
A&A 381, 524–538 (2002)
DOI: 10.1051/0004-6361:20011493
c© ESO 2002

Astronomy
&

Astrophysics

A standard stellar library for evolutionary synthesis

III. Metallicity calibration

P. Westera1, T. Lejeune2, R. Buser1, F. Cuisinier3, and G. Bruzual4

1 Astronomisches Institut der Universität Basel, Venusstrasse 7, 4102 Binningen, Switzerland
e-mail: westera@astro.unibas.ch, buser@astro.unibas.ch

2 Observatório Astronómico da Universidade de Coimbra, Portugal
e-mail: lejeune@mat.uc.pt

3 Depto. de Astronomia, Universidade Federal do Rio de Janeiro, Brazil
e-mail: cuisinie@sun1.ov.ufrj.br

4 Centro de Investigaciones de Astronomı́a, Mérida, Venezuela
e-mail: bruzual@cida.ve

Received 17 July 2001 / Accepted 19 October 2001

Abstract. We extend the colour calibration of the widely used BaSeL standard stellar library (Lejeune et al.
1997, 1998) to non-solar metallicities, down to [Fe/H] ∼ −2.0 dex. Surprisingly, we find that at the present
epoch it is virtually impossible to establish a unique calibration of UBV RIJHKL colours in terms of stellar
metallicity [Fe/H] which is consistent simultaneously with both colour-temperature relations and colour-absolute
magnitude diagrams (CMDs) based on observed globular cluster photometry data and on published, currently
popular standard stellar evolutionary tracks and isochrones. The problem appears to be related to the long-
standing incompleteness in our understanding of convection in late-type stellar evolution, but is also due to
a serious lack of relevant observational calibration data that would help resolve, or at least further significant
progress towards resolving this issue. In view of the most important applications of the BaSeL library, we here
propose two different metallicity calibration versions: (1) the “WLBC 99” library, which consistently matches
empirical colour-temperature relations and which, therefore, should make an ideal tool for the study of individual
stars; and (2), the “PADOVA 2000” library, which provides isochrones from the Padova 2000 grid (Girardi et al.
2000) that successfully reproduce Galactic globular-cluster colour-absolute magnitude diagrams and which thus
should prove particularly useful for studies of collective phenomena in stellar populations in clusters and galaxies.
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1. Introduction

As present grids of theoretical spectral energy distribu-
tions (SEDs) suffer from intrinsic inhomogeneities and
incompleteness and show large systematic discrepancies
with empirical calibrations due to unavailable molecu-
lar opacity (see Lejeune et al. 1997, hereafter Paper I),
we have undertaken the construction of a comprehen-
sive combined library of realistic stellar flux distributions.
Empirical Teff–colour relations in UBV RIJHKL pho-
tometry are used to adjust the spectra using an algorithm
developed by Cuisinier et al. (see Buser & Kurucz 1992,
Paper I).

Send offprint requests to: R. Buser,
e-mail: buser@astro.unibas.ch

The current state of the art is the following: The
semi-empirical BaSeL (Basel Stellar Library) 2.2 SED li-
brary (Lejeune et al. 1998, hereafter Paper II) has been
widely used successfully in different areas (Bruzual et al.
1997; Kauffmann & Charlot 1998; Lastennet et al. 1999;
González Delgado et al. 1999; Origlia et al. 1999; Leitherer
et al. 1999; Bruzual 1999; Brocato et al. 2000; Maraston
& Thomas 2000; Barmby & Huchra 2000; Liu et al. 2000;
Lastennet et al. 2000; Lotz et al. 2000; Mollá & Garćıa-
Vargas 2000; Nikolaev & Weinberg 2000; Kong et al. 2000;
Lee et al. 2000; Marleau et al. 2000; Johnson et al. 2000;
Lastennet et al. 2001; Kotilainen et al. 2001; Fricke et al.
2001). However, as a result of being calibrated from so-
lar metallicity data only, BaSeL 2.2 still has its weak-
nesses at low metallicities ([Fe/H] < −1), especially in the
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ultraviolet (U−B) and the infrared (V −K, J−H, H−K,
J −K, K−L). In these colours and at these lower metal-
licities, synthetical globular cluster CMDs appear too blue
using the BaSeL 2.2 semi-empirical library. Furthermore,
the transition between dwarfs and giants produces a dis-
continuity in some colours (for more details, see Papers I
and II as well as T. Lejeune’s thesis 1997).

The purpose of the present paper is to remove the
weaknesses of the BaSeL 2.2 semi-empirical library by
extending the colour-calibration to low metallicities, and
to create a library that reproduces empirical colour-
temperature relations and globular cluster CMDs (using
existing grids of isochrones) at all metallicities.

The outline of the paper is the following: in Sect. 2, we
discuss the compilation and properties of the calibration
data, i.e. globular cluster CMDs and empirical colour-Teff

relations. In Sect. 3, we briefly describe the calibration
algorithm and the changes made relative to the previ-
ous algorithm (described in Paper I). As a result, we
present the BaSeL 3.1 “WLBC 99” SED library, which
is able to reproduce empirical colour-temperature rela-
tions in all (UBV RIJHKL) colours, and is therefore pro-
jected to be a powerful tool for studies of individual stars.
Unfortunately, the library doesn’t provide any improve-
ments in the representation of globular cluster CMDs, and
it even proved impossible to provide a library that satis-
fies both requirements at the same time. As a pragmatic
solution, we also produce an application-oriented library,
the BaSeL “Padova 2000” library, which, if used along
with the Padova 2000 isochrones, successfully reproduces
globular cluster CMDs at all levels of metallicity; this ver-
sion of the library is presented and discussed in Sect. 4.
The conclusions are summarised in Sect. 5, where an out-
look on future work and on a first application can also be
found.

A more detailed description of this work is given in
Westera (2001).

2. Compilation and discussion of calibration data

In order to carry out the colour-calibration in a
metallicity-dependent way, we collected empirical photom-
etry from the literature of the best-studied Galactic globu-
lar clusters, spanning wide ranges in metallicity and evolu-
tionary stages. The clusters used were 47 Tuc, M 5, M 3,
NGC 6397 and M 92, with the respective [Fe/H]-values
of −0.70, −1.11, −1.34, −1.82, and −2.16 (Carretta &
Gratton 1997). To reach the best possible coverage of the
multi-colour (UBV RIJHKL) – magnitude – diagram of
each cluster, the photometry was combined from numer-
ous sources summarised in Table 1. Where necessary, the
photometry was brought onto the Johnson–Cousins sys-
tem using colour-colour relations by Bessell and collabo-
rators (Bessell 1979, 1983; Bessell & Weiss 1987; Bessell
& Brett 1988). Where no fiducial lines were given, they
were drawn by eye. In some colours (mainly B − V and
V − I), different sources were found for the same part of
the CMD of the same cluster. The fiducials derived from

or given by such sources usually didn’t differ from each
other by more than a few hundredths of a magnitude.

In order to put these colour-magnitude diagrams onto
the intrinsic system, the EB−V and (m−M)V values from
the Harris online catalog of globular cluster parameters
(Harris 1996) were used. The adopted distance scale is
based on the luminosity level of the horizontal branch
(HB), where the absolute magnitude of the HB was de-
rived from an empirical, metallicity-dependent relation
(MV (HB) = 0.15[Fe/H] + 0.80). Harris estimates that
the absolute uncertainty of the predicted MV (HB) is of
the order of 0.1–0.2m, in the non-extreme cases of the
used clusters more likely 0.1m. For the extinction coef-
ficients, he gives an uncertainty of ∆EB−V = 0.1EB−V .
This shouldn’t pose any problems, because we used clus-
ters with extinction coefficients of only a few hundredths
of a magnitude (only NGC 6397 has an EB−V of 0.18).
The result are the fiducials shown in Figs. 1 and 2 (only
the main sequence, the subgiant branch and the red giant
branch are shown because the other parts of the CMD
weren’t used for the calibration).

Two properties of the empirical CMDs are very strik-
ing. First, there are large gaps in the data. Measurements
down to a few magnitudes below the main sequence turn-
off exist only in BV I. In the far infrared, hardly any data
at all are available. In order to create a sufficient photo-
metric basis for population synthesis, more work clearly
needs to be done on the observational side, in order to
improve results based on either observational or synthetic
spectra.

The second striking point about the CMDs shown in
Figs. 1 and 2 is the fact that their behaviour with in-
creasing metallicity isn’t as systematic or monotonous as
one would expect. The colours of the RGB at a given (V )
magnitude can differ up to ∼0.1m from any trend with
[Fe/H]. The scatter around trends with metallicity is not
of the same amplitude for all colours. While in U − B,
B − V , and R − I it is the most pronounced, V − I be-
haves much more systematically with [Fe/H], as is also
seen in homogeneous databases like the one from Saviane
et al. (2000)1. Part of the scatter (a few hundredths of a
mag, see above) can be explained by the heterogeneity of
the database which however cannot account for the entire
scatter in those colours where it is observed. Obviously,
there are parameters apart from age and metallicity that
govern the appearance of the CMD. It is therefore more
than amazing how in the literature, one often finds per-
fect agreement between synthetic isochrones and empirical
CMDs for whole sets of globular clusters at the same time.

From these CMDs, combined multi-colour
(UBV RIJHKL) – [Fe/H] – Teff – log g relations
were synthesised, using the Teff – (V −K) relation from
the BaSeL 2.2 library. This relation incorporates Ridgway
et al. (1980) complemented with the differential properties

1 In the infrared colours, there were barely enough data to
derive a trend, but certainly not enough to determine the am-
plitude of a possible scatter around it.
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Fig. 1. Empirical (UBVRI) fiducial lines in the CMD of the globular clusters 47 Tuc, M 5, M 3, NGC 6397 and M 92.

in Teff for solar metallicity of the original (uncalibrated)
grid, as the latter is the only relation which covers the
entire range in temperature. This resulting relation was
used for all metallicities, because the V − K colour is
expected to be metallicity insensitive (von Braun et al.
1998; Alonso et al. 1999). Finally, log g values were added
to the calibration files, using empirical Teff–log g relations
for red giants from Cohen, Frogel and Persson (Cohen
et al. 1978; Frogel et al. 1981, 1983, [Fe/H]-dependent)
and for dwarfs from Angelov (1996, [Fe/H]-independent).

We could only produce colour-temperature relations in
the ranges specified in Table 2. For giants, the ranges in-
clude the entire RGB (except in K − L). Outside these
ranges, we used the differential properties with regard to
Teff of the semi-empirical (BaSeL 2.2) grid, as there was
no other information available (neither empirical nor the-
oretical) about the behaviour of these colours for these
temperatures. In K − L for all stars, and for dwarfs in
R−I, V −K, J−H, H−K, and J−K, where no observed
data were available, but which are needed to complete the
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Fig. 2. Empirical infrared fiducial lines in the CMD of the globular clusters 47 Tuc, M 5, M 3, NGC 6397 and M 92. For V −K
and J −K, no NGC 6397 data were available, and for J −H and H −K, only 47 Tuc and M 92 data were found.

calibration files, we had no choice but to adopt the Teff –
K − L relation directly from the BaSeL 2.2 library.

This set (i.e. metallicity-dependent colour–tempera-
ture – log g) was complemented with the solar relations
synthesised by Lejeune et al. to calibrate the BaSeL 2.2
library (see Paper II). The so-derived calibration files (two
for each metallicity ([Fe/H] = 0,−0.5,−1,−1.5,−2), one
for (red) giants and one for dwarfs) are available by public
ftp from the university of Basel.

3. Metallicity-dependent library calibration,
the BaSeL 3.1 “WLBC 99” library

These calibration files were then used to colour-calibrate
the hybrid library of theoretical SEDs (consisting of the
Kurucz-, the Allard and Hauschildt-, and the Scholz-
models) (Kurucz 1995; Allard & Hauschildt 1995; Scholz
1997) using the (modified) algorithm developed by
Cuisinier et al. (1997, see Paper I). For each temperature,
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Table 1. Sources of photometric data of globular clusters.

cluster, [Fe/H], (m−M)0, EB−V colour bands source range (in mV )

47 Tuc (NGC 104), –0.70, 13.14, 0.04 B − V Kaluzny et al. (1998) .19m

B − V Hesser et al. (1987) ∼24m–∼19m

V − I Bica et al. (1994) .13.5m

V − I Kaluzny et al. (1998) ∼21m–∼13.5m

U −B Mermilliod (1998)a ∼16m–∼12m

V −Rb Cathey (1974) ∼16m–∼12m

V JK Montegriffo et al. (1995) .17m

H −K Frogel et al. (1981) .14.5m

M 5 (NGC 5904), –1.11, 14.32, 0.03 B − V Sandquist et al. (1996) .22m

B − V Richer & Fahlman (1987) ∼24m–∼22m

V − I Sandquist et al. (1996) .22m

U −B Drissen & Shara (1998), .19.5m

von Braun et al. (1998)
V −R von Braun et al. (1998) .17.5m

J −K Frogel et al. (1983) .17.5m

M 3 (NGC 5272), –1.34, 15.01, 0.01 B − V Ferraro et al. (1997) .22m

V − I Ferraro et al. (1997) .16m

V − I Johnson & Bolte (1998) ∼23m–∼16m

V − I Marconi et al. (1998) ∼27m–∼23m

U −B Mermilliod (1998)c .21.5m

V −Rb Arribas & .14.5m

Mart́ınez-Roger (1987)
V −K Frogel et al. (1981) .15m

J −K Lee et al. (1996) .15m

NGC 6397, –1.82, 11.75, 0.18 B − V Kaluzny (1997) .18.5m

B − V Alcaino et al. (1997) ∼21.5m–∼18.5m

U −B Alcaino et al. (1997) ∼20m–∼16.5m

U −B Mermilliod (1998)d .16.5m

V − I Alcaino et al. (1997) .12.5m

V − I Alcaino et al. (1997) ∼16.5m–∼12.5m

V − I King et al. (1998) ∼27m–∼16.5m

R− I Alcaino & Liller (1985) .16.25m

M 92 (NGC 6341), –2.16, 14.53, 0.02 B − V Sandage (1970) .21.5m

B − V Stetson & Harris (1988) ∼24m–∼21.5m

V − I von Braun et al. (1998) .14m

V − I Johnson & Bolte (1998) ∼20m–∼14m

V − I Piotto et al. (1997) ∼28m–∼20m

U −B Mermilliod (1998)e .20.5m

V −K Frogel et al. (1981) .15m

JHKf Cohen et al. (1978) .15m

a Alcaino & Liller (1985), Evans (1983), Norris & Freeman (1982), Lee (1977), Demarque & McClure (1977), Hesser & Hartwick
(1977), Cannon (1974), Menzies (1973), Eggen (1972).
b Transformed to Johnson-Cousins using Bessell (1983).
c Johnson & Sandage (1956), Sandage (1969, 1970).
d Woolley et al. (1961), Newell et al. (1969), Cannon (1974), Alcaino (1977), van den Bergh (1988).
e Sandage & Walker (1966), Sandage (1969, 1970) Eggen (1972).
f Transformed to Johnson using Bessell & Brett (1988).

it calculates a correction function which must be multi-
plied with the theoretical spectrum corresponding to the
parameters given in the calibration file for that tempera-
ture, such that the corrected spectra reproduce the colours
given in the calibration file. This correction function be-
ing smooth, it leaves line strength indices untouched and
only changes the continuum. This correction function is
then used to correct all model spectra of this temperature,
whereby the original differential properties with log g and

[Fe/H] are usually conserved, and hence, continue to be
well represented by the models. In the end, all SEDs are
rescaled to make the bolometric fluxes match the tem-
peratures (for a more precise description, see Paper I).
Thus, the new feature of the calibration algorithm is to
waive this differential approach in favour of calculating
a separate correction function each temperature and for
each level of [Fe/H], the differential properties with log g
of the models are preserved, however. On top of that, the
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Table 2. Temperature ranges of empirical colour–Teff relations.

Luminosity class [Fe/H] Colours temperature range [K]

giants –0.5 UBV RIJHKa 3350–6000

–1.0 UBV RIJHK 3750–6000

–1.5 UBV RIJHK 3750–6000

–2.0 UBV RIJHK 4000–6000

all K − L –

dwarfs all UBV Ib 4500–10 000

all RJHKLc –

a UBV RIJHK: U −B, B − V , V − I, R− I, V −K, J −H, H −K, J −K.
b UBV I: U −B, B − V , V − I.
c RJHKL: R− I, V −K, J −H, H −K, J −K, K − L.

calibration programs were modified to include a smooth
transition between the giant-calibrated and the dwarf-
calibrated range.

In this way, we created a metallicity-calibrated library
of synthetic stellar SEDs, designed to reproduce observed
colour-colour – and colour-temperature relations, which
(for historical reasons) will from now on be called the
BaSeL 3.1 “WLBC 99” library.

As a first test of the new SED library, it was used to
derive spectra and colours from the Yale and the Padova
isochrones for the grid metallicities and for age 0 and
14 Gyr and also for the observed cluster metallicities at
age 14 Gyr. As can be seen from Figs. 3 and 4 – where
the input (calibration) relations (solid) are shown against
the output (model) relations (dashed) and the BaSeL
2.2 semi-empirical relations (dotted) – the used colour–
temperature relations are well-reproduced. This mainly
confirms the functionality of the calibration algorithm,
but also suggests that the colour–temperature relations
of the models can be trusted. Because these relations
have been calibrated in a metallicity-dependent way, the
present results show improvements over earlier results ob-
tained from the semi-empirical (BaSeL 2.2) library cali-
bration in U −B, J −H, H −K and J −K, especially at
low temperatures. They also appear smoother than their
predecessors. Below the lower temperature limits of the
calibration relations specified in Table 2, they still show
the same discontinuities as the BaSeL 2.2 models, due to
lack of data, but for population synthesis, this shouldn’t
pose major problems, as stars of these low temperatures
either don’t show up at all (giants), or contribute only
negligibly to the integrated light of a population (dwarfs).

The second test unfortunately yields much less satis-
fying results. MV − UBV RIJHK CMDs were produced
using Yale and Padova isochrones for the observed metal-
licities of the calibrating globulars and typical cluster ages
(e.g. 10, 12, 12, 14 and 16 Gyr for 47 Tuc, M 5, M 3,
NGC 6397, and M 92 respectively), in order to reproduce
their CMDs shown in Figs. 1 and 2. Contrary to expecta-
tions, these isochrones do not reproduce the cluster CMDs

better than the BaSeL 2.2 semi-empirical models. The
RGBs come out too steep and in certain colours (U − B,
B − V , V − I) too red for high metallicities, and too blue
in all colours for low values of [Fe/H] (see Figs. 5 and 6).

Obviously, it is impossible at the present epoch to es-
tablish a unique calibration of UBVRIJHKL colours in
terms of stellar metallicity that reproduces both empiri-
cal colour-temperature relations of stars and the CMDs
of stellar populations (using theoretical isochrones).
Whether these discrepancies are due to the used colour–
temperature relations, or to the isochrones remains to be
investigated, but recent indications point towards short-
comings in the isochrones, especially in the convection
treatment (Salaris 2001).

Figures 3, 4, 5, and 6 are only shown for Padova
isochrones, but the results also hold for Yale isochrones,
and the corresponding figures look very similar. The SED
library is available by public ftp from the university of
Basel as the BaSeL 3.1 “WLBC 99” version. Because of
its good agreement for high metallicities, the (unmodi-
fied) [Fe/H] = +0.5 file from the BaSeL 2.2 library has
been added to extend the metallicity range.

4. Pragmatic solution: Application-oriented library
calibration, the BaSeL 3.1 “Padova 2000”
library

As obviously both the colour-temperature relations of
stars and the CMDs of stellar populations (using exist-
ing theoretical isochrones) cannot be matched at the same
time, we decided to also produce a library that is able to
reproduce the CMDs of globulars well, because such a li-
brary should at least yield reliable integrated colours for
stellar populations and hopefully reliable integrated spec-
tra. Another motivation was the fact that according to
some authors (Brocato et al. 2000), colour-temperature
relations, in particular for cool stars, aren’t that well-
known anyway. These authors even consider them a free
parameter.
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Fig. 3. Empirical colour–temperature relations for giants of three grid metallicities (solid lines, increasing line width means
decreasing metallicity) versus the relations from the BaSeL 3.1 “WLBC 99” models (dashed) resp. the BaSeL 2.2 semi-empirical
models (dotted) for the same parameters.

As a theoretical isochrone library, which, combined
with our to-be-produced SED library, should reproduce
the CMDs of our calibration globular clusters, we chose
the Padova 2000 isochrones (Girardi et al. 2000), because
it is widely in use nowadays.

We produced this library in an iterative process that
is based on the fact (observed by us), that the MV magni-
tude, derived for a set of parameters [Fe/H], Teff , and log g
from a stellar library, is practically independent of the
choice of the spectral library. This is easily explained by
the fact that Mbol depends only on the stellar parameters
(thus is independent of the choice of library), so the differ-
ence in MV stems only from the difference in the bolomet-
ric correction BC(V ) derived from the different libraries,

which is negligible on the scale of absolute magnitudes.
This library independence of MV can now be used to as-
sign the colours of one’s choice to a certain MV value, by
assigning them to the Teff and log g values that will repro-
duce this MV value in the to-be-calibrated library, which
one knows already from an existing library. This way one
can in principle shape a synthetical colour-magnitude di-
agram in the way one desires2.
The iterative process employed was the following:

1. New calibration files were created from the Teff–log g
relations of the Padova 2000 isochrones for 0 Gyr for

2 Note that this procedure implies giving up consistency with
empirically established Teff–colour relations.
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dwarfs (the age at which the main sequence is still
complete) and 14 Gyr for giants (a typical globular
cluster age), and colour-temperature relations derived
via the colour–MV relations from the globular cluster
fiducials presented in Sect. 2 and the MV –Teff rela-
tions derived with the before-mentioned Padova 2000
isochrones from the previous library (in the first step,
the “previous library” was the “WLBC 99” library,
and in the following steps, it was the library produced
in the previous step). For solar metallicity, the cali-
bration file was kept the same as for the “WLBC 99”
library (thus also the same as for the BaSeL 2.2 li-
brary), with the small difference, that the Teff–log g

relation was taken from the Padova 2000 isochrones
for consistency;

2. These calibration files were used to calibrate a new
library;

3. Steps 1 and 2 were repeated until there was no signifi-
cant difference anymore between subsequent libraries.

After four iteration steps this was the case. (The calibra-
tion files used for the final iteration are also available by
ftp from Basel university, although they are probably of
little use to the user.)

As can be seen from Figs. 7 and 8, the above procedure
indeed provides the expected improvements. They show
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Fig. 6. Empirical (V − K) – MV CMD of the globular clus-
ters 47 Tuc and M 92 (solid). Overlaid are the CMDs cre-
ated by combining the Padova 10 Gyr isochrone for [Fe/H] =
−0.70 and the 16 Gyr isochrone for [Fe/H] = −2.16 with
the BaSeL 3.1 “WLBC 99” library (dashed) resp. with the
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the globular cluster CMDs of Figs. 1 and 2 compared to
the Padova 2000 isochrones of the same (cluster) metal-
licities and the above-mentioned ages evaluated with the
new BaSeL 3.1 “Padova 2000” library.

The (metallicity-dependent) shapes and locations of
the RGB and the main sequence are well-reproduced
for the entire range from [Fe/H] = −2.16 to −0.70, apart
from the RGB tip of 47 Tuc, of which the “bend-down”
in V proved virtually impossible to reproduce (for solar
[Fe/H], the quality of the library has already been con-
firmed extensively, as in its present form, it is almost
identical with the Lejeune et al. (1998) BaSeL 2.2 library,
which is widely used). At a given metallicity, the CMDs of
individual clusters, however, can still differ by as much as
0.1m in colour, due to the above-mentioned large intrin-
sic cluster-by-cluster scatter in the observed CMDs. From
the generally good overall agreement, it can be concluded
that this new library should be useful for population syn-
thesis, if combined with Padova 2000 isochrones or tracks.
It can be retrieved by ftp from Basel university as the
BaSeL 3.1 “Padova 2000” library. Here too, the unmod-
ified [Fe/H] = +0.5 file from the BaSeL 2.2 library was
added.

The good agreement in the CMDs comes at the price
of rather unusual colour temperature – relations. Figure 9
shows the empirical Teff – V −K relation from Ridgway
et al. (1980) and empirical Teff – log g relations for red gi-
ants from Cohen, Frogel and Persson (Cohen et al. 1978;
Frogel et al. 1981, 1983, [Fe/H]-dependent) and dwarfs
from Angelov (1996, [Fe/H]-independent) for three metal-
licities from the grid (solid lines) versus the BaSeL 3.1

“Padova 2000” (dashed) and the BaSeL 2.2 semi-empirical
(dotted) relations for the same parameters. For giants, the
disagreement reaches up to 500 K or 1m in V − K (for
colours with a smaller baseline, this error can be scaled
down accordingly); for the lowest metallicities and tem-
peratures ([Fe/H] ≤ −1.5 and Teff ≤ 4000 K) it can even
reach 800 K, but fortunately, these stars don’t show up in
the Padova 2000 isochrones. For dwarfs, these problems
aren’t as bad as for giants, but it is clear that tempera-
tures derived from the BaSeL 3.1 “Padova 2000” models
should be treated with scepticism. On the positive side,
most of the discontinuities have disappeared in the colour
temperature – relations.

In a last test, the effect of the metallicity-calibration
on the integrated spectra of synthetic single-burst stel-
lar populations was investigated. Synthetic populations
were created in order to compare their integrated spectra
with empirical template globular cluster integrated energy
distributions from Bica et al. (1996, private communica-
tion). The synthetic populations were created using the
GISSEL (Galaxy Isochrone Synthesis Spectral Evolution
Library) software by G. Bruzual A. and S. Charlot (2000,
for a short description, see Charlot & Bruzual 1991;
Bruzual & Charlot 1993) for the template metallicities
([Fe/H] = 0.25, 0.00, −0.50, −1.00, −1.50, −2.00), and
the same ages as Lejeune used in his thesis (1997) for com-
parison of the BaSeL 2.2 semi-empirical library with the
same template spectra (12, 14, 14, 18, 20 Gyr). Both the
BaSeL 2.2 semi-empirical – and the BaSeL 3.1 “Padova
2000” SED libraries were used, along with a Salpeter IMF
(mass range: 0.1−50 M�) and the Padova 2000 tracks
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Fig. 7. Empirical (UBV RI) CMDs of the globular clusters 47 Tuc and M92 (solid). Overlaid are the CMDs created by combining
the Padova 10 Gyr isochrone for [Fe/H] = −0.70 and the 16 Gyr isochrone for [Fe/H] = −2.16 with the BaSeL 3.1 “Padova
2000” library (dashed) resp. with the BaSeL 2.2 semi-empirical library (dotted).

(except for [Fe/H] = −2.0, where the Padova 1995
isochrone (Fagotto et al. 1994; Girardi et al. 1996) was
used, because the corresponding Padova 2000 isochrone
wasn’t implemented in the evolutionary synthesis pro-
gram). The resulting integrated spectra are compared in
Fig. 10, where the solid lines stand for the empirical tem-
plate spectra, the dotted lines for the BaSeL 2.2 semi-
empirical library and the dashed lines for the metallicity-
calibrated library. Residuals in the sense BaSeL 2.2 −
empirical spectra (dotted), resp. BaSeL 3.1 − empirical
spectra (solid) are shown in the same figure. To guide
the eye, the zero-line is also shown in solid. Synthetic
(UBV RIJHKLM) colours and magnitudes from the

empirical – and the synthetical (BaSeL 2.2 “Padova
2000”) spectra are given in Tables 3 and 4, and the dif-
ferences between these colours in Table 5 (due to the
limited wavelength range of the Bica et al. spectra, only
UBVRI colours can be given for the empirical spectra).
As expected, the differences between the two libraries
are negligible for high [Fe/H]. They are hardly visible
in Fig. 10, and in the colours, they are of the order
of 0.001m. For low metallicities ([Fe/H] = −1.65), the
metallicity-calibration seems to add flux in the red (R, I)
and to reduce the flux in the visible a bit, but clearly,
the dramatic differences in stellar colour-temperature re-
lations between the two libraries have only a minor effect
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Fig. 8. As in Fig. 7, but for infrared colours. The steepening in J−H, H−K and J−K of the M 92 RGB above MV = ∼−1 was
deliberately not reproduced, as it’s probably not a common RGB feature (maybe the tip of this fiducial was actually produced
by asymptotic giant branch stars).

Table 3. Colours for template globular cluster inte-
grated energy distributions from Bica et al. (1996, private
communication).

template [Fe/H] U −B B − V V − I R− I
G177 0.25 − − 1.235 0.653
G1−M31cl 0.00 − 0.993 1.238 0.663
G2b−M31cl −0.50 0.296 0.869 1.117 0.585
G3r −1.00 0.093 0.739 1.044 0.549
G4b −1.50 0.041 0.676 1.032 0.551
G5 −2.00 −0.001 0.639 0.948 0.507

on the spectral properties of entire (synthetic) popula-
tions. The main improvements can be seen in the visible
(the spectral shape in this region is matched perfectly for

all metallicities), whereas in the ultraviolet one can still see
some strong deviations. However, the differences between
empirical integrated colours and the ones of the synthetic
population only amount to a few hundredths of a magni-
tude (see Table 5), confirming that the BaSeL 3.1 “Padova
2000” SED library should be a useful tool for evolution-
ary synthesis, if used in combination with the Padova 2000
tracks/isochrones.

5. Conclusions and future work

1. We have constructed two comprehensive libraries of
theoretical stellar energy distributions combining the
Kurucz –, the Allard and Hauschildt –, and the
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semi-empirical models (dotted) for the same parameters.

Scholz-models (Kurucz 1995; Allard & Hauschildt
1995; Scholz 1997). They provide synthetic stellar
spectra with useful resolution on a homogeneous wave-
length grid, from 9.1 nm to 160 µm, over large ranges
of fundamental parameters. In addition to the pre-
ceding version, the BaSeL 2.2 semi-empirical library
(see Papers I and II), the present libraries have been
(UBV RIJHKL) colour-calibrated independently at
all levels of metallicity, using Galactic globular clus-
ter photometric data, to overcome the weaknesses of
the BaSeL 2.2 library at low [Fe/H].

2. It proved impossible to calibrate the library in such
a way that both the empirical colour-temperature

relations (taken from Ridgway et al. 1980) and the
CMDs of the calibrating clusters (using Yale or Padova
2000 isochrones) could be matched at the same time.
Whether this is due to the isochrones or to irrealistic
colour-temperature relations still remains to be inves-
tigated. Of great help would also be a more com-
plete (colour) data basis. For this reason, we cre-
ated two metallicity-calibrated libraries, the BaSeL 3.1
“WLBC 99” library, which is able to reproduce empir-
ical colour-temperature relations and should therefore
be a useful tool for investigations on a stellar level, and
the BaSeL 3.1 “Padova 2000” library which, in com-
bination with the Padova 2000 isochrones, successfully
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Fig. 10. Template globular cluster integrated energy distributions from Bica et al. (1996, private communication) (solid lines)
vs. integrated spectra of synthetic single burst stellar populations for the given ages and metallicities using the BaSeL 2.2
semi-empirical SED library (dotted) or the BaSeL 3.1 “Padova 2000” SED library (dashed). At the bottom of the figures, the
residuals are shown, in the sense BaSeL 2.2 − empirical spectra (dotted), or BaSeL 3.1 − empirical spectra (solid). The zero-line
is also shown in solid.

reproduces the CMDs (i.e. the location and shape of
the different branches) of Galactic globular clusters,
and which should therefore be a particularly suit-
able tool for spectral evolutionary synthesis studies
of stellar systems and other synthetic photometry ap-
plications, especially if used in combination with the
Padova 2000 isochrones/tracks.

3. As the calibration algorithm is very flexible, new li-
braries can easily be produced as soon as better data
and/or SED models are available. The present results,

therefore, do not necessarily provide the final version
of the BaSeL models.

4. As a first application, we are using the “Padova
2000 tracks” library for the analysis of the colours of
chemo-evolutionary dynamical models of spiral galax-
ies (Westera 2001; Westera et al. 2001).
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Table 4. Magnitudes and colours for single stellar populations sythesised using the BaSeL 3.1 “Padova 2000” SED library.

age [Fe/H] Mbol MV U −B B − V V − I V −K R− I J −H H −K J −K K − L K −M
12.000 0.25 6.582 7.491 0.776 1.045 1.269 3.346 0.644 0.698 0.229 0.927 0.178 1.094
14.000 0.00 6.616 7.407 0.599 0.978 1.224 3.130 0.634 0.691 0.200 0.892 0.164 1.020
14.000 −0.50 6.453 7.020 0.320 0.856 1.124 2.672 0.587 0.621 0.164 0.785 0.129 0.839
18.000 −1.00 6.523 6.976 0.155 0.771 1.051 2.366 0.532 0.555 0.135 0.691 0.120 0.735
20.000 −1.50 6.541 6.958 0.053 0.717 1.011 2.201 0.507 0.519 0.128 0.647 0.120 0.724
20.000 −2.00 6.563 6.978 −0.009 0.684 0.980 2.135 0.498 0.499 0.121 0.620 0.116 0.731

Table 5. Differences in colours between single stellar popu-
lations sythesised using the BaSeL 3.1 “Padova 2000” SED
library and template globular cluster integrated energy distri-
butions from Bica et al., in the sense BaSeL 3.1 − template.

template [Fe/H] ∆U −B ∆B − V ∆V − I ∆R− I
G177 0.25 − − 0.034 −0.009
G1−M31cl 0.00 − −0.015 −0.014 −0.029
G2b−M31cl −0.50 0.024 −0.013 0.007 0.002
G3r −1.00 0.062 0.032 0.007 −0.017
G4b −1.50 0.012 0.041 −0.021 −0.044
G5 −2.00 −0.008 0.045 0.032 −0.009
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