si IV 4212 anglerived by Crowther et al. (2006Y4 = 15500 K, logg =

Si IV 4089 profiles, but still it is clear that the strength bet 2.05). To find an explanation for this difference, we had aeto
observed and theoretical profiles agree satisfactorilyiéw |00k at their spectral line fits. Though the overall fitis gote

of the low dispersion, we obtain a reasonable fit, which gived lines are not matched perfectly. In particular, at thelte of
us confidence in our results. Teﬂf = 15500 K, the Si Il 4128-4130 pI’OfileS are pl’ediCted too

strong, whereas Si lll 4552-4567-4574 is predicted too weak
\)'his disagreement in the ionisation balance suggests fkat t
effective temperature should be somewhat higher. We use the

in M31, M33 or the SMC (Bresolin et al. 2002; Urbaneja{j 000 K model, which is at the lower bound of the quoted er-

et al. 2002; Evans et al. 2004, respectively). This star & O\EZ;L?;?]GS of our original analysis, as a solution to all dezrd

out of a few that show no radial-velocity changes. We ha A £ th . ; ling f both
only a few additional lines available in the CTIO spectrum. *' summary ol the main parameters resufling rom bo
tudies is given in Table 4. Interestingly, in all cases, the

It is very encouraging that they all nicely confirm our resul ) . : )

(see Fig.5 (c)). In order to fit the Si lll triplet, we need a ow/;n;ermed_zate resoluu;n dzifplroflle otrllser\r/]eq t;y Cr((j)wther

effective temperature of 1000 K lower than the one suggesfétoa' les amidst our t.W‘? profiles, so t .at.t. € Inferred mass-

by Crowther et al. (2006). 0ss rates are very similar and the variability is not large (
Sect. 10). As already pointed out, the differences in rabli o

tained by us and Crowther et al. are of similar order. On the
HD 53138 (B3 la)can surely be named one of the most “pop-

ular” B-type supergiants studied until now. Let us first con-* nttp:mww.ast.cam.ac.ukiSTELLARPOPS/Hsiars/specteaib/mw_library/mw.library.index.htmi

HD 148688 (B1 la)is often used as a comparison star in U
studies as a galactic counterpart for early B-type supetgia
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other hand, thg-values implied by our fits are generally larger 357~ ~ "~ "~ " " T T oo T
than the ones from Crowther et al. (2006). Accounting addi- - ]
tionally for the moderate differences iy for the first three 30
objects (in these cases, our values are lower), this expthan
lower logQ values found by us. For HD 53138, on the other
hand, thes values are similar, whereas our effective temperaz
ture islarger, explaining thehigher log Q value. <

6.2. More Comparisons

By means of the plane-parallel, hydrostatic, NLTE atmosphe L
code TLUSTY (Hubeny & Lanz (2000), McErlean et al. (1999)
deduced the photospheric parameters and CNO abundances of
46 Galactic B supergiants. Effective temperatures werdlynos
obtained from the ionisation balance of Si. Two of their clge

are in common with our sample (HD 53138 and HD 58350, a
B5la Group IV object, see Appendix B.5), and Table 4 displaysg. 6. Ter as a function of spectral type for the sample B-type su-
the comparison. The effective temperature for HD 53138 frop§rgiants: group I (black circles), group Hrgall grey filled circles)
McErlean et al. compares well with ohigh temperature so- aqd group 1 (asteri;ks). For group I, we subdivided accordiri.g-tO
lution for this object, i.e., differs significantly from the mucHMinosity class: la (filled symbols) and Ib (open symbols). Triangles
lower value derived by Crowther et al. (see above), and &lso fienote the early B la supergiants from Crowther et al. (2006), and

- . . rectangles two late-type la supergiants with very precise parameters
gravities are consistent. Regarding HD 58350, we laglopted from Przybilla et al. (2006). The dotted line represents the effective

a tempergture CP”S!SteF‘t W'th the calibrations providethén temperature scale of Lennon et al. (1993) and the full line shows our
next section, which is significantly lower than the valuerfdu pe\ly derived effective temperature scale based on group I/l istars
by McErlean et al. For details, we refer to Appendix B.5, buddition to the objects from Crowther et al. (2006) and Przybilla et al.
we point out that the complete JKT spectrum allows for an i2006). The grey area denotes the standard deviation of our remress
crease in temperature by roughly 1 000 K. fit.

Finally, on the basis of the temperature scale derived by

McErlean et al. (1999), Kudritzki et al. (1999) analysed thgould want to re-assign spectral types from our high-gyalit
wind properties of a sample of early/mid B and A supergianigata as in, e.g., Lennon et al. (1993). However, one needs a fa
by means of a previous, unblanketed version of FASTWINIRymper of spectral lines to do this in a safe way. Since we have
Their Value for the Wind-Strength parameter Of HD 53138 COi%n'y a few H’ He and Si |ineS, we preferred to use the Spectra'
cides with the value provided by Crowther et al., i.e., isdow c|assifications from the literature, keeping in mind thanso
than our result. We regard this agreement/disagreemerttasd} them may not be very refined. We confirmed or adopted the
conclusive, since (i) the &l spectra used by Kudritzki et al. luminosity class on the basis of the strength af H
are different (less emission), and (i) the analysis wastas In Fig. 6 we see that the effective temperature follows an
unblanketed models, which in certain cases can lead tddiff§ystematic decrease with spectral type. To derive the teampe
ences in the derived mass-loss rate (cf. Repolust et al.,20Qge calibration, we joined our results for group I/l odigwith
their Fig. 21). A further, more comprehensive comparisoih Winose from Crowther et al. (2006) (who used assumptions sim-
be given in Sect. 8, with respect to modified wind-momenta. jjar to ours in their analysis) and added two more objectsifro
Summarising the results from this comparative study, W&zybilla et al. (2006) at the low temperature edge. In Gsttr
conclude that, despite of the multidimensional paramei@es o the errors inherent to our analygishich are identical with
we are dealing with and the interdependence of the paraspet@i{ose from Crowther et al. (2006), these two objects (HD 3408
we are able to derive rather accurate values from only a fe:vyg Ori (B8 lae:), HD 92207 (A0 lae)) could be analysed in a
selected lines (of course, within our assumptions, in paldr very precise way by exploiting the complete spectrum, wéth r
regarding the Si abundance). This enables us to providet@angumng errors of only: 200 K.
use) new calibrations for the effective temperatures, il By performing a polynomial fit to these data (including the
be discussed in the next section. quoted errors), we derive the following effective temperat
scale for B-type supergiants,

el L L L L L L L L L L L L L L L L L L L L L L
09 BO B!l Bz B> B4 BS B6 B/ B8 B9 AO
Spectral Type

7. Teg Calibration and Group IV Objects Tor = 2652263 - 561121x + 817.99% — 42745,

Thanks to the (almost) complete coverage of the B star ran\%h x the spectral subclass. Note that we have included both
and the large number of objects available, we are able toaler|

aTgs calibration as a function of spectral type, which we subslel"—mInOSIty subclasses (la and Ib) to obtain this fit, and thet

quently use to derive the temperatures of our group IV objec hclusion of the objects by Crowther et al. (2006) changed th

The spectral types were taken from the literature. In cefferdi results only marginally compared to a regression using odr a

ent assignments were given, we have provided arguments wifygenerallyAT = 1 000 K, except for the two B5 objects witT =
we prefer one above the other, in the Appendix. Ideally, 0200 K (see below).
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Table 5. Effective temperature calibration for B-supergiants, based & Wind-momentum Luminosity Relation

the results from Sect. 7, used to derive the effective temperatures for _ . .
the group IV objects. In Figure 7 we present the position of our galactic B su-

pergiants in the wind momentum - luminosity diagram,

SPT  Ter |SPT Ter where the modified wind momentum rate is defined as
095 29500B3 15800 Dmom = MV, (R./R,)%5. The presence of such a relation
BO 26500B4 14400 (with wind-momenta being a power law of luminosity, and ex-
B0.5 23900B5 13500 ponents depending on spectral type and metalicity) is amajo
B1 21600B6 13000 prediction of the theory of line-driven winds (for detaite,
B15 19800B7 12600 e.g. Kudritzki & Puls 2000), and has been used in recent years
B2 18200B8 12100 to check our understanding of these winds.

B25 169089 11100 To compare our results with earlier findings, we provide re-

sults from different investigations relevant in the pressn-

text. In particular, the bold solid and dashed lines displey

theoretical predictions from Vink et al. (2000) for objeuwtgh

Ter > 23000 K and 12500 k Ter < 23000 K, respectively,
Przybilla’s data alone. The obtained standard error f& tbt where the difference is related to an almost sudden change in
gression ist1 500 K. the ionisation equilibrium of Fe arourl ~ 23000 K (from

When we consider the three group Il objects in this figufee IV to Fe llI), the so-called bi-stability jump (Vink et al.
(the asterisks), they match our derived calibration pélfed- 2000, and references therein). Due to this change and below
though we considered their parameters as unreliable. The tB® threshold, the line acceleration is predicted to iaseein
star HD 105056 lies at exactly the same position as HD 949@¢Re lower and intermediate wind, because of the increased nu

just at the lower edge of our error bar. HD 68161 (B8 Ib/lI4)er of driving lines being available. .
will be excluded from our further analysis, due to problemsr  Dashed-dotted, dashed-dotted-dotted and dotted lines ref

garding its classification (see Appendix B.4). to the findings from Kudritzki et al. (1999), who derived thes

. , relations fromobserved wind momenta of early B, mid B and
As the la supergiants have, because of their larger Iu'w_supergiants respectively

nosity, more mass loss than Ib objects, they suffer more from The wind momenta of our sample obiects have been over-
line blanketing and mass-loss effects. This is why supatgia . P )
l[FII tted, by using averaged mass-loss rates (fromtwarHe

of luminosity class la are expected to appear cooler than )
ones with luminosity class Il€omparing the filled and open prgflles, see also Sect. 10), fpr group I/II_(Iarge symbolm).la/
circles in Fig. 6, this is indeed exactly what we observe. objects (S'Tla,l,l symbols). Objects with disk-like featurasia-
dicated by “d”, and typical error bars are displayed in tivedo
Our temperature scale agrees well with the one provided ynt. Finally, we have denoted objects withwth absorption
Lennon et al. (1993), which is indicated with the dotted lingyy additional crosses, to indicate that the wind-momenta of
The largest differences occur between B0 and B2, where @Hgse objects are subject to errors somewhat larger than typ
scale lies roughly 1500 K higher, mostly due to the objectg|, of the order of 0.3 dex, due to problems in deriving teta
analysed by Crowther et al. (2006). values for the velocity field exponest(cf. Puls et al. 1996 and
Let us point out one problem concerning the two B5 otMarkova et al. 2004).
jects (with identicalT¢;). We see in Fig. 6 that both temper-  The left and right figure allow to compare our findings with
atures lie clearly above the errors of the calibration. We c#he displayed predictions and observations, both for thgsa
still fit the Si Il lines well by decreasing the temperatun@ih function of spectral type (left) and as a function of theisition
16 000 K to 14500 K), when we redusgico by 4 km/s (see with respect to the predicted bi-stability jump (right).
Sect. 5.1.2), which would still be acceptable for thesetgpe At first, let us point out that differences in their behaviour
objects. However, with such a low value, a simultaneous fit & a function of luminosity class are minor, and that there is
the heliumand Si lines becomes impossible, violating our genAo obvious difference between group I/1l and group IV olgect
eral fitting strategy. Thus, if the lower temperature wouddlie i.e., the wind-momenta for periodic pulsators and comparis
actual one, this might be due to two reasons, outlined ajreagbjects behave similarly.
in Sect. 5: either He and Si have different micro-turbulest v From the left figure then, we see the following: The position
locities, or Si is underabundant in both B5 targets. Noté thef the early B-types (BO/1, filled circles) is consistentiwhioth
the calibration itself remains rather unaffected by thdgeats, the theoretical predictions and the findings from Kudrittkal.
since we used larger error estimate\df = 2 000K here. (1999), except for two objects with uncertain positions and
Finally, by means of this calibration (for particular vaiye OPiect with disk-like features. Late B-type supergi&i(e6 and

see Table 5), we are able to derive the fundamental parasne@er’ triangles) nicely follow the observed fe'a“f_’” fosﬁp‘?f'

for the group IV comparison objects. Using the He | 4471 Iin%'amhS ((detéedl)’ bet a_:jeBIocated k_)elow Eh;()r%t'cal p““?‘ﬁ‘

as a double check for a consistent effective temperatuee, EHaS, ed). Jnly for mi ;uperglants (B2...5, open cirg es)
surface gravity is obtained fromjHand the wind properties we find a difference to earlier results. Whereas Kudritzkilet a

from He. Corresponding comments are given in Appendix B.5,6 Note that this is the first investigation with respect to this class of
and all results are summarised in Table 6. objects.
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Fig. 7. Wind momentum Luminosity Relation for our sample of B supergiants. Onbsdl#l (large symbols) and IV objects (small symbols)
have been included, and the mass-loss rates from bethrbfiles were averaged. Bold solid/dashed: Theoretical predictions ¥fink et al.
(2000) for objects withiTe; > 23000 K and 12500 k T < 230000 K, respectively. Dashed-dotted, dashed-dotted-dottedodted @re the
“observed” relations from Kudritzki et al. (1999), for early, mid Bpgugiants and A supergiants, respectively.

Left: Results from this study, objects denoted as a function of spectl Bjted circles: BO/1; open circles: B2. .. B5; triangles: B6 and later.
Right: as left, but objects denoted as a functiom gf. Filled circles: T >23 000 K; open circles: objects with 12 500K T <23 000 K;
triangles: T <12 500 K. Note that the theoretical bi-stability jump is predicted at 23 000 K.

Typical error bars are indicated in the lower right. Overplotted croseastd objects with H in absorption, which have a larger error in
log Q than the other objects, due to the uncertainty regardirfg” denotes three objects with disk-like features (HD 47240, HD 64 %80 a
HD 157246).

have derived a very strict relation fatl B2/3 supergiants of Summarising the results from above, no obvious differ-
their sample (dashed-dotted-dotted), located consitiel@ ences compared to earlier findings could be identified within
low the relation for early type objects (a finding which stilbur complete sample (pulsatasd comparison objects), with
lacks theoretical explanation), our sample follows a noigue the only exception that thanique trend for mid B-type super-
trend. Though high luminosity objects (with logL, > 5) be- giants claimed by Kudritzki et al. (1999) could not be con-
have similar to the sample studied by Kudritzki et al. (with irmed by us: Part of these objects seem to behave “normal”,
somewhat smaller offset), lower luminosity objects folldve whereas another part shows indeed a momentum deficit. Note
(theoretical) hot star trend (bold), but might also be censialso that our findings are in no contradiction to those from
tent with the lowTe; relation (dashed) when accounting folCrowther et al. (2006) (keeping in mind that their sampleyonl
the larger errors ilDmem (Ha absorption objects). included B supergiants not later than B3).

The right figure displays our sample objects as a function
of Te, differentiating for objects witfTes >23000 K (filled 9. Position in the HR and log T ¢-log g-Diagram
circles) and objects with 12500 K Ter <23000 K (open ) ) . ) )
circles), i.e., with temperatures below and above the ptedi After having derived the atmospheric parameters with featis
bi-stability jump. Cooler objects witlies <12 500 K (no pre- OTY Precision, we are now in a position to tackle the major
dictions present so far) are indicated by triangles. Theasit OP/€ctive of this paper, namely to try and clarify if the opac
tion is similar as above: Almost all hotter objects followeth !ty mechanism could be held responsible for the variabdity
predicted trend (filled circles vs. bold line), and also ayéar OUr targets, as proposed by Waelkens et al. (1998) and Aerts
number of cooler objects follows this trend or the alteweati (2000@). In order to do so, we calculated the luminositigbef
one (dashed). Additionally, however, there are a numbeoal ¢ targets from the effective temperatures and stellar ramtivdd

objects which lie below both predictions, particularly ateir- from our analysis. When comparing the relative difference in
mediate luminosities with.Z < logL /L, < 5.4. temperature and luminosity between our values and those de-

rived by Waelkens et al. (1998), we notice that, in genefal, e

Interestingly, there is only one “real” outlier, amtdbsorp- fective temperatures agree fairly well, though a trend tdaa
tion object of group IV (HD 157038), which is an evolved stalower spectroscopic values is visible. The typical differes
being significantly enriched in He and N. Note that the threae less than 5% in logarithmic scale, with a maximal differ-
objects with disk-like features display a rather “normalhdr ence of 10%. On the other hand, the changes in luminosity are
momentum rate, though one of those (HD 157246) lies at thignificant (up to 40% in the log, see Fig. 8).
lower limit of the complete sample. Nevertheless, we wilibom  Since the temperatures agree so well, the luminosity dif-
the latter stars (as well as group Il objects) for all furtheal- ference is mainly due to the difference in stellar radii. As d
yses regarding mass-loss to obtain clean results. cussed in Sect. 5.2, the typical errors of our luminosities a



Lefever et al.: Periodically variable B supergiants 15
I ] 1.5F - - e
0.4 *° 7 r 1
i .2 ; 2.0F ]
o 027 ’, . : 5
¢ N r ]
S ! |52 |
o 0.0 . o ; h
© I * 1 o 3.0¢ 1
e r o ] — [ ]
-0.2r ! 7 3.5F 7
I * W i r ]
! SRR i
54 B 0‘2 | ‘O‘O‘ | ‘O‘Z‘ | ‘0‘4‘ 450 | :

T ‘ ' ‘ 4.6 4.4 4.2 4.0

0 logTe
l0g Tey

Fig. 8. The relative difference in luminosity against the relative dif- -

ference in effective temperature between photometrically (Waelkdi§- 10- Position of the sample stars and of the low-order p-mgie (
et al. 1998) and spectroscopically (this paper) determined stellar &P - thick solid line) and high-order g-mode (SPB-type - thick dashed
rameters (with the relative difference defined &s = (Xiefever — ine) instability domains in the loBg-logg diagram (Pamyatnykh

Xwaclken)/XLefever)- 1999) for main sequence stafost-TAMS model predictions for
¢ =1 (grey dotted) and¢ = 2 (black dotted) g-modes are shown
r T — ——] for B stars with masses up to 20 M (Saio et al. 2006)A few ini-
v g 1 11 E tial ZAMS masses are given in units &,. Circles have the same
r ] meaning as in Fig. 9. Squares represent the group of comparisen star
g 1 (group 1V).
6F E
© £ ]
< E 1 In Fig. 9 we compare the position of the variable B-type
— 5F E supergiants in the HR diagram from spectroscopic and photo-
S E metric derivations and place them among known variable su-
- 4 E E pergiants available in the literature. It shows that the pew
E 1 sition of the sample supergiants is quite different fromdhe
g 1 obtained by Waelkens et al. (1998). The stars lie now at tle lo
3F E luminosity region of the knowm Cyg variables. Also shown
E e R N are the theoretical instability strips of opacity-driveroaes
48 46 4 4 49 40 38 in B Cep and SPB starslerived from main sequence (pre-

TAMS) models (Pamyatnykh 1999)and post-TAMS model
predictions for £ = 1 and 2 for B stars up to 20 M, (Saio

Fig. 9. Position of the sample stars in the HR diagram. Open triangléal. 2006) The former strips do not encompass our targets at
indicate some well-studied periodically variable supergiants reportitst sight whereas the latter do, at least for all stars hotter

in the literature (Burki 1978; van Genderen 1985; Lamers et al. 1998an 15 000 K A far more appropriate comparison between the
van Leeuwen et al. 1998). The position of the sample stars as deriggssition of these strips and the sample stars is achieveddro
by Waelkens et al. (1998) is indicated by asterisks (arrows indicglgg T, logg) plot. Indeed, the position of the targets in such
a lower limit). The new position derived in this study is marked by diagram is much more reliable because it is free from uncer-
lgircles (filled - gf”gkl\%rse%' group |||;Z(X)|\jg- group IIII_h'(\e/ldotted tainties on the radii and quantities derived thereof. Suploa
lines represent the our initia > Masses -V - are o provided in Fig. 101t encapsulates the major result of our
indicated) and TAMS. Theoretical instability domains for the 8 study. We see that all group | stars fakéry close tothe higher-

Cep (thick solid line) and the SPB stars (dashed lines) for main- S . ; . .
sequence models are shown (Pamyatnykh 1999), together witheth gravity limit of the predictegpre-TAMS instability strip and

instability domains for post-TAMS models with ¢ = 1 (grey dotted) Within the post-TAMS instability strip predictions of grav-

and ¢ = 2 (black dotted) g-modes computed by Saio et al. (2006) ity modes in evolved stars This implies that the observed pe-
riodic variability is indeed compatible with non-radialagity
oscillations excited by the opacity mechanism. The photeme

of the order ofAlogL ~ 0.19...0.22, so that at least half of ric period(s) found for our sample stars, ranging from ona to

the displayed difference should be attributed to probleritis wfew weeks, and the high percentage of multiperiodic statly, f

the values provided by Waelkens et al. (1998). This is net sgupport this interpretation.

prising, since these authors used photometric calibration The position of the comparison stars in this (lbg, log g)

main-sequence stars because they had no spectroscopic diagram is also interesting. In Section 3 we argued that five

available. We are confident that our values are more trustwamong these so-calleabn-periodically variable supergiants,

thy, and that the estimated error bars reliable. show amplitudes and periods comparable to the ones of the

l0g Teg
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Fig. 11. Frequency and peak-to-peak variation as a function of the mean wimgltyldogps, at the sonic pointysini andQ = vsini/Vgi.
Symbols have the same meaning as in Fig 10. Spearman rank corretsftioientsy, are calculated for the periodically variable B supergiants
of group | and Il joined. The two-sided significance is given betweends.

sample stars. We see that these five objects also lie at tb&tional velocityvsini, and (iii) the ratioQ of vsini to the
same higher-gravity limit of the instability strip. Frometiie- critical velocity’(see Fig. 11). We have chosen to consider the
maining seven objects, with much lower amplitude variabiWwind density at the sonic point (i.e., Ipg = log(M/(47R2cs),

ity, there are three that have very high (projected) rotetio with cs the isothermal sound speed), because this is the lower-
velocities, which results in lower amplitudes, (De Cat 2002most place where mass-loss is initiated and oscillationgdco
namely HD 64760, HD 157246 and HD 165024. Together withave an effect. The Spearman rank correlation coefficients,
HD 149038, which nicely falls within the SPB instability do-computed for group | and Il stars (indicated in each panel in
main, we suggest these nine targets to be newly discoveredFg. 11) reveal only two mild correlations related to the mea
cillators in gravity modes, unlike the remaining three abje wind density.Except for a similarly mild correlation be-

HD 46769, HD 125288 and HD 86440 which lie, even whetween Q and the peak-to-peak variation, no other connec-
taking into account the error bar Ty, completely outside the tion between rotation and photometric variability can be

predicted strip. detected.
Atfirst, a positive trend between the observed amplitude of
10. Mass loss, Rotation and Photometric variation and the mean wind density is visible. At the same
Variability time, we notice a tendency that higher mass-loss is present

when the detected frequencies are lower, i.e., the osaitlat
Glatzel et al. (1999) suggested the occurrence of pulsation periods are longer. In general, the oscillation periodéesaa
driven mass-loss in supergiants to be due to strange-medetfz mean density within the star so this downward trend may
stabilities on theoretical grounds. While we found evidefioce suggest that the role of oscillations to help in increasimg t
non-radial gravity modes in our sample of “low-mass” stérs, mass-loss is more evident in more evolved stars. However, it
is worthwile to investigate if these modes play a role in thesncerns only weak correlations, which are not significant i
mass-loss. If this is the case, one expects a correlation Restatistical sense. Moreover, the trends weaken if we agld th
tween the frequency and/or amplitude of the oscillations afye comparison stars with significant amplitudes.
the mass-loss rate. In view of the normal behaviour of oursam 1pe only seemingly “true” correlation occurs between
ple stars in terms of the WLR relation, we can anticipate thisini and the mean wind density, for which we find the
relation to be weak, at best. Also rotation can introduce pegpearman rank correlation coefficient to be 0.62 with a sig-
odic variability and enhance mass-loss, either alone 0om-C pificance of 99% (Fig. 12). At first sight, one may think that
bination with non-radial oscillations (Rivinius et al. Z0&nd  his is consistent with the well-known result that rapichtin

references therein). _ _helps in driving the mass-loss. However, the correlatiomois
In order to investigate both possible mass-loss contrisuto

we plot the photometric variability parameters as a fumctb 7 calculated here in the spherical approximation, since most of our
(i) the wind density, logs, at the sonic point, (ii) the projectedobjects do not rotate too fast.
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N —— relative change in the mass-loss rate. The validity of tisege

r =062 (0.99) r=0.12 (0.41) gested connections would merit from further study through a
more refined time-resolved analysis of both the oscillaind
wind properties of a few selected targets.

- . on’ o 11. Discussion and Summary

, e We derived stellar and wind parameters of 40 B-type super-
° ° giants using the NLTE atmosphere code FASTWIND and high-

—14f O 1 o 1 resolution, high signal-to-noise spectroscopic data kfcsed

H, He, Silines. For the majority of the objects (excludingugw

o q ), these parameters are accurate within the discussed as

o) S T A - A R B sumptions, and reliable error bars have been estimatedlhs we
50 100 1500.0 0.2 0.4 0.6 The primary aim of our study was to investigate if the ori-
vsini (km/s) a gin of the variability found in HIPPARCOS data of 28 of these

stars could be gravity-mode oscillations excited by thecidpa

. > L ) mechanism which is al t work in main nce B stars. In
Spearman rank correlation coefficientsfor the periodically variable echanis ch 1S also at wo ain sequence b stars

B supergiants are indicated (interpretation: see Fig. 11). Symbols hg\yger to assess th!s suggestion made by Waelkens _et al)(1998
the same meaning as in Fig 10. we needed to achieve accurate values of the effective temper

ture and gravity of the sample stars in order to compare them
with those of stellar models for which theoretical compiotad

significant if we considef rather tharvsini. This seems to Predict oscillations. The conclusion is clearcait:the sample
point out that the observed correlation betwesini and log Stars for which we could derive reliable stellar paramehense
ps is a selection effect, in the sense that we have mostly velyr and logg valuesconsistentwith those of stellar models
slow rotators in our sample. Indeed, a clear correlatiowbeh in Which gravity modes are predicted. They are all situated a
rotation and the mean wind density is only expected for abje¢he high logg limit of the instability strip of gravity modes in
rotating faster tham 70% of theircritical velocity, which is €volved stars, covering the entire range in spectral tydaue.
not at all the case for our sample stars. to the lack of a clear correlation between the observed photo

Prinja & Howarth (1986) investigated the variability in yymetric variability and the stellar rotation, and in view biet
P Cygni profiles of early-type stars and concluded that bilria large fraction of stars with multiperiodic behaviour, wegygast
ity in M occurs at the 10% level, on time scales of a day K Sample stars to be opacity-driven non-radial oscittato
longer. Changes of a factor two or larger were never observed Our study involved a sample of twelve comparison B su-
Only last year, Markova et al. (2005) investigated the wiad-v Pergiants which were not selected to be periodically vagiab
ability in 15 O type supergiants, using#s a signature. They by the HIPPARCOS team. Nevertheless, we found that nine
found variations of the order of 4% with respect to the medH these behave similarly to our original sample stars and we
value of M for stars with strong winds and af 16% for stars Suggest them to be newCyg variables with gravity modes
with weak winds. The ratio of maximum to minimum mass2s Well. We thus end up with a sample of 37 non-radial pul-
loss rate over the time interval for their sample ranges fropators in the upper part of the HR diagram. The occurrence
1.08 to 1.47 (with a mean ratio of 1.22), with a tendency th@f opacity-driven oscillations in that area was recentigven
weaker winds show larger changes. Both numbers are fullytfhPbe correct for the B2 Ib/ll star HD 163899 from a 37-days
agreement with Prinja & Howarth (1986). For our sample siltra-precise MOST space-based photometric lightcurego(S
pergiants, we find that the ratio of maximum to minimum mas8t al. 2006). This star was found to oscillate in 48 frequen-
loss raté ranges from 1.05 up to 1.88, with a mean ratio for th@es With amplitudes below 4 mmag. Our findings and those by
whole sample of 1.31, which is still in agreement with Prinj&aio et al. (2006) open up the area of asteroseismology to the
& Howarth (1986), in the sense that these numbers do not &@per-part of the HR diagram and lead to excellent prospects
ceed a factor two. On the other hand, the maximum relati{f@f fine-tuning of evolutionary models from the ZAMS towards
differences amount to 60% , with an average of 22% (withofft€ Supernova stage from seismic sounding of B supergiant in
distinction between weak or strong winds), which is soméwhigriors. In order to achieve this, one needs to obtain lemgt
higher than what is expected for “normal” O supergiantssThigh-precision time series in photometry and spectrosdopy
might support the idea of a connection between the mass |8§§ieve mode identification, and derive accurate stellerpa
and the variability in these stars. eters in the way achieved in this paper. .

At present we cannot conclude definitively to have found Ve find marginal evidence for a connection between the
evidence for mass-loss enhancement through oscillatitles, Photometric amplitudes and the wind density, in the serse th
merely find anindication that higher photometric amplitudesthe oscillations may help the line driving at the base of the

seem to be accompanied by a higher wind density and a higH@Pd. Firm conclusions in this direction require furthetalked
study of a few sample stars though. Since our sample stars dis

8 but remember that we have only two observations at our dispogalay Similar wind momentum luminosity relations (WLR) as
separated by typically one year. found for “normal” B-supergiants (if there is somethingelik

log ps (cgs)

Fig.12. Mean wind density, logs, as a function ofvsini and Q.
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“normal” at all), the enhancement of the mass-loss cannot Benchi, L., Lamers, H. J. G. L. M., Hutchings, J. B., et al.
very strong. Interestingly, however, we also found one (im- 1994, A&A, 292, 213
portant) difference compared to previous evidence. Wherdgasch, G. L., Morrell, N. I., & Niemd, V. S. 1999, Revista
the results from Kudritzki et al. (1999) strongly impliedath  Mexicana de Astronomia y Astrofisica, 35, 85
all mid B-type supergiants display a WLR which lies signifiBresolin, F., Kudritzki, R.-P., Lennon, D. J., et al. 200JA
cantly below the theoretically predicted one, our findingave 580, 213
that there is no such unique (and problematic) correlafamt Burki, G. 1978, A&A, 65, 357
of our sample objects show this dilemma indeed (in particBurki, G., Maeder, A., & Rufener, F. 1978, A&A, 65, 363
lar those with lod-/L, > 5), whereas lower luminosity objectsCrowther, P. A., Lennon, D. J., & Walborn, N. R. 2006, A&A,
were found to be rather consistent with theory. In this itiges 446, 279
tion we also derived, for the first time, wind-momenta of {atéDaflon, S. & Cunha, K. 2004, ApJ, 617, 1115
type B-supergiants, which follow the trend of A-supergianDe Cat, P. 2002, in Astronomical Society of the Pacific
surprisingly well. Conference Series, 196

While trying to achieve a high-precision estimate of theggen, O. J. 1986, AJ, 92, 1074
stellar and wind parameters through line-profile fitting, weSA. 1997, The Hipparcos and Tycho Catalogues, "Hipparcos
came across several interesting features and results. 5 m Variability Annex: Periodic and Unsolved Variables -
important one is that we found ways to achieve good estimate$Spectral Types” Volume 11 (ESA)
for the parameters, despite the limited number of availag®vans, C. J., Lennon, D. J., Walborn, N. R., Trundle, C., &Rix
lines, thanks to the high predictive power for differentgmar ~ S. A. 2004, PASP, 116, 909
eter estimates of each of the available lines. We reached tavans, C. J., Smartt, S. J., Lee, J.-K., et al. 2005, A&A, 437,
conclusion because we could compare our analyses with simi467
lar ones based on more spectral lines available in thetipera Fabbian, D., Recio-Blanco, A., Gratton, R. G., & Piotto, G.
This also led to a new effective temperature calibrationdady 2005, A&A, 434, 235
agreement with previous ones. We used this calibrationde pFullerton, A. W., Massa, D. L., & Prinja, R. K. 2006, ApJ, 637,

vide a practical recipe to compulgs as a function of spectral 1025
type. Georgelin, Y. M., Russeil, D., Marcelin, M., et al. 1996, A&A

We are currently automating the fitting procedure and_lzov 41
will apply our methodology to a large sample of early-typ&i€s; D R. & Lambert, D. L. 1992, ApJ, 387, 673
stars, comprising all massive stars in the archive with gdeu Glatzel, W. & Kiriakidis, M. 1993, MNRAS, 262, 85
based preparatory observations for the COROT space missiatzel, W., Kiriakidis, M., Chernigovskij, S., & Fricke, .KJ.

(Solano et al. 2005), for which we have full spectra at our dis 1999, MNRAS, 303, 116
posal. Gray, D. F. 1973, ApJ, 184, 461

N ~ —. 1978, Solar Phys., 59, 193
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Table 6: Stellar and wind parameters of all sample supetgianbdivided by group. Spectral types are taken from SIRBA recent literature. The visual magnitudes, V, are froMlBAD as well. Gravities as obtained from the line fits are deddygeg, and those approximately N
corrected for the centrifugal accelerationdayr (See text). Absolute visual magnitudes/Ntom the calibrations by Schmidt-Kaler (1982), used tokethe stellar radii (in combination with the theoreticakés). ©

For those sample stars which have been observedritwite (typically one year apart), we provide the derivedaviiarameters for both observations (when both coincids jshindicated by (2)). Wind-strength parameter, @gn the same units as in TableX, in units of Mg /yr and

modified wind momentum rat®mom, in cgs. All velocities are given in km/s and have their usnahningQuestion marks for vmacrodenote those cases where the line profiles could be fitted wiht any macroturbulent velocity.
In the last column, we indicate the type ofrlémission: e/i/a indicate emission/intermediate/absmmpgarofiles, respectively.

group HD SpT \ T 109 Qe 109 georr My R./Ro logL/Lo log Q M Voo B 109 Dmom yhe Vmicro Vmacro vsini emission
[l 168183 09.5lb 8.26 30000 3.30 3.32 -5.86 19 5.42 -13.58 0.15E-06 1700.3 27.84 0.10 10 60-90 124 a
-13.46 0.20E-06 27.97
89767 BOla 7.23 23000 2.55 2.56 -6.4 30 5.35 -13.09 0.85E-06 1600 25 7286 0.20 15-20 75-80 47 e
-13.17 0.70E-06 28.58
94909 BOla 7.35 25000 2.70 271 -6.9 36 5.65 -12.77 0.20E-05 1450 1.8 4290 0.10 20 75 64 e
-12.96 0.13E-05 28.85
93619 BO.51b 6.98 26000 2.90 2.90 -5.95 22 5.30 -12.88  0.75E-06 (2) 14702 28.51 0.10 15 75 47 i
91943 BO.7Ib 6.69 24000 2.70 271 -5.95 23 5.19 -13.28  0.30E-06 1400 25 8102 0.10 15 82 48 i
-13.55 0.16E-06 27.83
96880 Blla 7.62 20000 2.40 2.41 -6.9 43 5.42 -13.46 0.40E-06 (2) 1200 2.228.29 0.10 15 65 44 e
115363 Blla 7.82 20000 2.40 2.41 -6.9 43 5.42 -12.98 0.12E-05 1200 3.0 .7728 0.10 15 50 55 e
-12.86 0.16E-05 28.89
148688 Blla 5.33 21000 2.50 251 -6.9 42 5.49 -12.90 0.14E-05 1200 3.0 .8328 0.10 15 40 50 e
-13.01 0.11E-05 28.73
170938 Blla 7.92 20000 2.40 2.41 -6.9 43 5.42 -13.21 0.71E-06 1200 3.0 .5428 0.10 15 55 51 e
-13.26 0.63E-06 28.49
109867 Bllab 6.26 23000 2.60 2.61 -6.9 38 5.56 -13.38 0.50E-06 1400 25 8432 0.10 15 70 50 i
-13.36 0.53E-06 28.46
154043 Bllb 7.11 20000 2.50 251 -5.8 26 4.98 -13.49 0.20E-06 1300 20 .9227 0.10 13 65 37 a
106343 Bl.5la 6.24 20000 2.50 2.50 -6.9 42 5.40 -13.07 0.52E-06 800 20 .2328 0.10 15 65 44 i
-13.04 0.55E-06 28.25
111990 B1/B2lb 6.77 19500 2.55 2.55 -5.7 25 4.91 -13.26 0.14E-06 750 1.8 7522 0.10 15 62 36 i
92964 B2.5lae 5.40 18000 2.10 2.10 -6.95 48 5.33 -13.14 0.28E-06 520 3.07802 010 15 50 31 e
-13.19 0.25E-06 27.75
53138 B3la 3.00 17000 2.15 2.16 -7.0 50 5.27 -13.09 0.31E-06 490 25 27.830.20 15 45 38 i
-13.26 0.21E-06 27.66
102997 B5la 6.55 16000 2.00 2.01 -7.0 55 5.25 -13.01 0.23E-06 325 15 4275 0.10 12 50 39 e
-12.88 0.31E-06 27.67
108659 B5Ib 7.31 16000 2.30 2.31 -5.4 26 4.60 -13.36  0.58E-07 (2) 470 1.026.94 0.10 10 40 29 a
80558 B6lab 591 13500 1.75 1.76 -6.2 45 4.78 -13.37 0.50E-07 250 15 2 26.7 0.10 11 45 28 i
-13.20 0.75E-07 26.89
91024 B7lab 7.62 12500 1.95 1.95 -6.2 50 4.74 -13.09 0.95E-07 225 15 7 26.9 0.10 8 30 25 i
-13.14 0.85E-07 26.93
94367 B9la 5.27 11500 1.55 1.57 -7.1 77 4.97 -12.81 0.24E-06 175 1.0 27.360.10 10 28 31 i
-12.93 0.18E-06 27.24
1l 47240 Bllb 6.18 19000 2.40 2.48 -5.8 27 4.93 -13.41 0.17E-06 1000 15 7.742 0.15 15 55 94 i
-13.26 0.24E-06 27.89
54764 B1lb/Il 6.06 19000 2.45 2.53 -5.8 26 4.90 -14.07 0.30E-07 (2) 900a.5 26.93 0.10 10 70 108 a
141318 B2lIl 5.77 20000 2.90 2.90 -4.8 16 4.56 -13.76 0.30E-07 900 1.5 326.8 0.10 10 50 32 a
I 105056 BOlabpe 7.34 25000 2.70 271 -6.9 40 5.75 -12.60 0.40E-05 00 16 3.0 29.40 0.10 15 ? 61 e
-12.50 0.51E-05 29.51
98410 B2.51b/Il 8.83 17000 2.10 211 -5.6 27 4.73 -12.71 0.30E-06 500 2.0 27.69 0.15 15 70 31 e
-12.58 0.41E-06 27.82
68161 B8Ib/II? 5.66 10500 2.40 2.40 -5.6 43 4.30 -14.42 0.30E-08 (2) 0 200.9 25.39 0.10 10 ? 17 a
[\ 149038 09.7lab 491 28000 2.90 2.91 -6.45 25 5.53 -12.58 0.23E-05 0017 1.3 29.09 0.20 15 75 57 i
64760 BO.51b 423 24000 3.20 3.27 -5.95 24 5.23 -13.16  0.42E-06 1400 0.8 8.252 0.10 15 ? 230 i
157246 Bllb 3.31 21500 2.65 2.94 -5.8 25 5.08 -14.11 0.30E-07 1000 15 .9726 0.10 15 ? 275 i
157038 B1/B2laN 6.41 20000 2.30 231 -6.9 43 5.42 -13.25 0.50E-06 10000 3 28.31 0.20 15 40 41 e
165024 B2lb 3.66 18000 2.30 2.39 -5.7 26 4.80 -15.25 0.18E-08 840 1.5 825.6 0.10 15 85-50 95-120 a
75149 B3la 5.47 16000 2.05 2.06 -7.0 39 4.95 -13.43 0.10E-06 500 25 27.290.10 15 60 30 i
58350 B5la 2.40 13500 1.75 1.77 -7.0 65 5.10 -13.17 0.14E-06 250 25 27.250.15 12 40 37 i
86440 B5Ib 3.50 13500 2.25 2.25 -5.4 31 4.45 -13.64 0.40E-07 470 0.9 26.810.10 10 ? 20 a
125288 B6Ib 4.35 13000 2.40 2.40 -5.35 31 4.39 -13.23 0.40E-07 250 09 5426 0.10 10 30 25 a
106068 B8lab 5.95 12000 1.70 1.72 -6.2 50 4.66 -13.35 0.44E-07 200 20 5926 0.10 8 25 26 i
46769 B8Ib 5.79 12000 2.55 2.57 -5.2 30 4.22 -13.09 0.37E-07 200 1.0 26.400.10 12 35 68 a
111904 B9la 5.80 11100 1.55 1.56 -7.38 95 5.09 -13.25 0.12E-06 175 3.0 .1127 0.10 10 ? 32 i
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Appendix A: Spectral Line Fits of All Sample and Comparison Stars

Fig. A.1. Spectral line fits for the periodically variable B-type supergiants with reliphtameters: group I.
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Fig. A.2. Spectral line fits for the periodically variable B-type supergiants with reliphtameters: group | (continued).
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Fig. A.3. Spectral line fits for the periodically variable B-type supergiants with reliphtameters: group | (continued).
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Fig. A.4. Spectral line fits for the periodically variable B-type supergiants with reliphtameters: group | (continued).
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Fig. A.5. Spectral line fits for the periodically variable B-type supergiants with a pialéfy dichotomy: group 1. Only our favoured solution

is displayed (see text).
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Fig. A.6. Spectral line fits for the periodically variable B-type supergiants with patera to be considered as indicative numbers only: group
M.
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Fig. A.7. Spectral line fits for the comparison stars (previously not known to édnily periodic variability). No Si availabe.
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Appendix B: Individual Discussion of All HD 170938.

Sample and Comparison Stars

_ _ ) HD 89767 (BO la) We obtain a reasonable fit for this object
In the following, we discuss all sample and comparison sta§d no further comments are required.

one by one and group per group. The order of description is

based on the spectral type of each objexdopted in this  Hp 94909 (BO Ia)This object was intensively discussed in the
paper (see discussion of individual objects below and als@yt (see Section 6).

Sect. 7). Within each spectral type, stars are orderedWoilp

their HD number. This order refers to the order of the objedp 93619 (B0.5 Ib)From the fundamental parameters derived
in Figs. A.1.to A.7. as well. from the profile fits, this appears to be a typical B0.5 Ib star.
The small emission bump in the red wing ofldeems to show

B.1. Stars Discarded from the Sample up and vanish from one observation to the other.

We have good reasons to remod® 51110 (B9 Ib/l) from HD 91943 (B0.7 Ib)For the discussion of this object, we refer

our sample. From our spectra, it immediately turned out thigt Section 6.

HD 51110 is very He-weak (all He lines almost absent). We

ascribe this chemical abundance anomaly to the gravitatiohlD 96880 (B1 la) Also for this star the fit quality is good

settling of helium. This is only expected to show up in théexcept for He | 6678 which would require a larger macro-

stable, non-convective atmospheres of the higher gratatg s turbulence), and no further comments are required.

(white dwarfs and sub-dwarfs), as hypothesized by Michaud

et al. (1983) and confirmed by Fabbian et al. (2005) for hot HBD 115363 (B1 la) The observations of all targets discussed

stars in NGC1904. The extreme strength of our observed H this paper were done at the end of the lifetime of the CAT

and Hx profiles are consistent with this hypothesis. Thus, wielescope. Unfortunately, at the time when it was completel

consider this star as being misclassified and hence uniegoreclosed down, in September 1998, we did not have Si mea-

for our study. sured for this target yet. He | 4471, which is a reasonable
For HD 147670(B8/B9 1) only Ha was measured. Sincetémperature estimator in the temperature range (at least if

we cannot derive stellar parameters from one line, we a#¢ adopt a solar Helium content), gives us a perfect fit at a

similar to HD 170938, which has the same spectral type and
for which we do have Si lll measured. For the latter object, we
find exactly the same temperature and gravity. Taken togethe
B.2. Group | Objects we feel confident that the derived parameters are credible.

i . . . N Iso th fect fit of th ission.
The first group of periodically variable B-type superglantSOteaSOt e perfect fit of thedemission

consists of those objects fqr which we were able to .der'Y-'ﬁD 148688 (B1 la)has been fully discussed in the paper (see
accurate results, on the basis of our assumptions, as dentu%ection 6)
in Sects. 4.3 and 5. They are the following: '

) HD 170938 (B1 la)Although the emission peak observed in
HD 168183 (09.5 Ib)was already earlier found to be a shortg,e 1, profile of HD 170938 is lower than the one observed
period (single-lined) binary, exhibiting large variatgin radial j, Hp 115363, marking a difference in wind properties (with
velocity between consecutive nights (frorb2 up to 92 km/s) mass-loss rates differing within a factor of about two to
and having a period of about 4 days (Bosch et al. 1999). Fregyy) 4|l other stellar parameters are identical in bothIB1

our data we confirm both the short periand the huge radial g,pergiants. Note that also in this star we detect the known
velocity changes, going from60 km/s to 80 km/s. The fact jnstrumental defect in the Si 11l 4574 line.

that HD 168183 is a member of the open cluster NGC 6611

allows to derive its radius as 19,Rfrom d = 2.14+ 0.10 - 1p 109867 (B1 lab)is remarkable because of the very large
Egegg’v etal. 1999; V = 8.18, 4 = 2.39 — Hillenbrand et al. changes in radial velocity, extending from -70 to 20 km/s.
Several different spectral types are mentioned for thi$D 154043 (B1 Ib)For this poorly known supergiant we are
star: B1 Ib/Il (SIMBAD), BO Il (Evans et al. 2005), 09.5 | aple to obtain a convincing fit. This is one of the few stars tha
(Hillenbrand et al. (1993), confirmed by Bosch et al. (1999)joes not show any radial velocity changes between the severa
We accept 09.5 | as the “true” spectral type, relying on ollhe measurements. The radial velocity amounts to -20 km/s
spectroscopically derived temperature of 30 000 K, whidh is and Si Ill appears to be asymmetric (see Section 4.1).
agreement with the observatioriBl; scale for O type super-
giants provided by Martins et al. (2005). From the profile, HD 106343 (B1.5 la)Apart from the fact that the blue part of
we conclude that this object is of luminosity class Ib. Ha is not fitting perfectly (both in the absorption trough and in
The peculiar feature seen in the Si lll 4574 line is a knowthie wings), we can be quite sure about the stellar parameters
instrumental defect, which is also present in the spectrtim The derived parameters confirm previous results from Lamers
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et al. (1995) and Bianchi et al. (1994) obtained by means stfength (as predicted), and thus could be fitted without any
UV spectroscopy. compromise.

HD 91024 has a moderate wind, which is slightly refilling
HD 111990 (B2 Ib) For this supergiant, part of a doublethe wings of Hr. By inspection of the first H profile, we see
system, only one hl profile has been observed, which can bgn almost flat red wing (at continuum level), with a very steep
fitted very nicely. The P Cygni profile shows only a very smaflecline into absorption. This also occurs for HD 106068, and
emission peak, which points to a moderate wind density. Naignnot be represented by our synthetic profiles, at leakeat t
that from this star on we switch from the analysis of Si lll tonferred gravities.
the analysis of Si Il.

. o HD 94367 (B9 la)has a moderately strong wind, displayed by
HD 92964 (B2.5 lae)This object is one of the few sample starg,e (strongly variable) emission peak ofHAgain, the overall

that exhibits a clear asymmetry in the line profile, espécialshape of the profile cannot be modelled, and only the emission
visible in Hy. Since we are able to obtain an acceptable fieak has been fitted.

without further assumptions, we ascribe this asymmetric be

haviour to the strong wind which is affecting the photospher

lines. As already mentioned, does the He |1 6678 line require a

macro-turbulent velocity twice as large as the one we derife3. Group Il Objects

from the Si lines. . .
We recall from Section 4.3 that, for some stars, the lack doff Si
HD53138 (B3 la) has been discussed in the paper (s aéﬂd/or Silv prohlblts to chqqse b.etween two equally well fit
. i -~ fing models at different positions in parameter space. tieior
Section 6). Note that the fits and the parameters providg s .
; ; t0 break this dichotomy, we proceed as follows. First ofvaé,
in Table 6 refer to the model at 17000 K, which has been : S
am at a good fit of He | 4471 which is a reasonable temper-

o oo s o moms oot o oot SRl micto, though best sufed ol o st spes
P P elow 15000 K, see Fig4). Still, we have to keep in mind

spectrum with additional ionisation stages from Si and He. that this line depends on the (unknown) helium abundance. By

HD 102997 (B5 la)The wind strength of the first measuremengombmmg the He 1 4471 diagnostics (using solar Helium abun

. ; . : ances) with knowledge about the spectral type of the s&r, w
is lower than in the second observation, turning the P Cygni . 4 :

: . ' . LS are then able to obtain some clue about which temperature is
profile with a partly refilled absorption wing into a pur

. . efhe correct one.
emission profile. Unfortunately we are unable to correctly . )
reproduce this pure emission. This is the first object (out of Ve take HD 54764 as a prototypic example to illustrate the
two) for which we find an effective temperature larger thafichotomy problem in some detail.

predicted from our calibration (see discussion at the end of )
Section 7). HD 54764 (B1 Ib/ll) For HD 54764, relying on both the

Silll triplet and the He 14471 line, we are able to find two very

HD 108659 (B5 Ib) Quite unknown among the supergiant?@iﬁerem models that both give a reasonable match with the o
there is only one previous temperature estimate for tigrvationsTer = 19000 K, logy = 2.45 andTer = 26 000 K,
object, derived by Waelkens et al. (1998) using photometmgg = 2.9, respectively. By comparing the corresponding syn-
measurementsT{y = 11750 K). Our spectral fits indicate athetic lines, one can hardly see any difference (see FigB.1)
much higher temperature, at least by 4 000 K. Though it seeHigugh the He | lines do favour the cooler solution.
that the derived mass-loss rate is too low (synthetic caves t  Lyubimkov et al. (2004) derived values fdgg, log g and
deep), a further increase iM would result in a small red Av for 102 stars, based on their colour indices. Although pho-
emission peak which is not observed. Also for this secof@metric methods rapidly lose their predictive capacitythia
B5 target, we find a temperature larger than expected for lgssive star domain, it is quite interesting to have a look at
spectral type (see Section 7)). their results for HD 54764, which arBg = 25500+ 800 K
and logg = 3.56+ 0.17 (note the rather optimistic error bars).
HD 80558 (B6 lab)As indicated especially by the secondr H Whereas this effective temperature would perfectly mateh ou
profile, the wind of HD 80558 might show a non-sphericdlotter model, the gravity is certainly way too high, which is
distribution, if one regards its shape as the beginning ofiramediately reflected in the Balmer line wings. Unforturate
double-peaked structure. In so far, the results of our witge could not detect any He Il or Si IV lines in the observed
analysis can be considered only as a very rough estimate. Spectral range, to unambiguously decideTen. By concen-
trating on the secondary diagnostics mentioned abovetfspec
HD 91024 (B7 lab)From this spectral type on, He | 4471 betype), the cooler model is the more plausible one, if HD 54764
comes strongly sensitive to changes in effective temperatis actually of spectral type B1. Note that we find similar tem-
(see Fig. 4), on the expense of its reaction to changes iacurfperatures for all other B1 supergiants, being in agreenisat a
gravity. Thus, T is easily fixed at 12,500 K, with a gravity with the formerTe calibration by Lennon et al. (1993).
of logg = 1.95 following from the H line wings. Note that HD 54764 is one of the three supergiants within our sample
for this object theobserved Si Il components are of differentthat exhibits clear asymmetries in its line profile, in thése



Lefever et al.: Periodically variable B supergigr®nline Material p 10

Ha 1 Ha 2 Hy He 14471 Si lll 4552-4567-4574
—
3 1o 1.0 10 1.0 1.00
H 09
m o09f 1 o9f E 09 090} \ | Yy ]
g 08F 1 osf 1 07 ) Z 0.80F ]
0.7
; 0.6
g 07F 1 o7k 1 s 08 070F
T 06 0.6 0.4 05 0.60
6540 6560 6580 6540 6560 6580 4325 4340 4355 4460 4470 4480 4540 4560 4580

Fig. B.1. Spectral line fits for HD 54764 - a prototype for supergiants belonging@opgll: two models, located in completely different
parameter domains (regardiiigy and logg), produce similar line profiles. Bold: cool modél = 19 000K, logg = 2.4); dashed: hot model
(Ter = 26 000K, logg = 2.9).
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Fig. B.2. FEROS spectrum of HD 47240: synthetic line profileFgt= 19 000 K and logy = 2.4.

most likely because of an optical companion (Abt & Cardona this case the line is predicted to be much stronger than it i
1984). observed. Again, also for this object its spectral type dio-
wards the cooler solution. The complete comparison with the

HD 47240 (B1 Ib)is another example of finding two modeld"EROS observations is given in Fig. B.2.

with completely different stellar parameters, both fittitig It is worth mentioning that this star might be a binary and

Si Il lines very well: one model withTegz = 19000 K and that the Hr morphology (double-peaked structure) is typical

log g = 2.4, and a second one wilhy = 24000 K and logg for a fast rotator observed almost equator-on (Morel et al.
= 2.8. Again, also the He | lines are too similar to allow for 2004). Note that we do observe this structure also for thie fas
clear distinction. rotators HD 64760 and HD 157246.

In contrast to the first group Il object, for HD 47240 we do
have a complete FEROS spectrum at our disposal, provideddb 141318 (B2 Il) For this object, the differences between the
GAUDI, the preparatory archive of ground-based obseruatioparameters of the cool and the hot solution are not as large
in the framework of COROT (Solano et al. 2005). The dravas for the previous cases, namellg(, log g) = (20000 K,
back of this spectrum is its very low S/N, so that the Si Il an?l.9) and (22 000 K, 3.2), respectively. Although the forlgidd
Si IV lines, although being very different in strength, Isié  component of He | 4471 is fitting slightly better for the hotte
in the noise level. At least from He 1l 4686, on the other handhodel, the Si lll triplet is better represented for the coolee.
the hotter solution can be ruled out with high confidencegesinNote that an intermediate model at 21 000 K daesgive a
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good fit. From its spectral type then, we prefer the coolansolB.5. Group IV Objects - the Comparison Stars
tion.
Group 1V is the group of 12 bright comparison stars, selected
] from the Bright Star Catalogue, previously not known to ex-
B.4. Group Il Objects hibit any periodic variability. For these objects mostlyeta
lines have been observed: He | 447 Bind Hy, which, in

Group Il constitutes of those (three) stars for which wenzn L . L .
mbination with ourT calibration for B-supergiants (see

claim a similar accuracy as obtained for the previous tv%? ) ) : .
groups, either because they are somewhat extreme, ei Yt|0n7 anq Table 5), will be used to estimate the required
because of their peculiar spectrum that complicates abteliaSt® lar and wind parameters.
fit, or a combination of both. All three objects belong to thelD 149038 (O9.7 lab)While SIMBAD lists this star as a BO
group of 10 stars that were added to the sample of Waelkenupergiant, a spectral type of 09.7 lab has been suggested
et al. (1998), and are possible chemically peculiar staes. 8y Walborn & Bohlin (1996), Lamers et al. (1999), Ma
have classified these stars as “unreliable”, and the derivdpellaniz et al. (2004) and Fullerton et al. (2006). Recent
parameters have to be considered with caution. revisions of stellar parameter calibrations in the O typpme
(Martins et al. 2005) predicTes ~ 30500 K, logg =~ 3.2,
HD 105056 (BO labpe)is a nitrogen-rich, carbon-deficientR ~ 22.1 R, and logL/L, ~ 5.57 for an 09.5 supergiant,
supergiant, exhibiting very strong emission lines, up teéw Where these values have been used by Fullerton et al. (2006).
the continuum level, and has been classified as an ON3le latter authors additionally revised the distance o$ thi
lae supergiant in several studies. Its peculiar nature had star, from 1.3 kpc (Georgelin et al. 1996) to 1.0 kpc. The
extremely dense wind hamper a correct modelling of ttiadio mass-loss rate, Iddradio (at time of observation), could
photospheric lines (e.g., ), since these are severely contane constrained as being less than -58118 Mo/yr, with
inated by the wind. Though nitrogen enrichment usually go@sterminal velocity ofv,, = 1750 km/s ang3 = 1.0. Our
along with the enrichment of helium, we used a compromi§@alibration predicts somewhat lower effective tempeesat
solution for He | 4471 and 6678 at normal abundance, guid€.7, but the general agreement between our values and those
by the temperature we found from fitting the Si lll triplet. ~ Stated above is convincing.

HD 98410 (B2.5 Ib/ll) Similar to the last object, alsoHD 64760 (BO.5 Ib)is a very fast rotating supergiant. With
HD 98410 is an extreme supergiant, with a very strong wind,projected rotational velocitysini, of more than 220 km/s
Ha completely in emission and strongly refilled photospherit is rather likely being observed at a very high inclination
lines. i.e., almost equator-on. Due to its particularly intemegtivind

Because of the restricted wavelength range around e&tiucture, HD 64760 is amongst the best studied early B type
line, the normalisation of the dlprofile became more problem-supergiants (Prinja et al. 2002; Kaufer et al. 2002, 200B\goe
atic than typical, thus increasing the uncertainty of theved the most recent investigations). Its richness in spectatlires
mass-loss rate. led to conclusive evidence for the existence of a corotatirg

The difficulty to fit He and Hy in parallel might point to the and four armed spiral structure, suggested to be origigatin
presence of strong clumping in the wind (e.g., Repolust.et §pm stream collisions at the surface and perturbation$ién t
2004), and the actual mass-loss rate might be consideraji@toshere of the star (Kaufer et al. 2002, 2006).ddnsists
lower than implied by K. Taken together with the peculiarof @ double-peaked structure, with a blueward and a somewhat
shape of one of these profiles (which might be explained B{fonger, redward shifted emission peak around the central

unreliable. clearly a Ib supergiant, with a moderate mass-loss ratéimgfil

the photospheric absorption. Of course, we are not able to

HD 68161 (B8 Ib/lI?) Although the spectroscopically derived €Produce this double-peaked profile, and only the gravity ¢
spectral type is B8 Ib/ll, Eggen (1986) mentioned that phg-e derived (toggther with some cr_ude estimate M) f_or the
tometry indicates a different luminosity class, namely B8 | 2dopted effective temperaturBy; = 24 000 K, which is log

HD 68161 has been considered by Paunzen & Maitzen (19983-2- From the N calibration, we finally haviR. = 24Rs,

as a probable, variable chemically peculiar star, in paldica where all these parameters are similar to those as repoyted b
variable star of the? CVn type. If so, this star should be aiowarth etal. (1998).

main sequence star of spectral type later than B8p (consiste

with the photometrically derived spectral type), exhifgtia HD 157246 (B1 Ib)This is another example for a rotationally
strong magnetic field and abnormally strong lines of Si amomgodulated wind, similar to HD 64760. We find a projected ro-
other elements. Since for this star we could not observeithet&ional velocity of 275 km/s. The ddprofile shows the typical
lines, we cannot confirm this conjecture. Note, however, thalue- and redward shifted emission peaks, which are about
the derived gravity is not so different from HD 46769, whiclequal in height. They suggest that the wind is equatorially
is a “normal” B8 Ib supergiant, and that it is also in agreemenompressed, see also Prinja et al. (1997). With only twesline
with typical gravities for these objects. Due to the disedlssat our disposal (i.e., & and Hy), we can only probe that the
uncertainties we add this object to our list of unreliablsesa stellar parameters are consistent with those reportetinowi
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(Prinja et al. 2002). HD 86440 (B5 Ib) No comment necessary, except that also
the forbidden component of He | 4471 fits very well, at an

HD 157038 (B1/2 IaN)is enriched in nitrogen and heliumeffective temperature of 13500 K.

(n(He)/n(H)~ 0.2 according to our analysis), and the observed

20000 K and logy = 2.3. a perfect fit of the forbidden He | 4471 component.

HD 106068 (B8 lab) This rarely studied bright B supergiant
hows exactly the same feature i tds we have found for
D 91024 (group I): a very flat red wing, with a sudden steep
decrease into the (blue-shifted) absorption. Of course, we
cannot fit such a profile.

HD 165024 (B2 Ib) As for HD 157246, we have only two
hydrogen lines at our disposal, and we can derive onlyglo
and an estimate of the wind propertiés we have no direct
means to derive the rotational velocity, we can only give a
range for vmacro depending on the adoptedr sini from the
literature. The most reasonable solution is a combination
of vsini = 120 km/s and Vhacro = 50 km/s (considering
the macrotubulence derived for objects of similar spectral

type).

HD 46769 (B8 Ib) For B8 objects, our calibration gives an
effective temperature of 12,100 K, which is also required to
fit the He |1 4471 line (remember its sensitivity 1z in this
temperature domain). Models with a temperature increaged b
) . ) 1000 K, compared to our calibration, would give a too strong
HD 75149 (B3 la)is a poorly studied early B supergiant, withyo | 4471 |ine, and vice versa for lower temperatures.
a dense wind. All lines can be fitted at an effective tempegeatu
of 16 000 K. HD 111904 (B9 la)is another poorly known object from the
BSC. Contrary to HD 106068, the flat wing is this time in the
HD 58350 (B5 la) HD58350 orn CMa is a well-studied blue part of the line and not on the red side, i.e., there isesom
B-type supergiant. By means of the NLTE atmosphere coglégnknown) refilling mechanism. The star, being a member of
TLUSTY (Hubeny & Lanz 2000), McErlean et al. (1999) hashe open star cluster NGC 4755 in Crux, allows to derive an
also analysed this star (cf. Sect. 6.2). Their best fittingleho M, of -7.38+ 0.15 (Slowik & Peterson 1995) (consistent with
has a temperature of 16 000 K, whereas previous temperaigii¢ calibration within the adoted errors), and hence a sdfu
estimates were lower, between 13000 and 14000 K. Fr@B R,.
our calibrations (Table 5), we find a typical value of 13500 K
at B5, which is just consistent with these lower values and
gives also an acceptable fit. On the other hand, the JKT .
spectrum (from the online LDF atlas) shows that the effecti\;"St of Objects
temperature might be actually higher by 1000 K (still withirHD 71913’ on page 2
the quoted error bars), since Si Il is too strong and Si Ill togID 157485’ on page 2
weak (see Fig. B.3). ‘HD 165812’ on page 2
‘HD 64760’ on page 3
‘HD 157246’ on page 3
ha iy “ ‘HD 165024’ on page 3
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