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Abstract. A non-LTE model atmosphere analysis of moderatvolution of their massive stars. Whilst massive stars constitute
resolution & ~ 5000) spectra of 46 Galactic B-type superenly a small fraction of the stellar population within a galaxy,
giantsis presented. Standard techniques are adopted, viz. plémey play an important and fundamental role in its chemical evo-
parallel geometry and radiative and hydrostatic equilibriurtution. They are efficient processors of the chemical elements,
Spectroscopic atmospheric parametétg (log g & viw,) and  returning nucleosynthetically enriched material to the interstel-
chemical abundances (He, C, N, O, Mg & Si) are estimated, bdéin medium (ISM) through stellar winds and supernovae (see,
as a test of the validity of such an approach and in an attempetg., the review by Maeder & Conti 1994).
provideconsistentesults for supergiants covering a significant Our understanding of the post-main sequence evolution of
range of spectral types. massive |/ 2 10M) starsis hindered by a number of observa-
The values of the estimated atmospheric parameters aiotal and theoretical uncertainties. Stellar structure calculations
their dependence on the physics adopted in the model atrffor example, those of Maeder & Meyriet 1989 and Schaller et
spheres calculations are discussed. The absolute metal albiliit992) are extremely sensitive to the treatment of convection
dances are compared to those of main sequence B-type gbaogesses, mass loss and stellar rotation — phenomena which
and, in general, their chemical compositions appear to be sican affect both the evolutionary tracks and, more tangibly, the
ilar. The abundances for He, ® & O areconsidered in some surface chemistry of such objects. Blue supergiants (BSG) in
detail and are discussed in the context of possible evolution@articular, represent a key challenge to stellar evolutionary the-
histories for this stellar sample. ory, as a number of their observed properties remain at odds
Specifically, it is found that the supergiant sample can lbéth current predictions; most notable is their number distribu-
subdivided into a number of evolutionarily distinct groups. Thigon in the Hertzsprung-Russell diagram — the ratio of blue to
lower mass objects are predominantly chemically near-nornmatl supergiants (RSG) is not reproduced by evolutionary cal-
i.e. their photospheres show little or no evidence for chemiaallations (see Langer & Maeder 1995 and references therein)
processing, whereas the higher mass supergiants have CNQwrdle the predicted post-main sequence gap at high luminosity
tios which are indicative of CN and possibly NO-cycle burninds not observed (Tuchman & Wheeler 1990).
An attemptis made to quantify the difference in nitrogenand car- An important indicator of evolutionary status is provided
bon abundances between the high and low mass targets butligithe stellar surface chemistry and considerable qualitative ev-
is hampered by theoretical uncertainties. The possibilities th@tnce for photospheric chemical peculiarities in luminous stars
the most highly processed supergiants may have either largavailable. Jaschek & Jaschek (1967) and later Walborn{1972,
rotational velocities or have undergone mass transfer withill@76) presented evidence for anomalies in the carbon and ni-
binary system are discussed. trogen linestrengths in OB stars, leading to the spectral classi-
fications OBN/OBC — analogous to the classifications of Wolf-
Key words: stars: atmospheres — stars: early-type — stars: eRayet stars which were already in use. The OBN/OBC stars have
lution — stars: supergiants respectively strong/weak nitrogen lines for their spectral type
with, in general, the nitrogen variations being negatively corre-
lated with those of carbon; additionally, many stars with only
1. Introduction moderate CN anomalies have been identified — thus the mor-
phology may reflect a continuous range of surface chemistries,
In order to understand the chemical evolution of our own angther than a strict dichotomy. CNO linestrength anomalies in
external galaxies, we must have a clear understanding of t¢ype supergiants are also found in the lower metallicity envi-
Send offprint requests 1@ Dufton@qub.ac.uk ronments of the Large and Small Magellanic Cl'ouds (Fitzpatrick
* On leave of absence at the Isaac Newton Group of TeIescop%@Ohannarl 1993 and Lennon 1997, respectively).
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should show variations in their surface abundances indicativespiectra in a consistent, quantitative manner and hence to con-
CNO core-processed material being present in the photosphetain their possible evolutionary histories. In two previous pa-
However, the mechanism by which such matter is mixed to tpers (Lennon et dl. 1992, 1993 — hereafter referred to as Papers |
stellar surface is still subject to some debate. For example, madd 11, respectively) a spectral atlas for B-type supergiants was
els by Schaller et all (1992) imply that some massive stars nmagsented together with a tabulation of equivalent width esti-
evolve through so-called ‘blue loops’ (main sequence — BSGnates. By examining these data as a function of spectral type,
RSG - BSG). During their time as RSGs, massive stars devetpmlitative evidence for variations in their carbon and nitrogen
appreciably enriched photospheres through the convective nakundances was presented. In this paper, we shall use non-LTE
ing of core-processed material. After the commencement of conedel atmospheres and line formation computations to investi-
helium burning, the star evolves towards higher effective temate the physical properties of this sample in a more quantitative
peratures once more. Thus, two distinct populations of BSG ananner. Linestrengths will be analysed to yield estimates of ab-
postulated — the pre-RSG objects which would be chemicafiglute, non-LTE abundances and in so doing, we will be able
normal and the post-RSG objects which would show evidenteoffer a critique of the uses and limitations of such methods.
of nucleosynthetically processed material having been mixéée will also attempt to quantify variations in the CNO element
to their surfaces. Alternatively, Denissenkov (1994) — see alabundances.
Talon et al.[(199]7) —has considered the main sequence evolutionTo investigate the possible effect of metallicity, the sample
of a 10M, star, including the effect of rotationally induced turof Galactic supergiants considered here has been supplemented
bulent diffusive mixing. He has shown that this important mechy spectroscopic observations of a further 63 B-type supergiants
anism can provide efficient mixinduring the main sequencein the SMC (Lennomn_1997); a differential analysis of the two
lifetime, thus removing the need for blue loops to explain thdatasets will be presented in a companion paper.
OBN/OBC phenomenon.

There is some observational evidence which would favour i
the latter evolutionary scenario. Sutberner et al (1988) ex- 2- Observational data

amined the helium and CNO spectra of 4 late O-type, near maiRe optical spectra for the stars listed in Table 1 have been
sequence objects, finding substantial changes in their CN abgigcussed in Papers | and II. In the former paper, details are
dances, with no evidence for a change in their oxygen abigtesented of selection criteria and observing and data reduction
dances. As these effects were accompanied by moderate heligghniques, whilst in the latter, equivalent widths of selected
enhancements, they attribute thenpaotial CN-process mix- |ines are tabulated.
ing. This suggests that mixing of core-processed material has Table 1 also presents estimates of each star's distance and
occurred on the main sequence. Venn (1995b) considered [tiifiinosity, which are discussed below. Each object has already
CNO abundances of 22 Galactic A-type supergiants, and fousigen assigned membership of a galactic association or open
N/C ratios which were also consistent with partial mixing hawtjuster in Paper I. We have taken distance estimates for these
ing occurred on or near the main sequence. stellar aggregates from the literature, using the catalogue of
As well as Scbinberner et al., there are a number of aRrRupprecht(1966) as a starting point, but using more recent esti-
thors who have estimated enhanced helium fractions for ates if these were judged to be more reliable. These additional
minous, early-type stars. Voels et al. (1989), Lennon et gburces were; de Zeeuw et al. (1999) for distance moduli for
(1991b), Herrero et all (1992) and Smith & Howarth (1994)B associations and clusters derived from Hipparcos data, the
have all found considerable helium enhancements for lumingdgpparcos catalogue itself (ESA SP-1200 1997), Massey et al.
OB-stars, and in some cases a correlation with CN anomaliggygs) for recent spectroscopic parallax results, plus catalogues
This phenomenon has been referred to as the ‘helium discrgpBecker & Fenkart{1971), Nicolet (1981) and Humphreys &
ancy’, as the magnitude of the observed helium enhancemeyistiroy (1984). In Paper | the star HD12301 was not assigned
exceeds that predicted by theory. However whilst variations ifembership of any association and we have therefore used the
Her linestrengths are undoubtedly real, they need not neces$@hinosity published by Zorec & Briot (1991) which is derived
ily reflect large variations in abundances. McErlean et al. (L9%®m a Balmer decrement calibration. We have also reassigned
- hereafter referred to as MLD) have considered the effect @embership of HD213087 from Cep OB1 to Cep OB2, and
microturbulent line broadening, which was not fully includedsed the Hipparcos association distance rather than individual
in the above papers, and for the two representative early B-tyfipparcos distances for all Cep OB2 stars. HD190603 was pre-
supergiantss & « Ori, have found lower (and near-normal) heviously assigned membership of Vul OB2, but upon closer ex-
liumfractions. If these effects are presentin other luminous OBmination it is not obvious which association, if any, this star
stars, then published helium enhancements must be considgy@@ngs to. There are stellar aggregates at approximately 1, 2 and
uncertain. Indeed, Smith & Howarth (1998) have independentiykpc in this direction and we have arbitrarily taken a distance
shown that the use of microturbulence leads to a near-solar pe1.5kpc. Its distance must be considered highly uncertain.
liumfractioninthe 09.7 lab supergiantHD 152003, whichlends |n fact, it should be emphasized that both the distances to
support to this idea. individual associations and memberships of those associations
The primary motivation of the work presented here was tte in many cases problematic. As an example we consider
analyse a statistically significant sample of B-type supergiaabs53138 ¢ CMa) and HD58350/ CMa), both of which
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were considered secure members of Coll 121. Hipparcos dialy). DETAIL calculates level populations whilst allowing for
for Coll 121 was discussed in detail by de Zeeuw et al. (1998¢partures from LTE, ar®lURFACEcomputes the emergentline
who concluded from parallax and proper motion studies thatofiles and fluxes. Such calculations assume that the model at-
neither of these stars are members. Per OB1 is another impoosphere structure is fixed, and hence may be used to examine
tant example, since many of our targets are in this associatisagond order effects in H/He line formation or to treat impurity
we have adopted a distance modulus of 11.9 (correspondingtements i.e. the metals. Microturbulent velocities, which are
a parrallax of approximayely 0.4 mas) but two stars (HD1384lose to the speed of sound, have been found for B-type su-
and HD13866) have Hipparcos parallaxes of 1.83 and 2.92 np&sgiants. However, this parameter is not well-understood and
(though with standard errors of 0.92 and 0.83 mas respectivel{§.magnitude can vary from star to star. Therefore, in the cal-
We have chosen to adopt a uniform distance for all Per OB(lation of line profiles, microturbulence has been included as
stars however, since these smaller distances would put thageextra free parameter, and estimates for our sample will be
stars on the main-sequence while their spectra are clearly thdiseussed below.
of supergiants (the extinctions are also consistent with Per OB1 The successful execution DETAIL & SURFACEover such
membership). Finally, even the Hipparcos distance @fri of a large range of atmospheric parameters was not trivial. For
4.52+0.77 mas, corresponding to a distance modulus of 6.7 tliese calculations, the model hydrogen and helium atoms were
controversial and should be compared with Hipparcos distamoere complex (containing 10 levels ofiH27 levels of He
moduli ranging from 7.6 to 8.5 for the different Orion subgroupsnd 14 levels of Ha), and therefore the first step has been to
(Brown et al[ 19909). recalculate the populations using those from the model atmo-
spheres as a starting point. This improvement is important for
the computation of line profiles of Hand He/i1 and also im-
proves the evaluation of background continuum opacities in the
A grid of non-LTE model atmospheres suitable for the anatase of the metal lines. In calculating metal ion populations and
ysis of B-type stars was generated using the codeSTYy line-profiles, atomic data were similar to previously published
(Hubeny 198B). This grid covered an appropriate range in @halyses: G — Eber & Butler [(1988), Ni — Becker & Butler
fective temperature (10 000K 7.4 < 35000K) and included (1989), Ot — Becker & Butler [1988), Si/ii/iv — Becker &
logarithmic gravities fromog g = 4.5 down to near the Edding-Butler (1990) and Mgt — Mihalas [(1972). As the model atmo-
ton stability limit. Models were calculated within the aboveépheres do not include metals, LTE populations were used as a
parameter space, at increments of 2500 K and 0.25 dex in gfirting point.
fective temperature and logarithmic gravity respectively, and for To realistically compare observed and theoretical line pro-
two helium fractions, vizy = 0.09 (solar) ang = 0.20, where files, it is necessary to have reliable estimates of the projected
y=N[He]/N[H+He]. rotational velocities of the stellar sample. Values efn i have

The models, which contained only hydrogen and heliurhgen estimated from the metal line profiles as follows; unbroad-
assumed a plane-parallel geometry with both hydrostatic agited Gaussian profiles having equivalent widths which match
radiative equilibrium and allow for departures from LTE. In althe observed widths of prominent metal-line features were con-
cases the hydrogen atom consisted of 8 non-LTE levels and Wadved with a Gaussian function to account for instrumental
neutral helium atom consisted of 14 non-LTE levelsitdwels broadening, and a rotational broadening function (see Lennon
having their principal quantum number= 6, 7, 8 were treated et al.[1991ka for more details). The amount of rotational broad-
as hydrogenic, levels = 3, 4, 5 were split into sublevels dueening was varied until reasonable agreement with the observed
to electron spin, but ignored angular momentum, and levelgrofile was achieved. Typically three prominent metallic fea-
=1, 2 were treated fully. Models having effective temperaturégres were used for each star, with different features offering
greater than 20 000 K also included ai@mn which consisted reasonable internal consistency. The estimatessf i, which
of 14 non-LTE levels. are included in Table 1, do not include the effects of macro-

The models omit a number of physical effects. The most irand microturbulence; hence, they should be considered as up-
portant is likely to be the lack of metal line-blanketing, but alsper limits.
neglected is the effect of wind-blanketing, whereby increased
line opacities in the stellar envelope produces a back-warming - cqnyergence problems associated with low gravity models
effect and a change in the temperature structure through the
photosphere. Furthermore, the assumption of a plane-parafignificant difficulties were encountered in runnibgTAIL and
geometry may be of limited validity for the low gravity object$SURFACEfor the silicon model ion at the lowest gravities. For
considered here. The consequences of these omissions willnglels with effective temperatures greater than that for the peak
discussed below. in Sittt linestrength (i.e~ 25 000 K), convergence could only
be achieved by performing preliminary runs where the reso-
nant transitions of Sit & Si1v were set into radiative detailed
balance. The resultant populations were then used as starting

Line formation calculations were performed using the Codegints in rUnS-WhiCh treated the silicon ions fu”y, which led to
DETAIL andSURFACE(Giddings 1981 and Butlér 1984 respecconvergence in all cases.

3. Computation of non-LTE model atmospheres

4. Computation of non-LTE line profiles
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Having successfully converged all silicon populations , , ogarithmic gravity Viry, = 5 km/s
throughout the grid, the silicon line profiles at 4128, 4131 , | Hy
(Simn), 4552, 4567, 4575, 4813, 4820, 48291(8i and 4088,
4116A (Si1v) were computed. However an examination of thg °
line profiles showed that for the lowest gravity models having *°f H6
Tog = 22 500 K, significant difficulties remain. Forany givenef- 1.87
fective temperature, the 8i linestrengths would be expected 16t 1 6r
to increase with decreasing logarithmic gravity and indeed thist4L .. . . . 5L
occurred in most cases. However, in models having the lowest '* 13 1‘;“/11503 Lorme 1z 13 1‘;5"/11503 Koot
gravities, the linestrengths in both 1&i multiplets decreased.
Examination of the line profiles indicated that this was caused |,
by either emission or “filling in’ of the profiles. Indeed tbhé- |
TAIL calculations showed an overpopulation of the upper levels °
in the atmospheric regions where the lines were formed. Th§‘§ 8r
was coupled with large photoionisation rates (and subsequegntm
cascades) in these low density models. We do not believe that
this effect is real as it leads to anomalous effective temperature °|
estimates compared with other methods (e.g. tha pifiles). 5L O ——
Rather, we postulate that the emission is an artefact of our ex- ' '* '7 [5..° 17 1° rEl e U
clusion of line blanketing which leads to an overestimate of the
UV flux and hence an overestimate of the photoionisation rat§4- 1. The estimation of atmospheric parameters forAurigae
At these temperatures, the weakeriSimultiplet near 4813, (84 lab). The upper left diagram shows the best fits t &hd.HV
which constrain the allowed values hfg g to the locus used in the

appears to be more reliably modelied than the multiplet n(-:‘oeﬂiner diagrams. The subsequent fits to tha/8i equivalent widths

4552A, as it is formed Qeeper 'r,] ,the atmosphere and is thH shown for three microturbulences (the squares and triangles rep-

less affected by low particle densities and departures from LTEgent sii and i respectively). These plots suggest an effective

Indeed its linestrengths appear well-behaved for effective te@mperature of approximately 16 500 K. In this examiilg; is rela-

peratures up to 25000 K. tively insensitive ta.,1, as the Sit and Sitt linestrengths are similar.
The problems which were encountered in the synthesis of the

silicon features also seem to be present (but to a lesser extent) in

the other elements, where they manifest themselves as chemigleric parameters are discussed separately below, with results
abundance anomalies in certain lines. These difficulties, whig&ed in Table 1. As an example, Fig. 1 shows how the atmo-
may be symptomatic of unblanketed, non-LTE models at higiheric parameters far Aurigae (B4 lab) were estimated. Fits
effective temperatures and low gravities are discussed furtligkhe Balmer lines describe a locus in thg-log ¢ plane and
below. the subsequent use of a temperature discriminant isolates one
single point along this locus which represents the appropriate
parameters. In this case the ionisation balance of'1&i has
been performed at three valuesugf,1,, and suggests an effec-
The estimation of reliable atmospheric parameters for B-tyfiee temperature of approximately 16 500 K.
supergiants is more fraught than for their main sequence coun-The four atmospheric parametef§, log g, ¥, andviy,)
terparts. Photometric calibrations (such as those of Lester etamé not independent and a degree of iteration is required. The
1986), which rely on the temperature dependence of the Balmagthod used — namely thég-log ¢ fitting diagram — gave si-
discontinuity, are useful for B-type dwarfs but are inappropriataultaneous estimates for effective temperature and gravity. We
here as they are generally based upon flux distributions calbiave had to consider the possible effects of a varying helium
lated from the LTE model atmospheres of Kurucz (1979, 199%)action and microturbulence within our sample and our ap-
Afurther problem is that such methods often neglect the gravifyoach has been to initiallgssumea solar helium fraction for
dependence of the stellar continuum, as they are calibratedalbeur supergiants. Once the other parameters are estimated, the
ing the spectra of near main sequence objects. Hence they maxlysis of the Helines provides a check on the validity of this
not fully account for the redder surface colours produced by tassumption. The values estimated for the microturbulence are
spherically extended supergiant atmospheres. discussed separately.

However,spectroscopienethods which allow for non-LTE
effects, offer a possible alternative. There are a number of eéei Logarithmic gravit
ments observed in B-type supergiant optical spectra which show’ g 9 y
more than one ionisation stage. For example, ionisation balantests have shown that the Balmer lines are almost unaffected by
due to Ha/11, Sinr/tv and Sii/itt are available as indicators ofmicroturbulent line-broadening, as they are dominated by both a
stellar effective temperature. A number of these spectroscolgimye Stark effect and a relatively large Doppler broadening due
indicators has been used, and the estimation of each of the attodhe high thermal velocities. Hence it was possible to estimate

2

12 + log[Si/H]

Vs = 10 km/s

Vg = 15 km/s

12 + log[Si/H]

5. Determination of atmospheric parameters
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Table 1. Galactic supergiants and their non-LTE atmospheric parameters. Random errors are tyli@0yK for 7., +0.2 dex forlog g,
+20kms™* for vsini and+5kms™ for v5i . Note that the effective temperatures and logarithmic gravities are based on standard non-
LTE techniques and they may not be physically realistic — see text for further discussion. Also listed are the stars’ CN status,isvhere
‘normal/moderate’p is ‘processed?’ and is ‘highly processed’ — see Sect. 7.1. The final two columns contain estimates of distance moduli
and luminosities, these are discussed further in Sect. 2.

HD Name Spectral Teg logg wsini ol CN Distance  Luminosity
number Type (K) (kms') (kms™!) status Modulus logt/Le)
207198 091b/ll 34000 3.23 80 - - 8.9 5.05
30614 «oCam 09.5la 32500 3.04 100 - - 9.7 5.60
209975 19Cep 09.5Ib 32500 3.17 100 - - 8.9 5.04
167264 15Sgr 09.7lab 29000 3.08 100 10 o 11.3 5.75
37128 € Ori BOla 28500 2.94 85 12 o 8.1 5.50
204172 69Cyg BO0.2la 28560 3.02 100 9 o 9.6 4.47
38771  kOri BO.5la 27506 3.00 80 12 o 6.7 4.68
192422 BO.5Ib 27000 3.02 90 10 o 11.4 5.35
213087 26Cep BO5Ib 26000 292 90 15 o 8.9 4.83
2905 k Cas BCO.7la 24000 2.70 80 11 X 10.5 5.61
13854 B1llab 23500 2.64 80 12 o 11.9 5.44
24398 ¢ Per Bllb 23000 2.73 60 10 X 7.5 4.90
190603 B1.5la 2100¢ 235 70 10 o 10.9 5.58
14956 Bl1.5la 21500 249 75 11 o 11.9 5.60
13841 B1.5lb 22000 270 65 11 X 11.9 4.92
193183 B15Ib 22500 2.75 65 10 X 11.4 5.15
41117 x?Ori  B2la 19506 2.20 65 12 o 10.9 5.55
14818 10Per B2la 20060 2.38 70 10 o 11.9 5.37
14143 B2la 20000 231 65 11 o 11.9 5.43
194279 B2la 19000 2.15 70 15 o 11.2 5.66
206165 9 Cep B2lb 20000 250 55 15 X 8.9 4.78
13866 BC2lb 20500 2.60 75 12 X 11.9 4,74
31327 B2l 215086 2.90 50 15 X 10.8 5.14
42087 3Gem B25Ib 20560 255 60 15 X 10.9 4.96
198478 55Cyg B25la 18060 2.18 45 11 X 9.2 4.84
224055 B3la 17000 2.08 45 15 X 12.7 5.62
225094 B3la 18000 2.20 60 9 X 11.7 5.12
53138 o>CMa B3la 18508 2.35 55 10 X 9.5 5.04
14134 B3la 18000 2.30 60 10 X 11.9 5.35
36371  x Aur B4 lab 16506 2.15 40 10 X 10.8 5.31
58350 npCMa B5la 16008 2.10 40 15 X 10.0 5.36
4841 B5la 14759 1.95 40 - X 11.9 5.11
7902 B51b 15506 2.05 35 - x 12.2 4.92
164353 67 Oph  B5II 16500 2.46 10 - X 8.2 4.10
191243 B5II 15500 2.43 0 - X 11.7 4.83
15497 B6la 15000 2.00 35 - X 11.9 5.28
13267 5 Per B6la 15060 2.00 30 - X 11.8 4.92
12301 53Cas B7ll 14060 215 O - X 9.4 4.40
199478 B8la 12500 1.56 45 - X 11.2 4.89
34085 B Ori B8la 13008 1.75 40 - X 6.9 4.87
14542 B8la 12500 1.75 45 - X 11.9 4.87
208501 13Cep BS8Ib 13060 1.80 40 - - 8.9 4.33
14322 BSlb 13000 1.85 35 - - 11.9 4.60
21291 B9la 11500 1.60 10 - - 9.8 4.88
35600 BI Il 11006 200 O - - 10.8 4.31
14899 A0lb 11000 1.75 O - - 11.9 4.32

Effective temperatures deduced from

! He profile fits

2 sim/Sitv ionisation balance

3 Sin/Sim ionisation balance

4 wvby photometry

Temperatures in italics are based on spectral type — see text.
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gravities for all supergiants with no prior knowledgewf,;,. (whose silicon lines appear to be well modelled) have effective
The Balmer lines ¥ and Hy have been used with a greatetemperatures which support the validity of this approach.
weighting being given to the former, as in some stars the core The strengths of these lines are dependent on the microtur-
of Hvy was slightly filled by wind emission. However, for thebulent velocity and hence ionisation balances were performed
majority of the stars considered here, agreement between fibrev, .1, = 5, 10 & 15 kms™!. In most cases the temperature es-
two lines was good. timates were relatively insensitive 1g,,1,. The largest effects

We have not used fits of dlwhich was available in all our were (as expected) at spectral types where the line strengths from
spectra, due to blending with an interstellar line of calcium anlde two ionisation stages were significantly different. However,
a stellar Ha line. Neither have we considereddér HG aswind even then the effect was small and a subsequent estimation of
effects can be significant in these lines (see Paper I). vrh allowed the effective temperature to be unambiguously

defined.

5.2. Effective temperature

. . . i - i : iants of tral
The relatively wide range of spectral types in our sample pr'f\a/l-'d and late B-type supergiants-or supergiants of spectra

ludes th f a sinale t ture indicator. H " ;#Pe later than approximately B2.5, strong absorption features
cludes the use of a single temperature indicator. Here, € Yy 1 i and i are observed. At the lower effective tem-
mary objective was to obtain atmospheric parameters acr

the | f tral t whilst achieving a r N %iatures applicable to these objects, the silicon lines are be-
€ large range ot spectra’ types, St achieving a reasonaniGej 15 pe well modelled and hence it was possible to assign
degree of consistency and our approach was as follows:

each star a temperature based on the ionisation balance of the
features at 4552/4567/45%4Si111) and 4128/4134 (Simn).

Late O-type and very early B-type supergian®here possible Again microturbulent velocities between 5 and 15 krhsvere

we have used He features as indicators of effective temperazonsidered.

ture. It should be noted, however, that a strict ionisation balance Using the temperature indicators listed above allowed the
hasnotbeen performed, as other authors have found that the tesstimation of atmospheric parameters for 39 out of the 46 target
perature estimates derived in this way are strongly dependstars. For four of the remaining objects Cas, HD 193183,
upon of the choice of Heline used (see, for example, Lennor® Cep & HD 13866) effective temperatures were adopted based
et all 1991b and Herrero et al. 1992). Indeed, the sensitivityai those found for other stars with the same spectral type —
the Her lines to the adopted microturbulence may be partiallpgarithmic gravities were still available from the fits taHH .
responsible for the above inconsistencies inftléemperature As these objects occupy small ‘gaps’ in our spectral type-
estimates. Here, we have initialigsumed normal helium frac- scale, this should not lead to significant error.

tion, and having determined the locus of suitalolgg values However, the three objects having the latest spectral types
from the Balmer lines, have estimated effective temperaturesibyour sample have no spectroscopic temperature indicators. In
fitting the profiles of the Ha lines alone. these cases we have used8tgrenuvby photometry (obtained

It has been shown by MLD that the kdines at 4200 and from the General Catalogue of Photometric Data — see Mer-
4542A are almost unaffected by microturbulence at temperanilliod et al. 1997) and the calibration of Lester et al. (1986).
tures appropriate to early B-type supergiants. Theilee at As discussed above, the temperature scales of the Kurucz line-
4686A was not used as it is strongly affected by stellar windslanketed model atmospheres and those used here may not nec-
as shown by Gabler et al. (1989). H&t200A is blended with essarily be the same. Hence, photometric temperatures were as-
a N1 feature and hence a greater weight was given to the lisigned to the bottom 10 stars in the list. Those having effective
at 4542A. temperatures from both spectroscopic and photometric indica-

tors suggest that, at around spectral types B6-B8, the two scales
pre similar. Hence, we have adopted the photometric tempera-

Early B-type supergiantsFor those objects having spectral . ) .
types from BO to B2, strong features due tonSiand Sirv tures for the three coolest stars. Whilst this may lead to incon-

were simultaneously observed. However, as was discusse&iﬂenCieS with the rest of the SamP'e’ the errors are Iikely to be
Sect. 4.1, the stronger 8i features are not well modelled forSrnall and should not affect the main conclusions of this paper,

the low gravity models at effective temperatures greater thyfyich are principally based on the stars of spectral type earlier

approximately 25000 K (while discrepancies may well exterﬂ]an B7.

to lower temperatures). Hence, the weak 8nultiplet near Hs

was used in conjunction with the Si feature near 4118 in  5.3. The microturbulent velocCity b
order to obtain the effective temperature at which the predicted | . .
abundances from the two ionisation stages matched. The s?ﬁgwous work on luminous blue stars has consistently produced

thetic silicon profiles computed from the lowest gravity mode th,i; Igalrlge valtjes ;O{htrgi rglcgsrsolt;rgulir:t '\; er:?sc't% tﬁ]ingoarlwait
have been rejected in favour of a modest extrapolation (o r ) analyse : upergl (i Y.

: ; : e LMC and the SMC respectively) using non-LTE techniques
. , t -~
less than 0.25 dex) from the more reliable, higher gravity mo ilar to those used here. and they adopted a valug,qf =

els. The luminosity class Il/Ib objects in this spectral type ranq kms !, noting however that this value was not sufficiently
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large to remove the slope in abundance. Gies & Lambert (1992) self-consistent and purely spectroscopic manner, we shall
analysed alarge number of B-type stars, of which three were pueface our results on chemical abundances with a discussion
pergiants, in both LTE and non-LTE. They found for their supeof the estimated atmospheric parameters. We shall compare our
giants, that by assuming LTE a high valuevgf,;, ~30kms™!  results (in particular the effective temperature scale) to the re-
was obtained, and that by moving to a non-LTE analysis, théslts published by other authors and shall discuss the errors,
value was reduced tg,,,;, ~15kms™t. More recently Smartt both systematic and random, which are present in our methods.
et al. (1997) analysed the spectra of four supergiants near theBecause of the rather large number of supergiants in our
Galactic Centre using both LTE and non-LTE techniques anddataset and the moderate quality of the spectroscopic data, we
both cases deduced microturbulences-&0 kms™!. shall not attempt to chemically analyse each star independently.
MLD have shown that in the case of the early B-type sWe shallinstead examine the variations in linestrength as a func-
pergiantse & x Ori (also analysed in this work), the lines otion of effective temperature with the following aims:—
Sitn indicate a smaller microturbulence than do the lines of

O (vi,h ~ 12kms™! as compared toQ;, ~ 30kms!)  _ To investigate whether standard non-LTE methods can ad-
— this effect has been independently d|§covered by Vrar_mken equately reproduce the spectra of B-type supergiants.
(1998) in her analyses of early B-type giants in hx&Persei. _ sybjectto the above, to estimate the non-LTE absolute abun-
Whilst O11 has the advantage that it shows many absorption gances of the sample as a whole.

lines with a great range in equivalent width, thai$iines at _ To quantify the linestrength variations in terms of abun-
4552, 4567 & 4574 offer a reasonable range in linestrength  dance depletions or enrichments, focussing principally on

and are from theame multipletHence they are likely tobeless  those elements which are indicative of the presence of core-
affected by such problems as errors in the atomic data and theprocessed material in the photosphere.

inadequate treatment of non-LTE effects. For these reasons, the

Sit lines have been used to estimate microturbulent velocities ,
where possible and these are listed in Table 1. 6.1. Atmospheric parameters

By using the Siir features, microturbulences have been eany chemical analysis depends upon the the reliability of the
timated for supergiants having spectral types between apprextimated atmospheric parameters, in particular that of the ef-
imately BO and B5. Within this range in effective temperaturégctive temperature scal€ ;). Many authors have ascribed
vpur, SEEMS to remain essentially constant at 10-15Km8d  temperature scales to early-type stars using a variety of empir-
there seems little dependence on luminosity class (to within §g@| and more theoretical methee a recent review is given by
errors). There is some tentative evidence that this value may dgowther {1997). As well as the random errors associated with,
cline for later spectral types, as the ionisation balance diagragg., errors in equivalent width measurements or line profile fit-
provide some indication of the appropriate microturbulence. Rgrig, there are systematic offsets between the different scales due
example, in the case of Aurigae (see Fig. 1), the ‘tightness'to the differing physical assumptions inherent in each method.
of the lines suggests tha,,;, ~ 10-15kms' may be appro-  The T,4-log g estimates, which are listed in Table 1, are
priate. For stars later than B5, equivalent diagrams indicate twroduced in graphica| form in the upper pane| of F|g 2. Also
values of between 5 and 10 kmlsmay be correct. However, shown, in the lower paneL is a Comparison of ﬂl@-scme
at these temperatures theiSilines are weak and hence argjerived here with the effective temperature versus spectral type
both less reliably measured and have a smaller dependence&le used in Paper Il, which was based upon that used by Barlow
vturh- Therefore, the information on microturbulence is esse®-Cohen [1977) and Lamers (1981). We emphasise that the
tially derived from the Sirt features which have very similartemperature scale will be strongly dependent on the method used
linestrengths. Unfortunately, other suitable spectral indicatqesobtain it. In particular the treatment of non-LTE effects and
for the microturbulent velocity were not available at these spestline blocking may have significant effects. It is immediately
tral types. Whilst the suggestion that,, may decline towards apparent from the lower panel that theg;-scale derived here is
~5kms! for late B-type supergiants is a tentative onés it systematically hotter than that used in Paper I1. This difference
agreement with the work of others; for example, Venn (1995@jay be at least partly due to the lack of metal line-blocking in
finds LTE microturbulences of 5-8 km&for her A-type super- our non-LTE models and is not unexpected. However, whilst the
giants. systematic differences are real, they are probably not important

For the analyses of element abundances which follow, thg this analysis — the important point is thatansistenscale
value vy, = 10kms™! has been assumed throughout. It igs ysed throughout.
possible thaty,,, may be a function of effective temperature  Despite the problems in applying Kurucz’s LTE model at-
or of gravity and any errors present in our analysis due to thifosphere$ (1979, 1991) in the analysis of luminous stars such
simplification will be considered below. as are considered here, the Kurucz temperature scale is likely
to be more physically realistic and closer to the empirical scale
due to the fuller treatment of metal line blocking. Certainly, in
the analysis of main sequence B-type stars, the Kurucz scale
As this paper represents a first attempt to assign purely non-Lii&s been widely used (see, for example, Hibbins 2t al.|1998 and
atmospheric parameters to a large sample of B-type supergié@nzartt et al. 1996a, 1996b) and it would be useful to compare

6. Results
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Atmospheric Parameters nent in thelog ¢ direction. The situation is further complicated

3.5
[ as achieving convergence with Kurucz models at low gravities

(such as may be appropriate for the supergiants analysed here)
can be very difficult. For this reason, our grid of Kurucz models
does not go to as low gravities as GWUSTY grid. Hence, it
would be a non-trivial effort to fully determine the nature of the
mapping between the two scales, if such a simple relationship
exists, and we have not attempted to rigorously define such a
mapping.
However at gravities appropriate to (near) main-sequence
stars [og g = 4.0), a shift in effective temperature of approxi-
i mately 10% yields reasonable agreement between the tempera-
‘ol . tures in the line forming region — the sense of this shift in going
4.6 44 4.2 4.0 fromtheTLUSTY scale to the Kurucz scaleis adecrease inthe ef-
1og(Ter) fective temperature label of the corresponding model. Whether
Ty scales this shift can be assumed to be appropriate for supergiants is un-
r T T 0 A clear. The situation is complicated further by the possible effect
30“04?7 4 of a stellar wind on the Balmer line profiles, which might lead
C AN C 1 to a further error in our estimated gravities. For these reasons,
" % 1 we tentatively suggest that a reduction of approximately 10%

2o r oh B in our T,g-scale may be appropriate to allow for the effects of

n3 oR @ 1 line blanketing.
BOA0TT B ] A clear separation between the luminosity classes is evident
] in the upper panel of Fig. 2. In particular, the luminosity class

- 1 [I/ll objects are distinct from the other supergiants. For exam-

of 0O 1 ple, a large range in gravity is present@t T.g ~ 4.3 (spectral

Lot ] type B2 on our scale) and simply reflects the increased range in

st luminosity classes observed at this spectral type. There is also
5 0x10° 4 4 50x10% 25x10% 30x10% 3s5x10t e€vidence that effective temperature is a function of gravity at

Ty Paper 11 fixed spectral type, in the sense that stars having lower gravities

Fig. 2. Top: The estimated values of effective temperature and Iogaritﬂl-SO have lowef .+ (see Table 1). This ‘shear’ effect has been
mic gravity — as listed in Table 1. The symbols refer to the luminosif§@mined by Voels et al. (1989) for a sequence of stars having
class as follows: cross —Tatriangle — la, diamond — Iab, circle — Ib, SPectral type 09.5, who found a monotonic dependen@gof

box — Il and asterisk — I1I. Also shown is a linear fit, which excludes thenlog g —for lato V;T.s = 30 000 K to 35 000 K — in qualitative
luminosity class Il and 1l objects. This fit then representsatierage agreement with our results.
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3.5x10% T
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atmospheric parameters of the supergiant sarBgittom: A compar- In the syntheses of helium and metal line linestrengths, the
ison between thd.;-scale estimated here and that adopted in Papgffect of these gravity variations has been included in the fol-
Il - see text for further discussion. lowing manner: The straight line in Fig. 2 (upper panel) shows

a least-squares fit through ttigs-log g plane — this fit excludes

our scale with it. Recent analyses of early B-type supergiafif¢ luminosity class Il & lll objects and hence representsithe

(Smartf 1995) using both blanketed and unblanketed techniggéageparameters of the luminous supergiant sample. In gener-

have shown that the latter yielfl; estimates which are typi- ating theoretical linestrengths as a functiofigf, we have used

cally 10% higher than the former — this relationship has beéte appropriatéog g values given by this fit. Thus, the loci of

recently confirmed by Hubeny et &l. (1998) at higher effecti#on-LTE linestrengths which are used below, might be expected

temperatures. to reproduce the general behaviour of the spectral features as a
In order to further investigate and confirm this relationshigknction of temperature, but will not allow for any variations in

we have examined the temperature-optical depth structuredhst gravity of individual stars from this least squares fit.

our models and those of Kurucz. The aim is to derive a map-

ping between the temperature scale of Kurucz and that of b Helium fractionsy

non-LTE unblanketed models. However, the task is made signif-

icantly more difficult as the gravity label of a model atmosphet@ Fig. 3 the observed and predicted strengths of lifees are

may also depend on the physics included in the model. It Hggnpared. The singlet and triplet series lines (in order of in-

been shown recently (Lanz et al_1996) that the derived stelfgasing oscillator strength) are shown on the left and right re-

gravity may change significantly depending on whether or ngectively, for two helium fractiong; = 0.09 (solar) and; =

line blocking is treated. Thus the correct mapping may not 8e20. MLD have previously shown that it is important to use

purely along the temperature axis, but may also have a compdlon-zero microturbulence when modelling these features in
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early B-type supergiant spectra. Hence in order to confirm tlismplication. It seems that the only reliable way to examine the
conclusion, we included non-LTE results for two values of theelium fractions is to perform individual examinations of the
microturbulent velocityp,,, = 0, 10kms™. line profiles, which is beyond the scope of this paper. However,
From inspection of Fig. 3, it is obvious that there are a nurae will further discuss the possibility of a variation in helium
ber of unresolved problems in reproducing therdeectra of B- fraction in our sample below.
type supergiants. Considering first the question of microturbu-
lence, we confirm our previous finding that a non-zero value f8r3
vrurh, l€ads to improved agreement between theory and obser-’
vation — this improvement is apparent in all lines except 4437As was explained above, we shall not give absolute elemental
(the weakest line under consideration here). In all cases, the tetundances for individual objects in our supergiant sample, but
ial result is found that using an increased microturbulence lea®ll instead give a broader based analysis of the targets as a
to a reduction in the estimated value of the helium fraction améhole. Such an approach requires that we make comparisons
apart from the line at 443K, this brings they-estimates closer with previously published abundances in early-type stars. How-
to the solar value. The effect is most obvious, perhaps, in teeer, the different analytical methods which have been used
cases of the lines at 44A&land 4713 (both triplets), which for and the sensitivity of the results to such methods mean that it
Veurb = 0 km s~1 imply that a helium fractiony > 0.2, for most is not immediately obvious which analyses represent the most
of the supergiant sample. More importantly, as was shown &yitable comparisons. We shall therefore begin with a discus-
MLD, microturbulent line broadening leads to an improvemeston of recent abundance analyses performed on B-type stars,
in the quality of the He line profile fits. limiting our discussion to those analyses which used non-LTE
The neutral helium lines may be subject to the ‘generaliségthniques applied to optical spectra.
dilution effect’ (as discussed by Voels et @l._ 1989), whereby Gies & Lambert[{1992) and also Cunha & Lambéeri{1992,
various Ha level populations are enhanced due to sphericiiQ94) have examined a significant number of B-type stars and
leading to a strengthening of the triplet lines relative to the sigive pseudo-non-LTE abundances. The overlap between their
glets. Voels et al. suggested that theilires forming deepest work and ours is somewhat limited in the sense that their target
in the atmosphere should be least affected and should therefists comprise mostly main sequence or near main sequence ob-
provide more reliablg-estimates. This logic has been used bjgcts and only include a small number of B-type supergiants.
a number of other authors (e.g. Smith & Howarth 1994) andTihey have also concentrated on objects in the spectral type
is noticeable that these papers estimate smaller helium fractiosge B0-B3 (which covers the peaks in strength of lines due
than those which use all available Hies (e.g. Lennon et al. to CNO). However, each of their papers uses a consistent (and
1991Db). As formation depth is primarily determined by the irreliable) philosophy in obtaining abundances — essentially an
trinsic strength of the line, the weakest lines should be the mdsEE methodology. In obtaining the atmospheric parameters (ef-
reliable. Indeed, Fig. 3 does seem to confirm this result — tfestive temperature and gravity), they have used profile fits to
singlet and triplet systento suggest that the estimatgeialue the pressure-sensitive Balmer lines (typicallyyHand a pub-
increases with oscillator strength. lished calibration of the temperature-sensitivd photometric
Finally, as was noted by MLD, the triplet lines appear ttdex. They derive LTE atmospheric parameters and element
indicate higher helium fractions than the singlets. In the abogbundances and then use a sophisticated mapping procedure to
paper this was attributed to the lack of metal line blocking, whiadlow for non-LTE effects in individual lines. Aside from the
leads to a spurious calculation of the ultraviolet radiation fieldimited overlap between their stellar sample and ours, their re-
As has been discussed by Lennon & Dufton {1989), this codldnce on ‘photometric’ temperatures, which use Kurucz’s LTE
be particularly important in calculating the photoionisation ratesodel fluxes as a calibration, may mean that their work does not
from then=2 levels in Ha, especially for the metastablé® provide suitable material for comparison with our results which
state — it is unlikely to be as important for photoionisation froramit the effect of line-blocking and use ionisation equilibria as
the ground state, as the flux in this spectral region for B-tyjee temperature indicator.
supergiants is very low. This may explain the well-known diffi- In a series of recent papers, Kilian has also made substantial
culties in reproducing the triplet features at 5876 and 10%830efforts in the area of non-LTE B-type star abundance estimations
in non-LTE calculations such as these. If this hypothesis wesee Kiliarn 1994, 1994 and references therein). Again, her sam-
correct, we might expect that the problem would be less impgte primarily consists of near main sequence objects. However,
tant for the late B-type supergiants due to the reduced flux in ther non-LTE methods are very similar to those used here — her
n = 2 continua of He and there is tentative evidence that thispectroscopic approach in estimating atmospheric parameters
is the case (e.g. the 44&lline). In any case, the singlet lines(Kilian 1991) and non-LTE philosophy is closely mirrored by
seem to be more reliably modelled over the whole temperatang's. Kilian has used the LTE line-blanketed model atmosphere
range, with the line at 438X giving the most satisfactory fits. structures of Gold[(1984), but her treatment of the non-LTE
Given the problems associated with modelling the lines pfoblem is similar to ours in that line blocking is not treated
Her, it is difficult to unambiguously identify any supergiantdén her statistical equilibrium and line transfer computations. Of
which may be helium rich. The dependence of the linestrengtparticular importance is that our atomic datasets are effectively
on gravity, which is not explicitly included in Fig. 3, is an addedtlentical to those used by Kilian. Therefore, whilst differences

Absolute metal abundances
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Table 2.Mean non-LTE abundances for main sequence B-type stars (on Mg 1T 44814
the logarithmic scale with hydrogen being 12), as compiled fromthe 800 = = 7= 7 7~ 1
work of Kilian. Also shown are the number of stars used in determining L i
the averager, and the standard deviation in the mear{see text for F
further details). ¥ 600~ Ry
= |
Element Abundance n o 3 H
= 400
Cu 8.20 19 0.09 2 |
N 11 7.69 17 0.15 < L
Onu 8.55 20 0.10 Z 5
Siu/ui/v - 7.28 16 0.11 & 200
Mg 11 7.38 20 0.12 I
0 . . . I . . I . . .
are likely between th&,s-scale derived by Kilian and that de- 46 4.4 4.2 4.0
rived here, element abundances are likely to be comparable. For log(Ter)

these reasons we have elected to compile representative -4, Observed Mg equivalent widths compared with the non-LTE
LTE B-type main sequence stellar abundances from the resplidictions. The non-LTE locus is for a magnesium abundance of
of Kilian. 7.38 dex withvy,,, = 10kms™! (full line). Also shown are loci for

Within her sample of 21 near main sequence B-type stamagnesium abundances -4t0.2dex (dotted). The symbols are the
Kilian identifies three stars as having anomalously high nitrogéame as those in Fig. 2.
abundances and four stars as having anomalously low silicon
abundances. The nitrogen enrichments are attributed to ch%né-z Silicon
ical processing effects and the apparent silicon depletions are”
likely to be due to difficulties in modelling her cooler starsin Paper Il, equivalent widths were given for 11 spectral features
silicon spectra. In compiling the ‘normal’ abundances, listed @ue to silicon, covering three ionisation stagesoand 5 multiplets.
Table 2, we have excluded these results — our rationale being fhat Sit1, we have elected to show the line at 4¥28 the other
we wish to make comparisons witlnprocessestellar material. component of this doubletis at 41B%]nd shows a qualitatively
However, the slightly higher value for the standard deviatioaimilar behaviour. A second doublet was also measured at 6347
o, in the case of nitrogen may indicate a larger intrinsic scat®’371A but was not well modelled by our non-LTE computa-
in the nitrogen abundances within Kilian’s sample. tions and has not been included here. There are two multiplets

Rather than discuss the chemical elements in order of theire to Sttt which were measured in Paper Il, viz. the triplets at
atomic number, as is conventional, we shall deal first with tho4652, 4567 & 4574\ and 4813, 4819 & 4828. The second of
elements which are likely to have a unique abundance througffrese multiplets is not illustrated as it is inherently quite weak,
out the stellar sample (i.e. Mg & Si). We shall then discusghile the feature at 455% has been selected as representative
those elements whose linestrengths may be affected by abwinthe first multiplet. Only one spectral feature due ta\Sis
dance variations (i.e. CNO). shown, that is the line at 41%6 The other component of this
doublet (at 4088\ suffers blending problems due to a nearby
line of O11.

The observed and predicted equivalent widths for these lines
Our spectral data provided only one feature due talvigamely are shown in Fig. 5. The synthetic line strengths are for a silicon
the close doublet at 4484, whose observed equivalent widthsabundance of 7.28 dex (with0.2 dex) and a microturbulence of
are shown in Fig. 4. As this line is used as a primary indicat@® km s™!. However, as some difficulties remain with the non-
in the spectral typing of B-type stars, any large discontinuiti€3 E modelling of these lines, the predictions are only plotted
would call our temperature scale into question. Therefore tfo restricted ranges of effective temperature.
observed smooth monotonic variation with effective tempera- The silicon lines are believed to be well modelled in the
ture is reassuring. A greater range in observed linestrengthsesperature range where1sis strong and indeed agreement
log Toit ~ 4.3 is most probably due to the larger range in surfabetween theory and observation for thaiSeature is good.
gravities at this temperature (see Fig. 2). There may be a decline (relative to the theoretical calculations)

Also shown are non-LTE results for the representative Bithe observed linestrengths at later spectral types, possibly due
type stellar magnesium abundance of 7.38 dex (full line) witb a decrease in the microturbulence in these objects.
additional loci at+0.2 dex — all for,,1, = 10 km s~1. Our non- The Sirt line at 45524 is observed from spectral types BO
LTE calculations suggest that the abundance for our supergismepproximately B8, but is not well modelled abo¥gy ~
sample may be constant at7.58 dex. This is slightly higher 22500 K and hence the non-LTE locus in Fig.5 is restricted.
than the magnesium abundance implied by results of KiliaBelow this temperature, the feature appears to be predicted well
but the agreement is still relatively good given the differertty our non-LTE computations and agreement is excellent. This
luminosity classes of the two samples. line is particularly sensitive to gravity and it is interesting to

6.3.1. Magnesium
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= L i
ol o 1 computations are believed to be realistic, the general behaviour
16 4‘2 .o Ofthe 4116A feature is reproduced satisfactorily.

log(T.y;) There is perhaps a suggestion that the 4A 1€ature indi-
cates a slightly lower silicon abundance than the features due
to Sinr and Siii. However, when one notes the extreme lumi-
nosity sensitivity of the Siv feature, coupled with the range in
luminosities within the sample, it becomes difficult to confirm
this. Certainly, to within the errors, all three silicon ionisation
note that the lines from the luminosity class Il objects appestages are consistent with a silicon abundance of approximately
weaker than those of their more luminous counterparts. TRE8 dex, in excellent agreement with the results of Kilian.
agreement in abundance between 8nd Sirir is expected due
to the ionisation balances performed for these stars.

In the case of the Si’ feature at 4118, the non-LTE locus
is again restricted by problems in the computations. For effdeaper Il gave linestrength measurements fonf€atures —the
tive temperatures above 27 500 K, the profiles are filled in olose doublet at 426K, and the doublet components at 6578 &
are entirely in emission. As was the case for some of tha Si6582A. We have elected to plot the equivalent widths of 4267
profiles, we do not believe these effects to be real and suggmst of 6578,
that they may again reflect our neglect of line blanketing. For The feature at 426K is the strongest @ feature in the
the reduced range in effective temperature for which the silicotassical blue region of B-type stellar spectra but is notoriously

Fig. 5.Observed Sii/tii/1v linestrengths compared with non-LTE pre
dictions. The non-LTE loci are for silicon abundances of 7.28ttex
0.2dex and.,,» = 10kms*. The symbols are as in Fig. 2.

6.3.3. Carbon
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difficult to model successfully. An early attempt to do so wagatures, while the particularly large spread in linestrength at
made by Lennori (1983) whose non-LTE calculations overestig(Te.s) ~ 4.3 mirrors the behaviour of theiCfeatures. These
mated the observed strength in main sequence B-type starefigcts may be due to differing nitrogen abundances across our
a factor of two for a solar abundance. Later attempts by Elstellar sample and this will be discussed further below.
& Butler (1988) and Sigut (1996), have increased the complex-
ity of the model ion (notably by including quartet terms whic
were omitted by Lennon), and the latter paper demonstrates t at
the non-LTE line strengths have now converged with respectRaper Il gave linestrength estimates for 111 Gpectral lines
model ion complexity. As can be seen from Fig. 6, our nowovering 4 multiplets. In Fig. 8 we show one representative fea-
LTE calculations (which use the same atomic dataset as Ebetute from each multiplet, namely thelinesat4075,4317,4596 &
Butler) again overestimate the strength of the 4&@ine for 4661A. The feature at 4594 is between doublet levels, whilst
a normal B-type star abundance. However, for a reduced abtire rest are for quartet levels. For the latter, the general shape
dance of 7.80 dex, th&ehapeof the distribution of linestrengths of the observed linestrengths is reproduced satisfactorily. In the
is satisfactorily reproduced. There are a number of supergiacgse of the doublet feature at 459@he agreement between
which have linestrengths significantly less than their neardéseory and observation is limited to temperatures bét@l g
neighbours in effective temperature. Whether this reflects vati-4.3 and this behawour is replicated by the other line of this
ations in gravity or the carbon abundances in these stars willtbaltiplet at 459QA. Hence we conclude that our computations
discussed below. do not successfully model this multiplet and again there is a
The Cr feature at 6578 is only satisfactorily modelled for discrepancy between the different spin series.
effective temperatures below 20 000 K, with the hotter models The effect of increasing the microturbulence to 20 kmh,s
predicting that this multiplet should be in emission. As this ighilst retaining a normal oxygen abundance is shown by the
not confirmed by the observations, we attribute this disagregrey shaded areas. It appears that.g, >10kms! may be
ment to a failing of our non-LTE computations for this multipleappropriate for the oxygen lines, in agreement with other studies
at high effective temperature and note the similarity with the béMLD, Vrancken 1998), where a higher microturbulent velocity
haviour of some silicon features mentioned in Sect. 4.1. Agaimas estimated from lines of @
large photoionisation rates and subsequent cascades are caus-
ing the emission and the lack of line-blanketing may mean our
photoionisation rates are overestimated. It is however, intere&t!

ing to note that the observed equivalent widths in the featusg was outlined in the introduction, photospheric chemical pe-
at 6578A do decrease sharply with increasing stellar effectivgyliarities due to the presence of core-processed material are

5. Oxygen

Evidence for chemical peculiarities

temperature. predicted by current evolutionary theories (the precise amount
of mixing varying markedly between different models). CNO-
6.3.4. Nitrogen cycled material would be expected to have increased helium

and nitrogen abundances, accompanied by decreased carbonand
Paper Il gave linestrength measurements for 8 féatures oyygen abundances, with the changes in carbon and nitrogen be-
which cover five multiplets. Three lines (at 3995, 4228 &g the largest. These patterns are observed in the linestrengths
4447A) arise from transitions between singlet Ievels with thgf our supergiant sample; Figs. 6 and 7 show very large ranges
others (at 4236 & 4241 and 4601, 4607, 4621 & 4830eing i observed equivalent widths due taxand Nit, with Fig. 8
from triplet levels. showing only moderate ranges foriQ while no significant

We show in Fig. 7 linestrengths for theiNeatures at 3995, yariations within the helium linestrengths are apparent.
4241, 4447 & 463@., with the singlet and triplet Nt features

being shown on the left and right respectively. There is a qual-
itative difference in the behaviour of these two series, as the ldentification of chemically diverse groups

calculations of the singlet transitions exhibit a sharp increaseiyill be useful for the discussions below, to identify those stars
predicted linestrength dbg Tes ~ 4.4, which is absent from \yhich may have contaminated photospheres. Fig. 9 shows the
the triplet transitions. The cause of this discrepancy is unclegfios of equivalent widths of the Nline at 46304 to those of
and it is not seen in the observed linestrength patterns.  the Cirline at4267A. These features have been selected as they
We note that a normal B-type star nitrogen abundance idve reliable linestrength measurements, while their general be-
7.69 dex provides satisfactory fits to the lower envelope of M@fdviour as a function of effective temperature also appears to
of the observations. At effective temperatures below the ‘bumgga reasonably well modelled by our non-LTE computations. In
in the predicted singlet linestrengths, agreement is reasonapl@ducing this figure, we have not used the equivalent widths
In the case of the triplet features, the non-LTE predictions {pulated in Paper II, but rather have remeasured the spectral
the observed lower envelope reasonably well throughout #&tures from the original data in order to try and improve the
temperature range. accuracy and also to obtain formal measurement errors. Also
The tendency for most of the observed linestrengths to Bown are the theoretical values of this ratio for a normal ni-
above the non-LTE locus is contrary to the behaviour of the Gtrogen abundance, a carbon abundance [C/H] = 7.80 dex (see
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Fig. 7. Observed NI linestrengths compared with non-LTE predictions. Each plot shows predictions for[N/H] = 7.49, 7.69, 7.89 dex and for
vearb = 10km s1. The features shown on the left are singlets, whilst those on the right are triplets. There are clearly problems in modelling the
singlets — see text for further discussion. The symbols are the same as those in Fig. 2.

Sect. 6.3.3) and a microturbulence of 10 km sAs the lumi- dependent microturbulence, or a strong stellar wind. In this con-
nosity dependence of the spectral lines may be important, tegt, itis interesting to note thatl the *highly processed’ super-
figure includes three non-LTE loci — the central curve is the rgiants have strong P CygnidHprofiles, which would suggest
tio of predicted linestrengths for tHgg-log g relationship dis- that mass loss may play a role in the line formation. Neverthe-
cussedin Sect. 6.1, while the dashed curves represent changsssf whilst line desaturation could perhaps explain the increased
+0.2dex inlog g. The relatively small displacements of thes@l 11 linestrengths, it seems unlikely that such phenomena could
loci indicate that the luminosity effect cannot directly accourmxplain the correlated weaknesses of some of the&atures.
for the observed linestrength patterns (note that some of the The effective temperatures of the seven ‘highly processed’
small structure in these loci may not be real but rather refletpergiants lie between 19000 to 23500K and in this range,
the use of relatively simple interpolation techniques). there are also seven ‘normal/moderate’ supergiants. For the lat-
Three sub-groups can be tentatively identified in Fig. 9: ter, the lines strengths of theiCline at 4267A and the Ni
_ . line at 46304 are reasonably tightly bunched with mean value
— supergiants that appear_chemlcally near-norm_al (Iab_ellsld224 + 95mA and 217 + 24mA respectively. For the ‘highly
‘norma!/moderate’ and lying close to our_theoretlcal rat'o?;)rocessed’ group, the mean line strengthslaﬁet%m,& (C1)
— supergiants that appear to have had their photospheres cafy 109 + g5mA (N 11); the larger standard deviations, partic-
‘ta.mlnated by the'produc;ts of CN-cycle burning (labelleday for the nitrogen line, possibly implies that this is not
highly processed’ and lying away from the normal 10Ci) 5 chemically homogeneous group. Although the observational
- sup_erg|ant5 which may have suffered from some contarglyia do not warrant an analysis of the individual stars, we have
nation, but perhaps of a smaller magnitude (labelled ‘prgsiempted to estimate the differences in the carbon and nitrogen
cessed?’). abundances between the two groups of objects. We have as-

This figure, however, does not include the possibility gumed a representative effective temperature of 21000 K, with
varying line desaturation due to, for example, a |uminosit>§\_loganthm|cgrawtyof2.5 dex (see Fig. 2) and a microturbulent
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Fig. 8. Observed Qi linestrengths compared with non-LTE predictions. Each plot shows predictions for [O/H] = 8.35, 8.55 & 8.75 dex and for
veurb = 10km s, The shaded area shows the effect of increasing, to 20kms™* for an abundance of 8.55 dex. The symbols are the same
as those in Fig. 2.

velocity of 10kms !, The mean equivalent widths then imply7.2. Evidence for evolutionary patterns in oxygen and helium

that the “highly processed’ group are enhanced in nitrogen R¥1as already been shown above that variations in the abundance

1.4dex and depleted in carbon by 0.5 dex. erns of Q1 and He within the supergiant sample are not
However, we emphasize that these results must be treag%&I ! Wit uperg! P

with considerable scepticism as they are subject to large Qvious. This is consistent with the predicted changes in these

certainties. For example, if the microturbulent velocity is i element abundances and also their sensitivity to other parame-

creased to 15kmg, the nitrogen enhancement is decreased’s’ such as the microturbulence and gravity. However, having

to 0.9 dex. Additionally as discussed above, the ‘highly pr(l)J_SGd the more sensitive lines of carbon and nitrogen to identify

cessed’ targets might have a larger microturbulence than ﬁ,PeoarentIy normal and processed groups within the sample, it

‘normal/moderate’ targets; arbitrarily adopting microturbuler? worthwhile reconsidering the linestrength patterns of oxygen

velocities of 15 kms! for the former and 10 kms' for the lat- and helium in this context.

ter would further reduce the nitrogen enhancement to 0.6 d%>f(. In Figs. 10 and 11 we reproduce, for representative lines

Although these calculations should be considered as numen-HeI and O, the linestrength plots of Sect. 6. Only those

cal experiments, they illustrate that any quantitative estimateoqueCtS which have been assigned to one of the 3 sub-groups

abundance variations are critically dependent on the theorf\g% Itr)]e(::tl\l/Jv((j-:-eei ';Sgi]eﬁg dflgﬁéﬁi'c;o;uhbe_“lﬁx n:nzt;\rlllgifrgr?rrti?of
cal assumptions. Hence we can only conclude that the ‘hig 9 group 9

processed’ targets probably exhibit a significant nitrogen etnéess“;jessfea;pg:tes ng\;v:]ri]c:]hﬁer?gig t?; ?hxeygrfgs,ttlzarr:gng Eggm
hancement coupled with a smaller carbon depletion (relative 10 perg

the ‘normal/moderate’ group) and that this is consistent Wi{R show stronger oxygen features than the chemically normal

nuclear processed material being present in their atmosphe?éjsqerg'ams'. This IS opposite to the trend expeclzt.ed from evolu-
tionary considerations and may be due to a positive dependence
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of microturbulence on luminosity, particularly as the value, de-
rived from lines of Qt, is very high for these luminous objects.

It is, therefore, not possible to derive quantitative informa-
tion on the abundances of helium or oxygen from these plots. 4

600

more rigorous examination of the linestrength patterns, which: +°°

allows for the effects of gravity and microturbulence, must beZ
performed in order to elucidate any evolutionary patterns irg

these lines. £ 200

Equiv

8. Discussion i

8.1. Validity of the non-LTE calculations

Figs. 3 to 8 show that, whilst problems remain, the hydrostatic

1000

4.0

Fig. 9. Logarithmic ratios of equivalent
widths for the lines at 4638 (N11) and
4267A (C11). The errors reflect uncertain-
ties in the linestrength measurements. The
non-LTE loci assumev,,, = 10kms?,

a solar helium fraction and [N/H] = 7.69
& [C/H] = 7.80dex. Three predicted non-
LTE ratios are shown, viz. that for thEg-
log g relationship shownin Fig. 2 (solid line)
and two having théog g-scale displaced by
+0.2 dex.
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non-LTE modelling used in this analysis can satisfactorily repro oL . ii.'xx o B

duce the optical spectra of B-type supergiants.Thelowgraviti%s ! * X wx x

of some of the models have, however, led to difficulties in syrn= i « é% 1
thesising some spectral features - most notably, thettjaet g 0T R
transitions, N1 singlet transitions at high effective tempera-: i xx 1
tures, the Qr doublet transitions, and 8i triplet transitions at 5 **°[ S
high effective temperatures and low gravities. Problems wege

also encountered in reproducing the strength of thef€@ature
at 4267A. However, this feature is difficult to model even in . ‘ ‘ 1
main sequence B-type stars (Eber & Butler 1988, Sigut 1996), 46 44 42 4.0
and therefore the problems are not unique to our low gravity 10g(err)

models. An exhaustive investigation into the reasons for thgsg 10.Measured Helinestrengths for representative features at 4387
shortcomings has not been performed. However, the fact tha§ 4471A. The symbols represent the CN status of the supergiants as
the problems are often localised to the hotter models havifajows: cross — ‘normal/moderate’, open circle — ‘processed?”, filled
low gravities and that photoionisation rates are extremely higincle — ‘highly processed’.

in these models is highly suggestive of a problem in calculating

the UV radiation field. The lack of metal line blocking in our

model atmosphere calculations will lead to an overestimatibne-blanketing within non-LTE models have been discussed by,
of the radiation field and a first step towards the possible regor example, Hubeny et al. (1998).

lution of these problems would be the inclusion of some form The spectral features, which are not satisfactorily modelled,
of increased line-blanketing. Recent attempts at including mesaé often between levels, that are not radiatively coupled to the

wid
X

200~ —
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0 II 40754 ically higher microturbulences than are typically adopted for
] their main sequence counterparts (5 km & often used — see,

300[

o e e.g., Smartt et dl. 1996a and references therein), there is no evi-
S ; R Y e dence for any systematic differenceuf,, between the Ib and
> =000 o o * la supergiants.
5 [ © ® e
= C [
- r o . ® . )
g0 ; 8.3. Helium fractionsy
2 100 ]
E X X " 1 The findings of MLD — namely that the use of a non-zero mi-
x 1 croturbulence can lead teear-normahelium fractions in early

B-type supergiants —is confirmed here, for the whole range of B-
type supergiants. This is an important result as previous authors

4.6 4.4 4.2 4.0
log(Tey) had found large helium fractions in many luminous OB-stars
0 11 43174 (see MLD and references therein). Additionally these results
es0f ] support our use of a normal helium abundance when deducing
C x 1 the atmospheric parameters. However, the moderate quality of
< 2 5 e ] our spectroscopic data does not preclude the possibility that our
g i X 1 some of our sample may have moderate helium enhancements.
s 150 ® e .
g [ o& X X: °
E 100:— ° o X 4 8.4. CNO abundances and stellar evolution
© L X ]
é g o X ] Fig. 12 shows the location of the supergiants in Thg-log g
B s )X X b plane, along with the solar metallicity evolutionary tracks of
r ] Schaller et al[(1992). These tracks do not include effects due to
ol ‘ ‘ ] stellar rotation, which may be important (see Sect. 8.5). How-
4.6 4.4 4.2 4.0 . . .. . .
log(T.y) ever with this limitation, they constitute a complete and con-

sistent theoretical grid and hence form a useful basis for com-
7[ghrison with our observations. Only the B-type supergiants, that
have been assigned a CN status are included in the figure —hence
the 3 hottest and 5 coolest objects have been omitted.

atomic or ionic ground state. So, for example, the singlet lines AlSO shown in Fig. 12 are a sample of B-type (near) main
of neutral helium are better modelled than the triplets. It is al§§9uence stars taken from Gies & Lambgrt (1992) and Kilian
interesting to note that the only lines of 18i observed here (1992) and a sample of A-type supergiants from Venn(1995a).
are triplets (Siir has a singlet ground state) and that this mdy°r the main sequence stars, both studies implied that in gen-
explain the difficulties encountered in the modelling. Unfort2ral the atmospheric CNO abundances were normal apart from

nately, the spectral data are not good enough to reliably meastif6W cases where there was evidence for moderate degrees of

any singlet St features, such as that at 47A7 nuclear processing. The relationship between the A-type super-
Hence, we recommend that when using unblanketed ngH#ants and their apparent progenitors, the B-type dwarfs, has

LTE models (particularly for hot, low gravity stars) greatePee” discussed in detail by Venn (1995b), who found that the

weight is given to transitions that are radiatively connected y/C] ratios of her supergiants were in general larger than those
the appropriate ground state. of the dwarfs, but less than the post-First Dredge-Up ratio pre-

dicted by evolutionary models. Hence, she concluded that her
) supergiants were pre-RSG objects which had suffered partial
8.2. Microturbulence mixing during their main-sequence lifetimes.

It would appear that a non-zero value for the microturbulence Thereare anumber ofimportantcaveats, which mustbe con-
parameter is required to reproduce the linestrengthib atomic sidered before any interpretation can be made of Fig. 12. Firstly,
species. Whilst the errors associated with the estimation of &€s & Lambert[(1992) and Venh (1995a) used the model at-
mospheric parameters are large, and systematic effects (g]@_sphere structures of Kuru€z (1991), and hence offer effective
variations ofv,1, with chemical species) may be present, thimperatures on an LTE, line-blanketed scale. Kilian (1992)
requirement of a non-zero value is an interesting result, whigfed the model atmospheres of Gald (1984), which also in-
supports the findings of numerous other authors (see refererfddde some blanketing. Therefore, their temperatures estimates
in Sect. 5.3). It is possible that mass loss (Lamers & Achm&¢€ likely to be reasonably internally consistent but will differ
1992, Kudritzk T992) may have a role in desaturating the lin8@m our scale based on unblanketed models. Hence the tem-
in these luminous objects, although, from the analysis preseni&fature scale for our B-type supergiants has been uniformly
here, it is difficult to draw any useful conclusions. It is howteduced by 10 % to allow for the effects of line blanketing as

ever, interesting to note that whilst supergiants have systenfiicussed in Sect. 6.1. Secondly, the estimation of gravity may

Fig. 11.Measured Qx linestrengths for representative features at 40
and 4317A. The symbols are the same as in Fig. 10.
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OF 7
1 =
2 ? i Fig. 12. The positions of the B-type
>k a supergiants, and some comparison
& ] objects, in thél.g-log ¢ plane. The
- C a symbols are summarized in the fig-
3 E B ure, with e indicates ‘highly pro-
E B—supergiants (this work) e O X 1 cessed’o ‘prOf:essed?’and ‘mod-
F B—supergiants (Gies & Lambert 1992) A ] e.rate/nolrmal — see text for further
£ A ! ] discussion. Also shown are the evo-
4 = 17 supergiants (Venn 1995b) # . ”
- / D% % HAD B_dwarfs (Gies & Lambert 1992) O ] Iutlorlary tracks of_ Schal_ler et al.
40 m B-dwarfs (Kilian 1992) 4 ] (I992) together with their ZAMS
c 20 12 9 5 ] masses. Note th&,g-scale for the
5F | | | | | | ] B-type supergiants has been uni-
formly reduced by 10 % to account
4.6 44 4.2 4.0 3.8 3.6 3.4 for their expected offset relative to
log(Tey) the other objects

be subject to errors due to the modelling assumptions madbservational data. The hotter ‘processed?’ supergiants would
Specifically, neglecting the dynamic effects of mass loss atiten be the progenitors of the ‘highly processed’ supergiants and
also line-blanketing can lead to underestimates (see Gablesighificant changes in surface chemistry would be occurring in
al.[T989 and Lanz et al. 1996, respectively), with the effecasshort period of time (Schaller’s computations suggest that the
likely to be greatest for the more luminous supergiants. evolution froml.g ~ 4.65t07. =4.25—i.e. from the the main
The principal implications from Fig. 12 are as follows sequence to the ‘highly processed’ group —takes approximately
million years for a 40V/,, model). However, it should be
ed that the hotter ‘processed?’ stellar sub-group lies in an

the former lying on the higher mass evolutionary track% ective temperature range for which there are difficulties in

The hotter supergiants, designated as ‘processed?’ aIscE I%modelling computations. Hence, it is possible that for these
' ' stars, the apparent surface chemical effects may simply be an

a[tefact of our analytical approach.

— There appears to be a mass segregation between the ‘hi ‘h
processed’ and ‘normal/moderate’ B-type supergiants, W%)ﬁ

on higher mass tracks.
— Practically all our B-type supergiants appear to be evol
tionary distinct from either the B-type dwarfs or the A-
type supergiants. The evolutionary calculations imply th&t5. Alternative evolutionary scenarios - rotation and binarity
their main S€quence precursors \.NOUId be O-type,_whllstthgg was discussed in the introduction, stellar rotation may have
would evolve into higher luminosity A-type supergiants than

the predominantly Ib class discussed by Venn (1995b). ;c;l:ivt: rﬁ[’;}r’] Isnetr:lee:::rsrl;:rzl ;éxggigfr;t;l?rrs art::\(/)iipheer:j;io-
small number of our targets (approximately four) are o q P ' g€q

similar evolutionary tracks to the B-type main sequence a.rrlilrglg\_/,()e lgﬁg'fﬁezfeuﬁqéo Ak;%()lgrm:le(rf)oeunnrz'tigcga%sHeos\:livar::]ti]c?n?lﬁwix-
A-type supergiant stars butthese all have approximately noi- f y g g 9

. . Ing in their atmospheres due to the effects of differential rotation
mal CNO abundances consistent with the other two samples’ . gy . X
and the subsequent instabilities which are introduced. They may

Assuming that the non-rotating, single object, evolutionaglso cause significant changes in the stellar evolutionary tracks
tracks of Schaller et all (1992) are appropriate, a possible e#gemselves — even during the main sequence phase.
lutionary scenario to explain the observed abundance patternsFig. 13 shows the dependence of projected rotational ve-
would be as follows. Mixing has occurred on or near the maidcity, v sin i, on effective temperature. Thesini values are
sequence and is strongly and positively correlated with the stelken from Howarth et al[ (1997) and omit a number of the
lar mass. Then our lower mass B-type supergiants have suffepegipe supergiants considered here, most notably the ‘highly
little or no atmospheric mixing and have retained near-normglocessed’ stars HD 14956 & HD 194279. However, kg i
surface compositions. These objects will eventually evolve inf@lues estimated here (see Table 1) for these objects (75 &
A-type supergiants, similar to those analysed by Venn (1995BD km s™! respectively) would put them in a similar position
Although she found moderate CN anomalies, such relativaty the other ‘highly processed’ supergiants. Despite the small
small chemical variations could be present within our ‘nohumber statistics, the ‘highly processed’ supergiants appear, on
mal/moderate’ stellar group but be masked by the quality of our
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Fig. 13. The figure shows the projected rotational velocityin ¢, as Fig. 14. The positions of the B-type supergiants in thar-L /L

a function of eff_ective temperature for some of the B-type §upergiaF5] ﬁe. ThelL¢-scale for the B-type supergiants has been uniformly re-
samr;:e. Thhe‘ hlgthI/progessec’i EFars clﬁ?rly ha;el largen ; val-h duced by 10%. The stellar luminosities are taken from Lennon (1994).
ues than the ‘normal/moderate’ objects. The symbols represent t eﬁ% evolutionary tracks of Schaller et al. are shown, along with their

status of'the‘sgperg|ants as fO,HOWS:_ ‘moderate/normal’ — ‘pro- ZAMS masses. The differing chemical sub-groups are plotted using
cessed?'s —highly processed'. the same symbols as in Fig. 12.

average, to have larger projected rotational velocities than teing hydrodynamic atmosphere codes) and proper treatment
‘normal/moderate supergiants’ and could imply a connectiaf line blocking effects (Lanz et al. 1996). However, the dis-
between chemical mixing and stellar rotation rate. crepancy is not crucial to this discussion as Fig. 14 supports the
However the projected rotational velocities estimated lyroad conclusions drawn from Fig. 12 — namely that the two
Howarth et al. are observational parameters which may correlatd-groups which appear to have processed material in their
with but are unlikely to equate to the physical projected equatmospheres are generally more massive than the chemically
torial rotational velocity. For example, other physical mechaormal supergiants.
nisms, such as macroturbulence, may contribute to the observedAn uncertain fraction of luminous stars may be members of
broadening; then the greater line broadening in the ‘hightynary or indeed multiple systems. In the case of close binaries,
processed’ group could simply reflect their higher luminosinteractions may occur which have a very important effect on
ties and hence greater atmospheric macroturbulence. Indeethasvolution of the individual stars. Mass transfer is predicted
discussed by Howarth et al., the absence of early-B-type fietween the components and the changing stellar masses lead
pergiants with low projected rotational velocities indicates thed complex changes in the evolutionary tracks. Langer et al.
another broadening mechanism (as well as rotation) must(899) have recently considered the evolution of a close 20 +
present. Hence we conclude that there is some evidence for b8iM/, pair, where mass transfer during the core hydrogen burn-
‘highly processed’ supergiants having broader spectral lines ing phase of the primary is included. They have shown that the
it is unclear whether this is a signature of enhanced rotatiomaimary in such a system may evolve into a helium star while the
velocities. secondary may evolve into a luminous blue supergiant — such
In Fig. 14, the positions of our B-type supergiants in thas is considered here. During the main sequence lifetime of the
Tet-log(L/Lg) plane are shown (see Sect. 2 for sources of Iprimary, mass transfer leads to a deposition of helium enriched
minosity estimates). matter onto the surface of the secondary. This generates an in-
It is notable that the stellar masses in Figs. 12 and 14 asrsion in the mean molecular weight gradient in the secondary
not coincident. This is a manifestation of the well-known massd leads to significant atmospheric mixing (so-called thermo-
discrepancy problem (see, e.g. Herrero ef"al. 1992), wherdialine mixing) with changes in the abundances of carbon and
stellar masses derived from non-LTE spectroscopic methadsogen, by factors of 2—3, being predicted. Although these are
and those based on evolutionary calculations, typically do revhaller than the values estimated in Sect. 7.1, the uncertainties
agree. Specific areas which may lead to a resolution of this dis-these estimates are such that they may well be consistent
crepancy are improvements in the calculation of gravities (ewith the predictions. The evolutionary calculations also imply
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that during the accretion of the extra mass, the luminosity #dschek M., Jaschek, M., 1967, ApJ 150, 355

the secondary may increase substantially. In the case of thdlian J., 1991, A&A 244, 419

18 M., (ZAMS) object, Langer et al. predict that after the mag§lian J., 1992, A&A 262, 171

transfer, logL/Ly) ~ 5.4-5.5 and logl.; ;) ~ 4.3-4.5; both Kilian J., 1994, A&A 282, 867

consistent with the position of our ‘highly processed’ group dfudritzki R.-P., 1992, A&A 266, 395

B-type supergiants. Clearly, their calculations are preliminaﬁ}IrUIcz RL. 1979, APJS_@‘ L .

and need to be extended to include other initial masses. How- -~ B'L" 1931’ In: Pp'up’gplgren’ Janes (epds') Prsec;f'on Phgtom'
ever, binarity is clearly an important evolutionary mechanisggmeépsl':t ?gﬁ_ﬁ_',clsg%lt, ZpJazj)g.SLésDaws ress, Sehenectaty

which may reproduce the observed abundance patterns in SQ@ers H.J.G.L.M., Achmad L., 1994, A&A 291, 856

supergiants, including our ‘highly processed’ group. Langer N., Maeder A., 1995, A&A 295, 685
] o LangerN., Heger A., Braun H., 1999, Nucleosynthesis in Massive stars.
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