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ABSTRACT

Stellar evolution tracks and isochrones are key inputs for a wide range of astrophysical studies; in particular, they
are essential to the interpretation of photometric and spectroscopic observations of resolved and unresolved stellar
populations. We have made available to the astrophysical community a large, homogenous database of up-to-date stel-
lar tracks and isochrones and a set of programs useful in population synthesis studies. In this paper we first summarize
the main properties of our stellar model database (BaSTI ) already introduced by Pietrinferni and coworkers. We then
discuss an important update of the database, i.e., the extension of all stellar models and isochrones until the end of the
thermal pulses along the asymptotic giant branch. This extension of the library is particularly relevant for stellar
population analyses in the near-infrared or longer wavelengths, where the contribution to the integrated photometric
properties by cool and bright asymptotic giant branch stars is significant. A few comparisons with empirical data are
also presented and briefly discussed. We then present three Web tools that allow an interactive access to the database
and make it possible to compute user-specified evolutionary tracks, isochrones, stellar luminosity functions, and
synthetic color-magnitude diagrams and integrated magnitudes for arbitrary star formation histories. All these Web
tools are available at the BaSTI database official Web site.
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1. INTRODUCTION

The interpretation of photometric and spectroscopic observa-
tions of resolved and unresolved stellar populations is nowadays
a fundamental tool to investigate the formation and evolution of
galaxies. Large grids of stellar evolution models and isochrones
are a necessary ingredient in this kind of analysis, together with
appropriate tools to predict synthetic color-magnitude diagrams
(CMDs)—and hence star counts along the various observed CMD
branches—integrated magnitudes, and spectra of stellar popula-
tions with an arbitrary star formation history (SFH). To this purpose
Pietrinferni et al. (2004, 2006) published a huge and homoge-
neous database of stellar evolution models that covers the relevant
chemical composition range of stellar populations in galaxies of
various morphological types, and allows one to choose among
different treatments of core convection and stellar mass loss em-
ployed in the model calculations. These models are available
on the World Wide Web as downloadable files from the BaSTI
(Bag of Stellar Tracks and Isochrones) database,* together with
three Web tools that allow user-friendly manipulation of the
stellar evolution library. Thanks to these tools one can compute
user-specified isochrones, interpolate among evolutionary tracks

! Also at Universita di Teramo, Teramo, Italy.

2 Also at Instituto de Astrofisica de Canarias, La Laguna, Tenerife, Spain.
3 Also at Max-Planck-Institut fiir Astrophysik, Garching, Germany.

4 See http://terril .oa-teramo.inaf.it/ BASTI.
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to obtain the evolution for a mass value not contained in the grid,
determine the differential and cumulative luminosity functions
from a set of isochrones, and finally, compute synthetic stellar
populations with an arbitrary SFH and determine their integrated
magnitudes and colors.

This paper describes comprehensively the BaSTI database,
and in particular how to run the various Web tools, the necessary
inputs, and their outputs. Section 2 describes the stellar evolution
library, with particular emphasis on the most recent extensions
not included in Pietrinferni et al. (2004, 2006); §5 3—5 describe the
individual Web tools that allow the computation of user-specified
isochrones, models, luminosity functions, and synthetic CMDs.
Section 6 contains our final conclusions, and the Appendix con-
tains some more technical details about the implementation of
the Web tools.

2. STELLAR EVOLUTION MODELS AND ISOCHRONES

We have computed stellar evolution models for 11 different
metallicities, namely, Z = 0.0001, 0.0003, 0.0006, 0.001, 0.002,
0.004, 0.008, 0.01, 0.0198, 0.03, and 0.04, assuming two differ-
ent heavy-element distributions: the scaled-solar one by Grevesse
& Noels (1993) and the :-enhanced one with ([a/Fe]) = 0.40 by
Salaris & Weiss (1998). As for the initial He-mass fractions, we
employed a value of ¥ = 0.245 for the cosmological He (see, e.g.,
Cassisi et al. 2003). To reproduce the solar initial He abundance
obtained from the calibration of the solar model, we assume an
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He-enrichment law equal to AY/AZ ~ 1.4. For each initial
chemical composition we have computed stellar evolutionary
tracks with mass in the range 0.5 M, < M < 10 M, and a fine
mass spacing. Mass loss from the stellar surface is accounted for
using the Reimers (1975) law and two values of the free parameter
1, namely, n = 0.2 and 0.4. For stars that develop convective
cores during the central H-burning phase we have computed mod-
els with and without overshoot from the Schwarzschild boundary
of the central convective regions.

All evolutions, with the exception of the least massive stars
whose central H-burning timescale is longer than the Hubble time,
have been computed from the pre-main-sequence phase until the
C ignition or until the first thermal pulse along the asymptotic
giant branch (AGB), depending on the initial stellar mass. Full de-
tails of these calculations can be found in Pietrinferni et al. (2004,
2006). Very recently we have extended the evolution of low- and
intermediate-mass objects through the entire thermal pulse (TP)
phase, until the end of the AGB stage. To this purpose we have
used the synthetic-AGB technique (Iben & Truran 1978). Our sim-
plified treatment of the TP-AGB phase satisfactorily reproduces
several integrated properties (see below) of stellar populations in
the near-IR bands, which are greatly affected by the presence of
TP stars. Given that the purpose of this library of stellar models is
to provide a reliable tool to be employed in stellar population
synthesis studies, we feel confident that the following simplified
treatment of the AGB evolution is adequate for our purposes. For
each stellar model of a given initial chemical composition and
mass, we started the synthetic AGB evolution at the beginning of
the TP phase, where the stellar evolution calculations were ter-
minated. The first model of the synthetic TP-AGB evolution is
characterized by the total mass M, carbon-oxygen core mass
Mco, luminosity L, effective temperature s, and surface chem-
ical composition (Xr, Yr, Zr) of the last fully evolutionary model.

The TP-AGB phase is then followed by increasing (after a
given time step df) Mco and L according to equations (5)—(7) in
Wagenhuber & Groenewegen (1998), which contain a term
mimicking the effect of the hot bottom burning, when appro-
priate. The hydrogen mass fraction in the envelope (an input of
eq. [6] of Wagenhuber & Groenewegen 1998) is approximated
as 1 — (¥r + 0.01) — Z; all along the TP evolution. During a time
step the mass of the envelope (M — M) is reduced not only by
the growth of M but also by mass-loss processes, accounted for
by using the mass-loss formulae of Vassiliadis & Wood (1993).
For any given value of M and Mo, the effective temperatures are
computed using the relationships in Wagenhuber (1996) that are
plotted in Figure 8 of Wagenhuber & Groenewegen (1998). To
ensure continuity, the zero points of the equations describing the
evolution of L, Mo, and Tex have been adjusted to reproduce
the corresponding values of the last fully evolutionary model, at
the beginning of the TP phase. The synthetic evolution is stopped
when the models have started to evolve off the AGB, at constant
luminosity, toward their white dwarf cooling sequence. The full
models have been used to compute isochrones for ages ranging
between 30 Myr and 19 Gyr. We provide separately models and
isochrones with and without the inclusion of the TP-AGB phase,
in case users wish to use their own description of the TP-AGB
evolution, employing either fully evolutionary calculations or
synthetic AGB models with different choices about, e.g., mass
loss and/or the core mass-luminosity relationship. To this purpose
we provide, as mentioned below, tables with He and CO core
mass, as well as the luminosity and effective temperature at the
beginning of the TP-AGB phase.

The reader is referred to Pietrinferni et al. (2004) for a detailed
discussion about the normalization of the individual evolution-

TABLE 1
IntTiaL CHEMICAL COMPOSITION OF THE MODEL GRID

[Fe/H] [Fe/H]
VA Y (Scaled-Solar Mixture) (a-Enhanced Mixture)

0.0001 0.245 —2.27 —2.62
0.0003 0.245 -1.79 —2.14
0.0006 0.246 —1.49 —1.84
0.0010 0.246 —1.27 —1.62
0.0020 0.248 —0.96 —1.31
0.0040 0.251 —0.66 —1.01
0.0080 0.256 —0.35 —0.70
0.0100 0.259 —0.25 —0.60
0.0198 0.273 +0.06 —-0.29
0.0300 0.288 +0.26 —0.09
0.0400 0.303 +0.40 +0.05

ary tracks (the concept of the key point and normalized points
between two successive key points) and isochrone computation.
Here we simply mention two changes with respect to the dis-
cussion in Pietrinferni et al. (2004). The first change is the in-
clusion of two additional key points along the red giant branch
(RGB), one to mark the maximum luminosity during the RGB
bump and another to mark the minimum RGB bump luminosity
(key points 6 and 7). A total of 370 normalized points are dis-
tributed between key point 6 and its predecessor, 30 points are
distributed between key points 6 and 7, and 400 points are dis-
tributed between key point 7 and the following one, the tip of the
RGB. Due to the TP-AGB extension, we have added an addi-
tional key point (number 17) after the beginning of the TP phase
to mark the termination of the AGB phase, when the model evo-
lution turns to the blue. A total of 250 normalized points cover
the TP-AGB phase, between key points 16 and 17. The resulting
isochrones have a total of 2250 points.

The main characteristics of the stellar model database are
summarized in Tables 1 and 2. Table 1 lists the grid of initial
chemical compositions; Table 2 summarizes the available sets
of models and isochrones. For a given heavy-element mixture
(either scaled-solar or av-enhanced) we have computed models
for 11 Z-values (Table 1) using both n = 0.2 and 0.4 for the
evolution until the TP-AGB phase. For each value of 7 we have
computed models with and without overshoot from the central
convective core (in the appropriate mass range). The extension
of the overshooting region Aoy is 0.2H, (1, is the local pressure
scale height at the Schwarzschild convective boundary), decreas-
ing to zero when the convective cores vanish, as described in
Pietrinferni et al. (2004). For each choice of the metal mixture, Z,
7, and convective core extension we specify the number of tracks
available, their mass range, the number of isochrones available,
and their age range. Note that for masses above ~2.4 M, the
evolution with 7 = 0.4 is identical to the case of n = 0.2 (be-
cause of the negligible amount of mass lost during their evolu-
tion, according to the Reimers’ law).

Broadband magnitudes and colors of the stellar evolution
tracks and isochrones are predicted using color-T, transfor-
mations and bolometric corrections based on an updated set of
model atmospheres described in Pietrinferni et al. (2004) and
Cassisi et al. (2004). The evolutionary results are available in
the photometric filters listed in Table 2. Additional filters will be
added with time. It is worth pointing out that, for the first time, we
have homogeneous transformations for both scaled-solar and
a-enhanced mixtures even for supersolar metallicities. At present,
the transformations for the Hubble Space Telescope (HST) ACS
filters are available only for a scaled-solar chemical composition.
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TABLE 2
SummMAaRY oF THE BaSTI MoDEL AND ISOCHRONE DATABASE

Mnin Mnax Agemin Agemax
n Aov No. Tracks M) (M) No. Isochrones (Myr) (Gyr)
Scaled-Solar Mixture
0.2, e 0 20 0.5 2.4 63 30 19
0.2 20 1.1 2.4 44 30 9.5
0.4 0 40 0.5 10 54 30 14.5
0.2 20 1.1 10 44 30 9.5
«-Enhanced Mixture
0.2, e 0 20 0.5 2.4 63 30 19
0.2 20 1.1 2.4 44 30 9.5
[ T 0 40 0.5 10 54 30 14.5
0.2 20 1.1 10 44 30 9.5

Nore.— Color-T.g: HST ACS UBVRIJHKL.

For the TP-AGB section of the models and isochrones, broad-
band colors and magnitudes have been computed by supple-
menting the transformations used up to the beginning of the TP
phase with the Westera et al. (2002) ones for RGB and AGB stars
with Ty < 3750 K. To ensure continuity, the bolometric cor-
rections and colors of Westera et al. (2002) have been shifted to
match the other sets of transformations when 7.x = 3750 K. Along
the TP-AGB phase, when the (J — K) colors reach (J/ — K) =
1.2 mag, we use the (J — K)-T and (H — K)—T, relation-
ships by Bergeat et al. (2001) that are appropriate in the carbon
star regime. Models and isochrones extended along the TP-AGB
phase are at the moment transformed only to the UBVRIJHKL
system.

All models described above have been computed under the as-
sumption that a star of a given mass and initial chemical compo-
sition loses during its evolution a fixed amount of mass, determined
by the adopted mass-loss law. An isochrone for an old population
will therefore display on the CMD a clumpy horizontal branch
(HB) phase, comprising stars all with essentially the same total
mass, because of both the constant mass of their progenitor and
the constant value of the mass lost along the previous RGB phase.
If one wants to simulate the extended HBs observed in Galactic
globular clusters, a spread in the amount of mass lost by the RGB
progenitor has to be accounted for. To this purpose, for each
chemical composition we have also computed additional large
sets of core-He-burning models, with the He core mass and en-
velope chemical profile fixed by a RGB progenitor having an age
of ~13 Gyr at the RGB tip, and a range of values of the total stellar
mass, to simulate the effect of a spread in the mass lost along the
RGB. These HB models (~30 for each chemical composition)
constitute a valuable tool to perform synthetic HB modeling and
to investigate pulsational and evolutionary properties of different
kinds of variable stars.

Users can directly download from the BaSTI database evolu-
tionary tracks and HB models as single files or as tar gzipped
archive files, selecting among the following options (11 initial
chemical compositions for each choice): scaled-solar, «-enhanced,
canonical (no overshoot), noncanonical (overshoot included),
n = 0.2, n = 0.4, TP-AGB excluded, and TP-AGB included.
We have included on the Web site appropriate “README" files
and also provide tables (both in ASCII and HTML format) sum-
marizing the main properties of the theoretical models (not includ-
ing the TP-AGB phase) and also providing the CMD location of
the zero-age HB and the central He exhaustion stages. These two

latter sets of tables can be found at the pages containing the
1 = 0.4 models. A large number of precomputed isochrones for
each of the individual options described before, spanning the full
age range allowed by the computed models, can be downloaded
as tar gzipped archive files.

The models and isochrones contained in BaSTI have been
extensively tested in Pietrinferni et al. (2004, 2006) and already
employed in a number of investigations (e.g., Gallart et al. 2005).
We conclude this section by showing a few tests for the TP-AGB
extension that we introduce in this paper. We first tested our
isochrones against near-IR surface brightness fluctuation (SBF)
magnitudes, which are very sensitive to the brightness and evo-
lutionary timescales of AGB stars (see, e.g., Liu et al. 2000;
Cantiello et al. 2003; Mouhcine et al. 2005; Raimondo et al.
2005).

We considered the J- and K-band SBF magnitudes determined
by Gonzalez et al. (2004) for a sample of Magellanic Cloud
superclusters. A supercluster is obtained by co-adding individual
clusters belonging to the same SWB class (see Searle et al. [1980]
for the definition of the SWB classes, which are essentially age
ranges). Gonzalez et al. (2004) also provide the mean metallicity
and age of the objects grouped in each supercluster. The original
SBF magnitudes were on the Two Micron All Sky Survey sys-
tem and have been transformed to the Johnson system following
Bessell & Brett (1988) and Carpenter (2001).

Figures 1 and 2 display the observed SBF absolute magnitudes
in K and J [Gonzalez et al. (2004) assume (m — M), = 18.50 =
0.13 for the Large Magellanic Cloud (LMC) and (m — M), =
18.99 4 0.05 for the Small Magellanic Cloud (SMC)] of six
superclusters, whose age range is covered by our models, as a
function of age. Different symbols correspond to different mean
metallicities; the three youngest superclusters all share the same
metallicity. Horizontal error bars correspond to the age spread
around the mean supercluster ages, as given by Gonzalez et al.
(2004).

We have compared these data with the SBF magnitudes ob-
tained from our isochrones for the appropriate mean metallicities
of the individual superclusters. Note that for each individual
value of Z considered, we have plotted the theoretical SBF mag-
nitudes only in the age range spanned by the one (or more)
supercluster with that mean value of Z. We employed the BaSTI
models with n = 0.2, including overshooting in the appropriate
age range. For the lowest metallicity (oldest) supercluster we
also display the results obtained with 7 = 0.4. Theory is able to
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Fic. 1.—Run of the K-band SBF magnitudes of Magellanic Cloud super-
clusters as a function of their age. Theoretical SBF magnitudes for the appropriate
metallicity and age range (denoted with different line styles) of the individual
superclusters (superclusters of different metallicities are denoted with different
symbols) are also displayed. These theoretical values are obtained from the scaled-
solar isochrones including overshooting and with = 0.2, extended along the
TP-AGB phase. At Z = 0.0006 we also display values obtained with n = 0.4
(dash-dotted line; see text for details).

fit the data points within the observational errors, the only ex-
ception being the J-band SBF of the oldest supercluster.

Figure 3 compares the dereddened integrated (J — K) and
(H — K) colors provided by Gonzalez et al. (2004) for the six
superclusters—transformed to the Johnson system as done for
the SBF—with theoretical predictions from the same models em-
ployed for the SBF analysis. Theoretical colors appear consistent
with their observational counterparts; the mean difference be-
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Fic. 2—Same as Fig. 1, but for the J-band SBF magnitudes (see text for
details).
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Fic. 3.—Same as Fig. 1, but for the integrated (H — K') and (J — K) colors of
Magellanic Cloud superclusters (see text for details).

tween theory and observations is equal to ~0.03 mag in both
(J/ — K) and (H — K). This value can be considered a reason-
able estimate of the accuracy of our predicted integrated near-IR
colors. Finally, Figure 4 compares the combined [XK, (J — K)]
CMDs of AGB stars in a sample of LMC clusters with theoretical
isochrones. The individual stars have been co-added according
to the SWB class of the parent clusters. Reddenings are from
Frogel & Cohen (1982), and we use an LMC distance modulus
(m — M), = 18.50. The metallicities and ages of the theoretical
isochrones are selected on the basis of the SWB class, following
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Fic. 4—Cumulative [K, (/ — K')] CMDs of AGB stars in a sample of LMC
clusters. Theoretical isochrones for the appropriate age and metallicity range are
also displayed (see text for details). [See the electronic edition of the Journal for a
color version of this figure.]
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Fi. 5.— Web interface for the tool dedicated to isochrones and evolutionary tracks. [See the electronic edition of the Journal for a color version of this figure.]

again Gonzalez et al. (2004). One can see a good overlap between
the theoretical AGB sequences and the observed near-IR CMDs.

3. ISOCHRONE MAKER AND TRACK
INTERPOLATION PROGRAM

We have created a dedicated World Wide Web interface that
allows the direct computation of isochrones for any given choice
of age, for the chemical compositions and age ranges listed in
Tables 1 and 2. It also enables the user to compute interpolated
evolutionary tracks in the mass range 0.5-10 M, for any chem-
ical composition in the grid. A linear interpolation on a point-by-
point basis between two neighboring evolutionary tracks stored
in the database is performed to determine the track for the spec-
ified mass. The mass spacing of the tracks included in BaSTI is
small enough that a linear interpolation is sufficient to guarantee

a high accuracy. Once the track is computed, it is immediately
transposed in the chosen photometric system.

The use of this interface is particularly simple: first of all one
has to go to the BaSTI Web site> and click on the link “Isochrones—
Tracks” in the “Web Tool”” section; a page like the one displayed
in Figure 5 will appear. The user has now to choose among a
number of options:

1. The output type, i.c., isochrone or interpolated evolution-
ary track.
2. The heavy-elements mixture, i.e., scaled-solar or c-enhanced.

5 See http://terril.oa-teramo.inaf.it/BASTI. In case of network and/or tech-
nical problems with this official Web site, the user can connect to D. C.’s personal
Web site, http:/astro.ensc-rennes.fr, where the BaSTI Web tools have been mir-
rored in the “BaSTI Web Tools” section.
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3. The photometric system of interest; at the moment we al-
low a choice between the standard UBVRIJHKL filters and the
HST ACS ones.

4. Core convection treatment, i.e., with or without convective
core overshoot.

5. The initial chemical composition (Y, Z).

Once these input parameters are fixed, the next screen allows
the choice of the isochrone age (in megayears) or the track initial
total mass in solar units. Outputs (in the same format as the tracks
and isochrones stored in the database) are directly sent to the
user’s browser.

4. LUMINOSITY FUNCTION PROGRAM

The isochrones stored in the BaSTI database, or obtained with
the Web tool described in § 3, can be used as input for the tool
described here, which computes the luminosity functions (e.g.,
differential and cumulative star counts as a function of the
magnitude in a given wavelength band) of single-age, single-
metallicity stellar populations.

To run this Web tool the user has to provide four parameters:
the number of isochrones whose luminosity functions are needed
(maximum 20), the photometric filter (in the UBVRIJKLH sys-
tem), the initial mass function (IMF) exponent, and the size of
the magnitude bins within which the star counts are performed
(e.g., 0.15 mag; these bins have to be larger than 0.05 mag). We
adopt for the IMF a form of the type dN,/dM = CM~*, where
dN, is the number of stars formed with mass between M and
M + dM and C is a normalization constant whose value is fixed
by imposing the total number of stars populating the isochrones
to be equal to 10°. A value of o equal to 2.35 corresponds to the
Salpeter (1955) IMF.

One has then to choose between the options of computing
the luminosity functions only until the RGB tip, along the whole
isochrone until the early AGB, or including also the TP-AGB
phase. Star counts are then computed analytically by convolv-
ing the IMF with the distribution of the initial stellar mass values
along the isochrones. For example, the number of stars N between
two consecutive points i — 1 and i along a chosen isochrone is
given by N = C/1 — a(M!~ — M!7*).

As afinal step one has to upload the isochrone files and submit
the job. Results are directly sent to the user’s Internet browser
as ASCII data divided into several sections, each of them corre-
sponding to one individual isochrone. The input parameters are
recalled: metallicity, IMF exponent, age, etc. The data themselves
are displayed in three columns: the mean magnitude of the bin
and the differential (where N denotes the star counts per mag-
nitude bin as a function of the magnitude) and cumulative
(where N+ denotes the sum of the star counts from the faintest
bin to the actual one as a function of the magnitude) luminosity
functions.

5. SYNTHETIC CMD CODE

The computation of synthetic CMDs is often required to in-
terpret observations of resolved or unresolved stellar popula-
tions. The simplest form of a synthetic CMD is an isochrone that
represents the sequence occupied by stars all formed at the same
time and with the same initial chemical composition. Clearly,
an isochrone does not directly contain information about the num-
ber of stars populating the various CMD branches, nor the effect of
photometric errors and reddening, and cannot represent composite
stellar populations comprising multiple generations of stars. To
include these effects one needs a synthetic CMD generator. On
the BaSTI Web site the user can access the SYNTHETIC MAN
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code, which is an evolution of the version briefly described in
Pietrinferni et al. (2004). This code computes the magnitudes
and colors of objects belonging to a synthetic stellar population
with an arbitrary SFH. The program employs a grid of isochrones
with ages between 30 Myr and 14 Gyr (we employ 49 isochrones
extended until the end of the TP-AGB phase for each of the 11
metallicities included in our model grid).

The SYNTHETIC MAN code is based on a Monte Carlo al-
gorithm that allows one to include in a simple way observation-
related effects such as the reddening /distance/metallicity dispersion
and photometric errors and to identify on a star-by-star basis the
various types of pulsating stars that may be present in the syn-
thetic population. Synthetic CMDs and observation-related ef-
fects can also be efficiently determined by means of analytical
integrations, as done in Dolphin (2002). It is worth noting that
Skillman et al. (2003) applied three different methods to determine
the SFH of the galaxy IC 1613. One of them is the analytical
technique by Dolphin (2002), and another is a Monte Carlo
method similar to the one we implemented. A comparison of the
results with the different techniques shows striking agreement.

The general structure of the SYNTHETIC MAN code is as
follows. A SFH file has to be specified first. The SFH contains a
grid of N ages #; (the upper limit for N is set to 200), increasing
with increasing running index i (the present time is assigned
t = 0), and for each age one has to specify a scale factor SF;
proportional to the relative number of stars formed at that time.
Also, the metallicity (parameterized by [Fe/H]) of the stars
formed at that age has to be given ([Fe/H],), together witha 1 o
Gaussian spread around this value. The scale factor and [Fe/H ]
for ages in the range #; < t < #;,1) are then assumed to be equal
to SF; and [Fe/H],, respectively. In other words, the SFH is con-
sidered to be a sequence of step functions. The scale factor and
[Fe/H] at i = N are not considered and can be set to any arbi-
trary value; the last point in the SFH file is important only because
it provides the upper age limit for the simulated stellar population.
If one or more single burst stellar populations are needed, one or
more pairs of identical ages (i.e., ; = #(;;1)) need to be included in
the SFH file.

After the SFH is read by the code, the following cycle starts,
running along the SFH index from i = 0 to i = N. The age
difference between two generic #; and ¢, 1y values is computed,
and for each star formed in this time interval (the number of stars
formed in a generic time interval is determined from the input
SFH) a random value of the stellar age #; <t < f;) is drawn
with a flat probability distribution, together with a mass M se-
lected randomly according to a user-specified IMF (the default
mass range goes from 0.1 to 120 M., although a different lower
mass limit can be specified by the user) and a random value of
[Fe/H] assigned according to the value of [Fe/H]; plus the 1 o
spread given in the SFH. With the three specified values of ¢,
M, and [Fe/H] the program interpolates quadratically in age,
metallicity, and then mass among the isochrones in the grid to
determine the star luminosity, effective temperature, actual value
of the mass (in principle different from the initial value because
of mass loss), and photometric properties in the UBVRIJHKL
system.

For each generated mass an additional random number de-
termines whether the star is a member of an unresolved binary
system (the percentage of unresolved binaries has to be specified
as an input); if this is true, the mass of the second component is
selected randomly following Woo et al. (2003), and the fluxes of
the two unresolved components are properly added.

Once the photometric properties of an object (single or belonging
to an unresolved binary system) are determined, the depth effects
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TABLE 3
VARIABLE TYPE INDEX AND SOURCES USED IN THE POPULATION SYNTHESIS PROGRAM

Variable Type Index Variable Type

Source for Instability Strip Boundaries

No variable
Fundamental RR Lyrae
First-overtone RR Lyrae

Fundamental anomalous Cepheid
First-overtone anomalous Cepheid
Fundamental classical Cepheid

Marconi et al. (2003), Di Criscienzo et al. (2004)
Marconi et al. (2003), Di Criscienzo et al. (2004)
Marconi et al. (2004)

Marconi et al. (2004)

Bono et al. (2000)

of the synthetic stellar population are simulated probabilistically
according to a uniform stellar distribution with a user-specified
total depth (in magnitudes). After depth effects are included, the
individual magnitudes are modified by adding the effect of extinc-
tion (another input parameter; we have employed the extinction
ratios from the Asiago Database on Photometric Systems [see
Moro & Munari 2000] and Ry = 3.1) and then further perturbed
according to a Gaussian distribution to simulate the photometric
errors, with a user-specified 1 o width. The star [ Fe/H] value is
also perturbed according to a Gaussian error with user-specified
1 o width to mimic the effect of spectroscopic observational er-
rors. As an additional option, the code can search for variable
stars, according to their location with respect to the boundary of
RR Lyrae and Cepheid instability strips; pulsation periods are
then determined. Table 3 shows literature references for the rel-
evant types of variables.

Once all stars formed between ages #; and £y are generated,
the next interval (f;1) < t < #;12)) is considered, and the cycle
continues, ending when all stars in the final age bin #y_1) <
t < t(y) are generated.

As a technical comment, if the value of M for a star generated
by the Monte Carlo procedure is too large to be still evolving at
its age ¢ or is lower than 0.5 M, the contribution to the total mass
of stars formed in the population is taken into account, but the
star photometric properties are not determined. The total mass of
the objects formed, the total number of the stars whose photo-
metric properties have been determined (in principle different from
the total number generated for the reasons mentioned above), and
the integrated magnitudes (in the UBVRIJHKL system) of the
synthetic population are also computed.

Like all Monte Carlo—based simulations, our program makes
extensive use of random numbers. Our random number generator
(initially written by James 1990) needs “seeds” to be initialized;
these seeds can be either provided by the user or obtained from the
True Random Number Service Web site,® which derives “true”
random numbers from atmospheric electromagnetic noise.

The World Wide Web interface to SYNTHETIC MAN can been
found in the BaSTI section “Synthetic Color-Magnitude Dia-
grams.” This software is as simple to use as the others, but a
registration is required before its first use. The user receives a
notification by e-mail when the computations are completed. In
order to get a user identification, one needs to contact S. Cassisi
or D. Cordier. In the following we summarize the input param-
eters for a run of SYNTHETIC MAN.

1. A scale factor for the SFH. As explained before, the SFH
contains the relative weight of the star formation episodes in the
various age bins. In order to fix the absolute number of objects
in each stellar generation, a scale factor has to be chosen. The
product of this scale factor times the relative weight in the input

6 See http://www.random.org.

SFH gives the total number of stars created in a generic age bin,
with mass between 0.1 (or a user specified lower mass limit) and
120 M_,. If more than 2 x 10° objects are expected to be formed
at a given time step, the program will stop to highlight the excessive
amount of computational time needed for the whole simulation.

2. A choice for the mean photometric error. The user can
adopt a 1 o constant error that it is applied to all stars in the sim-
ulation, in all nine photometric bands. The size of this constant
error (between 0.0 and 1.0 mag) has to be specified. Alterna-
tively, the user can choose to adopt an error varying with the
actual star magnitude and/or photometric band. The exact values
have to be specified by the user in an appropriate input file. This
photometric error input file contains 18 columns and an arbitrary
number N of rows (upper limit N = 200). The first nine columns
display N magnitudes M ! (i running from 1 to NV), in order of in-
creasing value, for the UBVRIJHKL photometric bands, respec-
tively. The remaining nine columns are the corresponding 1 o
photometric errors in the UBVRIJHKL filters, respectively (e.g.,
ou, o, and oy). The choice of the error for any individual syn-
thetic star proceeds as follows. If M} is the star magnitude in the
V band, the program searches for a pair of neighboring tabulated
M!, magnitudes such that M}, < M;, < M} and assigns to the
star o the value tabulated for M} If M;; is smaller than M}, or
larger than MY, the error corresponding to M} or MY is used,
respectively. The same procedure is repeated for all other pho-
tometric bands considered.

3. The 1 o mean spectroscopic error (between 0.01 and 1.0 dex).

4. A choice for the range considered in the stellar mass ran-
dom extraction. An upper limit of 120 M, is always considered.
The user can decide to use a different lower mass limit (larger
than 0.1 M) that must then be specified by the user.

5. The total spatial depth of the population (between 0.0 and
10.0 mag).

6. The color excess E(B — V') (between 0.0 and 10.0 mag).

7. The fraction of unresolved binaries.

8. The minimum mass ratio for the unresolved binary systems
(between 0.0 and 1.0)

TABLE 4

INDEX FOR THE IsOCHRONE SETS EMPLOYED
BY THE SYNTHETIC MAN CobE

Index Isochrone Set

Scaled-solar, no overshooting, 7 = 0.2
Scaled-solar, overshooting, n = 0.2
Scaled-solar, no overshooting, n = 0.4
Scaled-solar, overshooting, 7 = 0.4
a-enhanced, no overshooting, n = 0.2
a-enhanced, overshooting, n = 0.2
a-enhanced, no overshooting, n = 0.4
a-enhanced, overshooting, n = 0.4
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TABLE 5
AVAILABLE STAR FOorRMATION HISTORIES

Stellar Population Source

NGC 6822 (global SFH)............
SMC (global SFH) .........covvvere.
LMC (bar field)........overeererocccene

Gallart et al. (1996)
Harris & Zaritsky (2004)
Holtzman et al. (1999)

Local disk.............. Rocha-Pinto et al. (2000)
Milky Way bulge .. Molla et al. (2000)
Sextans A........... Dolphin et al. (2003)
LGS3 e Miller et al. (2001)

9. The IMF. The user can adopt a power law of the form M .
The exponent x must then be specified. Alternatively, the user is
allowed to choose the Kroupa et al. (1993) IMF.

10. A choice of the isochrone set to use according to the value
of an integer index between 1 and 8. The correspondence be-
tween integer value and isochrone set is reported in Table 4.

Fichier Edition Affichage Allerd Margue-pages Outils Aide
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11. The possibility to search for pulsating variable stars
harbored by the synthetic population and compute their periods.
An integer value equal to 1 enables the search, and a value equal
to 0 prevents the search.

12. The desired SFH. A number of prespecified SFHs for
selected galaxies are also provided (see Table 5).

13. Asin all simulations based on a Monte Carlo method, our
program needs seeds for random number generator initialization.
The user can choose the values of the seeds or let the program
automatically get seeds from the True Random Number Service
Web site.” We underline that all computations initialized with the
same seeds will lead to identical outputs.

After specifying the input parameters, users can start their com-
putations by clicking the “Submit” button. The calculation may
take some time (from a few minutes to hours, mainly depending
on the requested number of stars). After the calculation is

7 See http://www.random.org.

o &0

@ :: E> - % [_;;,_5:5I @ |<_§ http:ﬂastro.ensc-rennes.frfbasti,fsynth_pop,’resuIts;Synth_Pop_May_15_11.49.25_:_VJ @ ok ]}-J,

Terming

[ Musique | Librairies -Editions [ Bangue [Informatique [ Moteurs [iLinux [ Astro [[Dan [|CPI2 [|MailGaelle []L1300 [|CUPS
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Fic. 6.—Example of the output Web page for the SYNTHETIC MAN Web tool. [See the electronic edition of the Journal for a color version of this figure.]
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completed the user receives an e-mail as notification. As the size
of the output files can amount to several megabytes, they cannot
be sent by e-mail, and a solution involving a dynamically gen-
erated Web page has been found to be preferable. In the output
Web page four data files are available:

1. Synth_Pop_x*_user.in. This ASCII file recalls the pa-
rameters used for the calculation.

2. Synth_Pop_x*_.HRD.gz. This gzipped file contains data
for the individual stars, in which one can find the following
quantities: identification number, log # (yr), [ Fe/H], the value of
the actual mass, log L (L), log Ter (K), My, (B — V), (U — B),
V-n,w-R,V-J), V-K),V-L), (H—-K), the
value of the initial mass, the initial mass of the unresolved bi-
nary companion (if present; for stars without a companion this
quantity is set to 0.0), logarithm of the pulsation period (in days;
if the search for variable is off or if the star is not pulsating, this
quantity is set to 99.99), and an index denoting the type of var-
iable (see Table 3 for explanations). This file can be uncompressed
with the standard GNU software GUNZIP. As this file can be
relatively large, downloading is automatically forced when users
click on the link.

3. Synth_Pop_x*_.sfh. This file contains the SFH data used
for the calculations.

4. Synth_Pop_x*_.INT_PROPERTIES. This file contains the
integrated UBVRIJHKL absolute magnitudes produced by the
stars evolving in the synthetic population, several selected integ-
rated colors, the total number of stars with computed photo-
metric properties, the total mass of stars formed (within the mass
range specified in the input file) according to the specified SFH,
and a summary of the various types of variable stars found (if the
search for variables is off, the values are all equal to zero).

The asterisk denotes a string chosen by the Web tool to avoid
the possibility of output files corresponding to a specific simu-
lation being overwritten by those related to a different run. The
string is selected according to the time when the numerical run is
launched. For example, if the run is launched at 16.51.34 of 2006
May 3, the string will be “May_3_16.51.34_2006.” An ex-
ample of the output Web page is displayed in Figure 6. The [V]
(B — V)] Hess’s diagram taking into account all the synthetic
objects drawn for the simulation is also automatically displayed,
with stars’ numbers being encoded with colors. The user should
be aware that, for obvious reasons, Web pages displaying pro-
gram outputs are deleted by the software manager 1 month after
the end of the computation.

6. CONCLUSION

In this paper we have presented the content of the BaSTI data-
base for stellar population synthesis studies. In particular, we
have discussed the recent extension of the models to the end of
the TP-AGB phase and described three Web tools used to com-
pute synthetic CMDs, luminosity functions, and user-specified
isochrones and stellar evolution tracks.

In the near future the BaSTI database will be developed fol-
lowing two directions: the extension of the database itself and the
development of an online version of our stellar evolution code.

We plan to extend the mass range spanned by our database by
adding tracks for very low mass objects (below 0.5 M) and very
massive stars (above 10 M), the latter until C-burning ignition.

With a Web-based version of our evolution code, people who
are not expert in stellar evolution calculations will be able to
compute models with their customized set of parameters (mixing-
length value, extension of the overshooting region, metallicity,
etc.), avoiding inaccurate interpolation and/or extrapolation

between and/or from existing models. This could also allow for
more complex tuning such as opacity tables or nuclear rate table
switching, and changes to the equation of state. We think that this
Web-based evolutionary code, as well as the BaSTI database,
could be relevant tools for the whole scientific community within
the ongoing Virtual Observatory project (Pasian 2004).

We wish to thank the anonymous referee for suggestions that
helped us to improve the content and readability of the manuscript.
D. C. thanks the Ecole Nationale Supérieure de Chimie de Rennes
for working facilities and M. J. Goupil and Y. Lebreton for so many
things. We wish also to acknowledge all the people who have al-
ready used and/or will be using the BaSTI Web tools for their
own research and who will send us their comments/suggestions.
We warmly thank E. Sandquist for all the useful comments and
for pointing out the existence of some problems in a preliminary
version of our Web tools. S. C. warmly thanks financial support
from Ministero dell’Universita e della Ricerca and INAF.

APPENDIX
BaSTI WEB TOOLS: SOME TECHNICAL ASPECTS

The World Wide Web, originally conceived for document de-
livery, has evolved into a medium supporting interactive com-
putations. One way for a Web server (in our case APACHE)® to
interact with data-generating programs is the well-known Com-
mon Gateway Interface (hereafter CGI). Input parameters and
data provided by the user are passed to our three FORTRAN
programs through PERL programs. PERL is probably the most
common CGI scripting language, for which a huge collection of
modules is available in the Comprehensive PERL Archive
Network.”

The track/isochrone interpolation program and the luminos-
ity function program are simply driven with a specific PERL
interface, and their outputs are directly displayed as an ASCII
file that can be saved in the user’s hard disk and used by other
programs without any difficulty.

The CMD generator is probably, at the moment, our most so-
phisticated Web-based software. When it is invoked, a com-
putation identification string of characters (CISC) is assigned.
The files are handled and stored with this CISC as part of the file
name, so even if multiple users from different parts of the world
submit simulations at the same time, they can all be processed
separately. When the computation is completed, an HTML page
is created on the fly, displaying data output files and a pre-
visualization made with GNUPLOT. The PERL module NET
allows automatic e-mail sending for user notification.

Figure 7 summarizes the BaSTI Web tools’ general scheme.
Some details have been omitted, such as interaction with the plot-
ting software GNUPLOT and random seeds downloaded from
the True Random Number Service Web site.'® At the moment
all calculations are treated after each user’s clicking, and conse-
quently, several computations can be running at the same time
on our machine, an occurrence that could seriously affect the
computation time. Depending on the success of our online pro-
grams, we could implement as a new feature a more elaborate
computation-managing system that could “queue” the users re-
quests, decreasing individual computation times.

8 See http://www.apache.org.
° See http://www.cpan.org.
19 See http://www.random.org.
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