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Abstract. The aim of this study is to construct biparametric
calibrations to estimate masses, radii and surface gravities for
main-sequence stars using a photometric index related to effec-
tive temperature and another related to evolution.

For this purpose, we used a sample of detached double-
lined eclipsing binaries with accurate (= 1-2%) determinations
of mass and radius and with available Stromgren-Crawford pho-
tometry for the individual components of the binary system.

The accuracies obtained, for the predicted dimensions when
applied to single stars, are about 5-8% in mass, 10-15% in ra-
dius and 0.08-0.10 dex in surface gravity for stars in the main se-
quence with T in the range between 7000 K and 20000 K. Pre-
cisions are thus considerably better than those obtained through
single-parameter calibrations (using spectral type, T¢s or one
colour index), and comparable to those derived through model
atmospheres and stellar evolutionary models, of much higher
complexity.
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1. Introduction

The estimation of stellar masses, radii, luminosities and chemi-
cal compositions is of fundamental astrophysical interest, since
these parameters describe the properties and evolution of stars
and hence the principal components of stellar clusters and galax-
ies.

The mass of a star can be determined directly only through
its gravitational interaction with surrounding bodies, such as
planets or other observable stars in multiple stellar systems. The
stellar radius can be determined for eclipsing binaries and us-
ing interferometric techniques or occultations for single nearby
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stars. Nevertheless, light and radial velocity curves of double-
lined eclipsing binaries provide accurate and simultaneous de-
terminations of masses, radii and luminosity ratios. The latter,
for each photometric band, allows us to derive the individual
photometric indices of each of the components of the system.

For most single stars, the mass and the radius can be in-
ferred from observable (photometric or spectroscopic) param-
eters, calibrated by means of well-observed binary stars. De-
tached double-lined eclipsing binaries constitute the necessary
database for the construction of such calibrations since no mass
transfer has occurred between the components and they can be
assumed to have evolved as single stars.

Binaries of this kind have also been used to normalize syn-
thetic spectra given by stellar model atmospheres, and to place
some constraints on the construction of stellar evolutionary
models. The interpolation in these models, using photometric
indices as input values, allows us then to estimate the mass,
radius and surface gravity of single stars. A detailed descrip-
tion of this procedure can be found in Figueras et al. (1991),
Jordi et al. (1997, Paper I) and Asiain et al. (1997). However,
the application of this method implies the use of non-trivial
algorithms to interpolate both in the photometric grids (which
relate the atmospheric parameters with the photometric indices)
and in the evolutionary models. For this reason, the estimation
of masses, radii and surface gravities for single stars is still
frequently performed by means of uniparametric calibrations,
using T, a colour index, or the spectral type as the free pa-
rameter, and without taking into account evolutionary effects
within the main sequence. Many such single-parameter cali-
brations can be found in the literature (Allen 1973, Habets &
Heintze 1981, Straizys & Kuriliene 1981, Schmidt-Kaler 1982,
Van Hamme & Wilson 1986, among others) mainly using MK
spectral types. Due to the width of the main sequence, these cal-
ibrations carry an uncertainty of about 15% in mass and 50% in
radius (Nordstrom 1989, Andersen 1991).

To improve the situation, the natural step forward is the
construction of two-parameter calibrations to compute masses,
radii and surface gravities. A first attempt in this direction was
made by Balona (1984), who used the evolutionary models of
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Becker (1981) and Maeder (1981) and the Stromgren-Crawford
¢, and (3 indices for early type stars. The precision achieved
was similar to that of single-parameter calibrations, but was
later improved by a factor of two by Balona (1994) when using
a sample of better quality and different evolutionary models
(Claret & Giménez 1992, Schalleret al. 1992, hereafter SSMM).

The use of accurate eclipsing binary data for the construction
of biparametric mass, radius and surface gravity calibrations in
terms of Stromgren-Crawford photometric indices is the aim of
the present work.

2. The sample

The database is composed of detached double-lined eclipsing bi-
nary systems having M and R determinations with an accuracy
of 1-2% as well as uvby — H 3 photometry for each component
of the system. The 53 stars in the sample, belonging to 30 bi-
nary systems, are listed in Table 5 of Paper I, together with a
description of the spectral type distribution and the mass and
evolutionary ranges covered. The empirical determinations of
M, R and log g were taken from Andersen (1991), Nordstrom
& Johansen (1994a, 1994b) and Clausen (1996).

Considering Stromgren’s (1966) classification of stars in
different regions of the HR diagram, the sample was divided
into 22 stars in the early region, 6 stars in the intermediate region
and 25 stars in the late region.

3. Calibrations

Taking into account the qualitative similarities of the evolution-
ary changes in radius and luminosity for a given mass, in terms
of the effective temperature, when compared to absolute mag-
nitude, Andersen (1991) suggested the construction of mass,
radius and surface gravity calibrations in an equivalent way to
the absolute magnitude calibrations of Crawford (1975, 1978,
1979), i.e. using a relation for the ZAMS and taking into account
the evolutionary stage of each star.

Thus, the general form of the proposed equations becomes:

logq = loggzams(cr) + fq dcgler) (H

where g denotes ineach case M, R and g in units of M, R and
cgs, respectively, cr and ¢ are intrinsic photometric indices re-
lated to effective temperature and surface gravity, log gzams(cr)
stands for the relation of the ZAMS stars as a function of c¢r,
and f, dc, is the term that accounts for the evolution of the star.
Depending on the photometric region, cr and ¢, have differ-
ent correspondences with Stromgren-Crawford indices. Thus,
Co and 3, a, and r, 3 and ¢, are the cr and ¢, indices for the
early, intermediate and late regions, respectively.

Andersen (1991), considering that the coefficient of the
evolutionary term in Crawford’s (1975, 1978, 1979) absolute
magnitude calibrations was always close to —10, assumed that
Ap and éc,, defined as AB = Ozams(co) — 0 and dc, =
Co — Cozams (), both have the same evolutionary scale factor.
Thus, fum, fr and f; ought to be independent of the photometric

I. Ribas et al.: Biparametric calibrations of stellar mass, radius and surface gravity using uvby-Hg photometry

region. Due to the lack of complete uvby — H g individual pho-
tometry for many of the binaries in his data sample and the small
number of systems near to the ZAMS, he used stars, belonging
to different binaries, with almost identical effective tempera-
tures but different degrees of evolution to obtain differences in
both the physical quantities and the absolute magnitude. In this
way, assuming — 10 for all regions when relating A My and éc,
he estimated the evolutionary factors to be fy ~ 0.7, fr = 2.0
and f; ~ —3.3, constant to about 10%. However, it is advisable
to approach the construction of the calibrations separately for
each region, since, as we will see in Sect. 4, the assumed —10
factor is not constant for all photometric regions.

The equations for log M, log R and log g are obviously not
independent, since there exists a linear relationship between
them: log g = cst. + log M — 2log R. Thus, from Eq. (1) and
the previous expression we obtain that f, = fy — 2fr. Never-
theless, the three equations for log M, log R and log g will be
explicitly shown in the following sections basically to facilitate
their application.

As commented in Paper I, the number of evolved stars
within the sample is low, especially for the early region. There-
fore, to provide an appropriate coverage of the different evolu-
tionary phases from the ZAMS to the termination age (TAMS)
of the main sequence, we have also used points in the form of
synthetic stars from the evolutionary tracks by SSMM (adopt-
ing Z=0.02 for the metal content). The Stromgren-Crawford
indices for these points were computed by using the theoretical
predictions for Ti¢ and log g from the models and the interpola-
tion of Napiwotzky et al. (1993, hereafter NSW) applied to the
photometric grids of Moon & Dworetsky (1985, hereafter MD).
Moreover, we considered the correction to the photometric sur-
face gravity of the early region given by Eq. (2) of Paper I. As
we will see in the next subsections, we thus obtained a uniform
distribution of “stars” spread over a wide range of evolutionary
stages with such a procedure. These synthetic stars were used
first to check the expected agreement with the observational data
from our sample as well as the potential relevance of chemical
composition differences. After this, they were used to compute
the f, evolutionary coefficients.

3.1. ZAMS relations

To establish the unknown coefficients of Eq. (1), a relation be-
tween masses, radii, surface gravities and photometric indices
(cr and ¢, ) is needed. Even though we have adopted a ZAMS as
reference relation, this is not strictly necessary. The validity of
the formal expressions should remain when changing the refer-
ence line, i.e. we only need the f, coefficients to be consistent
with the relation adopted.

The best way to define a ZAMS relation in general is by
using a sample of non-evolved eclipsing binary stars to trace a
lower envelope, defining all needed parameters in a purely ob-
servational way and thus, completely model-independent. How-
ever, the number of eclipsing binary systems in the sample near
the ZAMS is too low to attempt such a definition. In this situa-
tion, there are two different, although not completely indepen-
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dent, ways to define the ZAMS. On one hand, stellar evolution-
ary models provide a “theoretical” ZAMS giving M, Randlog g
for different T, which can be related to the photometric indices
by means of the photometric grids. On the other hand, the “ob-
servational” ZAMS defined from colour-colour diagrams can be
related to M, R and log g through the photometric grids and the
evolutionary models. These latter calculations obviously can-
not be performed when the observational ZAMS is below the
theoretical one (i.e. if for a given effective temperature, the sur-
face gravity of the observational ZAMS is larger than that of
the theoretical value). To avoid this, we have adopted the first
theoretical ZAMS definition using ZAMS of SSMM evolution-
ary models for solar metallicity (i.e. Z = 0.02). The ZAMS
relations for the early, intermediate and late regions are listed
in Tables 3, 4 and 5, respectively.

3.2. Early region

As stated in Paper I, stellar atmosphere models (Kurucz 1979,
1991) used to build photometric grids may not provide reliable
surface gravity determinations for stars with T, > 20000 K.
For stars with 11000 K < T, < 20000 K, the correction pro-
posed in Paper I yields an accuracy in the determination of sur-
face gravity of 0.07 dex. Due to the expected uncertainties for
stars hotter than 20000 K, we restricted our study to T lower
than this value.

Fig. 1 shows the relation between log ¢ — log gzams(c.) and
Ap for both synthetic stars and 17 real stars. The agreement
between the synthetic and the real stars is remarkable, even
for the more evolved cases in the sample. The linearity of the
relation is also clearly shown, and the use of the correction
given in Paper I substantially improves both the linearity of the
synthetic stars and their compatibility with the real ones.

The calibration obtained for each physical parameter has the
following expression:

log M = log Mzams(co) + 1.77 AB(co)
log R = log Rzams(co) + 4.88 Ap(co) 2
logg = loggzams(co) — 7.99 ApB(co)
These expressions are valid for main sequence stars with

11000 K < T < 20000 K. The mean residuals of the real
stars in the sample are ojog 37 = 0.027 dex, o1og g = 0.046 dex
and 014 g = 0.08 dex. Metallicity effects in this early region can
be ignored.

3.3. Intermediate region

As shown in Fig. 2, the number of stars in the observational
sample that belong to the intermediate region is very low. Nev-
ertheless, we again find a good agreement between synthetic and
real stars. Therefore, we were able to compute the calibrations
for each of the physical parameters and obtain the following
values:

log M = log Mzams(ao) + 1.55 Ar(ao)
log R = log Rzams(ao) + 4.14 Ar(ao) (3)
logg = loggzams(ao) — 6.74 Ar(ao)
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Fig. 1. Mass, radius and surface gravity calibrations as a function of
an evolutionary term for the early region. Filled circles are real stars
whereas open circles are synthetic stars

where Ar = r — rzams(ao). These calibrations are valid for
main sequence stars with 8500 K < T < 11000 K. The mean
residuals of the real stars in the sample are: ojog 7 = 0.041 dex,
Olog R = 0.057 dex and o155 g = 0.10 dex.

The small number of stars with good photometric data and
absolute dimensions in this region did not allow us to analyze
corrections for the abundance effects, though their influence
may not be negligible. For example, Andersen (1991) pointed
out important metallicity effects for VV Pyx AB, and this sys-
tem shows the largest residual in the log M plot in Fig. 2. How-
ever, the discrepancy is not observed in the log R or log g plots.

3.4. Late region

The late region can be divided into two subregions (splitting
at 8 = 2.72, i.e. T = 7000 K), roughly A and F stars, with
different trends, as shown in Paper 1. First, we will focus on
the hotter subregion including stars with § > 2.72 (7000 K
< T < 8500 K, A stars) and later in this section we will
discuss the behaviour of stars with 3 < 2.72 (6000 K < Ty <
7000 K, F stars).

As seen in Fig. 3, synthetic stars in the hot subregion show
a well defined linear behaviour, but the real stars have a much
larger dispersion, even though the general trend is similar. The
reason for this different behaviour is changes in chemical com-
position. While all the synthetic stars have the same chemical
composition (Z = 0.02), the stars in our observational sample
present important variations.
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Fig. 2. Same as Fig. 1 for the intermediate region

A linear least squares fit of the synthetic stars for each
of the physical parameters provides values of 0.64, 1.80 and
—2.97 for the f, coefficients. The derived mean residuals for
the real stars are then: ojo5 3r = 0.039 dex, g1 g = 0.116 dex
and 01g g = 0.19 dex, which are roughly a factor of two larger
than those of the early region. Since the cause of the dispersion
is likely to be the presence of stars with different metallicities,
we further analyzed the residuals as a function of a photomet-
ric index related to the metallicity. Fig. 4 shows a plot of the
aforementioned residuals with respect to 6m,, and the correla-
tion is obvious. Thus, an additional linear term with ém, was
considered in the calibrations to obtain:

log M=1log Myzams(B) +0.64 §co(3)—1.11 (§mo(3)+0.005)
log R =10g Ryams(3) + 1.80 8co(3)—3.44 (6mo(3)+0.005) (4)
log g =10g gzams(B) —2.97 6co(B)+ 5.77 (§mo(3)+0.005)

which are applicable to stars in the main sequence belong-
ing to the late region and with T > 7000 K. The derived
mean residuals are ojog 37 = 0.021 dex, o1g g = 0.050 dex and
Ologg = 0.08 dex for the real stars in the data sample. These
values are now very similar to those obtained for the early and
intermediate regions. The zero point in §m, takes into account
that SSMM evolutionary models were built for solar metallic-
ity (Z = 0.02) yielding ém, = —0.005 for both the synthetic
stars and the ZAMS (using Smalley’s (1993) expression relating
[Fe/H] to 6ms).

Guthrie (1987) studied the influence of the metallicity ef-
fects on the evolutionary index c,, and defined a new 8¢, =
bco — 1.26m,, which only accounts for the evolution of the star.
By using this definition, the previous equations can be refor-
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Fig. 3. Same as Fig. 1 for the late region (3 > 2.72)

mulated to include the contribution of ém, both in the ZAMS
relation and in the 6c, index:

log M = log Mj\ys + 0.64 6c,
logR = log Ry\vs + 1.80 6c, %)
logg = logghams — 2.97 éc,

and considering new reference lines log ¢4 ) that are depen-
dent on 0m.:

log M) ams = log Mzams — 0.33 6m, — 0.006
log Ryams = log Rzams — 1.28 ém, — 0.017 (6)
logngAMS = loggZAMS + 2.21 5mo + 0.029

This new formulation in terms of 8¢/, and log ¢ s allows
us to plot Fig. 5, which is similar to Fig. 3, but takes metallic-
ity effects into account. The initial dispersion has been greatly
reduced by including a new term depending on ém,, and the
agreement between real and synthetic stars is quite good.

log ¢y ams are actually different ZAMS relations for dif-
ferent metallicities, showing how the physical parameters of
the ZAMS change as a function of ém, for a given 3. These
corrections to the ZAMS depending on the chemical composi-
tion were tested by using the evolutionary models computed by
the Geneva group (SSMM, Schaerer et al. 1993a, 1993b, and
Charbonnel et al. 1993) for several metallicities ranging from
Z =0.001 to Z = 0.040. We used Smalley’s (1993) calibration
relating the [F'e/ H] parameter (in our case computed through
Z) to the ém, index. For 7000 K < T < 8500 K the stellar
surface gravity of a ZAMS relation is nearly constant in Ty
but dependent on the metallicity (of the model). We performed
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a linear least squares fit to the mean value of the surface grav-
ity of each ZAMS as a function of ém,, deriving a slope of
2.00 £ 0.13, with a correlation coefficient of p = 0.994. This
shows how the surface gravity of the stars on the ZAMS changes
as a function of dm, for a given Tig. It is important to notice
that in the definition of log ¢, , ;s the free parameter is 3 instead
of T¢i. For a given metallicity, T /= const. means 3 & const.,
but in this case we consider different metallicities and this is no
longer satisfied. In any case, since log g is nearly constant for
a range of T, the value of the previous slope can be directly
compared with the value of 2.21 derived for the real stars. The
verification of the log M7, s and log R/, ,\,s €Xpressions is not
possible, unless we know how the 3 index varies as a function
of the metallicity, since the mass and the radius for the ZAMS
are not just a function of the metallicity but also of the T¢s.

Finally, we will briefly deal with the coolest stars in this
region, having 8 < 2.72,i.e. 6000 K < T < 7000 K. Fig. 6
shows no clear trend for the real stars and a relatively large dis-
persion of the synthetic stars with non-linear behaviour. When
plotting the residuals of the real stars from a least squares fit to
the synthetic ones, no clear correlation with the metallicity in-
dex §m, was observed. The large uncertainties in the photomet-
ric surface gravity determination through model atmospheres,
which are discussed in Paper I, may have a negative influence
on the precision of the ZAMS relation, the synthetic stars, and,
accordingly, on the attempted calibrations. The lack of linearity
could also be due to the physics involved, which may not al-
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low us to establish simple linear relations. Thus, in the present
situation it is not advisable to suggest any calibration for this
subregion.

4. Discussion

As mentioned in Sect. 1, an accurate estimation of the mass,
radius and surface gravity for single stars can be performed
through stellar atmosphere and evolutionary models by means of
Stromgren-Crawford photometric indices. Of course, an accu-
rate determination can be obtained only in double-lined eclips-
ing binaries. Nevertheless, Table 1 shows that the calibrations
presented in this paper, Eqgs. (2), (3) and (4), reach a similar
level of precision to that attained by direct interpolation in the
models, with a much simpler procedure. This is in principle
an unexpected result since, apparently, the enormous amount
of information contained in the atmosphere models is not used
at all. In fact, this information is present in the reference rela-
tion, which gives the physical parameters of a star for a well
defined evolutionary status. The good accuracy of the calibra-
tions is strongly related to the observed linearity of the relations,
and it is useful that the physical parameters of different stars at
the same effective temperature change in such a simple way as
a function of the evolutionary status, at least within the main
sequence.

However, we still cannot match the internal dispersion of
the entry data although a carefully selected sample of detached
eclipsing binaries was used. Some uncorrected abundance ef-
fects may have a negative influence on the accuracy. In the
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Table 1. Mean residuals in log M, log R and log g of different cali-
brations with respect to the empirical determinations. The calibrations
used are, on one hand, those including the interpolation in MD grids
(applying the corrections given in Paper I) and in the evolutionary mod-
els by SSMM, and on the other hand, the calibrations presented in this
work (Egs. (2), (3) and (4))

MD grids This work
+ SSMM models
RegiOH Olog M OlogR  Ologg Olog M OlogR  Ologg
Early 0.024 0.039 0.07 0.027 0.046 0.08
Int. 0.031 0.055 0.09 0.041 0.057 0.10
Late' 0.018 0.053 0.10 0.021  0.050 0.08

t Only stars with 8 > 2.72

late region, three stars show a particularly large residual, in
log M, log R and log g, two of which (Al Hya A, KW Hya A)
have metallic spectra and the third (GZ CMa B) belongs to a
system with a metallic-spectrum primary component. If these
three stars are not taken into account, the mean residuals ob-
tained from Eq. (4) are oiog pr = 0.017 dex, o10g g = 0.021 dex
and 0.4 = 0.03 dex, a very significant improvement, which
leads to precisions of 4-5% in both masses and radii. However,
YZ Cas A, also quoted as an Am star, does not show a large
residual. Abundance effects were also observed in the interme-
diate region (VV Pyx) but could not be corrected for due to the
small number of stars in the sample. Another source of uncer-
tainty is the precision of the photometric data. Photometry of
eclipsing binaries is, in general, of lower quality than that of
single stars. The reason for this is inherent to the calculation
of the individual indices through the luminosity ratios which
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Table 2. Evolutionary coefficients for the synthetic and real stars using
the same expressions as those quoted in Eq. (1) but using AMy as
evolutionary term. p represents the correlation coefficient of the linear
least squares fit. k = AMy /bc,, using 6c, = 6c), for the late region.
The values quoted by Andersen (1991) are fm ~ 0.7, fr = 2.0 and

fe = —3.3 using £ = —10 in all photometric regions
Region  loggq fq p k
Early logM —0.07394+0.0016 —-0.975 —239 a
—0.0687 0.0066 —0.906 —25.8 b
logR  —0.2086 0.0016 —0.997 —-234 a
—0.2115 0.0120 —-0.964 —-231 b
logg 0.3433 0.0036 0994 233 a
0.3547 0.0220 0957 —-226 b
Int. logM  —0.0743+0.0010 —0.999 —-209 a
logkR  —0.1985 0.0004 —1.000 —209 a
logg 0.3228 0.0016 1.000 —209 a
Late logM  —0.07584+0.0021 —0.978 —87 a
—0.0724 0.0111 —0.830 -9.1 b
logR  —0.2045 0.0008 —1.000 —8.6 a
—0.1879 0.0133 —0.956 -94 b
logg 0.3332 0.0028 0.998 —8.6 a
0.3032 0.0276 0.930 -94 b

a: Simulations with evolutionary tracks; b: Stars in the sample

carries larger errors, especially for the least luminous star in
the system. The overall result is thus that the suggested simple
relations are remarkably linear, but may not be able to describe
the physical parameters of a star with the accuracy of the entry
data.

The values of the f, coefficients computed using both real
stars and synthetic stars are not exactly the same as those quoted
by Andersen (1991). To explain this discrepancy we reformu-
lated Eq.(1) using AMvy(cr) = My — Mygzams(er) as the
evolutionary term instead of éc,. Similar calculations to those
presented in Sect. 3 for both real and synthetic stars were per-
formed. The absolute magnitudes for the real stars were taken
from Andersen (1991), Nordstrom & Johansen (1994a, 1994b)
and Clausen (1996), and for the synthetic stars they were com-
puted from the luminosity quoted in the evolutionary models
and the bolometric correction of Schmidt-Kaler (1982). The
bolometric correction has negligible effect over the final result,
as we computed differences of absolute magnitude nearly at the
same effective temperature, and so, AMy(cr) ~ AMypy(cr).
The evolutionary coefficients (f,) obtained are presented in Ta-
ble 2 for the synthetic and real stars. No computation was per-
formed in the intermediate region for the real stars because there
were few of them. The agreement between the simulations with
evolutionary models and the real stars is again very good. The
evolutionary coefficients obtained are compatible with those
quoted by Andersen (1991) if we assume a —10 factor when re-
lating 6c, and AMy. In Table 2 itis also shown that this factor is
not constant for all regions. In the late region the coefficient is in
better agreement with the —9 value found by Crawford (1979).
For the intermediate region, the slopes are slightly larger in ab-
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Table 3. ZAMS relation for the early region. ¢, M, R and log g from
SSMM and ¢, and 3 from MD grids and NSW interpolation using the
correction in log g proposed in Paper |

Co B Ty M/Mp R/Rg logg
(K) (cgs)

0.175 2.682 19980 6.460 3.078 4.272
0.200 2.687 19310 6.100 2.975 4.276
0.225 2.693 18670 5.760 2.876 4.281
0.250 2.699 18090 5.460 2.786 4.285
0.275 2.705 17580 5.200 2.707 4.289
0.300 2.710 17110 4.970 2.636 4.292
0.325 2.715 16650 4.760 2.574 4.294
0.350 2.721 16170 4.550 2.511 4.296
0.375 2.726 15760 4.370 2.455 4.298
0.400 2.732 15370 4.200 2.402 4.300
0425 2737 15010  4.050 2354 4301
0.450 2.742 14680 3915 2.311 4.303
0.475 2.748 14360 3.790 2.271 4.304
0.500 2.753 14070 3.680 2.234 4.305
0.525 2.759 13780 3.570 2.198 4.306
0.550 2.764 13520 3.470 2.164 4.307
0.575 2.770 13280 3.380 2.133 4.308
0.600 2.776 13040 3.290 2.102 4310
0.625 2.782 12820 3.210 2.074 4311
0.650 2.789 12610 3.132 2.047 4312
0.675 2.795 12410 3.060 2.021 4.312
0.700 2.802 12220 2.990 1.996 4313
0.725 2.808 12030 2.928 1.974 4313
0.750 2.815 11850 2.865 1.953 4314
0.775 2.822 11670 2.808 1.932 4314
0.800 2.829 11500 2.748 1.911 4.314
0.825 2.837 11320 2.690 1.891 4314
0.847 2.843 11170 2.640 1.873 4314
0.850 2.844 11140 2.632 1.870 4314
0.875 2.852 10970 2.575 1.849 4.315

Table 4. ZAMS relation for the intermediate region. Te, M, R and
log g from SSMM and a. and  from MD grids and NSW interpolation

Qo T Teff M/ M@ R/ R@ log g
(K) (cgs)

—0.070  0.016 10830 2.530 1.832 4315
—0.060  0.015 10640 2.470 1.810 4315
—0.050  0.013 10450 2.410 1.787 4315
—0.040  0.012 10270 2.355 1.767 4315
—0.030  0.009 10090 2.300 1.745 4316
—0.020  0.007 9920 2.250 1.726 4316
—0.010  0.006 9750 2.200 1.706 4316
0.000  0.004 9590 2.150 1.687 4316
0.010  0.003 9450 2.110 1.670 4.317
0.020  0.002 9340 2.065 1.652 4317
0.030  0.001 9160 2.024 1.635 4.317
0.040  0.001 9000 1.980 1.618 4317
0.050  0.001 8860 1.940 1.602 4316
0.060  0.002 8710 1.900 1.587 4315
0.070  0.003 8580 1.864 1.574 4315

solute value than —17, which was quoted by Stromgren (1966).
The discrepancy in the coefficient for the early region is ex-
plained, as previously stated, by the qualitatively different con-
struction of Crawford’s (1978) absolute magnitude calibration.
He used AMvy(8) = My — Myzams(5) and our definition is
AMy(co) = My — Myzams(Co).

The full analysis and calculation of the coeffcicients in
Eq. (1) was also performed using the ZAMS and the syn-
thetic stars from the evolutionary models computed by Claret &
Giménez (1992) and Bressan et al. (1993) at Z = 0.02. The lin-
ear trend of A log g with respect to dc, was again clearly present.
The f, coefficients slightly change since the reference line is
different, but the final accuracies of the calibrations, estimated
through the residuals of real stars were almost identical.
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Table 5. ZAMS relation for the late region (5 > 2.72) (T > 7000 K).
Tere, M, R and log g from SSMM, [ and ¢, from MD grids and NSW
interpolation and m. () from Crawford (1979)

I63 Co Mo Tetf M/Ms R/Rp  logg
(K) (cgs)

2900 0985 0.194 8560 1.860 1.572 4314
2890 0956  0.197 8440 1.827 1.559 4314
2880 0927 0200 8350 1.802 1.549 4313
2870  0.897 0203 8265 1.780 1.540 4313
2860 0.868 0205 8190 1.760 1.532 4313
2.850  0.841 0.207 8115 1.740 1.524 4312
2840 0.816 0208 8040 1.720 1.516 4312
2830 0.794 0207 7960 1.700 1.508 4311
2820 0775 0206 7875 1.680 1.501 4311
2810 0.760 0205 7795 1.660 1.493 4310
2.800 0.746 0203 7710 1.640 1.486 4.308
2,790  0.730 0200 7610 1.617 1.478 4.307
2780 0715  0.196 7530 1.598 1.470 4.306
2770 0.696  0.192 7440 1.578 1.463 4.305
2760  0.675  0.188 7360 1.558 1.456 4.304
2750  0.652  0.185 7285 1.540 1.449 4.303
2740  0.629  0.182 7205 1.522 1.442 4.302
2730  0.605 0.179 7125 1.502 1.434 4.301
2720 0579  0.177 7050 1.477 1.410 4.309

Balona (1994) suggested mass and surface gravity calibra-
tions computed through polynomial fits to the evolutionary mod-
els of Claret & Giménez (1992) and SSMM. The polynomial
expression for the mass is a function of the effective tempera-
ture and the luminosity of the star, whereas the surface gravity
is obtained though the ¢, and 5 indices. By using these calibra-
tions, we computed masses and surface gravities for the stars
in our sample. To obtain the luminosites we used Stromgren-
Crawford photometric indices, the absolute magnitude calibra-
tions of Balona & Shobbrook (1984), Stromgren (1966) and
Crawford (1979) for the early, intermediate and late regions, re-
spectively, and the bolometric correction calibration of Balona
(1994). The mean residual in log M was equivalent to that de-
rived from the biparametric calibrations proposed in the present
work, except for the late region where the residual is almost a
factor of two larger, probably due to the abundance effects that
were not taken into account by Balona (1994). The mean resid-
uals in log g and, accordingly, in log R are much larger, but,
as pointed out by the author, the surface gravity calibrations
suggested in that work may not be reliable enough.

5. Conclusions

Using a sample of 53 stars belonging to 30 detached double-
lined eclipsing binaries with accurate (= 1-2%) determinations
of masses and radii, we present photometric calibrations for
the mass, radius and surface gravity of single stars in terms of
Stromgren-Crawford photometric indices. The calibrations are
based on those suggested by Andersen (1991) and have a similar
formal expression to Crawford’s (1975, 1978, 1979) absolute
magnitude calibrations. Basically, a ZAMS reference relation
and two photometric indices, one related to T and another
related to evolution, were used to build such calibrations.

We considered the separation of the stars in the sample into
three different photometric regions and both a ZAMS relation
and a calibration depending on suitable indices were considered
for each region. Due to the lack of unevolved stars in the sam-
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ple to define a purely observational ZAMS relation, we used
that of SSMM evolutionary models, which was related to the
photometric indices by means of the MD grids and NSW inter-
polation. Additionally, a simulation using SSMM evolutionary
tracks was performed in order to consider a set of synthetic
stars spread over a wide range of evolutionary stages within the
main sequence, for a better definition of the linear calibrations
attempted. The agreement between real and synthetic stars was
excellent in all photometric regions. An additional linear term in
dm, was considered in the calibrations of the late region to ac-
count for abundance effects. Although a similar treatment may
also be necessary for the intermediate region, the lack of real
stars in this region prevented an equivalent correction.

Thus, Egs. (2), (3) and (4), together with Tables 3, 4 and 5
constitute the biparametric calibrations proposed in this work,
applicable to main sequence stars with 7000 K < T.x <
20000 K. For both cooler and hotter stars, a suitable definition
of the ZAMS relation and, accordingly, of the calibrations was
not possible, as quoted in Paper I, due to the inaccuracies in the
model atmospheres used to relate the phometric indices to Tes
and log g. The mean residuals obtained for the real stars are very
similar to those given by a more complex algorithm using MD
grids and SSMM stellar evolutionary models, and better than
those from single-parameter calibrations by a factor of about
three.
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