A&A 396, 551-580 (2002) Astronomy
DOI: 10.10510004-6361:20021312

& .
© ESO 2003 Astrophysics

Detached double-lined eclipsing binaries as critical tests
of stellar evolution *

Age and metallicity determinations from the HR diagram

E. Lastennétand D. Valls—Gabaufd

1 Observatfio Astrordmico da Universidade de Coimbra, Santa Clara, 3040 Coimbra, Portugal
2 UMR CNRS 5572, Laboratoire d’Astrophysique, Observatoire MidieP§es, 14 avenuEdouard Belin, 31400 Toulouse,
France

Received 25 April 2002 Accepted 27 August 2002

Abstract. Detached, double-lined spectroscopic binaries that are also eclipsing provide the most accurate determinations of
stellar mass, radius, temperature and distance-independent luminosity for each of their individual components, and hence con-
stitute a stringent test of single-star stellar evolution theory. We compile a large sample of 60 non-interacting, well-detached
systems mostly with typical errors smaller than 2% for mass and radius and smaller than S%édtvectemperature, and

compare them with the properties predicted by stellar evolutionary tracks from a minimization method. To assess the system-
atic errors introduced by a given set of tracks, we compare the results obtained using three widely-used independent sets of
tracks, computed with flierent physical ingredients (the Geneva, Padova and Granada models). We also test the hypothesis
that the components of these systems are coeval and have the same metallicity, and compare the derived ages and metallicities
with the ones obtained by fitting a single isochrone to the system. Overall, there is a good agreement am€éegetttede-
terminations, and we provide a comprehensive discussion on the sub-sample of systems which either present problems or have
estimated metallicities. Although within the errors the published tracks can fit most of the systems, a large degeneracy between
age and metallicity remains. The power of the test is thus limited because the metallicities of most of the systems are unknown.

Key words. stars: evolution — stars: fundamental parameters — stars: binaries — binaries: eclipsing —
stars: Hertzsprung-Russell (HR) and C-M diagrams — stars: statistics

1. Introduction therein), casting some doubts —at least as far as the metallicity

L scaling is concerned- on current stellar evolution models.
The theory of stellar evolution is one of the most successful in

astrophysics, and has been widely applied to phenomena rang-30 far relatively less attention has been paid, in compari-
ing from stellar oscillations to the evolution of galaxies. Whil§9N, to binary systems. Yet these systems provide the only way
open and globular clusters have been the classical tests oftthgeasure directly stellar masses, and, if the components do
theory because their colour-magnitude diagrams (CMD) cdit interact strongly and §ier mass transfer, they should have
strain the shape of an isochrone in detalil, they are not idéflependent evolution and be representative of single stars.
probes, since, among other things, they are contaminated\§ual systems are hampered by the lack of radial velocity
field stars, have unresolved binariesffst dynamical evolu- Measures (but see Pourbaix 2000), and hence mass ratios are
tion, may present dlierential extinction, and may be distanfn€asured indirectly (e.g. Fernandes et al. 1998 for a few ex-
enough to prevent very accurate determinations of their dignples). Interferometric systems, although promising, are too
tances (see Andersen & Nordstn 1999 for a recent review onfew to provide a good sample (e.g. Hummel et al. 1995, 2001;
the observational requirements for open clusters). Furthermok@(res et al. 2002). In this context, double-lined eclipsing bi-
Hipparcos measures show that there is a very fuzzy corrgl@ies provide the most accurate determinations of stellar radii,
tion, if any, between the main sequence position and metallf8asses and temperatures, and hence are ideal stringent tests of

ity (van Leeuwen 1999; Lebreton et al. 1999, and referend8§ theory, as first pointed out by 8mgren (1967) (see also
Andersen 1997). Testing evolutionary tracks is important not

Send gprint requests toD. Valls-Gabaud, only for the understanding of the properties of the stars, but
e-mail:dvg@ast . obs-mip. fr also to assess the uncertainties in, for example, the interpreta-
* The full version of Table 6 is only available in the electronic forniion of the spectro-photometric properties of galaxies, from low

athttp://www.edpsciences.org to high redshifts, or the chemical evolution of our Galaxy.
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Although only a handful of systems are extremely welKahler 1978), it remains the basis of stellar evolution theory
measured (see below), with typical errors in masses and raid isimplicitely assumed in all analyses of stellar evolution
of less than 2 per cent (Andersen 1991), the sample of systatata. As far as we know, no tests have been carried out to as-
is bound to increase in the near future, with dedicated observsessempirically the validity of this theorem. So, given, say,
programs (at the Danish 50 cm SAT, see Clausen et al. 20@1uminosity and ffective temperature, can the tracks provide
Elodie at OHP, e.g. Kurpinska-Winiarska & Oblak 2000), tha unique value for the mass and the radius? Are these values
analysis of Hipparcos data (e.g., Fabricius et al. 2002), the sgensistent with the measured ones? Allende Prieto & Lambert
tematic detections of thousands of systems as a by-produc{1d99) found that one set of tracks was able to reproduce, as-
microlensing surveys (see, e.g., Alcock et al. 1997; Ferlet etsliming solar metallicity, radii and masses with errors smaller
1997 for an overview), and with future space missions suttan 8%, andfective temperatures within 2% for mainly main
as DIVA, SIM and GAIA. In addition, these systems have asequence stars. In affiirent study, Young et al. (2001) found
curate absolute dimensions and provide another distance iradjreement with the measured radii within 3%, and temper-
cator, independent of any distance calibration (e.g. Raddy atures within 4% but luminosities could only be reproduced
1997; Fitzpatrick et al. 2002). However, in practice, the powéy 11% with their set of tracks. Are these figures the same for
of the test using these systems is limited by the small volumedther published tracks or for stars with lower gravities?
parameter space sampled by most of the published theoreticalFurthermore, and this is the third and main goal of the pa-
tracks. For instance, many tracks adopt a single helium abper, can these sets of tracks predict the ages and metallicities
danceY for a given metallicityZ, and do not consider any pos-of these systems? Proper testing of the accuracy of stellar dat-
sible dispersion, while others fix the overshooting parametering has not yet been done before in detail (see e.g. von Hippel
the mixing length parameter to prescribed values. Even thowggtal. 2001 for a summary). The components of these detached
these values provide good fits to the colour magnitude diagrasystems provide an ideal sample not only to properly calibrate
of clusters, it is likely that these parameters change with stiie stellar tracks, but also to assess the uncertainties in the
lar mass or metal abundance. The extant (and growing) sangitdlar ages used for the study of the evolution of our Galaxy.
of binaries will yield extremely important constraints on thedeor instance Edvardsson et al. (1993) used a set of tracks from
parameters (and their possible correlations) when tracks witki@ndenBerg (1985) with a fixed set of physical parameters, and
wider range of properties will be available. succeeded in reaching an accuracy of about 0.1 dex in the rel-

The aims of this paper are three-fold. First, we want to tedtive dating of F dwarfs. We want to assess whether this ac-
whether current evolutionary tracks can account for the progiracy is robust to changes in the evolutionary tracks. In this
erties of these extremely well measured systems. This is agentext it is curious to observe that there has been no system-
quisite before using them for further inferences. Even thougl@tc test to see whether the components of these systems are
given set of tracks may seemingly give good results, and piodeed coeval. Popper (1997) observed that some secondary
vide good fits, it will not produce an absolute determinatiogars between 0.7 and 1M, appeared systematically older
because of the underlying hypotheses used in the comp[ﬁby_ at least a factor of two) than their primaries. Are the ages
tion of the tracks. For instance the determination of the heliudrived for each component consistent with them being on a
abundance relies critically on théfective temperature scale,single isochrone? Are their metallicities the same? What are
and so dferent tracks, using fierent scales, may yield dif- the uncertainties (including systematics) in the absolute ages?
ferent abundances or ages. To assess the possible systematithis paper presents the sample, the method and the detailed
effects introduced by a given set, we take three Widely_usﬁﬁ, discusses the implications of the results on the coevality of
sets of tracks which have been computed independently 4hél components, the ages and metallicities inferred, and their
with different physical ingredients. For the same data set, whighation to the chemical evolution of the Galaxy. When rel-
includes only the best measured stars currently available, @vant we also present comparisons with the results obtained
these sets consistent with each other? by Pols et al. (1997), Ribas et al. (2000), and Young et al.

Secondly, we want to test to which extent stellar evolt2001), hereafter referred to as P97, ROO and Y01 respectively.
tion is a predictive theory, in the sense that given some o%eCtion 2 brleﬂy describes the phySicaI properties of the tracks
servables it can predict the remaining ones, if the predictionged in the analysis of the data, which are presented in Sect. 3.
are unique. This relies on the so-called Vogt-Russell thebresection 4 deals with specific issues related to some interesting
(Vogt 1926) which states that stars of the same chemical copfiary systems, and Sect. 5 discusses the general results anc
position (and hence same opacity and energy generation rg(@vide new photometric [FEl] constraints. The conclusions
have radii, §ective temperatures and luminosities solely detefl€ Presented in Sect. 6.
mined by their masses. Although this theorem has been widely
criticized, mainly because counterexamples were found (albgiteyolutionary tracks
in rather contrived situations, see e.g. Lauterborn 1972, 1973;

Ideally tracks with a wide range of physical parameters
1 we did not find any convincing reason to add Russell's name %Ot only Y and Z but also overshooting and Conve_Ct'on
Vogt's theorem, given that even though Russell may had derivedP@rameters) should be used to properly test thiéemnt
independently of Vogt, he only mentioned it, briefly, in his textbookOrrelations between the parameters and the inferred ages
published in 1927 (Russell et al. 1927) where full credit is given @1d metallicities of the systems, so that proper statistical
Vogt. uncertainties can be assessed. Previous analyses (e.g. P97
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Allende Prieto & Lambert 1999, R0O, Y01) have relied on a- Nuclear rates. The mainftierence between the Geneva and
given set, so cross-comparisons and systematics i@itito Padova tracks is th&C(a, v)1®0 reaction which occurs
assess. It is unfortunate that there is presently no published setduring the helium burning phase, causinfieliences in the

of tracks that fully fulfill this conditio and we are limited to blue loop extension in the HR diagram. The Padova tracks
use diferent sets. In this study, we adopted three widely-used include the nuclear reaction rates of Caughlan & Fowler
tracks computed by (1) the Geneva group (Schaller et al. 1992; (1988) which are somewhat smaller than the rates used by
Schaerer et al. 1993a, b; Charbonnel et al. 1993; Mowlavi et al. the Geneva group (Caughlan et al. 1985);

1998) which will be referred to collectively as the Geneva— Overshooting. Although the nominal overshooting param-
tracks, (2) the Padova group (Bressan et al. 1993; Fagotto et al.eter A; of the Padova tracks is 0.5, this is just due to
1994a, b, d, and (3) the Granada group (Claret & Gingz a different definition, and, as Fagotto et al. (1994a) ex-
1992, hereafter CG92) evolutionary stellar models for a smaller plain, this value is equivalent to an overshooting distance of
range in metallicity than the Geneva and Padova ones. Table 1A (Geneva}) 0.2 pressure scale heights. Claret & @Gmez
summarizes the main physical ingredients that characterize (1992) have also adoptetl; = 0.2. To test the influence
these diferent tracks. We wish to emphasize that our main con- of overshooting on the results we also use Geneva tracks
cern here is to present and validate a general method whichevemwithout overshooting. However these models cover only
the models used, but not to test all the available (or the most re- the mass range [0.8-1.258], and hence limit the appli-
cent) tracks: we only choose thredfdient sets in orderto un-  cation of the test to the few systems in this mass range.
derstand and quantify possible systemafiie@s introduced by

a given set. Kovaleva (2001) did a similar analysis using a sub-

set of 43 systems and the Geneva and Padova tracks. We &ido Ages

describe in Table 1 the older set from Hejlesen (1980a,b, H8Q) . _ L o

because these tracks were often used previously for somé25€ important definition which is not only semantic is the age
the systems studied here. They have a large mixing length tAE2 Star. Although some prescriptions use the start of the col-
ory (MLT) parameterd = 2.0), do not include overshooting orla}psg of tf:e parent"cloud, we gdopt here the convention of as-
mass loss, and use the outdated Cox & Stewart (1970a,b) opu@ing a “zero age” to the main sequence. The reason for this
ities. For all these reasons we will only mention results derivéitwofold. First, the collapse phase is still poorly understood,
from the H80 models as an historical guideline, because théf¥l accretion processes before or during the Hayashi phase
is no reason to probe their validity (see comments on H80 g2uld well modify the time of arrival on the main sequence.

lated problems in e.g. Andersen et al. 1984). Some import§ﬂcond’ it seems simpler to follow the traditional definition of
points to note are the following: a ZAMS, a “"Zero-Age” Main Sequence precisely when the

radius of the star reaches a minimum vl avoid any pos-

— Masses. For the 6 metallicities available in the Gene$le confusion, we hence define an “ageds the time elapsed
tracks, the mass range is from 0.8 to 0 (0.8 to 60M,,  afterreaching the ZAMS, in logarithmic units:
for Z = 0.1), while for the 6 metallicities in the Padova
tracks the mass range is 0.6 to 1R (restricted to the
range 0.6 to 9, for Z = 0.1). The CG92 grids cover” = log (t - tzams) (1)
masses from 1.0 to 44, with 3 different metallicities. The

CG92 upper mass limit is large enough for the purpose gheret is the actual (unknown) age atghvs the age when

this work because the most massive component is®32 the star reaches the ZAMS (also unknown in absolute terms),

star (namely DH Cep); both measured in years. We stress again that the actual age is
— Mass loss. The Geneva tracks use the mass loss rates gi@Rningless unless a well defined reference epoch is agreed on,

by De Jager et al. (1988) and Nieuwenhuijzen & De Jaggpd all the physical processes along the pre-MS evolution are
(1990) for Pop. | stars. The Padova tracks set a mass l@gfy understood and quantified.

rate only for stars more massive thanNig (from De Jager .
et al. 1988) with a metallicity dependence given by the pre- The Padova and CG92 tracks do follow the convention of

scription of Kudritzki et al. (1989). No mass loss by stellapdoPtngtzavs = O, while the Geneva tracks do not. The de-
winds is taken into account for the = 0.1 Padova tracks. PENdence with mass and metallicity of the ralius/trams

Mass loss is also included in the CG92 tracks foIIowinhWhere TAMS is the Terminal Age Main Sequence i.e. central

Nieuwenhuijzen & De Jager (1990) and Reimers (1977) foydrogen exhaustion) for these trac!<s shows that for all p_racu—
cool giant stars; cal purposes the non zetgws constitutes a small correction

of about 2% for evolved systems, but that is important for the
2 Grids of stellar evolutionary models for various values of initiayoungest systems. All the ages derived in the present work are
helium abundances are available: Claret (1995), Claret &eBam” post-ZAMS, i.e. we explicitely substratiaus while dealing
(1995), Claret (1997) and Claret & Genéz (1998) (referred to aswith the Geneva tracks. The H80 tracks seem tdggis = O
CG models) for metallicitieg = 0.004, 0.01, 0.02 and 0.03. Howeverfor all masses.
overshooting and convection parameters are fixed in these models.
3 We do not use the more recent Padova tracks (Girardi et al. 2000)
because they do not include models for stars more massive thlan 7 # The usual prescription based on the H burning does not apply for
andZ larger than 0.03, both relevant here. instance to massive stars, see e.g. Bernasconi & Maeder (1996).




554 E. Lastennet and D. Valls—Gabaud: Detached binaries in the HR diagram

Table 1.Basic properties of the Geneva, Padova, Granada and H80 tracks.

Geneva Padova Granada HB0
Y Z Ref. Y Z Ref. Y Z Ref. Y Z
0.230 0.0004 P94a 0.2996 0.0004

0.243 0.0010 G92
0.252 0.0040 G93b 0.240 0.0040 P94b 0.296 0.0040
0.196 0.0040
0.264 0.0080 G93a 0.250 0.0080 P94b
0.267 0.0100 CG92 0.290 0.0100
Chemical 0.300 0.0200 G92 0.280 0.0200 P93 0.280 0.0200 CG92 0.380 0.0200
composition 0.280 0.0200
0.180 0.0200
0.321 0.0300 CG92 0.270 0.0300
0.340 0.0400 G93c 0.360 0.0400
0.260 0.0400
0.352 0.0500 P94a
0.480 0.1000 G98 0.475 0.1000 P94c

Opacities RI92, K91, IRW92, IRW92, H77, CS70 R192, A92 =AF94), CS70
IR96, AF94P° H77, wood

MLT a 1.6 1.63[1.5foiZ = 0.1] 1.5 2.0

A 0.2 0.2 0.2 none

Mass loss yes yes yes none

& Chemical compositionY(, Z) from Hejlesen (1980b).

b Forz = 0.001, 0.008 and 0.020, opacities are from Rogers & Iglesias (1992) (RI92). At low temperatures, from 6000 K to 2100 K, they he
completed the tables of RI92 with the atomic and molecular opacities of Kurucz (1991) (K913.F6r004 and 0.040, the OPAL radiative
opacities (Iglesias et al. 1992, IRW92) are used. These tables are also completed at low temperatures witiZk90. Fapacities are from
Iglesias & Rogers (1996) (IR96), along with the opacities from Alexander & Ferguson (1994) (AF94) at low temperatures.

¢ Because the OPAL tables of Iglesias et al. 1992 (IRW92) do not extend below 6000 K and abéettid opacities at lower and higher
temperature, respectively, are taken from the LAOL tabulations by Huebner et al. (1977) (H77) and Cox & Stewart (1970a, b) (CS70). In gen
the OPAL are significantly higher than the LAOL in two temperature ranges (a few 206d~10° K).

d Opacities are taken from RI192, but fg; < 6000 K orTer > 10° K they have used Alexander 1992 (A92, published later as Alexander &
Ferguson 1994, AF94) opacities alnols Alamos Opacity Library LAOL — (Huebner et al. 1977 [H77], Weiss et al. 1990 [W90]) respectively.

2.2. Metallicities (Fe). Therefore, because we may have to consider low metal-
licities for some stars in our sample, throughout this paper we

The set of tracks used in this paper do not have helium aby@nsider the correction proposed by Pagel (1996),

dancesY independent of the metallicity (except those from

H80), but rather follow the usual prescription of increasig 7., ecieq= Z x [0.638f, + 0.362] (2)
for larger values ofZ, roughly likeY = 0.23+ (3.0 = 1.0)Z

(see e.g., Timmesetal. 1995). As shown in Table 1, the Genewageref, is a correction factor for O and theelements:
Padova and CG92 tracks adopffdient enrichment prescrip-

tions. This means that the metallici/derived from a given 1004 for [Fe/H] < -1
set cannot strictly be compared with tAederived from an- f, = { 10°Fe/H* for —1 < [Fe/H] < +0 3
other set, since the fiérent helium abundance wiltfectively 1 for [Fe/H] > +0.

mimic a slightly diterentZ. This dfect has to be kept in mind
when comparing the derived metallicities from the fits.

Usually, a simple relation is adopted betwéeand [FgH]: 3- Methodology
[Fe/H] = log(z/X) — log(Zo/Xe) (_where we adopt solar abun—3_l_ The sample
dance from Grevesse, 1997, priv. com#, = 0.017 andX,, =
0.713). However for low metallicity stars, the abundance d¥e have compiled a comprehensive list of 60 double-lined
heavy elements cannot be simply derived from spectroscopidipsing binaries (EBs) which have the most accurate masses,
measurements of [Ad] because oxygen (O) and elements radii and temperatures found in the literature. The core of the
(Ca, Ne, Mg, S, Si) are overabundant in comparison to ir@ample is the large catalogue from Andersen (1991, hereafter
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O T ' f ' f ' f ' f mass transfer seems acceptable for every system in the sample,

Schaller et al. 1993 except perhaps for DH Cep. This system is an ellipsoidal vari-

&= Bressan et al. 1993 ___. | able, and the lack of eclipses makes any determination of the
1 "%ﬁ Claret & Gimenez 1992 I inclination very uncertain. Although Hilditch et al. (1996) and
¢+ N Tout et al. 1996 .. 4 Pennyetal. (1997) find that the system is detached, Burkholder

et al. (1997) argue that the radii of the components are, accord-
ing to their solution, very close to the Roche values. The uncer-
tainties in the inclination of the orbit makes this system much
less constraining.

Figure 1 shows the distribution of the sample on the HR di-
agram, where it is readily apparent that the systems are mostly
sampling the evolutionary phases close to the main sequence.
Also indicated are the ZAMS computed byfférent authors
1 atZ = 0.02, and the dferent prescriptions for overshooting
and mass loss result in slightlyfBrent sequences for massive

1 : 1 : 1 : 1 : 1 : stars. Note that these sequences are veferént (by about
46 44 42 4 3.8 36 0.05 dex inTer and 0.5 dex inL/Le in the range of loF &
log T, [K] from 4.0 to about 4.6) from the widely used sequence tabu-
lated by Schmidt-Kaler (1982), which is no longer appropriate

log L/Lo

2
T

Fig. 1. HR diagram for the sample of 58 binary systems with cong‘aStennet 1998). . ) . .
ponents more massive than OV6,. ZAMS sequences computed by Hereafter, each binary is associated with a number between

different authors foZ = 0.02 are also indicated for comparison. ~ square brackets (e.g.Aur [27]) corresponding to its entry in
all the tables and figures throughout this paper.

A91), which is supplemented with 11 systémg/e also add
three other systems with slightly lower accuracy critewaich
can be used for a posteriori testing. A few systems have mdige individual stars in the sample have typical relative errors
recent and accurate measures than those listed by A91. We hayw@ller than 5% for theffective temperatufeand relative er-
used the updated parameters for 5 systems and for the EW @k smaller than 10% for the luminosity. The interest of the lu-
secondary componehtit is worth noting that we kept all the minosity is that it follows directly from the temperature and ra-
systems from the Andersen list even EK Cep whose secondaiiys (Stefan’s law), and hence is independent of distance. Since
component is in a pre-MS phase (which is not included in tegalyses of these systems combine spectroscopy and photome-
stellar tracks that we used) because our method presenteghjinthe Tes are likely to be more reliable than those in most of
Sect. 3.3 can provide interesting results from the primary alorgudies of single field stars.

One possible concern is that these systems may have un-For these reasons, these 2 parameters were used directly
dergone mass transfer episodes in the past. Although in safegn the compilation of Andersen (1991) byfidirent authors
special cases strong constraints can be placed on the evoluiog. Lastennet et al. 1996, or Pols et al. 1997). However, be-
of the system (e.g. Daems et al. 1997), in general this cQifuseTes (and therefore luminosities) are far more indirect
fuses the issue. However in our sample this is unlikely to Bgdinhomogeneous quantities among the fundamental parame-
the case: (1) We have computed the Roche radii of the compgrs, some forts have been done to revise their determinations
nents and checked that they were much larger than the steffgm photometric methods (e.g. Jordi et al. 1997; Lastennet
radii (Lastennet 1998, from the formula of Eggleton 1983), ard al. 1999a; Ribas et al. 2000; Lastennet et al. 2002).

(2) most of the systems are still between the ZAMS and the e decided however to keep the origiffal values from
TAMS, and their radii should not have evolved significantlyhe references given in Sect. 3.1 for simplicity because a com-
The hypothesis of independent evolution without phases @irison of theTs used by Ribas et al. (2000) and the ones

5 RT And (Popper 1994), AD Boo (Lacy 1997b), SW CMa (Lac used in this paper show a very close agreement for the 41 sys-
, , . 0 -
1997¢), AH Cep (Holmgren et al. 1990). CG Cyg (Popper 1992%ems in common £66% of our sample), the great majority

Y Cyg (Simon et al. 1994), CM Dra (Viti et al. 1997), AG Per, 60 O_Ut of 82 _Stars) showing a fierence below 2%. The
(Giménez & Clausen 1994), V505 Per (Marschall et al. 1997]eff difference is less than 4% for all the components, except
V3903 Sgr (Vaz et al. 1993; Vaz et al. 1997), V526 Sgr and YY S¢Pr 11 stars: both components of PV Cas [32], RS Cha [14],
(Lacy 1997a). Al Hya [20], QX Car [42] and IQ Per [33],and GZ CMa A [23].

® AR Aur (Nordstom & Johansen 1994a, mass accuracy about 498jnce our results are not reliable for the first two (bad fit for [32]
V477 Cyg (Gin€nez & Quintana 1992, mass accurabyi ~ 7% and pre-MS stars for [14]) th€; disagreement has no influ-
and Mg =~ 4%), and DH Cep (Hilditch et al. 1996, mass accuracgnce on our conclusions, however the results derived for the
about 5%).

7 V539 Ara (Clausen 1996}, Aur (Nordstom & Johansen 1994b), & Except in 6 less constraining systems whet@e;)/Ter iS be-
GG Lup (Andersen et al. 1993), EW Ori B (Popper 1997), Al Phisveen 5 and 9.6%: V1031 Ori [28], V451 Oph [31], GG Lup B [36],
(Milone et al. 1992), and DM Vir (Latham et al. 1996). EM Car [45], DH Cep [53] and SW CMa [58].

3.2. Effective temperatures and luminosities
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latter systems ([20], [23], [33] and [42]) have to be taken witAnd luminosities of each of the components of the system. As
caution because the discrepancylig would &fect the lumi- it will be shown later on (see Sect. 5.1) this does not make a
nosity as well, giving slightly dierent solutions. As suggestedlifference in the final results. Note that because luminosity and
by Lastennet et al. (1999a, hereafter L99a), homogeneoust@deaperature are not derived independently, the error bars in the
terminations are highly preferred and to pick up somgs HR diagram are highly correlated and strictly the error ellipse
in ROO and others in A91 and L99a would probably confuse always rotated (see e.g. Casey et al. 1998, for a brief discus-
even more the issue. Therefore for the purpose of this wagion). To test the hypothesis that each componéing A, B)

and before a reliable homogenediig determination forall of a given system has the same age and metallicity, we derive
the systems of the samplee decide to keep the origin@lgs them by minimizing a functional defined by

(see Sect. 3.1).

log L(track)— logL; \?
XA(Mi, 6, Z) =( 9L )~ log ')

3.3. Fitting isochrones to binary systems o(logLi) ,
log Teg(track) — log Tegi
There has been a variety of methods dealing with the problem + o(10g Terri) (4)

of fitting isochrones to a given system. Besides the early at-

tempts by Lastennet et al. (1996), Pols et al. (1997) assumgi§ere theo are the 68% confidence level dispersions. The
that both components are coeval and of the same metalli@tgets of evolutionary tracks described in Sect. 2 are used to
and proceeded to minimize & functional which takes the compute the isochrones by interpolating bilinearly at equal evo-
observed masses, radii and temperatures and infers the heRnary phases in metallicity and age, and hence derive the
fit masses, common age and metallicity. Ribas et al. (200@)lues ofl_(track) andT e (track).

compute isochrones for each component, fixing each mass andgecause there are 3 parameters and only 2 data values, the
gravity to the observed values, and proceed to computé aproplem is degenerate and one could find an infinity of solu-
which minimizes the weighted fierence between observecﬁons that fit the data. Among them we seek the minimal values
and predicted temperatures, as well as tiiecénce between ysing theMINUIT package from the CERNLIB library (James
the predicted ages of each component. Because the masseg@ig) and then explore thé contours on a grid centred on the
fixed to the observed values, tyé depends only on two re- minimum minimorum.

maining parameters, metallicity and helium content. Inarecent |1 ,rns out that, in practice, the mass is extremely well con-

paper, Young et al. (2001) use yet another formulation. Firgyaineq and agrees with the measured value (see Sect. 3.4)
thgy fix the metallicity to the solar value, and run specific eVais implies that a nearly unique solutiot, Z) ought to be
lutionary tracks of stars whose masses are given by the 0b§gfiig. 1n practice a whole set of solutions is found, which gives
vations. Theiry? functional minimizes the (sum of the squareg, empirical limitation to Vogt's theorem. Let us illustrate
of) residuals of luminosities and radii. Coevality is assumefhe procedure taking as an example eHya [34] system.
so that they* depends only on age. Figure 2 shows the best fitting isochrones — using the Geneva
A common property of these formulations is that it is natacks — for each component: they are not identical. The ex-
clear whether the observed quantities are used to their besit to which they are statistically compatible depends on the
discriminant power. Also the intrinsic correlations betweegonfidence intervals for the metallicity and age of each of the
these quantities are not taken into account, and yet the vegmponents. The lower panels present gReontours corre-
method of deriving these values, by relying on both photgponding to the 1, 2 ands3bounds in this reduced distance,
metric light curves and spectroscopic analyses, produces gt is, they?. + 1, 4, and 9 contours respectively. The degen-
relations among them. Another problem is that, for instanegracy of the solutions is well illustrated here, as lower metallic-
masses are fixed (except in P97) to the mean observed valigsracks fit a given component just as well at a slightly larger
so that even the observed dispersions in mass are not takengf@, or a higher metallicity at a younger age. Note thavat 1
account. Obviously the dispersion in mass should have soggactor of 2 in metallicity is allowed, whereas the uncertainty
effect on the final fits, but this is not considered (except in the the age is about 0.05 dex for component A and 0.3 for com-
P97 formulation). Although one could argue that usMgR ponent B. The dierence stems of course from the fact that A
andTer (as P97 do) is the best way to proceed (no derivedis-more evolved, and hence better constrained than B.
and hence less precise — quantities, such as luminosity or grav-Note also that the 1 ands2contours in Fig. 2 are closed:
ity, are used), P97 must assume coevality and same chemjgghin them the Vogt theorem is clearly violated, but since their
composition. Stellar evolution theory is not therefore used {geas are relatively small, one could argue tingpractice the
predict a priori values for each component. There cannot #dorem is valid since a measure of the metallicity of one of the
possible discrepancies (which may well be the case, but it c@mponents would be enough to constrain very accurately its
not be tested by this method). Likewise, RO0 minimize the agge. Nevertheless, howftirent are isochrones distarat from
difference between components, and derive a global metalligij pest solution? Two examples are shown in Fig. 3, where it
and helium abundance for the systems. is clear that even though the best fitting values for A and B
In a first formulation, we want then to test whether agese not the same (Fig. 2), at the level they are statistically
and metallicities can de derivédr each component indepen-compatible. This is also apparent from the fact that ihedn-
dently As a first step, we shall use here only the temperatutesirs of both components overlap: the ages and the metallicities
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Fig. 2. Upper left panelzoom on the classical I68g-log(L/L,) HR diagram around the componentsyéfHya [34] (Andersen 1991). In this

example, an isochrone from the Geneva tracks is fitted to each component independently, without requiring equal ages or metallicities. The best
fit isochrones are shown for each component (solid line: component A, dashed: component B). The isochrones derived from the HR diagram
are also reported on the mass-radius diagrappér right panél and they show a very good fit to the very accurate masses and radii, even
though these quantities wenet used for the fitLower panelsconfidence regions in the (metallicity, age) plane@t4olid line), 2r (dashed

line) and 3r (dot-dashed line) confidence levels for the primary (left panel) and the secondary (right panel) components. The triangles and
diamonds indicate the&(logt) values used in Fig. 3.

of each component appear to be statistically compatible wiihd compute the 1, 2 andr3ounds. Figure 4 shows a few
each other. isochrones within thed contour, and they are all compatible,

It remains to be seen whether the ages and metallicitiesatfthe 1 level, with the solutions found for each component
each component are the same as the ones inferred from the(ffilg. 2). Also illustrated are some isochrones chosen to show
ting of asingleisochrone to theombined A B system. Fitting the dfect of varying age, for a fixed, and changing metal-
the best isochrone to the combined system is done in a simllaity, for a given age. In the case gf Hya, metallicity ef-

way, but in this case thg? functional is obviously fects are clearly more important, and therefore a measure of
their metallicities would constrain extremely well their com-
5 3 8 log L(track) - logL; 2 mon age within 0.05 dex (that is, about 11% af INote also
X (tsys Zoyd = Z ( o(logLy) ) that the solution found by Clausen and Nordsir(1978) using
=A ) the Hejlesen (1980) tracks is close to the &ntour (Fig. 4)
N ('09 Ter(track) — log Tepi ) . (5) andis therefore highly unlikely, as expected with models using
o (log Tefi) the outdated Cox & Stewart (1970) opacities (cf. Sect. 2).

In this case the masses are no longer parameters (they are leffThe irregularly-shaped contours are due to th@edént

free to take any value, just like the radii) and with 4 data valuesolutionary speeds and short lived phases, and may compli-
and 2 free parameters, we expect to fingfalistribution with cate the interpretation in some cases. It is important to note,
2 degrees of freedom using agaiENUIT to find the true min- also, that since the contours are somewhat diagonal, the degen-
imum value, we form the? grid in the metallicity—age plane eracy between age and metallicity is lifted as soon as a measure



558 E. Lastennet and D. Valls—Gabaud: Detached binaries in the HR diagram

2.4
\

log t [yr]
8.25 8
T
RO
-
/ —~
RN \
./ /’_. ~
o
o
!
/o
%/ /
;o
/ /J
),
7
s
_— I
i
1
7o
2
B
\
/
I
i
1
I
I
|
!
1

log L/Lg
2.2
T
7/

8

1.

M S \
o N
. <
R L
o N «
N e
Jw O
Jar
by S
- o
nF o
S

Component B

1.8

T B RPN RN BRI BRI PR M S N T B B | . X
411 4.1 4.09 4.08 4.07 4.06 4.05 4.04 4.03 4.02 4,09 4.08 4,07 4.06 4.05 4.04 4.03 4.02

log T, [K] log T, [K]

Fig. 3. 2 Hya [34], individual components, Geneva tracks. For eadfig. 4. y?> Hya system [34], Geneva trackdpper panel confidence

component, the best fitting isochrones (from Fig. 2) along with thegions in the (metallicity, age) plane at 1solid line), 2r (dashed

isochrones corresponding to the level are indicated (dashed line:line) and 3 (dot-dashed line) confidence levels for both components.

triangle; dot-dashed line: diamond, see Fig. 2). For the sake of completeness, the best fit obtained by Clausen &
Nordstiom (1978) using the H80 models is also shown (square with er-
ror bars).Lower panel corresponding isochrones on the HR diagram

of the metallicity is made. The contours for the system a(@rro_r bars _from Andersen 1991) as in Fig. 2. The best fit isochrone

much smaller than the contours for the individual componengtained with the Geneva tracks and defined by (ldg = (8.275,

as could be expected from the addition of information. 0.014) is indicated by the solid line. The 4 points on thecbntour

e . above correspond to the 4 isochrones showed in the lower panel.
The results of the fitting of, on one side, each component

of the system, and, on the other hand, of the system on a single
isochrone, are given in Table 6, for all the sets of tracks Whig{\ /M, asure= (Mderived— Mmeasure)/ Mmeasured= (—4.2+5.7)x

we have tested here. 1073 — (6.35+ 14783) x 1078 Mpeasured that is, both slope and
systematic trend consistent with zero. The average relative er-
3.4. Masses and radii: The most stringent tests ror in mass is-0.54%, with a dispersion of 1.7%. This is a

remarkable achievement for the theoretical tracks, since over
this mass range we are probing stars which are almost fully
To what extent these fitted isochrones are ablpraglictthe convective to fully radiative stars.
observed values of the masses and radii? These are truly pre-Only a few components (4 out of 116) present a significant
dictions from the theory, since the fit involvedlyluminosities  discrepancy between the predicted mass and the observed one
and temperatures. Are the derived metallicities consistent wiglven the error in the observed value, in Fig. 5. These are com-
the observations? Metallicities will be discussed for the feponent B of AD Boo [57], both components of PV Cas [32]
cases where constraints exist in Sect. 5.2, and here we anafys 1Q Per [33]. AD Boo B yields in fact a bad fit, and one
the predictions made by the fits for the entire sample to the vergnnot expect to infer a correct mass or radius from a bad fit.
accurate masses and radii available (typical errors are smatHerever, a more recent determination of the secondary com-
than 2% for mass and radius, except for 3 systems where typpnent mass\ig = 1.20+ 0.03M,, Popper 1998) than the one
cal mass errors are between 4 and 7%). we used (1.23% 0.013M,, Lacy 1997b) gives a better agree-
As clearly shown in Figs. 5 and 6, the correct mass ament with our theoretical predictions from the Padova (1488
radius are predicted for each individual star from isochrole024M,) or Geneva models (1.15%020 M), and even an ex-
fitting in the (log Tes, log L/Ly) HR diagram. The relative cellent agreement with the Granada tracks: 1. 206025Me.
error for the derived masses of each component is given in The problemis the same for PV Cas [32], which is badly fit-
Fig. 5, for the Geneva tracks. The other tracks yield vited by the tracks we have used. Pols et al. (1997) also obtained
tually the same results. Note again that the inferred mdsad fits, even at the upper limit iaithey exploredZ = 0.03),
comes from the fitting of an isochrone to the position aind despite the fact that we explore a larger range (up 20
that component in the (lodes, log L/Ly) diagram, without 0.04) we still do not manage to get a correct fit. Popper (1987)
considering any other constraint. A linear regression yieltsled also to fit it with 3 other sets of models: the prediciggd

of the method
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Mmeasured/ Mmeasured iNferred from the fitting of Geneva isochrones tdRmeasured/ Rmeasured iNferred from the fitting of Padova isochrones to
the position of each component on the HR diagram. The dotted lithee position of each component on the HR diagram. The dotted line
is AM = 0 and the dot-dashed lines are linear regressions to the datAR = 0 and the dot-dashed lines are linear regressions to the data
points. points.

is 100 hot by~1700 K. The revised ROUqss, lower by about abundanc_e, the avallaplllty of tracks with a wider range pf
overshooting, and the improved accuracy of the measures.

700 K, would give a better agreement with solar metallicity (1) One obvious test case of a single component s the near-

mgdiz’sltjilljlti:lz sm;g_g';\/?gtegal?é \\(/3:1] Ir;?] izt naci;c t(sfgnlgn?;'zsélstgﬁrg star, the Sun, for which th&ective temperature is known to
in tze tracks stugied herg ' %"04% and the luminosity to 0.26%. Figure 7 shows the results
' fitting the Sun as a (single) component using the Padova and

. , ! f
Thz_thwd, IQd _Pesr [3?]3d(2)esgt p:_rodltJhce a too ba% f't.’ an(g’ne Geneva tracks. The very significanffelience, at first sight
as we discussed in Sect. 3.2, adopting the R8 would give very surprising, can mainly be ascribed to the larger He abun-

a better agreement. . ) dance used by the Geneva group in comparison to the Padova

As far as the radii are concerned, Fig. 6 shows thg, ks as shown in Table 1 (Charbonnel & Lebreton 1993). The
same trend as for the masses. A linear regression yieldig, s of the equation of state and opacities (Yildiz & Kiziloglu
AR/Rmeasured= (=22 1.2) 102 + (0.8 % 0.4) 10 *Rmeasured 1997) or difusion (Morel et al. 1997: Weiss & Schlattl 1998)
The slightly positive trend is produced by a few outliers whiclo comparatively much smaller. In the context of our work,
however are not separated by the measured values by more f§l\jierence is a simple caveat not to use the published tracks
1lo. Overall th_e mean relative error is 0.03% with a d'SperS'_‘H]indly, and also calls for the calculation of a large grid of
of 3.8%, again a remarkable achievement for the theoreticglels with uncorrelated variations in the main physical pa-
tracks, since we are probing stars which are almost fully copymeters. The derived ages and metallicities are therefore track-
vective to fully radiative stars. dependent, and the values fofZ), o(7) that we quote are nec-

Hence, the positions of these components in the HR digsarilylower limits because the systematiffects introduced
gram yield extremely precise and accurate predictions on thgjr the tracks cannot be taken into account. The best we can
radii and masses, with dispersions of below 4% around a megfis to compare the results obtained witlfelient tracks to
error below 0.5% both in radius and mass. assess the statistical robustness of the values derived with this
procedure.

(2) For systems where the components are quite close to
each other in the HR diagram, the constraints coming from the
We should however be cautious before taking these resultditiing of the system are weaker since therefte@ively only
face value, because one has to realize that these errors are onéystar as a constraint, hence increasing the degeneracy. Note
a combination ofinternal errors plus a fraction oéxternal thateven if the contours produced by each component are simi-
ones. Not all the systematic errors have been taken into &5 the best fitting values can be verytdrent. Sometimes this
count, nor the covariance terms in the internal, measuremditference arises from the fact that the best value is close to the
errors. We will briefly mention here four importarffects that boundary in metallicity allowed by the tracks. In several cases
one has to keep in mind when using these results: the heligee Table 6) the fitting indicates large metallicities that can

3.5. Tests and limitations
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Fig. 7. Using the Sun as a test case for the Padova (diamond and open star) and Geneva (circle and triangle) tracks. The adopted tempe

and luminosity are 577% 2.5 K and (3.844« 0.01) x 10° erg s* (Weiss & Schlattl 1998). A bad fit (open cross) obtained with the Geneva
models but with parameters close to #xogt Padova solutions is also shown for comparison.

@
o

only be reached with the Padova and Geneva tracks. The Biegile 6 for 58 systems (from [2] to [59]) using the 3fdient
fits obtained are not necessarily good fits. sets of tracks described in Sect. 2. The two remaining systems
(3) The 3 sets of tracks used here have the same prescriptida] and [1b]) are discussed in Sect. 4.2. The column marked
for core overshooting (see Table 1). Would tracks without ovefF” indicates the track used for the fit. Note also that all ages
shooting produce worse or better fits? For instance, P97 arguexe corrected for the finite age of the ZAMS in the case of the
that a few systems can only be fitted with models which includ&eneva tracks, following Eq. (1). Although the best fit values
overshooting. We have used Geneva tracks without overshanty appear discrepant, it is essential to use the minimum and
ing for this test, and as shown in Table 6, we find no significamtaximum values tabulated (at thih confidence level, as indi-
differences between the Geneva models with and without ovemted) to test for the statistical significance of thi@esdences.
shooting. However, the power of the test is limited by the small It is beyond the scope of this paper to analyse each binary
mass range (and hence the number of systems) in commorsfggtem in detail, hence in the following we only discuss a few
these two sets of models, and by the fact that most of these sygtems which either can be compared with previous studies or
tems yield bad fits (see Sect. 4.3). We cannot conclude, on ghesent problems. Except pre-MS stars (Sect. 4.1) were good
basis of these tracks and this small sample, whether overshéits-cannot be expected with post-MS models, bad fits were ob-
ing is preferred or not. This is yet another source of systematined in the HR diagram for stars less massive than\i,2
uncertainty that is diicult to quantify. EW Ori [3] being the most massive one. They are mainly dis-
(4) To what extent the age—metallicity degeneracy can bessed in Sect. 4.3.
partially lifted by increasing the accuracy of the measures?
A good example is provided by V539 Ara [41] (Sect. 4.5.2

and Fig. 22), where the measures from Clausen (1996) ar&& Binaries with (at least) a pre-MS component:
factor of about two better than the previous ones from Andersen EK Cép [17] and RS Cha [14]

(1983). The degenerate areas in th&)plane are substantially As expected, none of the three sets of tracks are able to fit the
reduced, although large metallicity solutions are allowed. Se@stem EK Cep [17], because the secondary is a pre—main—
also the case of Aur [27] (Sect. 4.4.10 and Fig. 20) for asequence stdiand the tracks used do not include these phases.
similar example. Once again, the most contraining systems gf&ertheless, since our method can use information for individ-
those with evolved components, even though the precision g stars, we can predict from the primary alone a metallicity,

the parameters could be worse. which turns out to be around solar.
RS Cha [14] is also identified as a pre-MS (Mamajek et al.
4. Analysis of individual systems 2000): pre-MS tracks achieve a good fit (Palla & Stahler 2001).

We have applied the techniques developed in Sect. 3 to th® As suggested by Popper (1987), and confirmed by Mast’
entire sample of 60 systems. The results are summarizeRigbolo (1993), and Claret et al. (1995).
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L ] pre-MS contraction phase. Since this upper limit may be too old
F 1 (Torres & Ribas 2002 estimated a younger age 870 Myr),

I YY Geminorum | we refer the interested reader to the detailed analysis of YY
Gem by Torres & Ribas (2002). We also note that using the
| older Teg-L parameters from Leung and Schneider (1978)
Tout et al. 1996 1 (also shown in Fig. 8) leads to virtually no constraint due to
Brocato et al. 1998 | the large error bats.

Torres & Ribas (2002) adoptetlyy = 3820 + 100 K
(see Fig. 8) from several empirical calibrations. However,
| adopting the colour index values listed in their Table 6
CM Draconis 1 forV-lg, V- K and R- I)c, assuming solar abundances
| and the very accurate surface gravity of YY Gem from
1 Torres & Ribas (2002), and neglecting the reddetinthe
BaSeL models (Lejeune et al. 1997, 1998) indicate cooler
TexS (between 3605 and 3642 K to be compared with the
coolest temperature that Torres & Ribas (2002) obtain: 3719 K
fromV-I¢). Since the BaSeL models provide very good agree-
ment with empirical calibrations in these colours (cf. Fig. 2 of
Lejeune et al. 1998), we suspect that Thegs of YY Gem still

Fig. 8.YY Gem [1a] and CM Dra [1b]. Data points for CM Dra Come.need further revisions, but the temperature issue for cool stars

from Viti et al. (1997). The circle gives the position of YY Gem fromIS still controversial to give a definitivee- L
Andersen (1991, both components at the same position), to be com-.In thg case of CM Dra [1k?]{ whose metallicity IS com-
pared with Leung & Schneider (1978, error bars for each componeR#ftible with the solar value (Gizis 1997) or lower (Viti et al.
and Torres & Ribas (2002, bold error bars, both components at tf897, see also Metcalfe et al. 1996), its position in the HR di-
same position). The isochrones of Biieaet al. (1995) and Brocato agram is very well constrained (Viti et al. 1997) for such a
et al. (1998) are for a solar metallicity and an age of 10 Gyr. Two aWLM binary, and indicates a metallicity close to solar with
alytical ZAMS (Z = 0.02 and 0.03) from Tout et al. (1996) are alsghe models of Barde et al. 1995 (see Fig. 8). When using
shown for comparison. other sets of tracks (from Brocato et al. 1998, or the analyt-
ical ZAMS of Tout et al. 1996), the results are substantially

RS Cha will not be discussed any further due to the uncertaififerent and & = 0.02 composition is clearly inconsistent
on its Ter (€€ Sect. 3.2). with the data (see Fig. 8). A larger sample is needed in these

Finally, as suggested by Nordstn"& Johansen (1994a range of masses to confirm these tests, and the discovery of

hereafter NJ94a), AR Aur B [48] may also be a pre-MS as wefth M-dwarf eclipsing binary, GJ 20_69A (Delfosse et al. 1999),
Table 6 predicts a metallicity slightly sub-sold ¢ 0.014+ With components of about 0M, (which places GJ 2069A be-

0.003) for the system, in agreement with the NJ94a study. WEeN CM Draand YY Gem), is a first step towards better ob-

derived from synthetic photometry (L99a) a lower limit on th&€"vational constraints in the lower mass end of the main se-
metallicity of the primary Z > 0.017), only marginally con- guence (see&jransan et al. 2000 for a recent list of accurate
sistent with the theoretical results. This discrepancy may coffi@sses of VLM stars).

from the chemical peculiarities of both components (Zverko

____ Baraffe et al. 1995

—1.5

log L/Lg
—2

3.6 3.55 3.9 3.45

log Teff

etal. 1997, and references therein). 4.3. Systems with at least one component
in the 0.7-1.1 My mass range: RT And [47],
4.2. Binaries with VLM star components (M < 0.7 Mp): HS Aur [2], CG Cyg [46], and FL Lyr [4]
YY Gem [1a] and CM Dra [1b] We obtain systematically worse fits for all these systémihe

Neither YY Gem [1a] nor CM Dra [1b] provide a test forbad fits howeverpresenttvvdfﬁrenta_spects.While both com-
Geneva, Padova and Granada tracks, since their componBRRENtS of HS Aur [2] can not be fitted (or at least only by

are very low mass (VLM) stars, with masse_s below M6. "1 As shown by Torres & Ribas (2002), the apparently good fit in the
For these two systems only, we have u§ed instead the evQlgp for vy Gem using the Bafe models is deceiving because they
tionary tracks from Barde et al. (1995) which are computed atajl to predict the correct radius of low mass stars for the measured
logt = 10 yrs. Assuming the position of YY Gem from A®1 mass, by 10% or more. At least in this particular case, the ude of
(see Fig. 8), these tracks yield a best fit for YY GenZat andTe; gives the wrong impression. This illustrates the importance of
0.019. This is consistent with the solution found by Chabrigre prescription proposed in this paper: 1) to fit the classical 4R

& Baraffe (1995), indicating also that YY Gem [1a] could béhen 2) to check the predicted masses and radii.

anywhere between the upper limit of 10 Gyr and the end of thé YY Gem is a nearby system-{6 pc) according to its Hipparcos
parallax, so we assume a colour exceéB — V) = 0.

10 The comprehensive study of YY Gem by Torres & Ribas (2002}® Some of their components are not massive enough to be fitted
provides a new position in the HR diagram which however leads to math the Granada tracks, so only the Geneva and Padova tracks are
significant diferences. used here.
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Fig. 9. HS Aur system [2]Left panels confidence regions in the (metallicity, age) plaRéght panelsHR diagrams. The top panels use the
Geneva tracks, while the lower ones use the Padova ones. The best solutions obtained are indicated by circles. Keeping the same metalli
the best solution, we also show two other pointsafi®m the best solution, with respectively a smaller age (diamond) and a larger age (oper
star). Another point (triangle) is the solution with the lowest metallicity allowed at a@hfidence level. The Geneva isochrones clearly do
not fit the HS Aur system, no matter what age or metallicity are used. In contrast, the Padova tracks allow a successful fit at about 2.5 time
solar metallicity.

very enriched models), the systems RT And [47], CG Cyg [4Bhnels)~[Fe/H]=0.4-0.5. It remains to be seen whether a spec-
and FL Lyr [4] have a secondary component far too cool to escopic analysis confirms this predicted large metallicity.
matched by the same isochrone as the .p”.M.amh'S may re Since the results of Pols et al. (1997) and the present study
veal a diferent behaviour. Under the optimistic hypothesis that o -
. . ; rely on the samf& ¢ determination, a revision may well be

the location of both components of HS Aur in the HR diagram . .

) ) needed (in particular th&s of the secondary components)
are perfectly reliable, Fig. 9 suggests that the models are un-: L . )

S = S efore definitive conclusions. Unfortunately, while L99a, ROO,

able to correctly predict its properties: either we have stron

difficulties to fit both components of HS Aur (Geneva model d Lastennet et aI._ (200.2) cgrefully re-derfgs for many
. A . . Bs from photometric calibrations, none of these works study
or we obtain very questionable metal-rich solutions (Pado

a : . o
models). For illustrative purposes, Fig. 9 shows that the Gen %bg stars in question because individudly photometry would

tracks do not produce confidence areas at theelel, and e hecessary.
most solutions are extremely far away{3from the position We now have to examine FL Lyr [4], CG Cyg [46]
of the system. In contrast, the Padova tracks succeed in fittamgd RT And [47]. Besides & revision, possible explanations
the system, but at a metallicity which is more than 2.5 timex the disagreement may come from mass transfer and starspot
solar £ = 0.04-0.05). This anomaly was also found by Polactivity because these 3 systems are known to be active stars.
et al. (1997): they obtained highvalues for all systems with As already discussed in Sect. 3.1 none of these stars overflows
stars below 1M,. The Padova tracks indicate that HS Auits Roche lobe (see also Lastennet et al. 2002 for more details).
is at the same time quite old and metal rich (Fig. 9, lowéfetin RT And, the face-to-face position of the spots on the sur-
face of both components may indicate the possibility of a mass
14 The same dficulty appears with the Cambridge group models bffansfer from the primary to the secondary component through
fitting simultaneously their féective temperatures, masses and radi magnetic bridge connecting both active regions (Pribulla et al.
(see Pols et al. 1997). 2000). If this is confirmed, the RT And components could not
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. . N
be assumed anymore to evolve like single stars, and we coulglr—-

not expect to reproduce their evolution with the models consid-

ered in this paper. Enhanced surface activity is also presenLif§ "

FL Lyr and CG Cyg. These spots lead to quite distorted Iigﬁt

curves and consequently less well-determined photometric ;elff
ements, and hence may provide an explanation of the disagree
ment we have found. 3

If the disagreements appear to remain even after further T,/"_T-/ s

|

Q
<]

L
[}

oL
o

log L/Lg

Qo
o

analyses, they will give additional examples to the dilemma
pointed out by Popper (1997) who remarked that for systems
with masses between 0.7 and M} it was dfficult to place 3
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both two components on the same isochrone. The same haﬁ- T

pens in a Mass-Radius diagram as shown by Clausen et al.|.

(1999).

Other binaries show similar problems in this mass range?
as briefly reviewed by Lastennet et al. (2002). However, the
systematic dtferences between models and binaries of this,
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mass range are not observed in CD Tau C, a solar mass conai e

panion of the triple system CD Tau. Ribas et al. (1999) obtained L__:
a perfect fit of the three components with a single isochrone,““”’3
and the issue is still open to debate. New accurate data for low
mass eclipsing binaries should help to work out the discrepan-

cies (Clausen et al. 2001; see also Lastennet et al. 2002 Kigd10-Al Phe [5], Geneva tracks. The upper panels use the parame-
references therein). ters from Andersen et al. (1988), while the lower ones take the more

recent data by Milone et al. (1992). Circles (solid line isochrones)
are the best solutions. In the upper panel the triangle (dashed line
isochrone) is atd from the best solution. The spectroscopic metallic-
ity (Z = 0.012+ 0.003) from Andersen et al. (1988) is indicated with
vertical lines.

1 1 1 1 1 1

0.014 0.016 3.84 3.8 3.76 3R 3.68

log T,y [K]

1
0.01 0.012

A

4.4. Systems with both components in the 1.1-3. M,
mass range

4.4.1. Al Phe [5]

Al Phe is one of the most interesting systems in the sa®64< logt < 9.67 yr, all 1) and with the Padova onez &

ple since the coolest component is also away from the ma®0087353and 9.5% logt < 9.63, Ir) are both in good agree-
sequence, and observational constraintsZoare available. ment with the ones deduced from Geneva and the metallicity
A spectroscopic determination of metallicity from high resolu-ange from Andersen et al. (1988), although the range allowed
tion CCD spectra (Andersen et al. 1988) givegHe= —0.14+ in age is a bit larger.

0.1, i.e.Z = 0.012+ 0.003. Using tracks from VandenBerg

(1983) they derived an age 0fl4-0.5 x 10° yr from isochrones

with an helium abundancé = 0.27 + 0.02'6, Our 3 sets of 4.4.2. UX Men [6]
tracks can only fit the system at slightly lower metallicities, aBhis system was studied by Andersen et al. (1989) who derived
shown in Fig. 10 for the case of the Geneva tracks. These agsest fit isochrone of age (2470.3) x 10° yr andY = 0.27+

sults are consistent with P97 and R00. The combination of @1 using the VandenBerg (1985) tracks fixedat 0.019,
updated parameters for the system from Milone et al. (1998 observed value. There are several measures of the metallic-
with the heavy element abundance from Andersen et al. (1988}’. Since they are consistent with each other (except that the
constrain extremely well the system, with uncertainties in agdausen & Grgnbech value was not corrected for reddening),
smaller that 0.010 dex atoland 0.014 at 8. The best fit we adoptin Fig. 11 the more precise spectroscopic determina-
solutions are entirely compatible with both data sets. The t&n (Andersen et al. 1989).

sults obtained with the Granada tracls € 0.011+ 0.001, The Geneva tracks (with overshooting) give two coeval

components with the same metallidftyEven though the ages
15 The Padova isochrones do not match the Hyades eclipsing binary
V818 Tauri in the mass-radius diagram (thus, without using any int’ (1) Clausen & Grgnbech (1976) find a small value,/fHe=
formation onT), and it appears ficult to match the mass of the -0.15 from ubyB photometry; (2) Kobi & North (1990) obtain
secondary of the nearby visual binary 85 Peg. [Fe/H] = -0.04; (3) From their own Sarhgren ubyB observa-
16 This abundance is much smaller than the one found Ipns and correcting for reddening, Andersen et al. (1989) deduce
VandenBerg & Hrivnak (1985)Y = 0.33-0.44, although for a similar from Nissen’s (1981) calibrations a metallicity of fH# = —0.05 +
age { = 3-4x 1C° yr). VandenBerg & Hrivnak (1985) adopted [F#  0.15; (4) Andersen et al. (1989) also obtained from high resolution
= 0.17 + 0.20 (from the observedy index, the Crawford (1975) cal- CCD spectra [F&] = 0.04+ 0.10 (i.e.Z = 0.019+ 0.004 for an as-
ibration for F-type stars and the§([Fe/H]) relationship of Crawford sumedZ, = 0.0169, VandenBerg 1985).
& Perry 1976), which is clearly far too large in comparison to the de*® The primary has (log Z)a = (9.42, 0.033) whereas the secondary
termination of Andersen et al. (1988). has (log, Z)s = (9.44, 0.030) (see Table 6 for the uncertainties).
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solutions. The limitedZ range in the Granada tracks lead
Latham et al. (1996) to a best fit at tEdimit of the Granada
models, but which is by no means unique, as shown in Fig. 12.
A similar good fit was also found by Pols et al. (1997yat
0.03, which is the upper limit of the models they used. This
system was not selected by R0O.

Although the age is very well constrained by all sets of tracks
(about 0.1 dex atd, see Fig. 12, left panels), solutions with
metallicities ranging from 0.025 to 0.06 are not statistically re-
jected at the & leveP°. Sincemy(DM Vir) — my(Hyades)=
0.001 (Andersen et al. 1984b), this suggests that DM Vir has a
metal content similar to the one in the Hyades. Latham et al.
(1996) also take [Fel] = 0.12 + 0.12, although a detailed
spectroscopic analysis is needed. This would imply (Wigh-
0.27)Z = 0.023+ 0.006, yet the best fits obtained here with the
3 sets of tracks favour much larger metallicities, especially the
Padova tracks. Hence, if this metallicity is confirmed, the con-
tours of Fig. 12 show that the Padova tracks would fail to fit the
system in the HR diagram, while the Geneva and Granada ones
would be consistent, provided the He abundance is as high as
the one used by these models (cf. Table 1).

Fig. 11.UX Men system [6], Geneva tracks. Best fit (open circle), 1
points (triangles and diamonds), and @ goint (open star) situated 4.4.4. RZ Cha [10]

within the observed metallicity range. The vertical lines mark the ob-
served value o at 0.019+ 0.004 (Andersen et al. 1989), while theThe components of RZ Cha are known to be both evolved and
best age (open square) by Andersen et al. (1989) was derived usitder than 2 Gyr (Jargensen & Gyldenkerne 1975). Andersen
the VandenBerg (1985) models computedZo# 0.019. Results from et al. (1975) found log= 9.301 with a preliminary version of
Pols et al. (1997) (error bars At= 0.024) and the extrapolated solu-H80 tracks, while we obtain (lagZ) = (9,32885, 0.015’:8-884
tion of Ribas et al. (2000) (vertical dotted linezt= 0.039) are also \yjth the Geneva tracks. As illustrated in Fig. 13, the contours
shown for comparison. The last one is unreliable because well bey?%‘%ulting from the fit with the Padova and Granada models are
the uppeiZ-limit covered by their modelsA(= 0.03). also very simila#™. Yet these solutions fof are systematically
smaller than the value of [Ad] = —0.02 + 0.152, which is

. _ Imost solar metallicityZ = 0.02059%. In fact, the Hyades
are S|r_n|_lar to .the one derived b)_/ _Andeorsen et al. (1989), t etallicity adopted by Jgrgensen & Gyldenkerne was an over-
metalllc_lty derived fr_om the best_ f".[ is 50% larger than the SP€&stimation. More recent determinations (e.g. Cayrel de Strobel
troscopigphotometric valu¥. This is also supported by the flt—et al. 1997; Perryman et al. 1998) cluster aroundHffigades=
ting of the combined system (Fig. 11). The Padova tracks giv%al4+ 0 Oé so that we derive for RZ Cha: [fF§ = —0.08+
very similar result, (log, Z) = (9.257, 0.034), but the Granada, o5 17 = 0,014+ 0.002. This metallicity is in very good
models and P97 yield a slightly smaller m.etaII|C|ty ((tlog) = reement with the best fits obtained by the 3 sets of tracks,
(9.405, .0'027) and (9.365, 0.024) respectively). Howevgr, att& Geneva tracks being slightly better (see Fig. 13). The ex-
1o confidence level a value as smallAas 0.022 (0.025) is al- tremely good constraint on the age (less than 0.04 dexrt 1

lowed by the Geneva (Padova) models. We suspect that a sl ises from its evolved position on the HR diagram. Despite the

increase in the helium abundance may reconcile the rangedns inat both components of RZ Cha are on the same point in

ferred from its position on the HR diagram with the spectrihe HR diagram, hence a less than optimal case (Fig. 13), it is
scopically determined metallicity. Alternatively, a revision o

theTe may be another explanation. This will be discussed fur-
ther in Sect. 5.2. 20 This was also found by Andersen, Clausen & Noraisti(1984b)
using the H80 models: solutions as separated as ((0§.60,Z =
0.02,Y =0.18) and (log = 9.60,Z = 0.04,Y = 0.26) being good fits,
the solar metallicity solution implying however a rather unlikely low
helium abundance.
Accuratg data from Latham et al. (1996) have superseded tﬂe(logt, Z) = (9.30°9%, 001899%) and (logt,Z) = (9.34'0%,
values listed by A91 for this system. Figure 12 shows the b%ltggg[z‘) for Padova and Granada models respectively. These re-
fits obtained with the Geneva (upper panels), Padova (midd|gs are in a very good agreement with P97 (their overshooting mod-
panels) and Granada tracks (lower panels), and illustrates &ig. For the sake of completeness, we note that this system was not
danger of using a single set of tracks to get all the possilsi@died by R0O.
22 Derived fromAm, = my(RZ Cha) - my(Hyades)= 0.017 and

19" An even more metallic abundance is suggested by the RO0 extrapeosing [FH]uyases = 0.20 + 0.15, Jorgensen & Gyldenkerne
olated solutionZ = 0.039. (1975).

4.4.3. DM Vir [8]
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Fig. 12. DM Vir system [8]. Confidence regions using the Latham et al. (1996) data and the Gepees panels Padova hiddle panels

and Granadadwer panel} tracks. Best fit values (circles) are indicated in each panel, along with the corresponding isochrone (solid lines) in
the HRD. Other isochrones, associated with the positions marked by triangles or diamonds on the left panels, are also shown in the HRDs. The
fit obtained by Andersen et al. (1984b) with the H80 tracks (open star) and by Latham et al. (1996) with the Granada tracks (square) are also
indicated.

precisely because its position lies by the TAMS, that one c&ig. 15 with Padova models. They both indicate that better fits
derive good constraints on both metallicity and age. are obtained with larger metallicities (in agreement with Pols
et al. 19977 > 0.028), yet isochrones @ = 0.017 are only

20 away from the best fits. The revised ROg:s are the same
4.4.5. PV Pup [12] ones that we use, so our high-metallicity results are unchanged.

The proximity of the two non-evolved components of this syg\ternatively, the simultaneoud &, [F&/H]) solutions derived
tem in the HR diagram does not allow to define a very acc{iom Stomgren photometry for both components of PV Pup
rate solution: the closer the two points on the HR diagra,g_,astennet etal. }9_99a) give weak co.nstralnts on the metallic-
the larger the contours. The Geneva tracks give a best fitt4fPut an upper limit of [F¢H] < 0.24, i.e.Z < 0.029, at %)
(logt, 2) = (7.53, 0.040), but metallicities as low Zs= 0.015 2and a rather well-defined range B (log Ter between 3.86
and ages as large as Ibg 9.1 are not excluded at ther3 and 3.88). This would shift the position of PV Pup in the HR di-
confidence level (Fig. 14). As indicated by Vaz & Andersefdram towards larger values of; (and hencet) and conse-
(1984), the H80 models allow good fits at (lod@, Y) = (9., quently would exclude all the higi-solutions.

0.02, 0.18) or at (8.60, 0.04, 0.26), yet another example of the

ag%metallicity degen_eracy. Nis_sen’s (1981) calit_)ration of the 4 6. TZ For [18]

Strdmgreng andsm; indexes giveZ = 0.017 (this value is

a vertical line in the isox? diagrams in Figs. 14 and 15). ForTZ For is a rare occurrence of a system with a-sgiant and
clarity, Fig. 14 shows the results with the Geneva models aadgiant, and hence potentially one of the most constraining



566 E. Lastennet and D. Valls—Gabaud: Detached binaries in the HR diagram
T T T T T T
| ‘ 4
+[ o—— GENEVA | ] {
° ! ! i N
= | o-—-PADOVA ! | TOr ! 1
5 I . ‘ * e} . /
, :
2ol oo oceez  INLLO. 1. | -
yo | g N —~ Tl
S ‘ o T~
\ ! N
o+ it | |1
@l \ i !
* | o |
L | HL‘MH‘m‘H‘éuunuquuxuuxuux‘““
0.01 0.03 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
7 Z
o]
- T T T of T
e
® demmmoe o ___ -] [ e
£l . 1 s i
K \ <e ——A--
e ANl ———-
we [ B w O -
S 9 <L e DA NN . A
of Z = 0.040 G | IR NN
~ s RS . . SN AN 4
st 1 ot logt= 5.000 RN
T~ SN ~
co NN NN N
© ) ) e I B B S S N NN
383 381 a8 .88 3.87 3.86 3.85 3.84 3.83 3.82 381 38
log Ty, [K] log Ty, [K]

Fig. 13. RZ Cha system [10]. The upper panel superposes the Fig.15.PV Pup [12], Padova tracks. Isochrones for the best fit (filled
contours from the 3 sets of tracks, along with the best fits fronircle at (logt, Z) = (5., 0.04)) and for points atolaway (triangle),
Geneva (open circle), Padova (square) and Granada (triangle) traeksl for four coeval points (open circles) with the best age solution
The metallicity range found by Jagrgensen & Gyldenkerne (1975), cdaut with different metallicitiesZ = 0.030, 0.035, 0.045 and 0.050).
rected for the updated Hyades metallicity, is indicated by the verticBhe VA84 solution (square with error bars) with the H80 models is
lines. The best fit isochrones from the three sets of tracks are shaiso shown, along with th& = 0.017 (vertical line) derived from

in the lower panel.
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Fig. 14.PV Pup [12], Geneva tracks. Best fit (open circle at {la) =
(7.53, 0.04)), & points (triangle atZ = 0.04, and diamond aZ

Stromgren indexes (VA84 with Nissen (1981) calibrations). Two other
points (filled triangle and filled diamond) are also shown onZhe
0.017 line.

systems. Moreover, there are spectroscopic data for this binary:
Andersen et al. (1991) give [A¢] = +0.1 + 0.153. The pri-
mary of TZ For is too evolved (core helium burning phase, as
suggested by Claret & Giemez 1995a and Pols et al. 1997) to
be matched by Granada models, hence only results derived for
the B component are given in Table 6. The agreement around
solar metallicity is quite satisfactory for the Geneva models, but
seems dficult to match with the Padova tracks: the lower limit
of the Padova models at therlevel is only marginally con-
sistent with a solar metallicity. In spite of the better agreement
obtained with the Geneva models, a remark has to be made.
The masses of the TZ For system are known with great accu-
racy (better than 3% for the primary and almost 1% for the sec-
ondary) and provide stringent tests: we should derive the same
masses with the theoretical tracks. Thus, if we consider TZ
For B which is the strongest test and fix the mass of the Geneva
tracks to its measured value, Fig. 16 clearly shows that none of
the tracks succeeds in fitting this star whatever the metallicity
used (cfleft pane). Alternatively, if we fix the metallicity to its
observed value (Andersen et al. 1991), the mass of the tracks

around 0.025) and the VA84 solution (square with error bars) with thgyve to be reduced byw5to reproduce the mass of TZ For B
H80 models are shown. Tevalue of VA84 (derived from the Nissen (seeright pane). This shows that the Geneva models do pre-

(1981) calibrations) iZ = 0.017 (vertical line). Two other points
(filled triangle and filled diamond) are also showrzat 0.017, with

dict a metallicity consistent with the spectroscopic value, but if

the same ages as the (open triangle) and (open diamond) isochrones

respectively.

2 j.e.Z = 0.02159% (with Z, = 0.0169, VandenBerg 1985) dr=

0.023°39%0 (for Z, = 0.0189, Maeder & Meynet 1988).
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Fig. 16.TZ For system [18]. The hottest component of TZ For, TZ For B, is a star whose mass is known to 1% accuracy QLC2#M,).
Geneva tracks of several metallicities (with a mass equal to the TZ For B mass) are shown, but none of them fits this cdefppaer).(
In order to fit TZ For B with the observed metallicity, the mass has to be reduced byght pane).

the metallicity is fixed they do not predict the correct mass aimycorrect colours may be an alternative explanation, supported
more with the required precision. by the possible contamination of the visual companion.

4.4.7. VV Pyx [19]

The best isochrone solution found with the Padova tracks gives® [ <
(logt,Zz) = (8.721, 0.008) while the Geneva tracks predict ©r
logt = 8.753+ 0.04 also at the same metallicity. The Granada ol -
tracks give solutions in good agreement with Padova andg '
Geneva: (log, Z) = (8.76+ 0.04, 0.010t 0.001), see Fig. 17. &’ |
It is unfortunate that there is no metallicity indications, becausé ™~
Andersen, Clausen & Nordsimi (1984a) derived a solution® @ ¢
with a metallicity twice as large (logZ) = (8.6, 0.015) us- o I
ing the H80 models. The flerence in the solutions certainly 2 -
arises from the dierent physical ingredients of these tracks [
with respect to the sets we have used, as explained by Andersep |
et al. (1984). A measure of [Ad] would therefore be anideal o [
test here, even though spectra may be contaminated by the [
visual companion, a maitsequence A5A7 star, itself per- ~C L
haps a spectroscopic binary (Andersen et al. 1984a). The re® 5x107° 0.01 0.015
sults we derived from the HR diagram would be unchanged 7

with the Ters of Ribas et al. (2000), because the revision fSg.17. VV Pyx system [19]. Comparison between the best fits
tiny (ATeg = 22 K). An attempt to derive [Fel] from the obtained using the Geneva (circle), Padova (square) and Granada
synthetic BaSeL photometry (Lastennet et al. 1999a) suggestengle) tracks, superimposed on the confidence regions of the
a metallicity markedly smaller than solar (jF§ < —0.45, Geneva tracks. The best solutions of Andersen, Clausen & Nordstr”
i.e. Z<0.007), but the fit of Stiingren colours and lagis bad. (1984a) using the H80 models (diamond) and Pols et al. (1997) (error

While this bad fit may reveal a problem of the BaSeL modelg?rs) are also shown. The photometric constraint ofHHg.astennet
et al. 1999a) is shown as a solid line with arrows.

g
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Fig. 18.V1647 Sgr system [22], Padova trackdpper panel: y? con- Fig.19.YZ Cas [25], Geneva tracks (open circle symbol for the best
tours in the (metallicity, age) plane. Note the shift in metallicity befit, and 1-, 2- 3¢~ contours). For comparison, the results of previ-
tween the best solution from Padova tracks (open circle at,®)g= ous studies are indicated: Lacy (1981) using the MDSG79 tracks
(8.38, 0.014)) and the best fit by Andersen & @imez (1985) (square (filled square) and the H80 models (filled triangle); De Landtsheer
with error bars) using the H80 models. The two other points (triangée De Gréve (1984) with the MDSG79 (square), the H80 (triangle),
and diamond) define the two corresponding isochrones (dashed kel the De Loore et al. (1977) models (cross); Celikel & Eryurt-Ezer
and dot—dashed line respectively) in the lower pahelver panel: (1989) (filled circle). More recent studies from Pols et al. (1997) (open
best fitting Padova isochrone (solid line), along with two isochronasgar), and Ribas et al. (2000) (diamond) are also shown. A metallic-
at 1o ity estimate from photometry is indicated with vertical dotted lines.
See Table 2 for further details.

4.4.8. V1647 Sgr [22]

4.4.9. YZ Cas [25]
Andersen & Ginghez (1985) used the H80 models to derive

best fits between (lagZ, Y) = (8., 0.03, 0.27) and (8.30, 0.02,This system has been studied a lot previously, and Fig. 19 and
0.23). With the Geneva tracks, we get an age consistent witible 2 summarize the results obtained so far. Except for the
these results (log~ 8.24), but a solar metallicityZ(= 0.017), measures of Lacy (1981), all sets of models (whatever the stel-
even though a larger metallicity (s&y = 0.023) at a slightly lar parameters used) agree in supporting a solar metallicity
smaller age is not excluded by thé-contours. The Padova(Z range between 0.015 and 0.020). As quoted in Table 2 a so-
models agree with these values (see Fig. 18)t lo@.40 and lar composition is supported by photometric determination on
Z = 0.014'30%° as well as the Granada tracks: tog [7.50, the B component, a F2V star (Ribas et al. 2000). Even though
8.62]andZ = 0.01@8:883. Andersen & Ginenez (1985) quote a its components are not very evolved, YZ Cas is a stringent test
possible observed range fabetween 0.02 and 0.04, which isof the models because of the relatively larg&etence in its
consistent with the 3 sets of tracks used here, although smattexrsses. The metal abundance determination of ROO is therefore
values are permitted. If the lower limit @ > 0.02 is confirmed, a strong support to the quality of the tracks in #1£3-2.3M,,

the Granada tracks may not be able to fit the properties of thésge.

system. Apart from this very good agreement between models and
Note however that the rotation velocities of the componerdata, we have to mention that there is still an open prob-
are not negligibleysini)a = 80+ 5 km s and ¢sini)s = lem concerning the primary component, YZ Cas A, a metal-
70+5km s (Andersen & Ginghez 1985) and that isochronesic Am star. While a disagreement may be expected between
incorporating rotational feects would give slightly younger the atmospheric metallicityZimes) and its intrinsic compo-
ages and larger metallicities. It has also been pointed out thiibn (Z, as derived from the models) due to an enhance-
the parameters of this system may have been perturbed byrtent of the metal abundance in its external layers, Lastennet
presence of its bright visual companion, and this has not bestral. (2001) found some discrepancy betweenzhgos de-
taken into account in the error budget (Ribas et al. 1998). terminations. While photometric methods suggest Hagtosis
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Table 2. Comparison of age (log in yrs.), metallicity Z), and helium abundanc&) determinations obtained for YZ Cas [25].

Tracks logt Z Y? Reference
Mengel et al. (1979) 8.544 0.004 0.027+ 0.003 0.30+ 0.02 1)
Hejlesen (1980a,b) 8.613:0 0.03+ 0.01 0.30+ 0.04 (1)
Mengel et al. (1979) 8.§0.1 0.010+ 0.005 0.30+ 0.05 2
Hejlesen (1980a,b) 850.1 0.015+ 0.005 0.335t 0.050 2
de Loore et al. (1977) 8.650.10 0.015+ 0.005 0.335t 0.050 2
Celikel & Eryurt-Ezer (1989) 8.7#0.02 0.02x 0.240r (©))
Pols et al. (1998) STD 8.66 0.02 0.014292 0.26829% 4
Pols et al. (1998) OVS 8.790.02 0.016%508 0.2722%2 4
cG&? 8.654+ 0.014 0.016t 0.004 0.270Q: 0.026 (5)
CG92 8.73°%9%7 0.01739:% 0.27639%° (6)
Geneva 8.681% 0.0183%5 0.2932520 (6)
Padova 8.62% 0.02099%° 0.28003% (6)
Strémgren photometry (B comp.) 0.018-0.020 (5)

2 Claret (1995), Claret & Gimnez (1995), Claret (1997), Claret & Géméz (1998)° Claret & Giménez (1992)* Assumed composition.

(1) Lacy (1981); (2) De Landtsheer & De &re (1984); (3) Celikel & Eryurt-Ezer (1989); (4) Pols et al. (1997); (5) Ribas et al. (2000)][Ee
0.03, i.e.Z = 0.018 (assumind@, = 0.017, Grevesse 1997, priv. comm.)DkE 0.020 (assuming,, = 0.0188, Schaller et al. 1992); (6) This
work. T Only the CG models allow an independent determinatiovi ahdZ. Otherwisey is derived from a fixed law oncg is determined.

solar?, Zamosderived from IUE observations by De Landtsheanetallicity and smaller age that remains with the Padova tracks,
& Mulder (1983) is still high Zamos = 0.036 + 0.005) de- giving rise to isochrones that are statistically indistinguishable
spite the attempt of Lastennet et al. (2001) to revise somefaim the lowerZ ones (see the left bottom panel in Fig. 20).
the assumptions made by the IUE-based spectral study. M@hésislandis in principle excluded because the implied metal-
detailed analyses are needed to understand this disagreeméaity is much larger than the observed one, although a modern
spectroscopic determination would be useful to confirm Toy’s
4.4.10. 8 Aur [27] (1969) values.

In this system we can compare thfeets of increased pre-
cision in the measures of its parameters. Figure 20 uses

the logTes and logL parameters listed by Andersen (1991)

(upper panels) and the more recent éhé®m Nordstom & 4.4.11. V1031 Ori [28]
Johansen (1994b, hereafter NJ94b) in the lower panels. The

former values giveZ = 0.025 and log = 8.614 using the

Geneva tracks, similar to the best fit values found for each

component separatéfy These results are inconsistent with|| the models converge towards the same solution for this
the constraints in metallicity given by Toy (1969)0.03< system. Andersen et al. (1990) used two sets of tracks and
[Fe/H] <0, and the disagreement is even worse with the Pad@ysived (log,Z,Y) = (8.74, 0.024, 0.27) with VandenBerg's
tracks, since they give best fit modelsZat 0.035 and log = (1985) models and (lagz, Y) = (8.85, 0.02, 0.28) with the
8.537, although at thevilevel they may be compatible. older generation of Geneva models (Maeder & Meynet 1988,
The NJ94b analysis yields two components which are waggg)_ The updated Geneva tracks give a best fit att(Bg=
separated in the HR diagram and the constraints in e (g 771, 0.021), while the Padova tracks indicate (1@ =
logt) diagram are much better, as the lower panels of Fig. 28747 0.020), in agreement with Pols et al. (1997), (@) =
show. The uncertainty regions are greatly reduced and the 8979, 0.023), and Ribas et al. (2000), (tod) = (8.846,
lutions are shifted towards smaller metallicities. Nordstr& 0.016). Granada models favour coeval solutions with a larger
Johansen (1994b) obtainéd= 0.015 and an associated agenetallicity (Z ~ 0.027), although at thedl confidence level
of logt = 8.7%". The solutions obtained here with the Genevigere is no disagreement with the other sets of tracks, and
(Z = 0.014:5009), PadovaZ = 0.066'00:), see Fig. 20, lower yjth the photometric constraint derived from the BaSeL mod-
panels) and Granad (= 0.017:30%) tracks are all in good e|s on V1031 Ori B Z < 0.029, Lastennet et al. 1999a).
agreement and consistent with the metallicity constraint of TRjeyertheless, another photometric determination (Ribas et al.
(1969). Note however that there isigfandof solutions at high 2000) suggests a sub-solar metallicify~ 0.010) which would
imply a systematic problem in all the above-mentioned theoret-

24 Zamos = 0.0175%22 (Lastennet et al. 2001) an@amos <

0.022 (L99a). ical models for main-sequence stars around 2.3M;5The
25 Not modified by theT; revision of R0O. CG models used by Ribas et al. (2000) would be marginally
% (logt, Z), = 8.587, 0.029 and (logZ)g = 8.640, 0.023. consistent while the others are clearly ruled out. Once again,

27 As also noted by Nordstrii & Johansen (1994b), this system i€t detailed spectroscopic analysis would be needed before fur-
about 8 times younger than the Sun, and yet has a similar metallicither inferences.
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Fig. 20.8 Aur [27], contours with Padova modeldpper panelsas- Fig.21.GG Lup [36], Geneva tracks contours. Best fits with Geneva
suming the A91 values in the HR diagram, best fits with Padova (c{circle), Padova (square) and Granada (triangle) tracks are shown,
cle), Geneva (triangle) and Granada (open star) tracks. Note thatdBewell as the best fit by Andersen et al. (1993) (diamond, ACG93)
Granada value is at the upper limit available in this &t=(0.03). with the Granada tracks. The data points in the HR diagram are from
Lower panels using the updated parameters from NJ94b, the besndersen et al. (1993).

fit, high metallicity, Padova isochrone (open circle) is consistent with

the best fit isochrones from Geneva (triangle) and Granada models

(open star), even though their metallicitiesteli by a factor of 3. ) . . .

Also shown is a Padova isochrone (dashed line) of solar metallicR@sically all isochrones with ages younger thar1®’ yr and
(open square). The diamond represents the NJ94b solution (usinga@h@€tallicity betweerZ = 0.014 andZ = 0.037 can fit rea-
Granada tracks). The observed constraints on metallicity (Toy 196@nably well this system in the HR diagram. These results are
between [F#H] = —0.03 and [FgH] = 0 are indicated with vertical unchanged if we consider the rec@it revision from R00. On
lines. the other hand, Lastennet et al. (1999a) provide a slightly hotter
Ter (by ~0.9%) and a smaller uncertainty (by a factor of 3) on
the coolest componelftwhich would imply smaller contours

4.5. Systems with at least one star more massive in Fig. 21, excluding all the solutions with Z 0.025.

than 3 Mg

4.5.1. GG Lup [36] 4.5.2. V539 Ara [41]

For this system we use the Andersen et al. (1993) data whiﬁr%

update the A91 review. Even though the positions of the Co@érlfu s;:)steg?a\;v:l;ns(tggge(g b;|£vci?]er?§r]st8(198t3fzé ?:f?u;nn%r: (;]?-
ponents in the HR diagram have not changed, the accur y by ’ 9 Y

ac . )
has increased two- or three-fold. This improvement resultsmgre accurate data on the best fit isochrones. Figure 22 uses

n .

smaller uncertainty regiof% but still highly elongated along the Andersen (1983) data in the top panels and the Clausen

L . : 996) values in the lower panels. Both Geneva and Padova
the Z direction (Fig. 21). Andersen et al. (1993) derived a be, . .
o . ) racks give a smalleZ and a larger age than previous de-
fit isochrone with Z,logt) = (0.015, 7.30) with the Granada, S g .

9 L . LT - terminations?, although they all lie on thed contours. The
model$®, claiming that this metallicity is in agreement with . .

: D S updated values decrease somewhat the uncertainty area in
unpublished preliminary determinations by Clausen. Our

rec o .
sults are consistent with these values at theldvel, but a ﬁ1e metallicity-age plane, but a large rangeZofs still al-

much wider range irZ is allowed by the evolutionary tracks lowed (see Fig. 22), despite the two-fold increase in the ac-
9 y y ‘curacy of the data. Unfortunately, as indicated by Clausen

28 The A91 parameters gisenevae [0.011, 0.040]Zpadovae [0.010, (1996), attempts to measure the metallicity are hampered by the
0.062] andZgranada€ [0.010, 0.030], while the ones from Andersen
et al. (1993) producZsenevac [0.015, 0.037] Zpagova€ [0.014, 0.035] 3 log Ter = 4.04535%, to be compared with A91 or ROO: 160Gy =
andZgranada€ [0.015, 0.030]. 4.041+ 0.024.

2% P97 obtained similar solutions: Z 0.015 + 0.002, log = 3! e.g. Clausen (1979) with the Hejlesen et al. (1972) tracks,
7.18°%1% ROO obtained no solution in th&(Y) range covered by De Greve (1989) with or without overshooting (tracks from Prantzos

—-0.22"
the CG models. et al. 1986).




E. Lastennet and D. Valls—Gabaud: Detached binaries in the HR diagram 571

r T T T T T T T T T T T 7]
; B Andersen 1983
5 Sl ‘ ]
[l \ ™ L T
-+ — i ‘ |
o] )] - E
3 S | ]
m |+ —
[ Z = 0.010 ]
. o _ ]
\ 2 logt = 7.690 i
. AN F k
~ T L\ | I 1 (I T B (I 1 1 C 1 | 1 1 1 | 1 1 1 | 1 7]
0.01 0.02 0.03 0.04 4.28 4.24 4.2
Z log Teff [X]
TTT 1 | L BLELELELE BB |’|\| LI L I L L B L r N T T / T |/ T T T T T 7]
<L N, \ e Clausen 1996
™ L i
B ool Pl ;
— \ [x0 I T
-+ — i |
eT1] i =!1] 3 E
3 S | ]
L m —
I @[ i
QL - _
. ' N
~ L oo by o N v b v b N IN C ] 7]
0.01 0.02 0.03 0.04 0.02 0.04 0.06 4.28 4.24 4.2
7 7 log T,y [K]

Fig. 22.V539 Ara system [41]Top panelsmetallicity—age contours and HR diagram with the Andersen (1983) data. The best fitting isochrone

with the current Geneva tracks (open circle, at ¢(la) = (7.7, 0.01)) gives a smalleét and larger age than previous determinations (square:
Clausen 1979 [with the Hejlesen et al. 1972 tracks]; open triangle: BeeGr989 with overshooting; filled triangle: De&we 1989 without
overshooting [the latter two with the Prantzos et al. 1986 tracksjver panels: the same as above, but with the more recent values from
Clausen (1996) and tracks from Geneva (G.) and Padova (P.). The diamond represents the best fit value obtained by Clausen (1996) using the
Granada tracks. The open circles (G. at (laf = (7.58, 0.017) and P. at (ldgZ) = (7.62, 0.015)) give the best fits from Geneva (full line)

and Padova (dashed), while typical Padowaidochrones (filled circles) are also shown for comparison (dot-dashed lines).

relatively large rotational velocities of its components, respecategory, namely (by increasing order of mass) CW Cep [43],
tively 75 km s* (component A) and 48 knt$ (component B). AH Cep [51], V478 Cyg [44], Y Cyg [50], EM Car [45],
The best fit values obtained by Clausen (1996) using tH8903 Sgr [52] and DH Cep [53}. The main reason is that the
Granada tracks are (lagz, Y) = (7.65, 0.02, 0.28), identical to MS lifetime of such massive stars is short, and so these binaries
our results (see Table 6), but there are many other possible salig-often observed during their interacting phase of evolution,
tions given approximately by the confidence regions{J@y= excluding them from our sample of well-detached systems.
(7.65098, 0.02072919). This point emphasizes the power of the  All these systems have good fits, and the more massive ones
method used in the present work: the confidence regions &r@5 M, which then excludes CW Cep and AH Cep) seem
essential to properly assess and understand the results oftthgield low metallicities. As mentioned earlier on (Sect. 3.1),
tests. DH Cep may have overflown its Roche lobe, and we exclude
it from further discussion (even though it follows this trend of
lowerZ as well). Previous studies withftigrent fitting methods
also show the same trend: extrapolated solutiorzs :at0.009
As quoted in 1987 by Hilditch & Bell, there were not many

accurate systems in this mass range, and this is unfortunatédyAs quoted in Sect. 3.1, the last one does not match the 1-2% level
still true: only 7 systems of our working sample fall in thisf accuracy of the core sample studied in this paper.

4.6. Very massive stars: M > 10 M
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for V478 Cyg, Y Cyg and EM Car, with a possibly even lowetemperatures). Would the inclusion of mass/andadius, into
Z for Y Cyg according to its bad fit (Pols et al. 1997)= 0.005 they? functional reduce the uncertainties in the final ages and
for EM Car andZ = 0.010 for V3903 Sgr (Ribas et al. 2000). metallicities? We compare here threéelient formulations for

Can new and carefully derived temperatures change tthig x? functional: (1) our standard expression, based only on
low metallicity trend? The revised temperatures of Ribas et ks andL; (2) a functional minimizing the residuals using all
(2000) leave unchanged thgr of V478 Cyg, EM Car, Y Cyg the information available, namely the four quantifieg, L, M
and V3903 Sgr and decrease by only 0.003 dex both compodR; and (3) a functional using only the most direct quantities
nents of CW Cep, therefore same results are expected wiflandR. This last formulation allows us to check the predictive
these new determinations. Obviously, results that can be gewer of the theory on the other two paramet&gg,andL. As
rived for O-B binaries in the HR diagram have to be taken cain-Sect. 3.3, we will take the systepd Hya [34] as an example.
tiously due to the more uncertaifig-scale for massive stars,  Each formulation is illustrated in Fig. 23 withZ- dia-
and so definitive conclusions are premature. Moreover, becagsam, a classical HR diagram andva— R diagram. It is im-
metal abundance is fiicult to determine in hot stars, it be-mediately clear that in theZ( r) plane the confidence areas
comes dfficult to discriminate between models. For this reare roughly similar in shape and extension, although method
son, EM Car deserves more discussion because it is the o@yprovides slightly tighter constraints, as expected, at the 3
system with metallicity indications. Our theoretical predictionsvel. However in this case there are several “islands” at the
favour low metallicitiesZ = 0.003 (Geneva models) a@d= 1o level, giving rise to multiple, unconnected solutions, which
0.004 (Padova models), in agreement with Pols et al. 1987 dificult to understand given Vogt's theorem. This multi-
(Z = 0.009, extrapolated solution), and Ribas et al. 2@& ( modality also indicates thatolsolutions may be vastly un-
0.005=+ 0.002§2. derestimated if a local minimum (and not the absolute one) is

The metallicity constraint on EM Car is [A¢] < 0.10, found instead. These islands are even narrower when ling
as inferred from the photometry of its secondary componeatidR only (method 3). While method (3) makes a good fiRto
and favours low metallicity solutions ([A¢] = — 0.90, i.e. andM, it fails to provide an excellent isochrone in the HR di-
Z ~ 0.004). This result is obtained from photometric calibrazgram. Likewise method (2), which has no predictive power in
tion (BaSeL library) matching the very accurate surface gravityis sense, yields somewhat worse fits in the HR diagram than
(log g = 3.928) and the observed dereddened coldursy)y, method (1) which is therefore our preferred one for providing
my, andcy (Lastennet et al. 1999a), and supports the inferrélae best possible fit in the HR diagramdfor predicting prop-
low-Z trend mentioned above. erly masses and radii.

Alternative explanations for low metallicities in massive bi- At first sight, these results might be surprising: the extra
naries may come from the fact that the models may be too ditformation added (method 2) does not yield a vast improve-
so low metallicties models can fit the data without a propgtent on the solution, nor do the more precise masses and radii
physical reason (Young et al. 2001). However, while Your(gnethod 3). The addition of more information (method 2) im-
et al. (2001) and our results do use the information on the lpeses much tighter constraints on the models, and simply re-
minosity, this do not explain the lo&-results of Pols et al. and veals their deficiencies in a better way. There are two possible
Ribas et al.. Therefore the heavy element abundance mayagditional reasons for this. First, all these quantities are corre-
actually small for the systems of the sample with masses lar¢ged, and hence bring less information than naively expected.
than~15 M. More accurate data for massive stars are needéien we added the two components in Sect. 3.3 fitting a sin-
to solve this issue. gle isochrone, the correlations between the parameters of one

component and the parameters of the other remain, but are in
) ) general much smaller than those within a single component,
5. General discussion and therefore yield better constraints. Another possible reason

We discuss here the implications of the careful determinatidadhat these systems remain close to the ZAMS, where there are

of age and metallicity that we have obtained for most of tH4ell-defined mass-radius and mass-luminosity relations, im-
systems of our sample. plying even stronger correlations, and thus even less informa-

tion. Systems with components in widely-separated stages of

evolution would probably make much largeffdrences. With
5.1. Possible systematic trends in age and metallicity ~ the current sample of binaries, however, thesgetént formu-
%t_ions yield somewhat similar results, with method (1) being

. . |
Bef I I f S i _—
efore attempting to draw general conclusions from these | referred for yielding the best fits toand T, and predicting

sults, it is worth asking whether the inclusion of further inforporrectl M andR
mation would improve the determinations of age and metd° o N : L .
An important motivation for this choice is that for single

licity. After all, as we showed in Sect. 3.3, when fitting a rs and less constrained svstem h as visual binari
single isochrone to the system, the degeneracy area ingﬁ% ained systems such as visual binaries, on

age-metallicity plane was in general reduced, due to the s not havé/ andR, wheread. andTeq can be determined

. . NS . N many cases.
tra information added (two luminosities and twdfeetive . . . .
( Another question that arises is whether the solutions found

33 However all these stellar evolution models might be systemabiere are compatible with previous analyses, which used not
cally wrong for very massive stars (rotation, mass loss ratéssibn  only different sets of tracks, but alsoffgirenty? formula-
effects). tions. By and large, theZ(r) solutions are very similar and
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Fig. 23.x? Hya system [34], Geneva tracks. We use fBetlenty?-estimators to fit both components: (1) a fit matchiiag andL (our standard
formulation) (upper panels), (2) a simultaneous fiffgf, L, M andR (middle panels), and (3) a fit involving only andR (lower panels).

For eachy? estimator the confidence regions in the metallicity-age plane are given (left panels), along with the resulting HR diagrams (middle
panels) and Mass-Radius diagrams (right panels). For comparison, the minima obtained from each method (filled circle, square and triangle for
methods (1), (2) and (3), respectively) are plotted on the upper left panel.

statistically consistent with each other. But are there any sys- The error in metallicity (Fig. 25) is much larger, but results

tematic trends between thefidirent analyses? We comparare consistent within 20% for most cases, even though uncer-

here in detail our results with those obtained by Pols et &hinties remain large. The metallicity provided by the Geneva

(1997) and by Ribas et al. (2000). We do not take into accourdcks is compatible with the one given by the Padova tracks

the results from Young et al. (2001) because they fixed all tfléig. 25a). There is a slight systematic trend of the Geneva

metallicities to the solar value. The sub-sample in common i(end hence Padova) tracks with the other ones (Granada, P97

cludes only 14 systems mainly because we are restriciéeito and R0O0) in the sense that the low metallicity systems are

0.03, the upper limit considered in P97 and R00. We plot tigiven a smaller metallicity by the Geneva (and Padova tracks).

relative diferences (in the sense results with Padova, GranaHawever this trend is produced by two stars onfyPhe [35]

ROO or P97 minus results derived from the Geneva tracks)and EM Car [45]) and seems hardly significant because the P97

age in Fig. 24. Not only the agreement between theffleidi and ROO solutions are extrapolated for such low Z-values.

ent estimations are very good, but there are no systematic ef-

fects: the average relative error in age 649%, 0.32%, 0.29% - .

and 0.35%, with a dispersion of 2.2%. 1.0%, 1.3% and 0.5% for>- Metallicity constraints

panels (a), (b), (c) and (d), respectively. This is a very good i&iven that all these independent methods seem to predict con-

sult for the theoretical models considering the large individugistent ages, how do the metallicity values compare to the

error bars. observed ones? Obviously the most discriminant systems are
those, as pointed out by Andersen (1991) and earlier references
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Granada trackb), R0O0c) and P97d), as a function of the age pre-tracksb), R00c) and P97), as a function of the metallicity predicted
dicted by the Geneva tracks. The dotted lineAlsgt = 0 and the by the Geneva tracks. The dotted lineAZ = 0 and the dot-dashed
dot-dashed lines are linear regressions to the data points. lines are linear regressions to the data points.

therein, which have relative errors smaller than 2% in mass,

less than 1% in radius, less than 2% for temperature and 1858 consistent at the d-level as shown in Fig. 11. Whilst the
than 25% for [F¢H]. Nearly all the binaries presented in thiglisagreement may well come from the physical ingredients as-
paper verify the two first criteria, but only 32 individual starSUmed in the tracks, we note that largéieetive temperatures
reach the target accuracy dhg. In addition, we want both (PY ~100-200K) for each componentwould give a good agree-
components in a system to be within these limit of a 2% errBeNt- Assuming the [F&l] value from spectroscopy (Andersen
in Tes, SO We have to exclude 4 systems ([18], [35], [46], [59] 2t al. 1989) andE(b - y) = 0.07 (the coIo_ur excess derived
The revision proposed by Ribas et al. (2006gets some of PY Lastennet et alj 2002), th_b(— y)—Teg calibration from the
these stars, so for extra precaution we also exclude the syst&f@SeL models points to an increase-+50 K and 200 K for
revised by more than 2% ([7], [20], [24] and [33]). Among thiyx M_en A a_nd B respectivefy. I.t is then Ilkely that the most
reduced subsample of 10 systéfnsve have to further exclude significant dlscrepancy shown in Table 3 might be accounted
systems showing a bad fit in the HR diagram (see Sect. 4f%') by theTer Sciallr.\g.. . o
or those for which models are unable to predict correctly the Due to the intrinsic dficulty to derive metallicities from
mass anr radius (Sect. 3.4). The 7 systems selected ([3], [6jPectroscopic analyses, photometric calibrations can be_ very
[8], [9], [11], [50], [56]) provide the best possible tests for th&elpful. Lastennet et al. (1999a) presented some metallicity-
comparison of [Fé]. dependent temperatures determinations of 20 EBs from
Many attempts have been done in the past to meast#mgren synthetic photometry (BaSeL models), and Table 5
[Fe/H] in double-lined eclipsing binaries. A summary is preof Ribas et al. (2000) give determinations from other pho-
sented in Table 3. It is somewhat distressing to note that frdimetric and spectrophotometric methods. We exclude from
all the systems listed in Table 3 only UX Men [6] and DM Virthese studies the results based on components with atmo-
[8] belong to the sample selected above with strict accuraggheric anomalies (mainly Am stars) and presenta summary in
criteria. Table 4. There are only 3 systems in common: WX Cep [30],
An inspection of Table 3 shows that the derived and oB4 Men [29] and V1031 Ori [28]. The agreement is good
served metallicities are not always in perfect agreement B@t [28] and [29] (mainly because the BaSeL results are weakly
are consistent within the quoted error bars. The most signfRnstraining for these systems), but not for WX Cep [30].

cant discrepancy appears for the system UX Men [6], wherowever, inspection of Fig. 4 of Lastennet et al. (1999a) shows
the theoretical models predict too laiievalues®, even if they

(Z = 0.039). This is the result we would have obtained assuming the
34121, [31, [41, [6], [8], [91, [11], [50], [56] and [57]. lower Tes they adopt.
35 Evenif Ribas et al. (2000) mention that their solution is unreliablé® These results are sensitive to the reddening. Assuming
(probably due to th& = 0.03 upper limit of the models they used), itisE(b — y) = 0.04 would give an increase of about 70 K for both
worth noting that they also obtain an extrapolated large metallicitpmponents.
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Table 3. Summary of the observational metallicities from spectroscopic analysis (sp.) or photometric calibrations irigrestr(S) or
Geneva (G) systems. As in Table®(Col. 7) refers to the tracks used to derive the valfigs.sand [F€H]acks given in the 2 last columns.

The high metallicity resultsZ;.ck for V1143 Cyg [7] are probably unreliable: applying the revidggd from R0O would give a smaller value

(Z in the range 0.02-0.03).

System [FeH] @ za Method Ref. Zderived” T Ziracks® [Fe/H]racks ™
B AuUr [27] +0.00¢ sp. T69 0.017 1 01470 —0.087718
~0.03¢ sp. T69 0.016 3 066090 +0.62°013
4 0017902 +0.00:0%
RZ Cha [10] —0.02+0.15  0020/720% S A75 Q0167797 1 0015700% —~0.057010
-0.08+ 0.05 S thiswork  0.014+0.002 3 0018733 +0.0372%8
4 0017992 +0.00°9%
V1143 Cyg[7] +0.08 S A87 0.020 1 04070552 +0.387293
3 0050000 +0.49°000
4 0030795% +0.2572%
TZ For [18] +0.1x 0.2% sp. A91b 00219912 1 00159501 -0.0570%°
+0.14+ 0.15% sp. A91b 00239909 3 00380004 +0.37+004
+0.1+0.15%  0.021:0909 f A91b 0021:0008 4 00169014 -0.03:028
UX Men [6] ~0.15 S CG76 0.012 1 0.0310.009 +0.2770%2
+0.04+0.10  0.019:0.0047  sp. A89 00182905 2 0.032+0.008 +0.2901
~0.05+ 0.15 S A89 0015900 3 00340010 +0.317012
~0.04 G KN90 0.015 4 ©27:0003 +0.21:00
0.1 0.024 T97
Al Phe [5] +0.17+0.20 S VH85 025201 1 00107%% -0.2379%
-0.14+0.1 0.012+ 0.003  sp. A88 12:0003 2 00090004 ~0.28:916
-0.1 0.012 T97 0.014 3 .0087%% -0.330
4 0.011+ 0.001 -0.19+ 0.04
PV Pup [12] ~0.06 0.017 S VA84 0.015 1 >0.024 >0.16
3 00405932 +0.3973%8
4 >0.021 >0.10
V1647 Sgr [22] 0.020.04 ? AGS85 0.070.39 1 0017°99% +0.00°0%3
3 00wl ool
4 001600 ~0.03'05¢
DM Vir [8] 0.12 = 0.12 0.023:0.006 S A84b 2270007 1 00347001 +0.317022
0.13+ 0.05 S this work ~ 0.0230002 3 0041002 +0.40°016
4 0030000 +0.25+000

—0.011 —0.20

2 Values ofZ as given in the papers of Col. 5 (ReP)AdoptingZ, = 0.017 and using Eqg. (2.1 o confidence interval, fitting both components
except for TZ For [18]: fitting only TZ For B with the CG92 tracks (= 4). ¢ [Fe/H] = 0.00 for the binary and [FE] = - 0.03 for the
secondary componerft. Mc Donald observations (A91b¥ ESO observations (A91b¥ Adopted mean by A914. AssumingZ, = 0.0169
(VandenBerg 1985Y. AssumingZ, = 0.0189 (Maeder & Meynet 1988, 1989)Updade inferred from [Fel] = [F&/H]uyades— [FE&/H]am,, by
adopting [FéH]nyades= 0.14+ 0.05 (Perryman et al. 1998).

that the BaSeL models are consistent with the R0OO result at thexivedZ is inferred from the primary component which is an
3-0 level for this system. Am star. An estimation from the secondary component would
Another special case is the binary GZ CMa [23] whose pipe far more secure, and the BaSeL models (Table 4) indicate a
mary component is an Am star. As we mentioned in Sect. 3stfict upper limit ofZ < 0.017. There is clearly an anomaly: on
the diference between the revised RD@s and the A9TTzs the one hand, a metal-rich solution is obtained when adopting
which we adopt for this system is larger than 4%, so we cotle most recent reviséi:s, and on the other hand photometric
sider our results ([23] in Table 6) to be less reliable. This givé&stimates from the secondary component yield a solar value.
rise to diferentinterpretations even if our results are marginally This discussion is relevant for the problem of the chemi-
consistent with their lower limit: we predict (Table 6) basicallgal enrichment ratia\Y/AZ carefully derived by Ribas et al.
solar abundance&(~ 0.018), while Ribas et al. obtain a metal{2000), because GZ CMa is the only binary of their sample
rich solution € ~ 0.032+ 0.006). As shown in Table 5, both theat Z > 0.026 (cf. their Fig. 7). Since we suggest to shift the
ROO0 and L99d ¢s are cooler than the values of A91. Adoptingnetallicity of GZ CMa to solar values (or even slightly less),
theseTers would give a more metal-rich solution in Table 6. the data points shown in their Fig. 7 would cluster even more.
The photometric calibration used by Ribas et al. stronghithough this would not change much their linear relation-
supports a large value for the metallicity. Again, the tempership between initial metal and helium abundanceszthenge
ture scale proves to be a critical issue, and yet this compavbuld be much reduced and the results would be less constrain-
son may not be entirely relevant because the photometricallyg for chemical evolution. A detailed spectroscopic analysis
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Table 4. New Z determinations from photometric calibrations: BaSeL models (Lastennet et al. 1999a) and R0O (Ribas et al. 2000), both bz
on the Stoimgren photometry of individual stars. TBevalues are derived according to the correction presented in Sect. 2.2. We exclude fron
these studies the results based on components with atmospheric anomalies (mainly Am stars). The column “Notes” gives the compon
used (A for primary, B for secondary component).

System BaSelL ROO
[Fe/H] zt Note [FeH] zt Note
BW Agr [9] -0.20+ 0.25 0.01129%8 A&B
AR Aur [48] >+0.00 >0.017 A
GZ CMa [23] <+0.00 <0.017 B
EM Car [45] <+0.10 <0.021 B
YZ Cas [25] no constraints B +0.03 0.018 B
WX Cep [30] >+0.05 >0.019 A -0.03 0.016 A&B
CW Cep [43] <-0.15 <0.012 A
RZ Cha [10] F0.50, 0.00] [0.006, 0.017] A&B
V380 Cyd -0.03 0.016
HS Hy& -0.17 0.012
KW Hya [15] +0.00+ 0.10 0.017+ 0.004 B
GG Lup [36] <-0.20 <0.011 A
TZ Men [29] —-0.20+ 0.40 0.0115%2¢ A -0.03 0.016 B
V451 Oph [31] <+0.10 <0.021 B
V1031 Ori [28] <+0.25 <0.029 B -0.25 0.010 A&B
1Q Per [33] <+0.25 <0.029 B
Al Phe [5] [-0.35,-0.15] [0.008, 0.012] B
¢ Phe [35] <+0.20 <0.027 B
PV Pup [12] <-0.40 <0.008 A

T This work, assuming, = 0.017 andX, = 0.713 (Grevesse 1997, priv. commg) According to L99a (cf. their Table 2 and Fig. 3).
b Spectrophotometric determination, see Ribas et al. (2000) and references therein.

Table 5. Comparison off; determinations for GZ CMa [23]. dating that is achieved by this analysis, whether these stars fol-

low the same trend. The ages derived by Edvardsson et al. from

log Ter (K) isochrone fitting range from about= logt = 9.2 to 10.25.
GZ CMa A91 L99% ROO We have no stars older than lbg= 10.25, the oldest being
A 3.945+ 0.017  3.928:0.008  3.927% 0.017 ~9.5 Gyrs old (HS Aur [2]), but many more younger than their
B 3.931+0.017 3.922: 0.005 3.914+ 0.017

limit. After excluding stars with weak constraints on their age
andor Z, well-fitted stars with ages between®#nd 106 yrs

. present a spread i#d between 0.05 and 0.01, i.e [fF§ be-

of GZ CMa, and particularly of the secondary componen{yeen-+0.49 and-0.23 (or even below if the low metallicity

a (normal) A-type star is much needed to resolve this issue. ot \/y Pyx [19]is real, see Sect. 4.4.7). This trend suggests that
the dispersion observed by Edvardsson et al. may well continue
at younger ages.

5.3. On the relative and absolute dating of stars

Since the ages derived by the analyses done here seem to agr%eonclusions

with each other and with other determinations (Sect. 5.1) and
that, in addition, the predicted metallicities are roughly consigve have developed a method to derive simultaneously ages
tent with their observed values (Sect. 5.2), we may considend metallicities from binary stars and single stars. Instead of
that at least the relative dating of these stars is well rooted. giving one solution (i.e. one isochrone defined by a unique
This has reassuring consequences for the chemical e¥er pair), this method provides set of possible solutions,
lution of the Galactic disc. The detailed study made bys defined by? contours. Within them, Vogt's theorem is
Edvardsson et al. (1993) presented precise photometric goperationally) violated: stars of fierent masses and chemi-
spectroscopic data for a sample of 189 field stars, and showaticompositions lie on the same position in the HR diagram.
that there is no tight age-metallicity relation. This was recentiyfe have applied this method to the largest sample of well-
confirmed with a larger sample (Feltzing et al. 2001): at a giveletached binary systems for which most stellar parameters are
age, the scatter in metallicity is very large. extremely well known, to test the power of the method which
In this paper we derived simultaneous metallicity and ageuld be applied to samples with looser constraints. In addi-
estimates (listed in Table 6) for 60 eclipsing binaries, most tibn the method allows to test the predictive power of stellar
them being representative of single stars. Of course this sawelution theory, by taking only two of the well-constrained
ple is highly biased and cannot be used for chemical evolyuantities, and predicting the others. The choice of luminosity
tion studies, but it is interesting to see, given the very preciaad dfective temperature as primary quantities turned out to be
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Table 6. Ages and metallicities for the best fit isochrones to the sample of 58 double-lined eclipsing binaries féfetieatdsets of tracks
used. Systems YY Gem [1a] and CM Dra [1b] are discussed in Sect. B.&fers to the tracks used to derive the fit: (1) Geneva with
overshooting, (2) Geneva without overshooting, (3) Padova, and (4) CG92. Maximum and minimum values are given at6B84 for the

fits of individual components, while the values for the combined system arecatAges consistent with the ZAMS are indicated by “ZA’,
that iS,t = tzams in Eq (1)

Component A Component B System A-B

—

# Name
T Tmin  Tmax z Znin  Zmax| T  Tmin  Tmax z Znin  Zmax | T Tmin  Tmax z Znin  Zmax N

10.06 9.95 10.150.040 0.020 0.04(0.86 9.24 10.100.040 0.017 0.04{0.98 9.94 10.020.040 0.035 0.04(
10.13 9.93 10.190.040 0.020 0.04(0.96 9.28 10.060.039 0.017 0.04{0.98 9.92 10.020.040 0.035 0.04(
10.05 7.43 10.140.049 0.022 0.10(8.64 ZA 10.050.073 0.016 0.10{0.98 9.87 10.060.049 0.021 0.05(

2|HS Aur

3|EW Ori 8.39 ZA 9.150.040 0.024 0.048.49 ZA 9.220.040 0.028 0.04{B.42 ZA 8.790.040 0.036 0.04(
7.35 ZA 9.1270.040 0.024 0.0407.27 ZA 9.150.040 0.025 0.0407.30 ZA 8.750.040 0.032 0.04(
ZA ZA 9.00({0.051 0.023 0.06p ZA ZA 9.14/0.053 0.024 0.07pZA ZA 8.80|0.051 0.032 0.064

591 ZA 9.100.030 0.017 0.03(5.91 ZA 9.10.030 0.018 0.03(M.60 ZA 9.600.030 0.021 0.03(

4|FL Lyr 9.36 8.77 9.550.040 0.020 0.040.43 ZA 9.750.040 0.021 0.04{®.38 9.19 9.500.040 0.027 0.04(
9.37 8.67 9.550.040 0.021 0.040.55 ZA 9.78§0.040 0.018 0.04{®.40 9.09 9.500.040 0.028 0.04(

7.73 ZA 9.500.062 0.020 0.0863.79 ZA 9.930.081 0.029 0.1007.69 ZA 9.410.065 0.021 0.084

5| Al Phe 9.66 9.64 9.760.009 0.009 0.02®.60 9.55 9.680.008 0.004 0.01©.66 9.64 9.670.010 0.008 0.011]
9.71 9.60 9.730.025 0.008 0.04(0.60 9.59 9.6¢0.006 0.006 0.01®.64 9.61 9.650.009 0.008 0.013
9.68 9.67 9.700.027 0.022 0.03®.60 9.54 9.7(0.007 0.006 0.01®.60 9.59 9.630.008 0.008 0.011]

9.67 9.64 9.680.011 0.010 0.01®.65 9.63 9.680.010 0.010 0.01®.66 9.64 9.670.011 0.010 0.017

6|UX Men 9.42 8.90 9.490.033 0.021 0.06(0.44 8.80 9.490.030 0.018 0.06©.45 8.95 9.560.031 0.022 0.056¢
9.43 9.15 9.550.031 0.021 0.04(0.47 9.10 9.580.027 0.019 0.04{®.45 9.29 9.520.032 0.024 0.04(
8.83 6.86 9.200.060 0.024 0.09¢7.97 7.33 9.330.069 0.020 0.08/@.26 9.15 9.380.034 0.025 0.044

9.38 9.08 9.570.030 0.017 0.03(®.44 9.12 9.600.024 0.016 0.03(®.40 9.27 9.510.027 0.020 0.03(

P P RPRP|PRPRPRPR|(PRPRPR[(PPRPPRP|[WWO®

A WONP|PARAODNMNP ONP|IP~AWODNP|IWDNP

T The full table is only available in electronic formlattp: //www.edpsciences.org. The sample printed here is for orientation on contents
and format only.

the best one, with accurate determination of the parameterbpfWe obtain (bad) fits which suggest large metallicities
the isochrone and also with excellent predictions for masdes 4 systems which have at least one component in the
and radii (dispersion in their relative errors smaller than 2@&7-1.1 M, mass range. This supports the results found by
and 4%, respectively). The validation of the method throudtopper (1997) and Clausen et al. (1999) which indicated this
these systems makes it possible to apply it to other, less cpeculiarity. Whilst some tentative explanations are discussed
strained systems such as visual binaries, for which catalog(€g-scaling, activity, mass transfer, etc.), it appears that no
are growing much faster. Geneva isochrone can fit simultaneously both components
The critical issue of systematic errors due to the use oP&HS Aur [2] in the HR diagram. The best fit obtained with
particular set of evolutionary tracks turned out not to be veRadova tracks yields a (questionable) metal rich solution,
important, at least for the sample used here. While the ab&éout twice solar. This provides an ideal observational test to
lute results can be fierent in individual cases, all three setglisentangle these sets of tracks.
of tracks used here (Geneva, Padova and Granada) yield — @) i the metal content of DM Vir [8] is confirmed to be similar
statistical sense — consistent values and similar age-metalliéftythe one of the Hyades, the Padova models would fail to
degeneracies. fit the system, while the Geneva and Granada ones would
We have made a detailed comparison of our results wiHcceed. This system is another test case to check stellar
previous studies whenever possible. The main inconsisteng¥glution theory in stars of masses of about ¥4 N
found and discussed in this paper are the following: d) For RZ Cha [10], we have updated the not very constraining
a) We have shown that tHgs of YY Gem [1a] may still need [F&/H] value obtained by Jergensen & Gyldenkerne (1975)
to be revised to slightly cooler temperatures. The Brocato et &€ Hyades metallicity they adopted was an overestimation),
(1998) models are not able to fit the CM Dra [1b] componen@ing @ very good agreement with the Geneva tracks, and a
(both masses below 0.2B1.) in the HR diagram for the 900d agreement with the Granada and Padova tracks.

expected solar metallicity, while the Bdiim et al. (1995) €) The three sets of theoretical tracks suggest a metal rich
models succeed. solution for the binary PV Pup [12]~1.55 M, for both
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components) which is in disagreement with indications 4B99b for an application to Hyades binaries, and Lastennet

a solar metallicity Z ~ 0.017, Lastennet et al. 1999a), evemt al. 2000). This is a promising area given théidulties to

if the solar metallicity remains possible at ther2evel. The derive accurate metallicities from detailed spectroscopic anal-

new Ter determinations of Lastennet et al. (1999a) providesyaes of some eclipsing binaries.

slightly better agreement with solar metallicity values.

f) For the ~2 M, evolved components of TZ For [18], theAcknowledgementsEL gratefullny ?cknowledges financial support

agreement of a metallicity around the spectroscopic val(jgm the FCT Bolsa de Investigaio BPD/555¢2001), CNPq and
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shown that if the mass of the tracks is fixed to the measurggl yseful comments on an earlier version of this paper and the ref-

value of TZ For B, none of the tracks succeeds in fitting thigee, G. Torres, for constructive comments and detailed suggestions.

star, independently of the metallicity used. Alternatively, if thghis research has made use of the SIMBAD database operated at

metallicity is fixed to its spectroscopic value, the mass of tl&DS, Strasbourg, France, and of NASAs Astrophysics Data System

tracks must be reduced by%0.11M,) to reproduce the massAbstract Service.
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