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Abstract. Several grids of synthetic UBV color indices com-
puted in the Johnson system and based on ATLAS9 atmospheric
models are compared and discussed.

We present synthetic colors which differ from those com-
puted by Kurucz (1995) only for the convective models and for
a very small shift of the zero-points. We compare these colors,
called C97, with colors computed by Kurucz (1993a), Kurucz
(1995) (K95), Bessell et al. (1998) (BCP). The Buser & Ku-
rucz (1992) (BK92) colors, derived from models different from
ATLAS9, are also considered.Teff -(U-B), Teff -(B-V), andTeff -
BCV relations are compared together and are compared with
empirical relations from literature.

For convective stars (Teff≤ 8750 K),∆Teff differences re-
lated with the different synthetic grids based on the ATLAS9
models are not larger than 100 K for [M/H] = 0.0 and 200 K for
[M/H] = -2.0.

All the K95, C97, and BCP grids give, in general,Teff larger
than those from the empiricalTeff -color relations. For dwarfs,
atTeff= 5000 K and for [M/H] = 0.0,∆Teff from (U-B) is about
250 K, and∆Teff from (B-V) is on the order of 200 K. For giants,
computed and observedTeff -(U-B) data agree well, while, for
(B-V), the behaviour is similar to that for dwarfs. These results
do not change in a significant way for different metallicities.

Computations performed for [M/H] = -2.0 have shown that,
for dwarfs, the agreement with the observations improves when
models computed for solar scaled abundances, but withα el-
ements enhanced by 0.4 dex and based on the new solar iron
abundance log(NFe/Ntot) = −4.53 dex, are used.

The dependence of the color indices on Teff , gravity, metal-
licity, and microturbulent velocity is investigated.
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1. Introduction

Broad band color indices and bolometric corrections are usually
used to transform from theoretical HR diagrams (luminosity vs.
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Teff ) to observed magnitude color diagrams. Theoretical color-
temperature and color-bolometric correction relations may be
used to extend the range inTeff , log g, and metallicity covered by
the empirical relations. Furthermore, color indices may be used
to fix model parameters for stellar abundances determinations.

Starting from the seventies, Kurucz published extensive
grids of models and colors, which have been improved over
the years. In particular, UBV colors computed in the Johnson
system and based on Kurucz models or on Kurucz opacities
were discussed by Buser & Kurucz (1978), Buser & Kurucz
(1992), Kurucz (1991), Lejeune et al. (1997), and Bessell et al.
(1998).

The early Buser & Kurucz (1978) UBV grids, covering a
range inTeff from 5500 K to 50000 K, were later extended
by Buser & Kurucz (1992) to lower temperatures ranging from
3750 K to 6000 K. Because, at that time, no models cooler
than 5500 K were computed by Kurucz, owing to the lack of
molecular opacities, Buser & Kurucz (1992) (BK92) adopted
the cool models computed by Gustafsson et al. (1975), Bell et al.
(1976), and Eriksson et al. (1979) and computed fluxes by using
ODF’s based on the Kurucz & Peytremann (1975) line lists, in
spite of the lack of any molecular blanketing. As stressed by
BK92, those fluxes were “not physically fully self-consistent,
and will doubtlessly be improved by future calculations based
on the new models of G-K stars and the more extensive opacity
tables for both atomic and molecular lines which are currently
being completed by Kurucz (1991)”.

In fact, new models were published by Kurucz (1993a). They
are based on new opacity distribution functions computed with
an huge number of both atomic and molecular lines lying in
the whole spectrum from 90̊A to 100000Å. Preliminary UBV
colors computed by using these new models were presented by
Kurucz (1992) and definitive colors were later published (Ku-
rucz, 1993a). However, new generations of convective models
were computed later on both by Kurucz (1995), who improved
the convection treatment related with the overshooting and by
Castelli, who adopted the classical mixing-length theory for
the convection, having dropped the overshooting option used
by Kurucz. Bessell et al. (1998) presented extended grids of
broad-band colors, based on both ATLAS and NMARCS model
atmospheres.
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Because Bessell et al. (1998) used UBV passbands and zero-
points different from those used by Buser & Kurucz (1978)
and Buser & Kurucz (1992) we reconsider in this paper UBV
photometry in according with Buser & Kurucz formulation, so
that a more direct comparison with the Buser & Kurucz and
Kurucz’s papers can be performed. Furthermore, we extend the
discussion to colors computed for different metallicities [M/H]
and different microturbulent velocitiesξ.

Sects. 4, 5, and 6 summarize which models, filters, and zero-
points are used to compute the Kurucz grids (K95), the Castelli
grids (C97), and the Bessell et al. grids (BCP). In Sect. 7 we
compare the different synthetic colors and estimate the effective
temperature differences related with the different grids of colors.

In order to estimate which grid fits the observations best,
we investigate in Sects. 10 and 11 the agreement between the
several computedTeff -color relations with the corresponding
empiricalTeff -color calibrations presented in Sect. 9.

The dependence of the computed color indices onTeff , grav-
ity, [M/H], and microturbulent velocityξ is discussed in Sect. 8
and Sect. 12.

We used models computed with a 1996 version of the AT-
LAS code. The ODF’s are those provided by Kurucz (1993b).
A Vega model (Castelli & Kurucz, 1994) consistent with all the
updated computations was used to fix the zero-points.

All the grids discussed in this paper, except the Bessell et al.
(1998) color indices, are available at: http://cfaku5.harvard.edu.
The BCP color indices are available at CDS and on request.

2. Synthetic colors and bolometric corrections

Color indices are defined as the difference between the magni-
tudes of a star in two different spectral regions. The magnitudes
are the apparent ones when the observed indices are considered,
while they involve the flux at the stellar surface when synthetic
indices are computed.

The computed magnitude mi corresponding to a particular
filter or passband i is:

mi = −2.5log

βi∫
αi

FλSi(λ)dλ (1)

or

mi = −2.5log


 βi∫

αi

FλSi(λ)dλ/

βi∫
αi

Si(λ)dλ


 (2)

where Fλ is the computed monocromatic flux at the star surface,
Si(λ) is the response function of the photometric system in the i
passband, andαi andβi define the wavelength interval of Si(λ).

Each computed index can then be related to the correspond-
ing observed index by means of an additive constant, namely:

(mi − mj)obs = (mi − mj)calc + C (3)

The constant C is derived by forcing a fit between computed
and observed colors for a given star or a sample of stars well

reproduced by the atmospheric models. Vega is usually adopted
to fix the constant, but also the color indices of a mean A0 V
star are often used as zero-point for several observed standard
systems.

The bolometric correction BCi relative to a given magnitude
is the correction required to reduce the color magnitude to the
bolometric magnitude. The computed BCi is given by

BCi = (mbol − mi)calc + K (4)

where

mbol = −2.5log

∞∫
0

πFλdλ (5)

and the constant K is defined by the zero-point adopted to nor-
malize the computed BCi to the observed system.

Synthetic photometry is therefore conditioned by the model
atmospheres through the flux Fλ, by the computed shape of the
Si functions representing the instrumental passbands, and by
the adopted zero-points.

3. The UBV synthetic grids

The grids of UBV synthetic colors considered in this paper are
those of Buser & Kurucz (1992) (BK92), Kurucz (1993) (K93),
Kurucz (1995) (K95), Castelli (C97), and those in Bessell et al.
(1998) (BCP) based on the ATLAS models computed with no
overhooting in the mixing-length convection.

All the grids use model atmospheres computed from the AT-
LAS9 code, except BK92, which is based on the Gustafsson et
al. (1975), Bell et al. (1976), and Eriksson et al. (1979) mod-
els. All the grids use synthetic fluxes computed with the line
opacities (ODF’s) including the molecular transitions (Kurucz,
1993b), except BK92 which uses ODF’s derived from the Ku-
rucz & Peytremann (1975) (KP) line list. The KP line list does
not include molecular lines and it has many fewer atomic lines
than those considered in the successive line lists provided by
Kurucz.

The K93, K95, and C97 grids differ for the convection used
for computing the models havingTeff between 3500 K and
8750 K. Furthermore, there is a slight difference in the zero-
points between the K93, K95 grids on the one hand and the C97
grid on the other hand.

The BCP grids differ from the K93, K95, and C97 grids for
both the passbands and the zero-points adopted for the (U-B)
and (B-V) color indices and BCV bolometric correction.

We now discuss in more detail each particular grid and the
differences between the different grids.

4. Kurucz’s UBV synthetic photometry (K95)

4.1. The atmospheric models K93, K94, K95

Grids of colors computed by Kurucz are those published on the
CD-ROM 13 (Kurucz, 1993a) and on the CD-ROM 19 (Ku-
rucz, 1994) (K93 and K94). In the first case the colors are com-
puted for 19 different metallicities ranging from [M/H] = +1.0



566 F. Castelli: Synthetic photometry from ATLAS9 models in the UBV Johnson system

Fig. 1.Comparison of U-B, B-V relations from K93 (dashed lines) and
K95 (full lines) models

to [M/H] = -5.0, but for only one microturbulent velocityξ =
2 km s−1. In the second case the colors are computed for 5
different microturbulent velocities 0, 1, 2, 4, and 8 km s−1, but
for only one metallicity [M/H] = 0.0. The grid with [M/H] =
0.0 andξ = 2 km s−1 is distributed in both CD-ROMs. The
only difference is that the grid on CD-ROM 19 contains more
numerous models.

The color-color relations derived from these grids showed
discontinuties which do not appear in the corresponding ob-
served relations. Castelli (1996) explained how to eliminate the
color jumps which were related to a modification of the mixing-
length convection adopted by Kurucz for computing the 1993
and 1994 models and called by him “approximate overshoot-
ing”. Owing to a conceptual error in the convection routine of
ATLAS9, the models with zero convection at the bottom of the
atmosphere (τRoss = 100) were computed without any “over-
shooting” for the convection, while all the other convective mod-
els were computed with the “approximate overshooting”. The
discontinuities occurred at the edges of the two regimes.

The convective models before 1995 were recomputed by
Kurucz by adopting the improvement suggested by Castelli for
the “approximate overshooting”. These are here called the K95
models.

Fig. 1 compares (U-B,B-V) grids computed from the K93
and K95 model atmospheres for [M/H] = 0.0 andξ = 2 km s−1.
The discontinuities are manifest in the K93 grid (dashed lines).

4.2. The passbands and zero-points

A complete description of the numerical procedure used by Ku-
rucz to compute color indices and bolometric correction in the

UBV Johnson system can be found in Kurucz (1979), Buser &
Kurucz (1978), and Buser & Kurucz (1992).

The UBVBUSER code, as distributed by Kurucz on the CD-
ROM No 13, was used for computing the UBV photometry.
Input data is a grid of computed fluxes and output data are U,
B, and V magnitudes (corresponding to the flux at the stellar
surface), the color indices (U-B) and (B-V) normalized to the
observed system, the bolometric correction BCV relative to the
V magnitude, and the quantity BOL =−2.5log(σTeff

4/π).
The U, B, and V magnitudes are defined with both formulas

(1) and (2), but with F(λ) replaced by the Eddington flux Hλ =
Fλ/4. The passbands Si(λ) are those of the Johnson & Morgan
(1951) system reconstructed at Vilnius (Azusienis & Straižys,
1969), and modified by Buser (1978). The response function SU

for the U region (305–420 nm) is from Buser (1978), and the SB

and SV functions for the B (360–455 nm) and V (475–740 nm)
regions are from Azusienis & Straižys (1969). They take into
account the extinction of the earth atmosphere by assuming secz
= 1.3 for the U and B colors when the (U-B) index is computed
and secz = 0 for the B and V colors when the (B-V) index is
computed.z is the zenith angle.

Observed (U-B) and (B-V) indices of Vega are used to fix the
zero-point of the synthetic photometric system. Kurucz (1979),
Buser & Kurucz (1978), and Buser & Kurucz (1992) used an
ATLAS6 Vega model with parametersTeff= 9400 K, log g =
3.95, [M/H] = 0.0, andξ = 2 km s−1. Kurucz (1992) used an
ATLAS9 model with the same parameters and, finally, Kurucz
(1993a) used the ATLAS9 model from from Castelli & Kurucz
(1994) with parametersTeff= 9550 K, log g = 3.95, [M/H] =
-0.5, andξ = 2 km s−1

Spectrophotometric observations from Straižys & Svider-
skiene (1972) were used by Buser (1978) to obtain the following
transformation equations from the reconstructed natural system
(U-B)r, (B-V)r and the standard UBV Johnson-Morgan system:

(U − B) = (U − B)r − 1.093 (6)

(B − V) = (B − V)r + 0.710 (7)

The above relations are part of the UBVBUSER code and
give (U-B) = -0.016 and (B-V) = -0.015 for Vega. The constant
CU−B = +0.011 and CB−V = +0.012 were added to (6) and (7)
in order to recover (U-B) = -0.005 and (B-V) = -0.003, assumed
by Kurucz as observed indices of Vega.

4.3. The bolometric correction

In accordance with (4) and (5) the bolometric correction is:

BCV

= −2.5

[
logσT4

eff/π − log

∫ β

α

SV (λ)H(λ)dλ

]
+ K (8)

In this system, the constant K includes the constant
−2.5log(1/4) which is needed to convert the flux F(λ) in H(λ).
K is defined by normalizing to zero the smallest bolometric cor-
rection (in absolute value) of the whole synthetic grid computed
for [M/H] = 0.0 and microturbulent velocityξ = 2 km s−1. It
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Table 1.Bolometric corrections BCV in the synthetic grids

Ref BC(def.) BC(5770 K,4.4377) BC BC� BC′

model adopted adopted BC′
� = -0.07

K (1979) BOL-V′+6.986 -0.214 BC(def.) -0.194 BC+0.124
BK(1978) BOL∗-V′+8.491 -0.214 BC(def.)+0.1 -0.094 BC+0.124
BK92 BOL-V′+6.986 -0.189 BC(def.)+0.1 -0.089 BC+0.119
K95 BOL∗-V′+8.42 -0.193 BC(def.) -0.193 BC+0.123
C97 BOL-V+2.124 -0.193 BC(def.) -0.193 BC+0.123

BOL = −2.5log(σTeff
4/π),BOL∗ = −2.5log(σTeff

4/4π), V = -2.5[log
βi∫

αi

HλSi(λ) dλ], V ′ = -2.5log[
βi∫

αi

HλSi (λ)dλ/
βi∫

αi

Si(λ)dλ]

occurs for the modelTeff= 7250 K,log g = 0.5. With this nor-
malization, positive values for BCV are avoided. For the Sun,
BCV � = -0.193.

By assuming V� = -26.75 (Hayes, 1985), the absolute mag-
nitude is MV � = 4.82. Therefore, for the normalization adopted
by Kurucz, Mbol� is given by MV �+BCV � = 4.63.

If, instead, BC′V � = -0.07 is assumed as zero-point, all Ku-
rucz’s BCV have to be rescaled. The conversion is:

BC′
V = BCV + 0.123 (9)

In fact:

BC′
V� = −0.193 + 0.123 = −0.07 (10)

In this case, Mbol� is given by MV +BC′
V � = 4.75, and all

the bolometric magnitudes will be derived by using the BC′
V

bolometric corrections (9).
Table 1 lists some values for bolometric corrections based

on Kurucz models. Both Buser & Kurucz (1978) and Buser &
Kurucz (1992) redefined the zero-points of BCV derived from
the models by increasing them by 0.1 mag, on the basis of a
fit to the BCV -Teff empirical relation from Code et al. (1976).
Column 5 of Table 1 shows that these renormalizations lowered
the final solar BC� from -0.19 to -0.09.

5. Castelli UBV synthetic photometry (C97)

5.1. The atmospheric models

ATLAS9 convective models computed without any overshoot-
ing were used. In fact, Castelli et al. (1997) discussed the dif-
ferences on some color indices and Balmer profiles produced
by the models computed both with and without “overshooting”
and concluded that, except for the Sun, the no-overshoot models
better agree with the observations, mostly for stars hotter than
the Sun.

Castelli recomputed grids of convective models (Teff
3500–8750 K) with metallicities [M/H] =+0.5, 0.0, −0.5,
−1.0, −1.5, −2.0, and−2.5 and microturbulent velocityξ =
2 km s−1. Furthermore, by using Kurucz’s ODF’s, she com-
puted complete new grids (Teff 3500–50000 K) for [M/H] =
−2.0a andξ = 1.0, 2.0, 4.0 km s−1, and [M/H] =−1.0a,−1.5a
andξ = 1.0 km s−1. The symbol “a” indicates abundances for
the α elements (O, Ne, Mg, Si, S, Ar, Ca, and Ti) enhanced
by 0.4 dex relative to the solar ones and solar iron abundance

log(NFe/Ntot) = −4.53 (Holweger et al., 1995). For all the
other grids solar and solar scaled abundances were used, in
that the same ODF’s used by Kurucz for computing the K93,
K94, and K95 models were adopted. In this case, the solar iron
abundance is -4.37 dex from Anders & Grevesse (1989). The
lower value of the solar iron abundance from Holweger et al.
(1995) should be preferred. In fact, it was later confirmed by
Anstee, O’ Mara & Ross (1997), who derivedlog(NFe/Ntot)
= −4.53 ± 0.01 from the fit of 26 strong Fe I solar lines to
lines computed with accurate laboratory gf values and collision
damping constants computed according to the theory of Anstee
& O’ Mara (1995).

5.2. The passbands and zero-points

The UBVBUSER code was used to compute the U,B, V colors,
so that we adopted the same passbands used by K95. However,
(U-B) and (B-V) zero-points were slightly modified, in that we
adopted (U-B) = 0.000 and (B-V) = 0.000 as observed indices of
Vega, in according to Johnson et al. (1966). We called (B-V)(J)
the indices with this normalization to distinguish them from
those normalized on (B-V) = -0.016 for Vega, as derived by
Hayes (1985) from the observed flux of Vega together with the
Azusienis & Straǐzys (1969) response functions. We computed
(B-V) indices also for this second normalization and called them
(B-V)(H). We recall that Bessell (1983) measured for Vega (B-
V) = -0.010.

For BCV we adopted the same zero-point adopted by K95.

6. Bessell, Castelli & Plez UBV synthetic photometry
(BCP)

Bessell et al. (1998) published tables of colors based on both
K95 and C97 models computed for solar metallicity. However,
these colors are different from the previous ones because they
are computed with different U, B, and V passbands and different
zero-points.

6.1. The passbands

The UBV magnitudes were computed by using the UBV pass-
bands from Bessell (1990). Furthermore, the computed (U-B)
colors for O-K stars were then modified by multiplying them by
0.96 in order to force them to agree with a mean relationTeff -
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Fig. 2.Comparison of U-B, B-V relations from K95 (dashed lines) and
C97 (full lines) models

(U-B) for O-B stars derived by combiningTeff -spectral type
relations from Crowther (1997) and from Böhm-Vitense (1982)
with (U-B)-spectral type relations from FitzGerald (1970).

A general discussion on the accuracy of the passbands
adopted for synthetic photometry is given in Appendix E in
the Bessell et al. (1998) paper.

6.2. The zero-points

Both Vega and Sirius were used to fix the zero-points of the (U-
B) and (B-V) indices. Observed indices of Vega were assumed
to be (U-B) = 0.000 (Johnson et al., 1966) and(B − V ) =
−0.005 (the average of(B − V ) = 0.000 from Johnson et al.
(1966) and(B −V ) = −0.010 from Bessell (1990)). Observed
indices of Sirius are(U − B) = −0.045 and (B − V ) =
−0.010 (Cousins, 1972). The Vega model is from Castelli &
Kurucz (1994) and the Sirius model is from Kurucz (1997a).
The parametersTeff , log g, [M/H], and microturbulent velocity
are (9550 K, 3.95, [−0.5], 2 km s−1) for the Vega model and
(9850 K, 4.25, [+0.4], 0 km s−1) for the Sirius model. The
differences between the observed and computed colors of Vega
and the differences between the observed and computed colors
of Sirius were averaged. The average difference was used to fix
the zero-points.

6.3. Bolometric corrections

Bolometric correction BCV was computed by adopting as zero-
point BCV = -0.07 mag for the Sun. It was derived by assuming
the absolute bolometric magnitude of the Sun to be known and
given by Mbol� = 4.74 mag. For the observed V� the value
-26.76 mag was adopted.

Fig. 3.Comparison of U-B, B-V from K95 (dashed lines) and C97 (full
lines) as a function ofTeff for the two gravitieslog g = 2.5 andlog g =
4.5

7. Comparison of color indices

7.1. K95 and C97 color indices

These indices differ only for the convection adopted in the mod-
els and for a slight difference in the zero-points. Fig. 2 compares
(U-B, B-V) diagrams from K95 and C97 models forTeff be-
tween 5500 K and 8500 K. Almost all colors are different in
this range ofTeff .

Fig. 3 compares, for the two gravitieslog g = 4.5 andlog g =
2.5, and [M/H] = 0.0, the (U-B) and (B-V) indices as a function
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Fig. 4.∆Teff differences from C97 and K95 (B-V) indices for different
gravities and metallicities

of Teff from C97 and from K95. The differences are larger for
(U-B) than for (B-V) and occur mostly forTeff> 5500 K.

Fig. 4 quantifies the differences∆Teff as a function ofTeff
for different metallicities when the (B-V) index is considered.
The largest∆Teff differences increase from about 100 K for
[M/H] = 0.0 to about 200 K for [M/H] =−2.0.

This kind of comparison is rather meaningless for the (U-
B) index whenTeff > 6000 K, because (U-B) is independent
of Teff in this range of temperatures, as is evident from Fig. 3.
The dependence of the color indices onTeff is also discussed in
Sect. 8.

A similar analysis performed on the BCV bolometric correc-
tions has shown that there are no differences between bolometric
corrections computed from models with and without overshoot-
ing.

The comparison between the K95 and C97 color indices
shows the effect of convection in the atmospheres of the cool
stars. The influence of convection in ATLAS9 model atmspheres

Fig. 5.Comparison of U-B, B-V relations from BCP (dashed lines) and
C97 (full lines) models

was discussed in Castelli et al. (1997), while Kurucz (1997b)
stressed the fact that every one-dimensional approximation for
convective motions, like mixing-length, or mixing-length +
overshooting, or the full spectrum of turbulence (FST) (Canuto
& Mazzitelli,1992), are all unrealistic treatments. In fact, con-
vective motions are ascending and descending gaseous flows
having different velocities and temperatures that very probably
do not average into any one-dimensional treatment used up to
now in the model atmosphere computations. Incorrect results
are the consequence of the uni-dimensional approximation in
the model atmospheres for the convective motions. The most
evident discrepancies from the observations predicted by mod-
els and related to the unrealistic convection are listed in Kurucz
(1997b).

7.2. BCP and C97 color indices

These indices differ for the adopted passbands and for the zero-
points. They may also differ for the models if BCP colors from
models computed with overshooting are considered. We discuss
here only BCP colors from models without overshooting. Fig. 5
compares (U-B,B-V) diagrams from BCP and C97 for convec-
tive models andTeff> 5250 K. All the colors are different.

Fig. 6 compares, for the two gravitieslog g = 4.5 andlog g
= 2.5, and for [M/H] = 0.0, the (U-B) and (B-V) indices as a
function ofTeff from C97 and from BCP grids. The differences
are larger for (U-B) than for (B-V). For (U-B) they are mostly
due to the 0.96 multiplicative factor adopted by BCP (Sect. 6).

Fig. 7 quantifies the differences∆Teff = Teff (BCP)-
Teff (C97) as a function ofTeff for different metallicities when
the (B-V) index is considered. The differences in (B-V) are very
small and, for [M/H] = 0.0,∆Teff ranges from +20 K atTeff=



570 F. Castelli: Synthetic photometry from ATLAS9 models in the UBV Johnson system

Fig. 6. Comparison of (U-B) and (B-V) from BCP (dashed lines) and
C97 (full lines) as a function ofTeff for the two gravitieslog g = 2.5
andlog g = 4.5

3750 K to -60 K atTeff= 8500 K. These values are the same or
even decrease with decreasing metallicity.

7.3. BCP and K95 color indices

These indices differ for passbands and zero-points. ForTeff<
9000 K they may also differ for the models when BCP colors
from models without overshooting are considered. We discuss
here only BCP colors from models without overshooting. Fig. 8
compares (U-B,B-V) diagrams for convective models forTeff>

Fig. 7.∆Teff differences from BCP and C97 (B-V) indices for different
gravities and metallicities

Fig. 8.Comparison of U-B, B-V relations from BCP (dashed lines) and
K95 (full lines) models

5250 K and Fig. 9 compares, for the two gravitieslog g = 4.5
and log g = 2.5, and for [M/H] = 0.0, the (U-B) and (B-V)
indices as a function ofTeff from BCP and from K95 grids.
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Fig. 9. Comparison ofTeff -(U-B), Teff -(B-V) relations from BCP (dashed lines) and K95 (full lines) for the two gravitieslog g = 2.5 andlog g
= 4.5

While the differences in (B-V) indices are not very large, they
are significant for (U-B).

There are no differences between BCV bolometric correc-
tions from BCP and K95 colors, once the same zero-point is
assumed for both.

7.4. C97 and Buser & Kurucz (1992) (BK92) color indices

These indices differ for the models, the fluxes, and the Vega
model. BK92 used models computed by Gustafsson et al.
(1975), Bell et al. (1976), and Eriksson et al. (1979). The fluxes
were computed by using ODF’s based on the Kurucz & Peytre-
mann (1975) line lists, which do not include molecular tran-

sitions. The Vega model used to normalize the colors was the
ATLAS6 model with parametersTeff= 9400 K, log g = 3.90,
[M/H] = 0.0, andξ = 2 km s−1.

Fig. 10 compares, for the two gravitieslog g = 4.5 andlog g
= 1.5, and [M/H] = 0.0, the (U-B) and (B-V) indices as a function
of Teff from BK92 and from C97 grids. For the same value of
(U-B) or (B-V) Teff from the C97 models are always larger
than those from BK92. The difference is larger for (U-B) than
for (B-V) and for both indices the difference increases with
decreasing gravity. The plots on the right in Fig. 10 show the
∆Teff differences as a function ofTeff when the same value for
a given index is considered in the two grids.∆Teff differences
are plotted for the three different gravitieslog g = 1.5, 3.0, and
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Fig. 10.Comparison between synthetic indices (U-B) and (B-V) from Buser & Kurucz (1992) (dashed line) and from C97 (full line). The plots
on the right show the differences between effective temperatures corresponding to the same values of the indices in the two grids

4.5. For instance, we can derive a difference∆Teff = 375 K for
log g = 1.5 and (U-B) = 0.6, and∆Teff = 300 K for log g = 1.5
and (B-V) = 1.0.

8. The dependence of the synthetic (U-B), (B-V) colors
and bolometric correction on effective temperature,
gravity, and metallicity

The computedTeff -color relations show the behaviour of the
color indices with temperature, gravity, and metallicity. Fig 11a
shows that (U-B) is almost independent of gravity forTeff be-
tween 4500 K and 5750 K, and that it strongly depends onTeff
in this region. Vice-versa, it depends onlog g for Teff between
6250 K and 8750 K. ForTeff> 9000 K, (U-B) depends on both
Teff and log g. Fig. 11b shows that (U-B) depends on metal-
licity for Teff< 8000 K, while forTeff> 8000 K it is almost
independent of it.

Fig. 12a shows that (B-V) is almost independent oflog g for
Teff between 3750 K and 6250 K. ForTeff between 6250 K and
8500 K, (B-V) depends on bothTeff andlog g; for Teff between
8500 K and 10000 K it still depends onlog g for dwarfs, but it
almost independent of it forlog g < 4.0; forTeff> 11000 K, (B-
V) is almost independent of bothTeff andlog g. Fig. 12b shows
that (B-V) slightly depends on metallicity when it is independent
of log g, namely forTeff between 3750 K and 6250 K. For higher
Teff , (B-V) is almost independent of metallicity.

The dependence of the color indices on the microturbulent
velocity ξ is discussed in Sect. 12 for [M/H] = -2.0.

Fig. 13a shows that BCV is almost independent oflog g, in
particular forTeff> 9000 K. Fig. 13b shows that BCV slightly
depends on metallicity.

Table 2 quantifies, for convective stars, the dependence of
(U-B) and (B-V) on metallicity and the dependence of (B-V)
on gravity. For the set ofTeff given in column 1, column 2 lists,
for log g = 4.5,∆Teff derived at the same (U-B) from the grids
computed for [M/H] = 0.0 and [M/H] =−1.0. For comparison,
column 3 lists the corresponding∆Teff derived from the Alonso
et al. (1996b) empirical relations (see Sect. 9). Columns 4 and
5 are the analogous to columns 2 and 3 for [M/H] =−1.0 and
[M/H] = −2.0. Columns 6, 7, 8, and 9 are analogous to columns
2, 3, 4, and 5, but for (B-V). The last two columns show the
difference∆Teff derived at the same (B-V) forlog g = 3.5 and
log g = 4.5. Column 10 shows the results from the grid computed
for [M/H] = 0.0 and column 11 is for [M/H] =−2.0.

9. Empirical Teff -color relations

Empirical Teff -colors relations should be model independent.
However, up to now, there are no methods completely indepen-
dent of models. The most direct method is that proposed by
Code et al. (1976), which uses the total observed fluxes and
the measured angular diameters. But the observed flux has to
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Table 2.Dependence of (U-B) and (B-V) on metallicity and on gravity. See Sect. 8 in the text for the meaning of the columns.

∆Teff (K)

(U-B) (U-B) (B-V) (B-V) (B-V) (B-V)
Teff (K) [M/H](0.0,-1.0) [M/H](-1.0,-2.0) [M/H](0.0,-1.0) [M/H](-1.0,-2.0) logg (4.5,3.5) logg(4.5,3.5)

C97 AAM C97 AAM C97 AAM C97 AAM [M/H] = 0.0 [M/H] = -2.0
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

3500 595 97 409 33
3750 603 314 68 17
4000 491 339 133 204: 87 192: -15 7
4250 423 458 297 250 222 218: 67 119: -7 11
4500 447 509 298 296 273 227 71 131: -22 23
4750 486 583 323 321 285 250 101 131 -47 32
5000 548 680 370 323 287 279 134 132 -46 64
5250 678 788 465 393 289 286 180 150 -21 97
5500 1187 1036 5065 458 301 303 202 161 12 115
5750 323 307 195 161 33 122
6000 334 340 180 146 57 132
6250 327 364 154 175 83 151
6500 311 350 128 182 114 189
6750 294 406 112 194 145 236
7000 268 400 97 175: 186 300
7250 237 500 85 257 366
7500 206 75 340 453
7750 162 59 450 544
8000 111 40 551 655
8250 81 21 616 750
8500 83 18 697 819
8750 67 11 776

be supplemented with fluxes from models at wavelengths (very
long and very short) for which no observations exist to build
up the bolometric flux needed to obtainTeff . The extent of the
dependence ofTeff on models is related to the spectral type of
the studied stars. Code et al. (1976) derivedTeff for 37 stars
with solar metallicity including dwarfs, giants, and supergiants.
The quoted accuracy ofTeff ranges from 1.4% to 7.7%, and,
on average, it is on the order of 4%.

The infrared flux method (IRFM) from Blackwell & Shal-
lis (1977) is also based on the bolometric flux. Furthermore it
needs also the computed flux at a some given wavelength in the
infrared. This method loses its validity with increasingTeff and
cannot be used forTeff> 10000 K. Ḿegessier (1994) discussed
the influence of models on the derivation ofTeff . Blackwell &
Lynas-Gray (1994) and Blackwell & Lynas-Gray (1998) used
this method to analyze both dwarfs and giants, but for only solar
or nearly solar metallicity. They estimated the accuracy ofTeff
they derived with IFRM to be on the order of 2%.

Also Alonso et al. (1996b) published effective temperatures
andTeff -color calibrations based on the infrared flux method.
They derivedTeff only for dwarfs, but having metallicities rang-
ing from [0.0] to [-2.5]. Relationshipsθeff -[Fe/H]-color index
are given for several indices in the Johnson and Strömgren sys-
tems, but not for (U-B). In fact, the particular shape of theTeff -
(U-B) curve showing a dependence of (U-B) onTeff for Teff<
6000 K and a dependence of (U-B) onlog g for Teff> 6000 K

(Fig. 11a) can hardly be fitted by some polynomial approxi-
mation. TheTeff -(U-B) relation in Alonso et al. (1996b) was
derived by averaging over the observed (U-B) indices and the
correspondingTeff .

The mean accuracy of the adopted metallicity was estimated
to be within 0.15 dex and 0.3 dex. From Fig. 11b we see that
this uncertainty in metallicity translates into an error inTeff no
larger than 150 K near 5000 K and [M/H] = 0.0. The accuracy
of Teff was estimated to be on the order of 1.5% (Alonso et
al., 1996a). Finally, for [M/H] = 0.0, the combined uncertainty
from the IRFM and metallicity is less than 200 K at 5000 K.

Finally, Gratton et al. (1996) derived empiricalTeff -color
relations from both dwarfs and giants for [M/H] = 0.0 by using
both data from Blackwell & Lynas-Gray (1994) and those from
Bell & Gustafsson (1989).

To compare theoretical relations with observations we have
used, for cool dwarfs, the Alonso et al. (1996b)Teff -(U-B) and
Teff -(B-V) empirical scales, and, for cool giants, the Gratton
et al. (1996)Teff -(B-V) empirical calibration. For both dwarfs
and giants we added, for comparison, theTeff -color data from
Blackwell & Lynas-Gray (1994) (BLG). For dwarfs, the larger
number of stars (i.e. 410) used by Alonso et al. (1996b) as com-
pared with the 140 stars used by Gratton et al. (1996) has lead
us to give more weight to the Alonso et al.Teff -color relations.
Alonso et al. (1996a) assigned to the dwarfs and subdwarfs of
their sample a gravity which increases fromlog g = 4.0 for the
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Fig. 11a and b.ComputedTeff -(U-B) relations fora differentlog g and [M/H] = 0.0, andb for different metallicities andlog g = 4.0

hottest Pop I stars tolog g = 5.0 for the cooler stars. Gratton et al.
(1996) assumedlog g = 4.5 for dwarfs; for giants, they assumed
log g = 2.0 for Teff≥ 4500 K andlog g = (Teff -3500)/500 for
Teff< 4500 K.

When we used data from BLG we separated dwarfs from
giants on the basis of the stellar gravity as listed in Castelli et
al. (1997). The gravities of the sample range fromlog g = 1.40
to log g = 4.65. We assumed that stars withlog g ≥ 3.75 are
dwarfs, while the others are giants. This rough luminosity clas-
sification can be compared with the Teff-log g relations listed
by Gray (1989) which show thatlog g for dwarfs increases from
4.2 at 8250 K to 4.7 at 3620 K;log g for giants decreases from
3.6 at 6380 K to 1.9 at 3880 K. Interpolated values oflog g
from Gray (1989) are shown in the last column of Table 3 and
Table 4. Bessell et al. (1998) estimated gravities from theoret-
ical isochrones and evolutionary tracks. They pointed out that

“gravities of stars on the solar abundance giant branch range
from log g = 3.0 ± 0.5 near 5000 K tolog g = -0.2 ± 0.5 at
3000 K”.

We dereddened the stars of the BLG sample by using the
relations taken from Schmidt-Kaler (1992):

E(B − V) = A(V)/3.12 (11)

E(U − B) = 0.72E(B − V) + 0.05E(B − V)2 (12)

For both hot dwarfs and hot giants we considered the empir-
ical Teff -(U-B) data and empiricalTeff -(B-V) calibration from
Code et al. (1976). We adopted theTeff -log g calibrations from
Schmidt-Kaler (1982). Namely, for main sequence stars,log g
is about 4.0, while for giants it is on the order of 3.5. For the
giants and dwarfs listed in Code et al. (1976) we adopted (U-B)
taken from the Bright Star Catalog (Warren & Hoffleit, 1994)
and we dereddened them with the relations (11) and (12).
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Fig. 12a and b.ComputedTeff -(B-V) relations fora differentlog g and [M/H] = 0.0, andb for different metallicities andlog g = 4.0

9.1. Comparison of empiricalTeff -color relations
for cool stars

Fig. 14 compares theTeff -(U-B) andTeff -(B-V) empirical rela-
tions from Alonso et al. (1996b) (full line) with theTeff -(U-B)
andTeff -(B-V) color data taken from the BLG sample for dwarfs
(asterisks). The empirical relationTeff -(B-V) from from Grat-
ton et al. (1996) is also plotted (dashed lines). The Alonso et al.
(1996b) empirical relations are slightly redder than both Gratton
et al. (1996) and BLGTeff -color data.

This small discrepancy between the different empirical re-
lations could be related with the different photometric obser-
vations adopted by the different authors. For instance, Alonso
et al. (1996b) use UBV data mostly from Sandage & Kowall
(1986) and Carney & Latham (1987). Ryan (1989) presented
much accurate and original UBV photometry for subdwarfs and
states that his (U-B) photometry is in agreement with Sandage &
Kowall (1986), but that the Carney & Latham (1987) U-B pho-
tometry is about 0.02 mags redder. As consequence, the Alonso
et al. (1996b)Teff -(U-B) empirical relations could be shifted
toward the blue if Ryan (1989) observations are used.

10. Comparison of computed
and empirical Teff -color relations

To compare the empiricalTeff -color relations with the computed
ones we should pick out the atmospheric models having param-
etersTeff andlog g as close as possible to those of the stars used
to build up the empirical relations. For cool stars (Teff< 9000 K)
we estimated theTeff -log g dependence from Gray (1989) and
from the isochrones of Bertelli et al. (1994).

Table 3 and Table 4 show, for dwarfs and giants respectively,
theTeff -log g dependence for stars with [M/H] = 0.0, when the
isochrones for metallicity Z = 0.02 and log(age) equal to 9.6
and 9.0 yr are considered. For comparison, the last column lists
theTeff -log g calibration from Gray (1989).

Because, according to Bessell et al. (1998), the uncer-
tainty in gravity derived from the isochrones is on the order of
± 0.5 dex, we averaged and smoothed thelog g-Teff relations
of Table 3 and Table 4. Without going beyond the uncertainty
limits of ± 0.5 dex forlog g, we recovered the same parameters
available in the grids of models. We recall that the steps∆ log g
are equal to 0.5 dex in the K95 and C97 grids. For dwarfs, we
adoptedlog g = 4.5 for Teff≤ 6500 K, andlog g = 4.0 for the
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Fig. 13a and b.ComputedTeff -BCV relations fora differentlog g and [M/H] = 0.0, andb for different metallicities andlog g = 4.0

Table 3.log g-Teffcalibrations for dwarfs derived both from the Bertelli
et al. (1994) isochrones of different ages and Z = 0.02 and from Gray
(1989)

isochrones Gray (1989)
log(yr) 9.6 9.0
Teff log g log g log g

8000 4.22
7750 4.22
7500 4.23
7250 4.13 4.24
7000 4.20 4.25
6750 4.26 4.25
6500 4.32 4.27
6250 4.39 4.28
6000 4.38 4.46 4.31
5750 4.47 4.52 4.36
5500 4.52 4.56 4.44
5250 4.57 4.59 4.49
5000 4.60 4.62 4.51
4750 4.63 4.63 4.53
4500 4.65 4.67 4.54
4250 4.68 4.70 4.57
4000 4.72 4.71 4.60

hotter stars. For giants, we adopted:

log g = 3.5 for Teff ≥ 5500 K
log g = 3.0 for 4750 K ≤ Teff < 5500 K

Table 4.log g-Teffcalibrations for giants derived both from the Bertelli
et al. (1994) isochrones of different ages and Z = 0.02 and from Gray
(1989)

isochrones Gray (1989)
log(yr) 9.6 9.0
Teff log g log g log g

7250 3.62
7000 3.55
6750 3.47
6500 3.42
6250 3.36 3.6
6000 3.90 3.32 3.5
5750 3.83 3.30 3.4
5500 3.79 3.29 3.3
5250 3.76 3.29 3.2
5000 3.68 3.17 3.1
4750 3.10 2.71 2.7
4500 2.50 2.23 2.5
4250 1.99 1.78 2.2
4000 1.50 1.26 2.0

log g = 2.5 for 4500 K ≤ Teff < 4750 K
log g = 2.0 for 4250 K ≤ Teff < 4500 K
log g = 1.5 for 4000 K ≤ Teff < 4250 K

For hot dwarfs and giants, (Teff≥ 9000 K) we adopted models
with log g = 4.0, andlog g = 3.5 respectively, in accordance with
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Fig. 14.Comparison of the Alonso et al. (1966b)Teff -(U-B) andTeff -
(B-V) empirical relations for [M/H] = 0.0 (full lines) with the data for
dwarfs taken from the BLG sample (asterisks). For (B-V), the Gratton
et al. (1996) empirical relation for dwarfs is also considered (dashed
line)

the spectral type-Teff relations and spectral type-log g relations
from Schmidt-Kaler (1982).

Because, in the BK92 grids, the gravities of the models may
be different from those of the K95 and C97 grids, we have
changed a little bit thelog g-Teff relation when we compared
observations with the BK92 colors. The adoptedlog g are shown
in Fig. 16 and Fig. 19. They do not differ more than± 0.5 dex
from the gravities adopted with the C97 and K95 grids.

10.1.Teff -(U-B) relations

10.1.1. 3500 K< Teff< 9000 K

Fig. 15a compares, for dwarfs, theoretical relationsTeff -(U-B)
from C97 for [M/H] = 0.0 with the corresponding empirical
relations from Alonso et al. (1996b) and with theTeff -color
data taken from the BLG sample for dwarfs. Fig. 15c is the
same comparison for giants. In this case the data (the asterisks)
are only those from BLG.

For dwarfs, models give higherTeff than the Alonso et al.
(1996b) empirical relation when the (U-B) index depends on
Teff , namely forTeff lower than about 6000 K. ForTeff> 6000 K
the Alonso et al. (1996b) empirical relation would agree with a
relation computed forlog g = 4.5 rather than with the one for
log g = 4.0. The theoreticalTeff -color relation fits better the BLG
data than the empirical relation from Alonso et al. (1996b).

The discrepancy between the computedTeff -(U-B) relations
and the Alonso et al. empirical relations does not change in a
significant way with the metallicity. Fig. 15b shows the∆Teff
differences as a function ofTeff for log g = 4.5 and [M/H] = 0.0,
-1.0, and -2.0 when the same (U-B) is considered in Alonso et
al. (1966b) empirical relations and in the computed relations.
For [M/H] = 0.0 andlog g = 4.5, the largest difference is∆Teff=
265 K at 5000 K. This discrepancy is larger than the estimated
uncertainty of 200 K inTeff related with the IRFM method
(Sect. 9).

We may deduce from Fig. 3 that the K95 models do not im-
prove the situation. Furthermore, for dwarfs andTeff> 5500 K,
they would fit the empirical relation for a gravity larger than
4.5 dex. Fig. 6 indicates that the discrepancy slightly decreases
with the BCP colors.

Fig. 15c shows a rather good agreement for giants between
theTeff -(U-B) data from the BLG sample and the relation from
models with parameters fixed by the adoptedlog g-Teff calibra-
tion.

Fig. 16 shows that, instead, the Buser & Kurucz (1992)
(BK92) synthetic colors give good agreement with the observa-
tions for dwarfs andTeff between 4000 K and 5500 K, while they
give coolerTeff than the observations for giants. We checked that
this behaviour does not change for lower metallicities.

10.1.2.Teff≥ 9000 K

Fig. 17 compares computedTeff -(U-B) relations for [M/H] =
0.0 andlog g equal to 4.0 and 3.5 withTeff -(U-B) values for the
dwarfs and giants analyzed by Code et al. (1976). The computed
relations agree with the observedTeff -(U-B) within the error
limits and the theoretical curves follow the behaviour of the
observed points. The error bars on the observed points show that
the uncertainty in the observedTeff increases with increasing
Teff .

10.2.Teff -(B-V) relations

10.2.1. 3500 K< Teff< 9000 K

Fig. 18a and Fig. 18c compare theoretical relationsTeff -(B-V)
from C97 for [M/H] = 0.0 with the corresponding empirical rela-
tions from Alonso et al. (1996b) for dwarfs, and from Gratton et
al. (1996) for giants, respectively. TheTeff -color data obtained
from the BLG sample for both dwarfs and giants are also given
for comparison.

Models give higherTeff than the empirical relations for both
dwarfs and giants. Fig. 18b shows, for dwarfs, the∆Teff differ-
ences as a function ofTeff for the same (B-V) in Alonso et



578 F. Castelli: Synthetic photometry from ATLAS9 models in the UBV Johnson system

Fig. 15. aandc: The empirical relationsTeff -(U-B) from Alonso et al. (1996b) (full line) and the data from the BLG sample (asterisks) are
compared with the theoretical relations from C97 for [M/H] = 0.0 (dashed line)b ∆Teffdifferences from Alonso et al. (1996b) empirical relations
for [M/H] = 0.0,-1.0, and -2.0 and the corresponding computed relations forlog g = 4.5

al. (1966b) and in the computedTeff -(B-V) relations.∆Teff is
plotted for the different metallicities [M/H] = 0.0, -1.0, and -2.0.
The agreement between the theoreticalTeff -(B-V) relation and
the Alonso et al. empirical relations does not change with the
metallicity in a significant way forTeff< 6000 K. ForTeff>
6000 K,∆Teff increases with decreasing metallicity. For [M/H]
= 0.0, the maximum∆Teff is 200 K at 5500 K. This discrepancy
is of the same order as the 200 K uncertainty associated with
the IRFM method.

Also for giants, for [M/H] = 0.0, the differences between
the empirical and theoreticalTeff -(B-V) relations lie within the
uncertainty limit of 200 K inTeff .

From Fig. 4 we may deduce that the disagreement between
the empirical and the computedTeff -(B-V) relations increases
when the K95 colors are used, while Fig. 7 indicates that the
discrepancy does not change in a significant way when the BCP
colors are used.

Fig. 19 shows that, for dwarfs, the BK92 synthetic colors
gives slightly coolerTeff than those from observations.∆Teff is
about 60 K. For giants, the BK92 indices give∆Teff larger than
those from the new grids of colors.

Further comparisons for (B-V) and BK92 are presented by
Alonso et al. (1996b).

10.2.2.Teff≥ 9000 K

Fig. 20a compares the empiricalTeff -(B-V) relation from Code
et al. (1976) for dwarfs and giants with the corresponding rela-
tions from models.

Fig. 20b shows the∆Teff differences as a function ofTeff
for log g = 4.0 when the same (B-V) is considered in the empir-
ical and computed relations. Full line and dashed lines are for
indices normalized to (B-V) = -0.016 (Hayes, 1985) and (B-V)
= 0.000 (Johnson et al., 1966) for Vega, respectively. The in-
creasing difference∆Teff with increasingTeff is related to the
decreasing sensitivity of (B-V) with temperature, as can be in-
ferred from the slope of theTeff -(B-V) curve drawn in Fig. 20a.
The agreement between the observed and computedTeff -(B-
V) relations is better when (B-V)V ega = -0.016 is adopted as
the zero-point. These comparisons point out the importance of
high accuracy for the observed indices of some standard stars,
in order to be able to fix the zero-points of the synthetic colors.
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Fig. 16. Buser & Kurucz (1992)Teff -(U-B) relations (dashed line) are compared with the empirical relation from Alonso et al. (1996b) (full
line) and with the BLG data (asterisks)

Fig. 17. (U-B) index versus empiricalTeff from Code et al. (1976) for dwarfs (triangles) and giants (points) is compared with theTeff -(U-B)
theoretical relations from K95 forlog g = 4.0 (full line) andlog g = 3.5 (dashed line)
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Fig. 18. (a),(c):The empirical relationsTeff -(B-V) from Alonso et al. (1996b) for dwarfs (full line) and from Gratton et al. (1996) for giants
(full line) and the data from the BLG sample (asterisks) are compared with the theoretical relations from C97 for [M/H] = 0.0 (dashed line). (b)
∆Teffdifferences from Alonso et al. (1996b) empirical relations for [M/H] = 0.0,-1.0, and -2.0 and the corresponding computed relations for
log g = 4.5

The (B-V) indices from BCP have the same behaviour as
the C97 or K95 indices, as is also evident from Fig. 9.

11. Computed and empiricalTeff -bolometric
correction relations

We compared the computedTeff -bolometric correction BCV
relation for [M/H] = 0.0 with the empiricalTeff -BCV relation
for dwarfs and giants taken from Code et al. (1976).Teff ranges
from 5780 K to 34000 K. The errors of the empirical BCV range
from 0.04 mag to 0.23 mag and they increase with increasing
Teff .

The comparison of the computed BCV with the observed
ones requires the same zero-point for both. Therefore to com-
pare BCV from K95 or C97 with empirical BCV from Code et
al. (1976), the zero-point has to be shifted to BCV � = -0.07, the
value assumed by Code et al. (1976) for BCV �. Fig. 21 com-
pares the bolometric corrections BC′

V (which is the computed
BCV renormalized to BCV � = -0.07) forlog g = 4.0, 4.5, and

5.0 with the empirical bolometric corrections from Code et al.
(1976). The results are the same for the C97 or K95 and BCP
colors, because the computed BCV do not change in the differ-
ent synthetic grids. The agreement is of the same quality as that
shown in Fig. 7 of the Buser & Kurucz (1978) paper.

12. The new models and the effect of abundance
and microturbulent velocity on colors

Fig. 22 shows the differences in the computedTeff -color rela-
tions when models with different abundances for iron and for
theα elements are used. The two cases forlog g = 4.5 andlog g
= 1.5 are considered. As expected, the indices differ when they
depend on metallicity, in particular forTeff< 5000 K. Forlog g
= 4.5, we compared the computed relations with the empirical
relations from Alonso et al. (1996b). The models for [M/H] =
−2.0a give an excellent agreement between observed and em-
pirical relations, removing the discrepancy discussed in Sect. 10
and shown in Fig. 15 and Fig. 18.
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Fig. 19.Buser & Kurucz (1992)Teff -(B-V) relations (dashed line) are
compared with the empirical relations from Alonso et al. (1996b) for
dwarfs (full line) and Gratton et al. (1996) for giants (full line) and
with the BLG data (asterisks)

Fig. 23 shows the differences in the computedTeff -color re-
lations when models with different microturbulent velocitiesξ
are used. The two cases forlog g = 4.5 andlog g = 1.5 are consid-
ered. The effect is more important for (U-B) than for (B-V), and

Fig. 20.(a)Comparison of (B-V)-Teff empirical relations from Code et
al. (1976) (full line) with C97 (∼ K95) theoretical relations for [M/H]
= 0.0 andlog g = 4.0, 3.5 (dashed lines from top to bottom). (b)∆Teff

as a function ofTeff for log g = 4.0 for the same value of the (B-V)
index in the computed and empiricalTeff -(B-V) relation. The two lines
correspond to two different normalization of the (B-V) index. Upper
line and lower line correspond to (B-V) = -0.16 and (B-V) = 0.0 for
Vega, respectively

increases with decreasing gravity. If the (U-B) or (B-V) index
depends onTeff , Teff decreases with decreasingξ, for a given
value of the index. NamelyTeff decreases with decreasing line-
blanketing. Forlog g = 4.5, we also plotted in Fig. 23 theTeff -
color empirical relations from Alonso et al. (1996b)(asterisks).

13. The Sun

Table 5 lists the observed (U-B) and (B-V) indices for the Sun
together with the computed indices in the different grids. So-
lar models have parametersTeff= 5770 K,log g = 4.4377,ξ =
1.5 km s−1.

Although the BK92 grid seems to better reproduce the ob-
served indices of dwarfs than the successive grids do, the so-
lar (U-B) and (B-V) indices from BK92 are from 0.05 mag to
0.1 mag lower than the observed ones. The K95 and C97 grids
better reproduce (U-B) than the BCP grid, while all three grids
K95, C97, and BCP give approximately the same (B-V) for the
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Fig. 21.Comparison of BC′V -Teff empirical relation from Code et al.
(1976) (full line) with computed relations (symbols)

Table 5.Observed and computed color indices for the Sun

Color Observed K95 C97 BCP BK92

(U − B) 0.1951 0.17 0.186 0.145 0.082
0.17±0.012

0.183±0.0204

(B − V ) 0.6501 0.67 0.663 0.667 0.593
0.68±0.0052

0.648±0.0053

0.686±0.0114

0.642±0.0045

1 Neckel (1994),2 Schmidt-Kaler (1982),3 Gray (1995)
4 Tüg & Schmidt-Kaler (1982),5 Cayrel de Strobel (1996)

Sun. The computed (B-V) indices are about 0.02 mag higher
than the last determination (B-V)� = 0.642± 0.004 (Cayrel de
Strobel, 1996). This difference corresponds to∆Teff ∼ 80 K.

We point out the larger difference derived from the computed
and empiricalTeff -(B-V) relations atTeff= 5750 K,log g = 4.50.
In this case,∆Teff is on the order of 200 K.

14. Conclusions

The comparison of the synthetic (U-B) and (B-V) indices from
the different grids has shown that, in convective stars, the in-
dices are affected both by the treatment of convection and by the
amount of line blanketing induced by abundances and microtur-
blent velocities. In contrast, the bolometric correction BCV is
almost the same in all the grids. When the atmospheric models
are the same, the differences resulting from the passbands and
zero-points adopted by Kurucz (1995) and Bessell et al. (1998)

Table 6.∆Teff between Alonso et al. (A) (1996b) empirical relations
and the computed grids atTeff= 5000 K, log g = 4.5, [M/H] = 0.0
(column 3) and atTeff= 7000 K,log g = 4.0, [M/H] = 0.0 (column 4)

(Teff (K),log g,[M/H])
(5000,4.5,0.0) (7000,4.0,0.0)

∆Teff (K) ∆Teff (K)

(U − B) Teff (A)-Teff (C97) -265
Teff (A)-Teff (K95) -251
Teff (A)-Teff (BCP) -180
Teff (A)-Teff (BK92) 0

(B − V ) Teff (A)-Teff (C97) -180 -127
Teff (A)-Teff (K95) -190 -206
Teff (A)-Teff (BCP) -196 -111
Teff (A)-Teff (BK92) +60

are very small. Some non negligible difference for (U-B) be-
tween the BCP and the other two grids K95 and C97 are mostly
related to the scaling factor applied by BCP to the computed
(U-B) indices.

For dwarfs, the (U-B) and (B-V) indices in all the K95,
C97, and BCP grids always give largerTeff than the Alonso
et al. (1996b) empirical relations, for all the three metallicities
examined [M/H] = 0.0, -1.0, or -2.0. The largest discrepancies
range from 200 K to 300 K and depend onTeff in a different
way in each grid. Table 6 lists these discrepancies for [M/H] =
0.0 atTeff= 5000 K,log g = 4.5 andTeff= 7000 K,log g = 4.0.

In general, it is very difficult to state which grid reproduces
the empirical relations best, owing to the very small differences
between the synthetic grids and owing to the uncertainties in the
empirical relations. The BCP grid seems slightly superior to the
K95 and C97 grids. The BK92 grid well fits theTeff -(U-B) and
Teff -(B-V) relations for dwarfs, but gives too low temperatures
for giants. For the Sun, both the K95 and C97 computed colors
reproduce the observed colors better than the BK92 and the BCP
colors do.

The improved agreement between empirical and computed
Teff -color relations for metal-poor dwarfs when models with
more realistic abundances for these stars are used (α elements
enhanced, new Fe abundance), has led us to plan to extend the
grids of models to more abundances and microturbulent veloc-
ities in order to cover the H-R diagram as closely as possible.

We finally remark that neither (U-B) nor (B-V) are good
indices with which to derive stellar atmosphere perameters. In
fact, when (U-B) depends only onTeff (Teff∼ 4250–5750 K)
or only onlog g (Teff ∼ 5750–7500 K) it strongly depends on
metallicity. When (U-B) weakly depends on metallicity (Teff>
9000 K), it depends on bothTeff andlog g.

When (B-V) depends onTeff and not on gravity (Teff ∼
4000–6750 K), it depends on metallicity (even if to a lesser
extent than does the (U-B) index), then when it does not depend
on metallicity it depends on bothTeff andlog g (6750 K<Teff<
11000 K), and finally it is almost independent of bothTeff and
log g (Teff> 11000 K).
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Fig. 22. ComputedTeff -(U-B) andTeff -(B-V) relations from models with [M/H] = -2.0 (full lines) and [M/H] = -2.0a (dashed lines). The
empirical relations from Alonso et al. (1996b) (asterisks) are compared with the relations computed forlog g = 4.5. Upper plots are forlog g =
4.5, lower plots are forlog g = 1.5

Only for B1-B8 stars the (U-B) and (B-V) indices are well
suited to deriveTeff , provided that they are combined into the
Q index, where Q = (U-B)-0.72(B-V) (Schmidt-Kaler, 1982).
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