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Abstract. The Hipparcos mission has provided very high quatontent lower than the metallicity-scaled value. But not neces-

ity parallaxes of a sample of a hundred nearby disk stars, safrily, as a possible sedimentation of the elements might com-

spectral types F to K. In parallel, bolometric fluxes, effectivglicate the determination of the helium content. The age of main

temperatures, and accurate Fe/H ratios of many of these starsleeguence solar composition stars covers a large range, and the

came available through infrared photometry and detailed speffects of sedimentation are time dependent.

troscopic analyses. These new accurate data allow to build the

Hertzsprung—Russell diagram of stars of the solar neighbol{rey words: stars: abundances — stars: Hertzsprung—Russell

hood with the smallest error bars ever obtained. (HR) and C-M diagrams — stars: interiors — stars: late-type —
We analyse these observations by means of theoretical stgdlaxy: abundances — Galaxy: solar neighbourhood

lar models, computed with the most recent input physics.
We first examine the positions of the objects versus standard

theoretical isochrones, corresponding to their chemical compod ntroduction

sition and age. For these isochrones we have first assumed that

the helium content was varying in locksteps with metallicityy@luable tests of the stellar evolution theory and strong con-
The comparison becomes age-independent in the lower paﬁg@_nts on the physical description of stellar interiors are mainly
the HR diagram, where evolutionary effects are negligible. Vpéowded by the study of the most-accurately observeq stellar ob-
show that for the unevolved stars, the agreement between fE5fS- The number of observable parameters accessible through
stars and models is fairly satisfactory for stars with metallici@PServations is important as well as the accuracy on their deter-
within - 0.3 dex of the solar metallicity, but that a conflict existdlination. The Sun, the nearby stars including members of visual
for stars with metallicity less than [Fe/H] =0.5. This conflict DiNary systems, and stars belonging to open clusters represent

cannot be resolved by decreasing the helium abundance: vaRRg€ Of these best-known objects.
of this abundance below the primordial abundance would be heobservations of nearby low-mass stars have been greatly
required. improved, and their number has substantially increased, during

On the basis of recent works, we show that the addition B} st few years. Distances have been determined with a very
two processes not included in standard models can help sohjigh Precision with the Hipparcos satellite. In parallel, ground-
the above discrepancy. These are (i) correcting the LTE irgased measurements have provided high resolution spectra and

abundances using a non-LTE approach and (ii) including n151i1_ulticol§)urphotometry of an appreciable number of stars of the
croscopic diffusion of He and heavier elements in the stell§P/ar neighbourhood. On the other hand, models of stellar atmo-

interior. The case of the binary starCas is particularly useful SPheres have largely benefited from progresses in the theoretical
to support this conclusion as its mass is also known from fescription of microscopic physics, in particular opacities. The

orbit. After inclusion of the two effects; Cas A falls on its analysis of the observational data, using model atmospheres,

expected isochrone, within the error bars corresponding to has provided bolometric magnitudes, effective temperatures and

mass. abundances with an accuracy which had never been reached pre-
Al stars with -0.3< [Fe/H] < 0.3 are located between theviously. In addition, several nearby stars are members of visual

helium-scaled isochrones corresponding to these metallicitiB1a"y systems and their mass is known. _

However five of them are not located exactly where they are 'he study of stars of low mass has many important phys-

expected to be for their metallicity. This may reflect a heliufig@l and astrophysical implications. First, several uncertainties
remain on the physics of their internal structure. For instance,

Send offprint requests to: Y. Lebreton the imperfect understanding of the convective transport or of
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the non local thermodynamical equilibrium (non-LTE) effects AY/AZ=(Y -Y,)/Z is often determined from the results of
in atmospheres and envelopes have important consequenitessolar calibration and for any other star of known metallicity,
atmospheres and envelopes serve as external boundary cahdihelium abundance is scaled on the solar one. In addition of
tions for the interior models, fixing the radius, and are also ustte behaviour of Y with Z, another problem is the universality of
in the analysis of observational data to determine abundandbsx = I/ H, ratio of the mixing length over the pressure scale-
effective temperatures and gravities. On the other hand, trahsightin the mixing-length treatment of the convection. We now
port processes at work in the deep interior need to be betbeiefly review the various determinations of these parameters,
constrained; they link the convective zone to deep nuclear buimthe closest stars and various astrophysical sites.
ing regions, involving consequences for the surface abundances
(I|th|um and light elements but also heavy elements), anq fgrl' Nearby stars
the estimated age and global parameters, when fresh heliumis
brought to the burning core. Perrin et al.[(1977) were the first to examine the HR diagram
An important question is also that of helium content, naf a selected sample of the nearest low-mass stars. Because in
measurable in the photosphere due to the lack of lines in th@77 the error bars in the HR diagram were quite large, Perrin
spectrum. The initial helium content of a star determines i al. [1977) suggested that all the non-evolved stars were sit-
lifetime and internal structure and is also a witness of past galéieg on the same ZAMS, whatever their metallicity was. They
tic history. The knowledge of the initial helium abundance afhowed that this behaviour was reproduced by theoretical stellar
stars born in different sites with different metallicities is theremodels if helium and metallicity were related through a value
fore fundamental for studies of the chemical evolution of thef AY/AZconstant and equal to 5. Recently Fernandes et al.
Galaxy. (1996) claimed that stars do not all lie on the same ZAMS and
We study here a sample of a hundred nearby disk starsnugasured the observational lower main sequence width in the
spectral types in the range F to late K, by means of theoretisalar neighbourhood. They showed that if the width is entirely
stellar models. Our aim is to discuss the ability of the modetsie to chemical composition dispersion in the solar neighbour-
to reproduce high quality observations and, when possible hood, therAY/AZis greater than 2 in the corresponding stars.
determine the helium content of the stars. More recently Hag etal. (1997) and Pagel & Portiriari (1998)
In Sect2 we make a rapid summary of some results preliave foundAY /A Z= 3 + 2 from a sample of nearby stars with
ously obtained on the subject, from studies of a few particulatipparcos parallaxes.
well-known objects. In Sedll 3 we carefully examine the ob- We recall further constraints on these points.
servational data available for nearby stars in order to extract
subsamples corresponding to the very best accuracies. We 8" The Sun
present the derived Hertzsprung—Russell (HR) diagrams of stars
of the solar neighbourhood which have the smallest error bdise Sun is a milestone in internal structure theory, because its
ever obtained. Sect. 4 describes the theoretical models usedge and fundamental parameters are known with great accu-
compute isochrones for given chemical compositions. In Secta®y, and helioseismology éPez Heradndez & Christensen-
we show evidence for discrepancies between observations Badsgaard 1994) has brought additional constraints. All obser-
theoretical models, which are particularly obvious for stars wittations have to be reproduced by the theoretical solar model,
metallicities below [Fe/H] =-0.5. In Sect.6 we examine thigith underlying input physics and free parameters. Tiie
problem in the light of recent works on departure from LTHal helium abundance is a free parameter of the solar model
for iron (Thévenin & Idiar{’1999) and on microscopic diffusionand is estimated with the luminosity constraint (Christensen-
of helium and heavier elements in metal-poor stars (Morel Ralsgaard 1982). The difference between the present helium
Baglin[1999). We show that the cumulative effects of these twalue derived from seismology€Y 0.25) and the initial value
processes is large enough to remove the discrepancy showelitained from calibration (¥ 0.275) provides a constraint on
Sect. 5. Sect. 7 considers the case of binary stars with knotlie input physics of the model: it can be explained by invoking
dynamical masses. Sect. 8 addresses the question of the hethgrmicroscopic diffusion of helium and heavy elements which
content of individual objects of the sample. Sect. 9 summariZeas taken place during the evolution of the Sun (see e.g. Cox
our conclusions. et al.[1989, Richard et al. 1996, Brun et al. 1998). Furthermore
the mixing-length parameter, which enters the mixing-length
phenomenology of convection is fixed by the radius constraint

) at a valuex 1.7-1.8.
2. Present status of helium content

and mixing-length parameter determinations )
_ _ 2.1.2. Binary stars and clusters
Since observations do not provide direct determinations of he- ) .
lium, assumptions have to be made for the initial helium cofl€ study of a few visual binary systems of known mass, ef-
tent of models of low-mass stars. Very often it is supposed tﬁgg:uve temperature, luminosity and metallicity provides further

the metallicity Z and helium Y are related through a constatiformation on low mass stars. The two components of a binary
AY/AZ-value. system, which are assumed to have the same age and initial



Y. Lebreton et al.: The HR diagram for late-type nearby stars after Hipparcos 589

chemical composition, can be modelled simultaneously proroposal was updated as the INCA proposal 011 by A. Baglin,
viding the age of the system, its initial helium content and théd.-N. Perrin, Y. Lebreton and R. and G. Cayrel. These stars are
mixing-length ratio (Noels et &l. 1991). The method was first aploser than about 25 parsecs which ensures an excellent accu-
plied to thea Centauri system by Noels et dl. (1991). Recentlyacy of their parallax determination by Hipparcos.
Fernandes et al. (1998) studied four Population | low mass bi- Among these, we have retained the stars which have been
nary systems with high quality data and determined the initislibmitted to detailed spectroscopic analysis from the ground
helium abundance by mass for three of them with a precisiand which appear in the last version of tbatal ogue of [ Fe/H]
of 0.02. A global conclusion of these papers is that the mixindeterminations: 1996 edition by G. Cayrel de Strobel et al.
length parametet: seems independent of metallicity, and thgfLl997). Their metal to hydrogen ratio [Fe/H], i.e. the logarithm
aAY/AZratio of 2.3+1.5 is appropriate (their Fig. 5). of the iron to hydrogen ratio (by number of atoms) relative to
Using the high quality observations of Hipparcos togeth#ne solar value, ranges from about -1.0 to about +0.3 dex corre-
with ground-based spectroscopic data, Perryman et al. (1998pnding to Population | and thick-disk population. For each star
and Lebreton et al. (1997) determined the helium abundancevy assign an averaged abundance determined from the above
massy’, of the Hyades with a precision of 0.02. This abundancatalogue (for more details see the caption of Table 1). The mean
does not follow the overabundance of the metallicity (+.15 dexiternal error on [Fe/H] is of the order of 0.1 dex. This does
This suggests that a scatter does exist olthig A Zratio. This not include systematic errors, as the fact that all abundances in
paper also confirms the universality of theparameter. the catalogue are not corrected for NLTE effects. In determi-
nations based on spectra taken with solid state detectors, with
high quantum efficiency, the random error coming from equiv-
alent width measurements enters for about 0.03 dex only, the
The studies mentioned above have provided the initial heemaining part coming from uncertainties in the fundamental
lium content of a few stars of known metallicity which alparameterd,.gandlog g.
lows to calculate their helium to metal enrichment ratio We eliminated the suspected unresolved binaries and only
AY/AZ=(Y -Y,)/Z. The primordial helium abundanceg, kept stars with parallaxes determined with an accuracy better
has been determined by several groups: for instance, Balliemn 5 per cent. Then, among the remaining stars, we extracted
etal. [1993) gavé},=0.2270.006 while, more recently, Izotov three homogeneous and independent subsamples.
et al. [1997) found a higher valug,=0.243:0.003. However, Sample 1 is constituted of 33 stars with directly determined
Hogan et al.[(1997) consider this value as an upper limit. THislometric fluxes, so the problem of the value of the bolomet-
gives two secure points of the Y(Z) relationshify: ~ 0.24 at ric correction is eliminated. The relevant data for Sample 1 are
Z =0.,andYy = 0.275 atZ = Zg. The observations of blue listed in Tabl&lL. The fluxes were derived by Alonso et al. (1995)
compact galaxies and other systems have allowed to determiigh an accuracy of about 2 per cent by integrating UBVRIJHK
aAY/AZratio: a recent discussion is given by Thuan & Izophotometry. The average absolute error on bolometric magni-
tov (1998). The value is 2.& 1.0, considerably below formertude resulting from the parallax and bolometric flux uncertainty
determinations= 4.0. is of about 0.03 to 0.06 magnitude. The effective temperature
was obtained by Alonso et al. (1996a) from the bolometric flux
by the Infra-Red Flux Method (IRFM) (Blackwell & Shallis
1977). The method makes use of a grid of theoretical model
On the other hand nucleosynthetic predictions integrated oviee-blanketed flux distributions (Kuru€z 1991). The mean in-
the whole stellar mass range lead/d’/ A Z-values ranging ternal error on effective temperature is about 80 K for tempera-
from about 1 to about 2 depending on the inclusion of stellaures greater than 4200 K (Alonso et al, 1996a).[Hig. 1 shows the
winds; AY/AZcan even reach values of about 5 if black holegsulting positions of the stars in the (I84g, My.1) diagram
are considered (Maeder 1992). Although helium is expecteditth their individual error bars. The striking feature of Fi. 1 is
increase with metallicity, it must be noted that metals are onlye lack of clear separation between stars having a solar metal-
produced by SNe, whereas heliumis also produced by mass-lassy, and those in the metallicity range [-1.0;-0.5], confirming
of medium-mass stars, in their post-AGB phase. with high quality data the result already obtained by Perrin et
This body of results indicates that a significant dispersia. (1977), on less accurate data. In Elg. 2 the sample of stars
of the helium abundance around the solar-scaled value cargiotted in Fig[l is split into 2 subsamples corresponding 1) to
be excluded. stars of solar metallicity, plotted in Fig. 2a and 2) to moderately
deficient stars, plotted in Fig. 2b. Theoretical isochrones are also
plotted in Fig2 but this will be discussed later in SEkt. 5.
Sample 2 is constituted of 64 stars with effective tempera-
tures derived from detailed spectroscopic analyses. For each star
We study an homogeneous sample of 114 late-type nearby s@drigast one determination of the effective temperature and of
of spectral types in the range from F to late K, carefully selectéfge/H] was made with modern detectors (CCD or Reticon). We
by M.-N. Perrin. They are part of the proposal 132 (M.-N. Pepdopt a mean internal uncertainty on effective temperature of
rin), accepted as an Hipparcos program in 1982. Later on, #He0 K. Bolometric magnitudes were obtained using bolometric

2.2. Extragalactic observations

2.3. Nucleosynthesis

3. Observational determination
of the stellar fundamental parameters
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Table 1. Observational parameters for Sample 1. Paratland relative error on it /7 come from the Hipparcos main catalogue. The apparent
magnitudé/ is from the Hipparcos Input Catalogu¥;,, andT.s were derived from the bolometric fluxes of Alonso etjal. (1995, 1996a).Note

that the zero-point of bolometric magnitudes is not that used by Alonso, but is sudighat4.75 for the Sun. [Fe/H] values are a weighted
average of individual values from spectroscopic analyses taken in Cayrel de Strobel et al. (1997). A quality index “qlt” was attributed to the
adopted value of [Fe/H] according to the following code:

4: average of at least six determinations obtained with recent high S/N spectra
3: average of at least three determinations obtained with recent high S/N spectra
2: at least one determination obtained with recent high S/N spectra

1: [Fe/H] based on photographic spectra, keeping only high quality work, shown to be exempt of large systematic errors (often from Hernshaw,
see Fuhrmanin_ 1998)

HIC HD T o/ V Tem 0Tye  Mvol  omy,, [FeH] gt
171 224930A 80.63 0.038 5.342 5562. 80. 5.220 0.087 -0.76 2 85 Peg
3821 4614 167.99 0.004 4576 5817. 97. 4506 0.031 -0.31 3 Cas
5336 6582 132.40 0.005 5.789 5339. 82. 5.619 0.032 -0.76 2 Cas
7918 10307 79.09 0.010 4.451 5874. 99. 4.401 0.038 -0.02 3
7981 10476 133.91 0.007 5.874 5172. 78. 5.694 0.033 -0.20 2
8102 10700 274.17 0.003 5.680 5388. 81. 5.550 0.031 -0.56 4 Cet
10629 13783 25.82 0.041 5.360 5501. 86. 5.250 0.095 -0.55 1
10644 13974 92.20 0.009 4.684 5591. 67. 4594 0.036 -0.30 1
13402 17925 96.33 0.008 6.040 5123. 75. 5.757 0.037 0.10 2
16537 22049 310.75 0.003 3.726 5076. 86. 5.982 0.030 -0.17 8Eri
17147 22879 41.07 0.021 4,758 5798. 87. 4.658 0.054 -0.88 4
26779 37394 81.69 0.010 5.781 5185. 53. 5.611 0.037 -0.20 1
27072 38393A 111.49 0.005 3.826 6260. 104. 3.806 0.032 -0.09 JLepA
36640 59984A 33.40 0.028 3519 5928. 101. 3.429 0.068 -0.81 4
39157 65583 59.52 0.013 5.863 5242. 59. 5.703 0.041 -0.61 1
44075 76932 46.90 0.021 4176 5727. 77. 4106 0.054 -0.97 4
50139 88725 27.67 0.037 4960 5669. 66. 4830 0.085 -0.65 -
56997 101501 104.81 0.007 5.422 5342. 91. 5.312 0.034 0.03 1
61317 109358 119.46 0.007 4646 5867. 99. 4586 0.034 -0.08 3
64394 114710 109.23 0.007 4.452 5964. 93. 4412 0.033 0.04 4
70319 126053 56.82 0.018 5.043 5646. 68. 4953 0.050 -0.20 2
73005 132142 41.83 0.015 5.877 5098. 67. 5.697 0.044 -0.55 1
73184 131977 169.32 0.010 6.864 4605. 43. 6.424 0.037 0.01 1
80837 148816 24.34 0.037 4,212 5851. 62. 4132 0.086 -0.80 3
84478 156026 167.56 0.006 7.451 4345. 39. 6.881 0.033 -0.34 2
88972 166620 90.11 0.006 6.174 4947. 74. 5.914 0.033 -0.20 1
94931 +41 3306 28.28 0.030 6.097 5004. 139. 5.867 0.073 -0.87 2
96100 185144 173.41 0.003 5.875 5227. 89. 5.705 0.031 -0.23 1
96895 186408A 46.25 0.011 4.286 5763. 90. 4.226 0.038 0.06 2 16 Cyg A
96901 186427B 46.70 0.011 4567 5767. 90. 4.487 0.039 0.06 2 16 Cyg B
98792 190404 64.17 0.013 6.317 5001. 75. 6.067 0.042 -0.15 1
104214 201091A 287.13 0.005 7.490 4323. 50. 6.890 0.032 -0.05 1 61 Cyg A
114622 219134 153.24 0.004 6.497 4785. 59. 6.167 0.031 0.00 1

corrections from Alonso et all_(1996a, 1996b), with a corre(319964a/ 1996b), with the same zero-point. Eig. 4 shows the re-
tion of the zero point giving a bolometric magnitude of 4.7Sulting positions of the stars in the (1&g, M),.1) diagram with
to the Sun. The resulting positions of the stars in the {lgg  their error bars and will be discussed in Sgkt. 5. Very clearly
M,,.1) diagram are plotted in Figl 3 and will be discussed lat&ig.[3 has a much larger scatter than Higs. 1, 2 and 4, showing
in Sect[5. that the effective temperatures derived from detailed analyses
Sample 3 is constituted of 15 stars with effective temperare not tightly connected to the true effective temperatures. The
tures derived from thel{ — K) color index and from [Fe/H] effective temperatures derived frofi' — K) on the contrary
according to the results from Carney et@al. (1994), Johnson etak tightly bound to those obtained by the IRFM, as it can be di-
(1966), Koorneef (1983). The mean internal uncertainty on e&ctly checked in the full Alonso sample. This is not surprising,
fective temperature is of about 75 K. The bolometric magnitudas effective temperatures from detailed analyses are affected
are derived from thé&” magnitude given in the Hipparcos in-by other parameters: gravity, departures from LTE in ionisation
put catalogue, using bolometric corrections from Alonso et al.
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stars with metallicities [Fe/H] lower than -0.5 (Wheeler et al.
1989, Fuhrmann 1998) and its effect on models has to be taken
i 4= 1 into account.
We took the most recent OPAL opacities (Iglesias & Rogers
i - 7 11996) provided for the two mixtures considered. They were
T 7 complemented at low temperatures by atomic and molecular
opacities from Alexander & Fergusan (1994) for the GN93 mix-
7 ture or from Kurucz(1991) for the-enriched mixture. Low and
- 7 high temperatures tables were fitted carefully at a temperature
4 1 ofabout 10 000 K, depending upon the chemical composition.
- n In most models the atmosphere was described with an Ed-
i ‘%:F 1 dingtonT(7) law which is easy to use. In order to estimate the
r 1 uncertainties resulting from this choice we built a few models
- e 1 usingT'(7) laws derived from the ATLAS9 atmosphere models
- M. 1 (Kurucz[1991). This requires to calculate detailed atmosphere
pod - models with ATLAS9 for many values of the gravity, of the ef-
- B 1 fective temperature and of the metallicity and then to derive the
- + 4 corresponding’(7) laws (see Morel et al. 1994). Interpolation
g & —1.05<[Fe/H]<—0.45 { of theT(r) laws is then performed to model the considered
- o 045<[Fe/H]<-0.10 - 1 star. We checked on a tgst-case, tlh.at the use of tho§e better at-
~ ' ' - mospheres does not shift the position of the model in the HR
*+ —0.10<[Fe/H]< 0.30 | diagram by an amount larger than the observational error bars.
L L L L L Convection was treated according to the mixing-length the-
33 3 75 37 3 65 365 ory of Bohm-Vitense[(1958). The mixing-length parameier
ratio of mixing-length to pressure scale-height, is a free param-
logTeff eter of the models. As shown by Fernandes et al. (1998) the Sun
Fig. 1. The Hipparcos HR diagram of the 33 best known nearby sta%‘d fOUfVISU_E:.ﬂ binary Systems_ Spa””'”g awide range of masses
(Sample 1, see text). The accuracy on the parallax is better than 5l metallicities could be calibrated with very close values of
cent and bolometric fluxes are available for each star. Individual erréts Moreover the slope of the Hyades main-sequence is well-
bars are given for each object by the horizontal and vertical sizesféproduced with a solat-value (Perryman et al,”1998). On
the cross. Filled circles, open circles and open triangles respectivibig other hand, Ludwig et al.{1999) made a calibration of the
correspond to stars with [Fe/H] values in the interval [-0.10, 0.30hixing-length based on 2-D radiation hydrodynamics simula-
[-0.45, -0.10] and [-1.05,-0.45] tions of solar-type surface convection and found that variations
of « of about 10 per cent around the solar value are expected
equilibria, and a variety of different techniques in fixing the tria'ﬁr; tshti d?gg]r?g: e?wgzgtg; ttﬁ?g ;::urfnr;’i nggri“e/:%tﬁrl/ilg]: }2"(')3 .
(Tew, logg and [Fe/H]). calculations. For unevolved stars a changé/df,, of + 0.15
produces a change in effective temperature of the order of 50 K,
4. Theoretical stellar models smaller than the mean observational erroffon.
With the input physics described above the calibration in lu-
minosity and radius of a solar model havif#g/ X ) ) =0.0245,
The stellar evolution calculations were computed with the C®here X is the hydrogen abundance by mass (Grevesse and
SAM code (More[199F7) in which we have included appropriafdoels 1993) requires a mixing-length= 1.64 H,, an initial
input physics for the mass range under investigation. helium abundanc¥=0.266 and a metallicity’;)=0.0175.
The CEFF equation of state (Eggleton et @al._1973,
Christensen-Dalsgaard_1991), was used. It includes the Gridsof stellar models and isochrones
Coulomb corrections to the pressure and is appropriate when
modeling low-mass stars of mass greater than about tnerder to determine the ZAMS position, we calculated zero and

%

Q%}

Mbol

4.1. Input physics

Mg (Lebreton & Capperi 1988). terminal age main sequences (ZAMS and TAMS) for 10 mass
We used the nuclear reaction rates given by Caughlanv@lues ranging from 0.5 to 1.4/, 5 helium values ranging
Fowler [1988). from 0.18 to 0.43 and metallicities valugs= 0.004, 0.007,

We calculated the initial composition of the models eithd}01, 0.015, 0.02, 0.03, 0.04 and 0.06.
from the Grevesse & Noel5{1993) solar mixture (GN93 mix- 10 discuss the global features of the HR diagram and the
ture) or from a GN93 mixture where the-elements O, Mg, position of particular objects, we calculated detailed evolution-
Si, S, Ca, Ti are enriched relative to the SuwHe]= +0.4 dex). ary sequences from the ZAMS to the beginning of the red-giant
Such an enrichment of-elements is observed in metal deficien@ranch, for 14 masses ranging from 0.5 tb/a)and we derived
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Fig.2a and b. Same as Fifl1 (i.e. stars of
Sample 1) but split in two metallicity do-
mains: stars of solar metallicity and close
to it a and moderately deficient stats
Theoretical isochrones are overlaid on the
observational dataa: the lower isochrone
(8 Gyr) is for [Fe/H]=-0.5, Y=0.256 and
[a/Fe]=0.4; the upper isochrone (10 Gyr)
is for [Fe/H]=0.3,Y=0.32 and §/Fe]=0.0.
The dashed line is a solar ZAMS. The
young star~ Lep is the brightest star
in the figure. b: the lower isochrone
. _0.10<[Fe/H]< 0.30 o —1.05<[Fe/H]<—0.45 (10 Gyr) is for [Fe/H]=1.0, Y'=0.236 and
Cec b b b NN T e b b NN T [a/Fe]=0.4; the upper isochrone (10 Gyr) is
38 375 37 365 3.6 38 375 37 365 3.6 for [Fe/H]=—0.5, Y'=0.256, i/Fe]=0.4. All
stars, but one, are lying above the lane de-
logTeff logTeff fined by these two isochrones.

o —0.45<[Fe/H]<—0.10

Mbol
—— 77—
S S S S S RN
——
Cl e

isochrones using the Genevaisochrone program (Maeder 19a4¥sociated to the limits of the metallicity ranges considered.
We chose metallicities corresponding to the observational rarilgechrones with [Fe/H] values of -0.5 and -1.0 have been de-
(i.e. [Fe/H]=+0.3, 0.0, -0.5 and -1.0) and solar-scaled valuesrofed from models calculated with arelements enriched mix-
the helium abundance given by: ture and have solar-scaled helium valugs;0.256 and 0.236
respectively. The metal-rich isochrone has a sal@mlements
Y(2) =Yy +(Z/20) Yo — Yp) ratio andY'=0.32. We have also plotted the position of the solar
with ¥, = 0.227 (Balbes et al[1993). This implies aZAMS on Fig. 2a. Isochrones are given for ages in the range

AY/AZvalue of 2.2. 8-10 Gyr representative of the age of the galactic disk.
Two distinct grids of models were calculated in the metal Fig. 2a shows that the stars of solar metallicity or close to it

deficient cases ([Fe/H] = -0.5 and -1.0): a grid with normal sollig inthe region defined by the theoretical models corresponding

mixture and a grid with an-elements enhancement of 0.4 dexl0 their associated metallicity range. We notice the particular
For the solar mixture grid the metallicity in mass fraction is POSition ofy Lep (HIC 27072) which is a very young star lying

related to [Fe/H] by: close to the ZAMS.
However, it is worth to note that the slope of the theoret-
[Fe/H] = log(Z/X) — log (Z/X) ical main sequence agrees well with the observational slope.

h 2/X) .~ is the ratio of th | it idered This, once more, is in favor of the uniqueness of the mixing-
w eFre(th/ )®| IS etra |oho edso.a{ mnihure (Totr)5| ke):re " length parameter in low-mass stars. Furthermore the width of the

or thea -elements enhanced mixture the retation eCOmegffobal observed main-sequence band for metal-rich stars, which
[Fe/H] = log(Z/X) —log (Z/X)a — 0.305 is around 0.3 mag, and the theoretical width corresponding to

_ the same metallicity range with solar-scaled helium abundances
where0.305 = log (Z/X)q ,, — log (Z/ X)), difference be- are quite similar (see also Fid. 6).
tween a solar-elements enhanced mixture and a‘normal’ solar  Turning now to the moderately deficient stars plotted in
mixture. Fig. 2bwe notethat all the stars but one are outside the theoret-
The detailed results of all the stellar models computed fpial band corresponding to their metallicity. Stars are located

that work will be published separately (Lebreton etal., in prepgn theoretical isochrones with a metallicity higher than their

ration) and are available on request. observed metallicity.
The same behaviour is seen in the two other selected sam-
5. Comparison between theoretical isochrones ples in which the effective temperatures of stars have been deter-
and observational data mined independently by different authors (see $éct. 3). Fig. 3a

o o ) and 3b are similar to Fig. 2a and 2b but for the 64 stars with effec-
We present in Fig. 2a and in Fig. 2b the HR diagram of the 33e temperatures derived from detailed spectroscopic analysis
stars of Sample 1. We have split the sample in two subsamplgsample 2) while Fig. 4a and 4b represent the situation of the
Fig. 2a corresponds to stars of solar metallicity or close tojit stars of Sample 3. Although the error bars on effective tem-
(—0.45 < [Fe/H] < 40.30)while Fig. 2bis constituted of the perature are greater in Fig. 3a and 3b and although they are few

moderately metal deficientstars1.05 < [Fe/H] < —0.45). gpjects in Fig. 4a and 4b, the same tendency is found, strength-
We have superimposed on those diagrams theoretical isochrones
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Eocv b v b e b NN T b b b NN T Fig.3a and b. Same as Fifi]2 for stars of
38 375 37 365 3.6 3.8 3.7/75 3.7 3.65 3.6 Sample 2 /1 is obtained from the Hippar-
cos parallax and” magnitude and.g from
logTeff logTeff detailed spectroscopic analyses, see Bkct. 3)
N
L a 4 b 4
ﬁ» — — —
I \ 1 ]
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0 L i i
e}
= L i i
© 1 ]
~ ; o —0.45<[Fe/H]<-0.10 :, ;
[« —0.10<[Fe/H]< 0.30 T & —1.05<[Fe/H]<—0.45 7
oo b b v b b e NN T b b b N Ny 0]
3.8 &.7/75 3.7 365 3.6 3.8 &./75 3.7 3565 3.6 Fig.4a and b. Same as Fif]2 for stars of
Sample 3 T.# is obtained from the (V-K)
logTeff logTeff color index and from [Fe/H], see Sdct. 3)

ening the conclusion that classical theoretical isochrones amhcceptable value. A changein= ¢/H, does not help either,
actual observations of moderately metal deficient stars do magtit is producing a negligible effect in the low part of the main
match. sequence under consideration here.

Note that, in the confrontation of observational position of So, as noted in Lebreton et al. (1997) the discrepancy in the
stars with stellar isochrones, errors on [Fe/H] amfFe] which  expected and actual positions of metal-poor stars needs either
are in the range 0.10-0.15 dex, are responsible for a hidden&mirastic change in the zero-point of effective temperature (of
largment of the error boxes, because the chemical compositiba order of 200 K) or accepting the view that other processes
of the models to be compared with the observed stars are matst be included in the interpretation of the observations. It
known exactly. would be very difficult to plead a large correction in the effective
temperatures at metallicitffe/H] = —0.7 and none at solar
metallicity. So, we do not further consider this explanation and,
now focus on the second one.

The most natural attempt to solve the discrepancy is by try- Two processes are considered in this section: (i) departures
ing to adjust the “free” parameters, the helium content Y b LTE in the determination of [Fe/H] (ii) microscopic diffusion
ing the first target. However, for the stars in the metallicity bigf helium and other heavy elements.

[-1.05,—-0.45],aY < 0.2would be required, a cosmologically

6. Resolving the metal-poor discrepancy
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0

6.1. Non-LTE departures for iron

All the [Fe/H] values we have used were computed with the
LTE approximation. Computing NLTE abundances forironisa |
formidable task. However, it must be noted that Bikmaev et al.
(1990) have claimed that a substantial overionisation occurs
for Fe | in subdwarfs, and only Fe Il lines should be used for -
determining iron abundances. Holweger and coworkers (private
communication, 1993) found the same phenomenon in trying «©
to compute departures from LTE for the very metal-poor star |
CD — 38°245. More recently, Nissen et al. (1997) found that

spectroscopic gravities in subdwarfs were systematically lowgr
than the gravities derived from Hipparcos distances. Finalfy, +
Thévenin & Idiart [I999) have undertaken NLTE computations

of iron abundances in one hundred metal-poor stars, and found
non-LTE corrections for several of our stars, of the order of © -
0.15dex, for the mean metallicityHe/H] = —0.72) of our

—1.05 < [Fe/H] < —0.45 subsample. Non-LTE corrections
are negligible for stars with solar metallicities (same reference). r
The metallicity of isochrones to be compared to the set of stars
with a mean LTE metallicity [Fe/H]=-0.72 is therefore the true

NLTE metallicity [Fe/H]=-0.57. The situation is improved but Lo T1oselfe/Hl<-0.40 \"\\;\ o]

a clear departure is still existing (Fig. 5). 0 L ! L
“3.8 3.75 3.7 3.65

6.2. Sedimentation of heavy elements logTeff

The effects of sedimentation of heavy elements have recerrly. 5. This figure is a large scale HR diagram for the subsample of
been computed by Morel & Baglin (1999), for stars of metalliainevolved stars in the LTE metallicity range -1.9Fe/H] < -0.45.

ity [Fe/H] = —0.7, —0.9, —1.2,—1.7, and for 5 stellar masses,The full line is a standard isochrone for the mean LTE metallicity of
0.85, 0.80, 0.75, 0.70, and 0.80,. To produce significant ef- the sample_[Fe/H] =-0.72. The dashed Iir_le_ is the standard isochrone
fects in the HR diagram microscopic diffusion has to proce&g’responding to the NLTE mean metallicity of the sample [Fe/H]
on a sufficiently long timescale. This condition is fulfilled for- -0-57- The dot-dashed line corresponds to an isochrone including

. : . . . icroscopic diffusion of the elements for an age of 10 Gyr. The surface
the thick disk subsample under consideration here: the 10 U Ii4 % 8T alue [Fefh]--0.57, but the initial metalicity

isochrones of the Morel & Baglin paper are a suitable ChOIE?\‘rahich is very close to the mean interior metallicity was [Fe#H}-0.5.

for our subsample. Two effects are present: The fit is now satisfactory. The tick marks show the value of the mass
After a time of 10 Gyr, the stratification of the heavy eleajong the upper isochrone. The tick mark near 85 Peg A corresponds
ments translates the evolution point in botg 7%, s y and My, to 0.85 M, (not labeled for clarity)

This effect is small: at 0.2/ and an initial metallicity of

[Fe/H] = —0.75 the point is moved by M;,,; = —0.029 and L o i
Alog Tor = —0.0004. But the surface metallicity of the starthe stars. The initial discrepancy noted at the beginning of this

has dropped téFe/H] = —0.81. Therefore, the theoretical po_sectiop is then cqmpletely removed. The only star presenting
sition of a star of present metallicif§ie/H] = —0.75, must be & 20 discrepancy is the star HD 132142 at (3.707, 5.697). But
computed with a modified initial composition, leading after {1€r€ is @ single spectroscopic determination of its metallicity
10 Gyr evolution, to the metallicity we observe now. This is th@d its photometry indicates a solar metallicity. So this excep-
largest part of the correction, called the calibration correctid{gn IS not a serious worrying.

by the authors. From their Table 2, and their Fig.5 we have

computed the corrections to be applied to a standard isochrgn@inary stars

for the mean metallicity[Fe/H] = —0.72) of our sample in the i i
range—1.05 < [Fe/H] < — 0.45. One more constraint can be obtained from the stars of the sample

which are component of a binary system having known orbit
and masses. One of us (JF) has already used a few of the best
6.3. Cumulated effect known binaries in order to check the predictions of theoretical

Applying these corrections to the dashed curve in[Big. 5 pr%\_/olgtion computations (Fernapdes etlal.”1998). .It is woth to
duces the dot-dashed isochrone. No systematic departureS§§ if; when known, the dynamical mass of the object confirms,
pears any more between the observations and the theorefédlisproves, its location along the proper isochrone obtained

isochrone corresponding to the present surface metallicity @t0Ve- The most interesting case is the binagas, the only
metal-poor star, having a well determined mass.
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Table 2. budget of the impact of parameter variations on the positidrom the proper isochrone, once its higl/lre] ratio, its true
of a star likey Cas in the HR diagram. The reference model has &on abundance corrected for NLTE effects, and sedimentation
age of 12Gyr, a mass of 0.75, Y = 0.245, [Fe/H] = -0.86, and of heavy elements, are all taken into account. The problem is

[a/Fe]= 0.3 dex with 85 Peg B, which is too massive for its absolute magnitude.
parameter increment SlogTurr Moy The colour(V' — K) of 85 Peg B can be derived from the V
mass(/.) 006 0031 -0.607 zliggEK magmtude_s of (AtB), V=7.75, If—3.94 (Johnson _et al.
age (Gyr) > 0.005 -0.150 ), the magnitudeg,= 5.81 ano!VB— 9.03 and assuming

Y -0.015 .0.012 0.172 that (V — K)4 = 1.59 + 0.02 from its effective temperature
[Fe/H (dex)  -0.15 -0.015 0.188 and Alonso calibration ofV — K') versus (., [Fe/H]). The
[a/F€ (dex) 0.10 -0.004 0.064 resultis(V — K) = 3.46+0.06, corresponding to abotit s

a (MLT) -0.15 -0.004 0.004 = 3950 K. The associated mass and absolute bolometric mag-
atmosphere Eddington/Kurucz  -0.001 0.001 nitude are respectively 0.54 (smaller than the dynamical mass
diffusion yes/no -0.007 0.040 of about 0.7 to 0.8//(,)) and 8.0. With a bolometric correction
low-T opacity  +30 per cent -0.049 0.742 of -1.1 and the transformation from apparent to absolute mag-

nitudes this gives ¥ = 9.57 too faint by 0.6 magnitude. One
possibility is that 85 Peg B is a spectroscopic binary itself, but
7.1 pCas we shall leave this hot subject for another paper, this one having

Drummond et al.[{1995) have derived the masg @as from at least clarified the case of 85 Peg A.

its orbit, with the help of speckle interferometry to see its very

faint companion Am ~ 5.0). The mass of. Cas A, read- 73 y Cas

justed with the better distance provided by Hipparcos is 0.757 )

+ 0.06 M. The Alonso et al.[(1996a) effective temperaturtlothing really new, not already in Fernandes et al. (1998), can
for (A+B) is 5315+ 82 K, which corrected for the presence obe said for this star. The fact that it is more evolved introduces
the companion becomes 533985 K, in good agreement with ON€ more parameter (age) and prevents to check the unevolved
Fuhrmann((1998) effective temperature of 53880 K. We ob- position of the star. The star is nevertheless identified ifTig. 2,
tain My = 5.634 & 0.035 for x Cas A from its parallax, and @nd does not raise a particular problem.

again correcting for the presence of the companion. The posi-

tion of the star is plotted with respect to the uncorrected agdHow does helium content vary with metallicity?

corrected isochrones in Fid. 5. The evolutionary masses along . i

the dot-dashed isochrone are shown with tick-marks. The loQUr isochrones are computed with the assumption that the he-
tion of ;1 Cas is near 0.8/, within the limits of the dynamical lium content varies in proportion with metallicity, namely:

mass O.752£ 0.06 M. Unfqrtunatgly, the error bar_on the masgf(z) =Y, +(2/Zs) (Yo — Yy) 1)

is still a bit large to add an interesting new constraint. The influ-

ence of the uncertainties on the values of the various paramefeny unevolved star presenting a significant deviation with re-
of the models on the position @f Cas in the HR diagram are spect to the isochrone corresponding to its metallicity may indi-
documented in Table 2 (see Lebrefon 1999 for more details)cate that its helium content deviates from this simple, naive as-
sumption. Actually there is already an indication that the Hyades
do not follow this rule (Perryman et al. 1998), Hyades stars be-
ing metal-rich by 0.15 dex with respect to the Sun, without be-
Fernandes et al._(1998) showed that, using the data availahtgcorrespondingly helium-rich. Onthe contrary, the metal-rich
on this object, there was no theoretical solution fitting the twaiars of thex Cen system were found also helium-rich (Y=0.30)
components. Later on, Martin & Mignard (1998), have restutdy Fernandes & Neuforge, (1995) in agreement with Eq. (1).
ied several binaries from Hipparcos data, and shown that it is In Fig.[§ we have plotted the most unevolved std,{ >

very difficult to escape the conclusion that the mass of the p¥i2), labeled by their value of [Fe/H], with a solar ZAMS and a
mary and the secondary are very similar, notwithstanding thed of isochrones of 8 Gyr, of metallicities0.3, 0. and+-0.3.

fact thatthe secondary is 3.2 magnitude fainter than the primadnly stars of metallicity corresponding to this interval are plot-
New determinations of the effective temperature of 85 Pegtéd. We admit that the age of these thin disk stars is between O
by Thévenin & Idiart [1999) and C. Van't Veer (private commuand 8 Gyr. Soifthe error bars intersect either the right metallicity
nication, 1998) confirms that 85 Peg A has a metallicity veAMS or a right metallicity isochrone there is no compelling
similar to that ofy Cas A, an effective temperature of 555@vidence that the scaled helium value is wrong. Globally all
+ 100K, andM},,=5.22 + 0.06. Its location in the HR di- stars within the metallicity range -03[Fe/H] < 0.3 are within
agram (Figl®) is pratically on the same isochroneuaSas, the corresponding isochrones. But inside the lane they define,
and corresponds to a mass of 0.85&,, higher than the masssome stars are not located exactly where one would expectto see
given by Martin & Mignard (1998) (0.708/), but below the them. We note that 5 stars (HD 37394, HD 131977, HD 166620,
mass0.95 + 0.1 given by Duguennoy & Mayor (1991) from HD 201091 A, HD 219134) with metallicity very close to zero
the spectroscopic orbit. 85 Peg A does not deviate any mareeven slightly negative, stand on the [Fe/H] = +0.3, 8 Gyr

7.2. 85 Pey
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T T "~ 7| Also the very young active stars aridani (HD 22049) or
N | HD 17925 do not significantly deviate from the solar ZAMS.
AN 003 101501 | Another possibility for the 5 stars close to the +0.3 dex

! | isochrone is that these stars have less helium than the scaled
‘ | value given by Eqg. (1). Interpolation of ZAMSs corresponding
1020 37394 1 tovarious (Y,Z) combinations could provide an estimate of Y,

5.5

B4t 1 forastar of known Z. However we must remember that the error
N 1 bar of 0.1dex on [Fe/H] translates into an error of 0.015in Y,

. N 7%75%2284;56620 1 because of the (Y,Z) degeneracy in the HR diagram. Therefore
= N\ 5, 190404 7 we have decided to refrain from giving an helium content for

N

individual unevolved stars until the effects of sedimentation are

N 47000 219134
N properly quantified at high metallicities.

N\

N \
NN Summarizing, our data are consistent with the scaled helium
N %o,ow 131977 1 : :
ol N N | content relationship at a coarse level of accuracy, of the order
© AN . of a factor of two in metallicity, but suggest that a scatter exists
N 7 . -
AN at a finer resolution.
+ —0.30<[Fe/H]< 0.30 \ N ]
\ N 4
\\ \‘: —0.05 201091A
‘ > 1 9. Conclusions
3.75 3.7 3.65 3.6

The location in thelbg T, Mypo) plane of a sample of
logTeff over one hundred nearby stars, covering a metallicity range of
Fig.6. This figure is a large scale HR diagram for the subsample ofl-0 < [Fe/H] < + 0.3, with Hipparcos parallaxes of rel-
unevolved stars in the LTE metallicity range -:3Fe/H] < 0.3. Each ative accuracy better than 5 per cent, has been obtained. Most
star is labeled by its LTE [Fe/H] value, followed by the HD numbestars have bolometric magnitudes directly measured, and effec-
of the star. The full line is a standard isochrone for the metallicityve temperatures derived from the Infra-Red Flux Method, by
[Fe/H] = 0. The dashed line is the standard isochrone correspondiignso et al.[[1996a). The metallicities (LTE) have been derived

to the LTE metallicity of the sample [Fe/H] = -0.3 The dot-dashegtom the 1996 edition of the catalogue[Bt/H] determinations
line corresponds to an isochrone of metallicity +0.3. All isochron Cayrel de Strobel et al. {1997).

are for an age of 8 Gyr, but evolutionary effects are very small, an The HR diagram shows an unexpected clumping of stars of
age is almost irrelevant. If stars stand between the limit isochron%:,W

they do not always closely match the isochrone corresponding to their medtallicity, only slightly separatedirom the solar metallicity

metallicity, leaving the impression thatY /A Z is not constant in the sequen-ce, as found much earlier, from groupd-base_d parallaxes
sample. by Perrin et al.[(1977). However the explanation of this fact by a

variation of the helium content with metallicityY /AZ = 5.5
is no more tenable, with the narrow range of variation of Y be-

isochrone. The non-LTE correction for their iron abundancetiseenY,, ~ 0.24 andY; ~ 0.28. A comparison of the data
negligible at this metallicity. with the standard theoretical isochrones, computed with im-

As disk stars are younger than halo ones, sedimentatiompisved opacities, show that unevolved stars with solar metal-
less important. Its effect has been estimated, using a 5 Gyr, lic8ies agree more or less with the theoretical expectations,
M star of solar composition as a template. In this star, the shifhereas stars with metallicities below -0.5 dex deviate from the
in the HR diagram due to microscopic diffusion is of approxisochrones having the same metallicity. The casg €fas, a
mately 50 K in effective temperature and 0.02 dex in luminositginary of metallicity—0.7, is particularly illustrative.
These values are comparable to the observational error bars onTwo effects, recently studied in the literature have been in-
these parameters for individual objects. Only for the oldest anéstigated to explain this observation. The first one concerns
more massive stars, the shift can reach more important valumdy the atmosphere of the star. Until now, non-LTE abundances
around 120 K. Unfortunately, ages are most of the time unknovior iron were not currently available in the literature .€uenin
for individual unevolved stars of the disk. & Idiart (1999) have studied more than one hundred stars, in-

Though certainly responsible for a scatter in the HR dialuding » Cas and many other metal-poor stars, and found a
gram (due to mass and age differences), and for a systematio-LTE correction of +0.15 dex fdFe/H] in 1« Cas. Morel &
very small shift towards lower effective temperature, any cleBaglin (1999) have studied the microscopic diffusion of helium
signature of this effect in the data seems impossible to deciéerd heavier elements in metal-poor stars of various mass. They
presently. Further work is planned on this point. found that the atmosphere is depleted in iron after 10 Gyr, and

Young stars should not show this effect. Indeed, in athat the effective temperature of the star is shifted by ab3it
other paper (Perrymann et al.1998, the content in helium of thee—200 K for its luminosity. The combination of the two effects
Hyades, sufficiently young to forget about diffusion, has bedmingsy Cas back on its theoretical sequence. The bulk of the
determined, and found to be solar like or slightly below, but cezembined correction is due to the fact that both the non-LTE
tainly not enhanced at the level of the 0.15 dex level of [Fe/Hjorrection, and the diffusion of heavy elements, make the at-
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mospheric LTE iron abundance not representative of the meamuennoy A., Mayor M., 1991, A&A 248, 485
inside abundance of iron. Eggleton P.P., Faulkner J., Flannery B.P., 1973, A&A 23, 325

Among stars with metallicities closer to the solar metallidff"u”‘”edr J-’J 19576 ApJ 1¢7E 617|_ A 1996, AGA 311 127
ity there is a global agreement between the observations &fff'andes J., Lebreton ¥., Baglin A, ’ '

. . . ernandes J., Lebreton Y., Baglin A, et al., 1998, A&A 338, 455
the isochrones with a scaled helium abundance, although sQfg,1ndes J. Neuforge C., 1995, A&A 295, 678

scatter may be present. New computations of sedimentatioE@krmann K., Axer M.K., Gehren T., 1995, A&A 301, 492

these metallicities would be necessary to further resolve tifishrmann K., 1998, A&A 338, 161

issue. Grevesse N., Noels A., 1993, In: Prantzos N., Vangioni-Flam E. &ass

Also an enlarged sample of stars, with distances known with M. (€ds.) Origin and Evolution of the Elements. Cambridge Uni-

an accuracy of 1 or 2 per cent, appears necessary for a good deYersity Press

termination of the helium content of individual stars. The GAIAI?9an C.J., Olive K.A., Scully S.T., 1997, ApJ 489, L119 .
L . . : J]-5zg E., Pagel B.E.J, Portinari L., etal., 1997, In: Prantzos N., Tosi M.,

ml_SS|0n IS VEry promising |_n _th's respect (Perryman etal. ‘199_ " von Steiger R. (eds.) Primordial Nuclei and their Galactic Evolu-

With GAIA the mean precision on parallax measurements will 0. ISSI, Bern, Sp. Sc. Rev., in press

be at the 10 micro-arc-second (mas) level up to V=15, to Rfesias C.A., Rogers F.J., 1996, ApJ 464, 943

compared with 1 mas with Hipparcos up to V=9. In parallelzotov Y.I., Thuan T.X., Lipovetsky V.A., 1997, ApJS 108, 1

progresses in the analyses of stellar spectra are relevant, aglefason H.L., Mitchell R.1., Iriarte B;, VBhiewski W.Z., 1966, Com-

emplified by the introduction of departures from LTE of the iron  munication of the Lunar and Planetary Laboratory No. 63, Vol. 4,
atom. Part 3, University of Arizona, USA

. nson H.L., Macarthur J.W., Mitchell R.1., 1968, ApJ 152, 465
More stellar masses are also deeply needed, not a si gnneef\]., 1983 ApJS 51, 489

mass being known for stars more metal-poor thades. Kurucz R.L., 1991, In: Crivarelli L., Hubeny I., Hummer D.G. (eds.)

) ) Stellar atmospheres: Beyond Classical Models. NATO ASI Series
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