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Abstract. In spite of its relevance, the Thermally Pulsing Asymptotic Giant Branch (TP-
AGB) phase is one of the most uncertain phases of stellar evolution, and a major source of
disagreement between the results of different population synthesis models of galaxies. I will
briefly review the existing literature on the subject, and recall the basic prescriptions that have
been used to fix the contribution of TP-AGB stars to the integrated light of stellar populations.
The simplicity of these prescriptions greatly contrasts with the richness of details provided by
present-day databases of AGB stars in the Magellanic Clouds, which are now being extended
to other nearby galaxies. I will present the first results of an ongoing study aimed at simulating
photometry, chemistry, pulsation, mass loss, dust properties of AGB star populations in resolved
and un-resolved galaxies. We test our predictions against observations from various surveys of
the Magellanic Clouds (DENIS, 2MASS, OGLE, MACHO, Spitzer, and AKARI). I will discuss
the implications and outline the plan of future developments.

1. Introduction

It has been long known that Thermally Pulsing Asymptotic Giant Branch (TP-AGB)
stars play a crucial role in many aspects of galaxy evolution, e.g. by providing a significant
fraction of the bolometric, near and mid IR light emitted by young to intermediate-age
stellar populations (ages > 10% yr; Frogel et al. 1990), and efficiently contributing to the
enrichment of the interstellar medium in the form of chemical yields (gas and dust) and
dark remnants. The products of their rich nucleosynthesis leave easily identifiable signa-
tures in both resolved stellar spectra and integrated galaxy spectra (mainly depending
on the photospheric C/O ratio).

When applied to nearby systems (e.g. the Galaxy and the Magellanic Clouds) evolu-
tionary population synthesis (EPS) models including TP-AGB stars are useful tools to
derive quantitative indications — e.g. mass and metallicity dependence — of fundamental
stellar processes such as convection, mass loss, nucleosynthesis, pulsation. On the other
hand, in the recent years it has become clear that the study of AGB star populations is
relevant over a much wider astrophysical context (see Bruzual, this volume), such as to
unveil the SFR history in resolved stellar populations; to break the age-degeneracy that
affects the studies of early-type galaxies; to interpret the spectral energy distributions of
high-z galaxies in terms of their fundamental parameters (masses and ages).
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2. TP-AGB Stars in EPS models: techniques

There are basically three methods to add the AGB phase in EPS models, which are
based on the use of (A) stellar isochrones (e.g. Bressan et al. 1998; Bruzual & Charlot
2003; Marigo et al. 2003); (B) stellar tracks (Groenewegen & de Jong 1993; Marigo
et al. 1999; Mouhcine & Lancon 2002, 2003); and (C) the fuel consumption theorem by
Renzini & Buzzoni (1986; Maraston 1998, 2005).

Methods A and B both need practically the same ingredients, namely sets of AGB
stellar models predicting the evolution of basic stellar parameters (i.e. total mass, core
mass, luminosity, effective temperature Teg, surface chemical composition) over wide
ranges of initial stellar masses and metallicities. Owing to the heavy requirement of
computing time set by the full modelling of the AGB phase, the most convenient way to
build up an extended library of AGB stellar tracks is to adopt a synthetic approach, which
gives a simplified but flexible and description of the stellar evolution on the AGB. Another
important aspect is that synthetic AGB models can be readily calibrated on the basis of
basic observables (e.g. carbon star luminosity functions, star counts), hence allowing for
a more realistic description of AGB properties. Available stellar isochrones including the
whole AGB phase are listed in Table 1, which also outlines a few relevant characteristics,
namely: the inclusion or not of the third dredge-up and hot-bottom burning, the way
T is obtained depending on the adopted molecular opacities, and the consideration or
not of the effect of circumstellar dust on the emitted spectrum.

The fundamental ingredient of method C'is the fuel matrix, Fagp(Mro, Z), providing
the nuclear fuel burnt during the AGB phase as a function of the turn-off mass Mrq
(or equivalently of the age), and the metallicity Z of the corresponding single stellar
population.

Then, for all methods the passage from theoretical quantities to observed ones requires
the adoption of suitable spectral libraries as a function of Teg, surface gravity and C/O
ratio, or alternatively tables of bolometric corrections and T.g—color transformations.
Finally, one has to specify global properties of the simulated galaxy, such as the initial
mass function (IMF), the star formation rate history (SFR), and the age-metallicity
relation (AMR).

Concerning the characteristics of the EPS techniques, it should be remarked that both
methods A and B are tied, by construction, to the adopted stellar models. On the one
hand this brings along all the weak points that affect the theory of stellar evolution,
but on the other hand it provides a useful feedback to input prescriptions any time
a comparison between predictions and observations is performed. Method C' usually
adopts an empirical calibration of the AGB nuclear fuel based on observed data for
Magellanic Cloud clusters. On the one hand this guarantees accounting for the correct
integrated light contribution from AGB stars at LMC and SMC metallicities, but on the
other hand it makes it difficult to derive explicit indications on uncertain aspects of the
underlying AGB evolution. Moreover, while for methods A and B the resolution element
is the single star, so that they can address the study of both integrated and resolved
stellar populations, for method C the maximum resolution is given by the simple stellar
population (SSP), which limits its application to the integrated properties of unresolved
AGB stars.

3. Synthetic TP-AGB Evolution: ingredients and calibration

Synthetic AGB models are usually constructed on the basis of some analytical recipe —
derived from complete modelling of the AGB phase and/or observations — providing, for
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Table 1. Available stellar isochrones including the AGB phase

Reference 3" Dup+HBB®*) Kol ) dust(®)  available at

Bertelli et al. 1994, A&AS 106, 275 no scaled-solar no http://pleiadi.pd.astro.it
Bressan et al. 1998, A&A 332, 135 no scaled-solar yes upon request

Girardi et al. 2000, A&AS 141, 371 no scaled-solar no http://stev.oapd.inaf.it/cmd
Marigo & Girardi 2001, A&A 377, 132 yes scaled-solar no http://stev.oapd.inaf.it/cmd
Mouhcine 2002, A&A 394, 125 yes scaled-solar yes upon request

Piovan et al. 2003, A& A 408, 559 no scaled-solar yes upon request

Marigo et al. 2003, A&A 403, 225 yes O-/ C-rich no upon request

Cioni et al. 2006, A&A 448, 77 yes 0O-/ C-rich no http://stev.oapd.inaf.it/cmd
Cordier et al. 2007, AJ 133, 468 no scaled-solar no http://www.oa-teramo.inaf.it/BASTI
Marigo et al. 2008, A& A 482, 883 yes O-/ C-rich yes  http://stev.oapd.inaf.it/cmd
Bertelli et al. 2008, A& A 484, 815 yes O-/ C-rich no http://stev.oapd.inaf.it/Y Zvar

(a), explicit inclusion or not of AGB nucleosynthesis, i.e. third dredge-up and hot-bottom burning
() choice of molecular opacities affecting the predicted Tt
()

¢

: inclusion or not of circumstellar dust in the computation of the emitted spectrum
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instance, the core-mass—luminosity relation, the core-mass —interpulse-period relation,
and the mass-loss rates as a function of stellar parameters.

The purely analytical scheme can be significantly complemented with the aid of enve-
lope integrations — from the photosphere down to the surface of the H-exhausted core —
which allows us e.g. to predict the T.g along the AGB, as well as to follow the hot-bottom
burning (HBB) nucleosynthesis by solving a network of nuclear reactions in the deepest
envelope layers of the most massive AGB models (e.g. Marigo et al. 1999).

The TP-AGB evolutionary tracks presented here have been described in Marigo &
Girardi (2007) and Marigo et al. (2008). They include a series of crucial aspects such as:
the complex luminosity evolution over the pulse-cycle, the third-dredge-up efficiency as a
function of stellar mass and metallicity, the derivation of the T.g from the integration of
stellar envelope models, HBB at the base of convective envelopes, the dramatic changes
in low-temperature opacities when the stellar envelopes become C-rich (Marigo 2002),
different mass loss descriptions for M- and C-type stars, the dependence of mass loss on
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Figure 2. Monochromatic
absorption coefficients for
several opacity sources as
a function of the wave-
length, in a gas with
logT = 3.3, log R =1, and
to values of the C/O ratio,
corresponding to an O-rich
(left panel) and C-rich
(right panel) composition.
Computations performed
with ZESOPUS (Marigo &
Aringer 2009).

pulsation period, the transition from the first overtone pulsation mode to the fundamental
one, etc. One example of is shown in Fig. 1.

The evolutionary tracks contain a few free parameters (mainly related to the third
dredge-up) which were calibrated so as that two basic observables of the LMC and SMC
were reproduced: the carbon star luminosity functions (Groenewegen 2002), and the C-
and M-type lifetimes as a function of turn-off mass as derived from MC star clusters
(Girardi & Marigo 2007a).

A major improvement in the input physics has been recently achieved with the de-
velopment of the ASOPUS (Accurate Equation of State and OPacity Utility Software;
Marigo & Aringer 2009; web interface at http://stev.oapd.inaf.it/aesopus; see example in
Fig. 2) for computing the equation of state and the Rosseland mean opacities of the gas
at low temperatures (1500 < T < 30000 K) for any chemical composition. The chemistry
is presently solved for about 800 species, including almost 500 molecules. ESOPUS is
being incorporated in the envelope model described in Marigo & Girardi (2007), allowing
correct a evaluation of the atmospheric opacity, hence T.g, as a function of the changes
in the surface abundances that characterize the evolution of TP-AGB stars.

4. From stellar tracks to synthetic samples of AGB stars

The TP-AGB evolutionary tracks were attached to the Girardi et al. (2000) tracks for
the previous evolutionary phases, and used to build the Marigo et al. (2008) isochrones.
They consider the reprocessing of radiation by dust in the circumstellar envelopes of mass-
losing stars. The web interface in http://stev.oapd.inaf.it/cmd provides these isochrones
— and their derivatives, such as luminosity functions and integrated magnitudes — for
more than 25 optical-to-far-infrared photometric systems, including those more useful
to the study of MC AGB stars (e.g. OGLE, DENIS, 2MASS, Spitzer IRAC+MIPS, and
AKARI).

In the process of building isochrones, we have used the sequences of synthetic C star
spectra from Loidl et al. (2001). These cover well the T,¢ range of C stars in the Magel-
lanic Clouds and in the Milky Way galaxy, but not the wide intervals of surface gravities
and C/O ratios expected for such stars. Moreover, they have been computed for C stars
of initial solar metallicity. We have recently extended the database of synthetic C star
spectra, using the COMARCS code (Aringer et al. 2009), covering a wide range of metal-
licities and C/O ratios. Spectra and corresponding tables of bolometric corrections are
now available at http://stev.oapd.inaf.it/synphot/Cstars. An example of the new syn-
thetic photometry is given in Fig. 3.

This set of theoretical models have been included in the TRILEGAL code (Girardi
et al. 2005) for simulating the photometry of resolved stellar populations. The code
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Figure 3. Left panel: Three spectra based on COMARCS models with Z/Zs = 1.0,
M /Mg = 1.0 and different values of Tog, C/O and log(g [cm/s]). The resolution is R = 200.
Right panel: Predicted J— K colours as a function of T.s calculated from COMARCS models
with log(g [cm/s’]) = 0, M/Me = 2 and different values of Z/Zs (denoted as Z/Z. in the
plot) and C/O. Adapted from Aringer et al. 2009

has been adapted (Girardi & Marigo 2007b) so as to deal with the luminosity and Teg
variations driven by thermal pulse cycles, and to consider additional variables such as
the pulsation period of LPVs, the mass loss rate, the optical depth of circumstellar dust,
etc. This allows us to simulate complete samples of AGB stars together with their main
optical-to-infrared properties, for any history of star formation and chemical enrichment.

5. TP-AGB stars in SSPs: trends with age and metallicity

Broadband colours of Magellanic Cloud clusters represent the basic observable against
which any population synthesis model should be compared for testing its predicting
performance. TP-AGB stars are important contributors to their integrated bolometric
and near-IR luminosities with a maximum located at an age of ~1 Gyr, accounting for
about 40-80 % of the total cluster’s luminosity (see Frogel et al. 1990; Maraston 2005).
Interestingly, the position of the maximum reflects the peak in TP-AGB lifetimes at
M ~2.0—25Mg.

Due to the small number statistics of AGB stars in these clusters, stochastic fluctua-
tions are of large entity, so that MCs’ clusters cannot be assimilated to standard SSP of
given age and metallicity. The best meaningful way to perform a comparison with ob-
servations is to simulate a population of clusters with the aid of Monte-Carlo techniques
(Bruzual & Charlot 2003).

Figure 4 compares the observed integrated V' — K colors of a sample of LMC clusters
of known ages and a few predictions from different authors. Going from younger to older
ages the first appearance of more massive AGB stars at ~ 108 Gyr produces a significant
increase of colours like V' — K (e.g. Maraston 1998), with a rising slope that depends
much on the details of processes like mass loss and HBB (Girardi & Bertelli 1998). A
further contribution to attain redder colours (e.g. V — K, J — K) is provided by C-stars,
with a maximum effect at ages ~0.5 — 1.0 x 10? yr corresponding to turn-off masses of
~2.0 —2.5Mg.

Figure 5 illustrates the predicted fractional contribution provided by TP-AGB stars
to the integrated luminosities in different bands as a function of age and metallicity.
It is evident that the trends change significantly at varying Z, suggesting that a mere
extrapolation to other systems of the data suitable to metallicities typical of the MCs
(i.e. Z =10.004 and Z = 0.008) may lead to misleading results.

https://doi.org/10.1017/51743921310002498 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921310002498

TP-AGB stars in population synthesis models 41

Figure 4. Broad-band V — K colours
of LMC clusters as a function of clus-
ter age. Observed photometric data is
taken from various compilations: Persson
et al. (1983, filled circles); Kyeong et al.
(2003, empty squares); and the V-band
photometry by Goudfrooij et al. (2006)
adopting an aperture radius of 50 arc-
sec, combined to the JH K, photometry
from Pessev et al. (2006; starred symbols).
Clusters are assigned ages by adopting
the S-parameter—age calibration by Girardi
et al. (1995). Predicted SSP colours from
various authors are superimposed for com-
parison: Marigo et al. (2008; Z = 0.008),
o Ll L Maraston (2005; Z = Z5/2), Bruzual &
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Jog(t/yr) Charlot (2003; Z = 0.008).

Marigo et al. 2008
— — — Maraston 2005
———— Bruzual & Charlot 1993

(&S]
oo T T T T T T T T T T T
\\D
~
\ % |
g al
o\ *
[
L]
~
0
® 0800 O
P S IS S SN IR SR N BN NI |

e B B I

— — —
bolometric] bolometric] b 7=0.008 bolometric]
_ v 8 _ v A 8 _ v A
e 08 — — 1 A 08 — —
SN ] [ . 5] [ X
W\ 1 [ —~— 1 [
\ 5 06 / \/\ B s 08 -
I VAN 1y \
oL/ —~ NN\ 1
\ 0.4 H / ’/' \ B 04
ko -
| / NS
i
[/
02 ff/ e - i
i/ N
i/ s
o AT e I
8 85 9 95 10
log(age/yr)
F e S S maam et S
2=0.001 bolometric]
v

0.6

LJP-AGD /Lot
LJP-AGD /Lot

o
=

log(age/yr) ) » log(age/yr) ) » log(age/yr)

Figure 5. Fractional contribution from TP-AGB stars to the integrated luminosities in
selected bands of simple stellar populations as a function of age and metallicity.

6. Comparison with basic observables in star clusters and nearby
galaxies

We are presently dealing with simulations of the fields in the LMC and SMC, using
published SFHs and AMRs (e.g. Harris & Zaritsky 2004; Javiel et al. 2005; Pagel &
Tautvaisiene 1998). The models do a reasonable job in reproducing the number counts,
magnitudes and colours of AGB stars in the Magellanic Clouds, which is no surprise
since the evolutionary models have been originally calibrated using MC data. Looking
at the quantitative details, however, we are accumulating several hints on the aspects of
the models which need to be improved.
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Figure 6. Comparison between Spitzer data for the LMC (Blum et al. 2006; left panel), and
the simulated photometry without (middle panel) and with (right panel) the effect of AGB
circumstellar dust. Predicted carbon stars are marked with black points.
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Figs. 6 presents the typical results regarding the photometry of the LMC sample.
While our models describe well the sequences of mass-losing stars in mid-infrared CMDs
(Fig. 6), they fail to describe the detailed colour distributions. This likely means that we
have to adjust the mass loss prescriptions, which, in turn, would imply the recalculation
and recalibration of the TP-AGB tracks. We are implementing such iterative process,
which is however not simple and quite demanding in terms of CPU time. No doubt the
final target is well worth of the effort.

The old globular cluster 47 Tuc is of particular interest to us, thanks to the detailed
information available for its AGB stars, and to its metallicity which is comparable to
those found in young and intermediate-age populations of the MCs. Our simulations
performed with the TRILEGAL code reproduce the behavior of the near and mid-IR
colors that has been recently measured by van Loon et al. (2006) and Ita et al. (2007;
AKARI data). As displayed in Figs. 7 the only stars that present a prominent mid-IR
excess are those at the very tip of the AGB (see also van Loon et al. 2006; Lebzelter
et al. 2006). This reinforces the idea that the bulk of dust formation occurs at the end
of the AGB, with the role of RGB stars being quite marginal, if not negligible (see also
Boyer et al. 2008, for wCen).

We are presently extending this kind of comparisons to the regime of low metallicities.
Gullieuszik et al. (2008) and Held et al. (in prep.) have presented the first results for
the Leoll and Leol dSphs; they are summarised in Gullieuszik et al. (this volume). We
have data for a few other dSphs observed with HAWK-I at VLT. Moreover, ongoing
surveys with AO at Keck and the new HST/WFC3 camera (PIs: J. Melbourne and J.
Dalcanton, respectively) will enormously increase the database of AGB stars in resolved
dwarf galaxies. They will allow us to overcome the problem of small number statistics,
at the price of dealing with somewhat more uncertain star formation histories.
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To conclude, we are entering a new era with both (1) much more detailed TP-AGB
models and (2) more reliable, quantitative, and multi-wavelength constraints from AGB
stars in resolved galaxies. This will help us to settle the TP-AGB contribution to the
integrated light of galaxies on much firmer grounds, in the course of the next decade.
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