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Abstract.  In the last ten years three main facts have become eviderieIynod-
elling of the TP-AGB phase is critical for the derivation @&fdic galaxy properties (e.g.
mass and age) up to high redshift, with consequent cosnuabigaplications; 2) cur-
rent TP-AGB calibrations based on Magellanic Cloud (MC)stdus come out not to
work properly for other external galaxies, yielding a lik@P-AGB overestimation; 3)
the significance of the TP-AGB contribution in galaxies, ¢tettheir derived proper-
ties, are strongly debated, with conflicting claims in favofieither aheavyor alight
TP-AGB. The only way out of this condition of persisting urteénty is to perform a
reliable calibration of the TP-AGB phase as a function ofgtae’s initial mass (hence
age) over a wide range of metallicity, from very low to supefar values. In this con-
text, | will review recent advancements and ongoifigres towards a physically-sound
TP-AGB calibration that, moving beyond the classical us¢hef MC clusters, com-
bines increasingly refined TP-AGB stellar models with eximeyally high-quality data
for resolved TP-AGB stars in nearby galaxies. Preliminasuits indicate that a sort of
“TP-AGB island emerges in the age-metallicity plane, where the contidiouof these
stars is especially developed, embracing preferentialgrsand MC-like metallicities,
and intermediate ages Gyr).

1. Broad context: the TP-AGB issuein galaxy models

It has been known for long time that, owing to their high im$ic brightness, TP-AGB
stars contribute significantly to the total luminosity ofigle-burst stellar populations
(SSP), reaching a maximum of about 40% at ages from 1 to 3 GggéFet al. 1990),
and accounting for most of the infrared-bright objects isoteed galaxies, as clearly
demonstrated in the Magellanic Clouds (MC) (e.g. Bolat@l.€2007; Blum et al. 2006;
Nikolaev & Weinberg 2000).

However, the high influence of TP-AGB stars in stellar popatasynthesis (SPS)
models of galaxies was recognized only after Maraston (200&fater M05) pointed
out that they can dramatically alter the mass-to-lightrtdi 0.5 — 2 Gyr old stellar pop-
ulations, henceféecting the determination of stellar masses and ages ofriigghift
galaxies by factors of 2 or more.

While the importance of the TP-AGB phase is now universatignawledged,
since M05 a number afonflicting resultdhave been produced about theerall impact
of TP-AGB stars In this context, many recent papers have focused on contptre
performances of tow popular SPS models th&ediradically in the technique adopted
to include the TP-AGB phase: while Bruzual & Charlot (2008rdafter BC03) use sets
of stellar evolutionary tracks, in the M05 models the TP-AGRitribution is described
by the integrated nuclear fuel (emitted light), bypassimg details of stellar evolution.
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Figure1.  Currentuncertainties in the TP-AGB evolutionaimgase and their prop-
agation into galaxy models in terms of integrated fluxes,svtadight ratios, stellar
masses, galaxy mean ages, and star-formation rates (6&f)Moving along the
direction of the arrow the first three bars show the relativeentainty range in basic
predictions of TP-AGB models: the integrated TP-AGB fuehiied light), chemi-
cal yields, and dust yields. The next four bars illustrate Hrese stellar uncertainties
undermine basic predictions of SPS models of galaxies.€éléstimates are derived
from comparing various sources of models in the literatanel are partly discussed
in Conroy (2013) and Marigo et al. (2013Right From top to bottom it presents
the predicted contribution by TP-AGB to the (rest-framep#&nd flux, the cosmic
star formation rate, and the chemical enrichment as a famcti the look-back time,
derived from the Millennium Cosmological Simulation (Spgyel et al. 2005). The
different curves correspond tofigirent prescriptions of the TP-AGB phase, mainly
related to variousféciencies of mass loss and third dredge-up. It also shows how
the TP-AGB contribution is boosted after each major episafdgar formation (i.e.

in the post-starburst phase). Courtesy of Stéphane Gharlo

The appropriateness of M05 (favouring a heavy TP-AGB) an@3(Characterized by
a light TP-AGB) models is a matter of lively debate, yieldidigcordant claims. For
instance, while M0O5 appears to overpredict the near-iaftgrart of the spectral energy
distributions of post-starburst galaxies at moderathigb+ redshifts (Kriek et al. 2010;
Zibetti et al. 2013) and BC03 models are better performing abserved HCN spectral
features in the nuclear regions of AGNs are in closer agreesitte MO5 models (Rifel

et al. 2007, see also fRel's contribution in this conference).

What strikingly emerges is that the uncertainties intdrisi population synthesis
models — and especially those related to the TP-AGB cortitvibu- often dominate
over the observational errors when drawing galaxy propedcross cosmic times, im-
pinging dramatically on the derivation of the stellar mé&sgight-ratios, masses and
ages from the integrated light of galaxies (see Fig. 1).

The inescapable bottom line is that a decisive step forwatild calibration of the
TP-AGB phase is urgently needed!
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Figure 2.  Evolution of the integrated bolometric lumingsiif a simple stellar
population as derived from detailed stellar tracks andhismes, as a function of
age (Bressan et al. 2012; Marigo et al. 2013; Girardi et d320From bottom to top
the sequence of fierent evolutionary phases, marked in Byirey tones, correspond
to main sequence (MS), red giant branch (RGB), core heliumibg (CHeB), and
Early-AGB (E-AGB). The brightest region filled with wavy pettn refers to the TP-
AGB contribution. Note the presence of the AGB-boostinggikat ages 1.6 Gyr,
marked by the shaded vertical bar.

2. Magelanic Cloud clustersas TP-AGB calibrators

2.1. Theclassical approaches and insidious problems

Historically, the calibration of the TP-AGB as a function tbie age is based on the
globular star clusters in the Magellanic Clouds (MCs), irelyon the star counts, inte-
grated fluxes and spectral classification. The pioneer wotkis field was carried out
by Frogel et al. (1990), who derived the fractional lumitypsiontributed by TP-AGB
stars as well as the luminosity functions of M and C stars amaetion of SWB type,
which is a proxy for the age (Searle et al. 1980). Since thakwiollowing studies
employed the MC cluster data of AGB stars for calibrationpases, either using the
measured integrated luminosities or broad-band visualnaad-IR colors to estimate
the nuclear fuel burnt during the TP-AGB phase (Marastorb208®él et al. 2013), or
dealing with the direct star counts to derive the TP-AGRilifees with the aid of stellar
tracks and isochrones (Charlot & Bruzual 1991; Girardi & Mar2007).

Despite these calibratiorfferts based on éfierent techniques, when present-day
TP-AGB models are applied to other external galaxies theylréo overestimate, to
various extents, the TP-AGB contributions in integratedct@ of galaxies or star
counts. For instance, MO5 models show an excess of IR fluxishadt observed in
post-star burst galaxies (Kriek et al. 2010; Zibetti et @112). On the other hand,
Marigo & Girardi (2007) tracks predict, on average, 40% moRRAGB stars than
observed in a sample of nearby galaxies observed with AN@&IGh translates in a
factor of~ 2 in the integrated near-IR flux (Melbourne et al. 2012).
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The question that arises is, therefore: Why TP-AGB modelibreded on MC
clusters are not equally adequate for other galaxies, eitbtmvetallicities comparable
to the MCs?

Recently, Girardi et al. (2013) have pointed out a speciffieess related to the
physics of stellar interiors, that is likely the main cau$ehis conundrum. As soon
as stellar populations attains the ages at which red giamichrstars first develops, an
abrupt increase in the lifetime of the core He-burning plameses a transitory boost
in the production rate of the later evolutionary phaseduiting the TP-AGB. For a
time interval of about 0.1 Gyr, triple TP-AGB branches growsamewhat dterent
initial masses, making their frequency and contributioth®integrated luminosity of
the stellar population to raise by a factor@f2 (see Fig. 2). The boost takes place
for turn-off masses of& 1.75Mg, just in vicinity of the predicted peak in the TP-AGB
lifetimes (for MC metallicities; see Fig. 4), and for ages=0f.6 Gyr. Coincidently, this
relatively narrow age interval contains the few very mas$iC clusters where most of
the TP-AGB stars, used to constrain stellar evolution anfl E®dels, are found. As a
consequence, the expected boosting of TP-AGB stars imieiate-age MC clusters
may account for the excess of TP-AGB in current models (Mara2005; Marigo et al.
2008).

Two main implications can be drawn: i) all classical estiesabn the relative
role of TP-AGB stars to the integrated light of intermediage stellar populations are
likely biased towards too high values (Maraston 2005; Maggal. 2008), and ii) TP-
AGB star populations in intermediate-age MC clusters awalbe carefully revised,
promisingly with the aid of detailed sets of stellar evadatary tracks and isochrones.

2.2. Enhancingtheclassical TP-AGB calibration based on MC clusters

Recently, the classical use of MC clusters, commonly basepghotometry and star
counts, has been expanded to include other key properti@®-&GB stars, namely:
pulsation and nucleosynthesis. We have now informatiorutabiee pulsation peri-
ods and pulsational masses of TP-AGB stars and their lotatiodiferent period-
luminosity sequences (that are likely related tfiatient pulsation modes), as well as
on surface chemical abundances, in particular ti@ i@tio, thel2C/13C isotopic ratio,
and other elementsfacted by the TP-AGB nucleosynthesis (e.g. F, Li) (Lebzeite.
2014; Kamath et al. 2012; Lebzelter & Wood 2011; Kamath 2@10; Lebzelter et al.
2008; Lebzelter & Wood 2007; Maceroni et al. 2002).

The challenge that AGB models have to face is to reprodudeusobservables at
the same time, i.e the giant branch temperatures, the oxggearbon transition lumi-
nosity (when @O overcomes unity due to the third dredge-up), the AGB-tipihosity,
the period-luminosity relations, and the observed eleaiaiundances.

Despite severe fliculties still unsolved, these studies have clearly shova, th
with the aid of targeted observations coupled to detaileeAGB nucleosynthesis cal-
culations and a parametrized description of the convebiwandaries, it is possible to
derive important constraints on crucial but poorly knowmugfities, such as the extent
of the envelope overshoot, the depth of the partially-mizede, the intershell compo-
sition, the minimum core mass and th@ency of the third dredge-up.

These all-round approaches are promising and deserve tevsdoded further,
hopefully also in combination with population synthesisdés.



Calibrating the TP-AGB phase 5

05 Zvw blulge | | ]
M31 disk
0 L
T -0.5 | -
P a1l SMC
— ANGST
-1.5 + dwarf galaxies
2t 4

10 95 9 85 8
log (agelyr)

Figure 3.  The relevant area in the age—metallicity diaghaan meeds to be cov-
ered for a reliable TP-AGB calibration. Notice that the urgibn of M31 (PHAT
data), of ANGST dwarf galaxies, and of the bulge (WISE) l&rgecreases the sam-
pling of this plane, compared to previous calibrations (&son 2005; Marigo et al.
2008) which were based only on the Magellanic Clouds.

3. Theneed to move beyond the M C clusters. wide age-metallicity sampling and
characterization

Though the MC clusters represent a key benchmark to testaimtate the TP-AGB
models, at the same time they afEeated by two severe limitations, namely: the low-
number statistics of TP-AGB stars with associated largsgoni fluctuations, and the
narrow sampling of the age-metallicity plane (see Fig. 3prédver, most star clusters
have uncertain ages, and previous analyses do not inclediad¢hthat these clusters
have multiple age sub-populations and they cannot be asktoie single stellar pop-
ulations.referimenti?

With the new generation of large imaging and spectroscopigeys of nearby
galaxies, the quantity and quality of the data potentiafigful for calibrating TP-AGB
models are dramatically increasing.

This data set will make it possible (i) to improve substdlytithe exploitation of
the MC data thanks to the detailed and spaced-resolved S¥Higlds and clusters,
and (i) to extend largely the metallicity range of the cadifion, as shown in Fig. 3.

We now have excellent quality data for resolved AGB staregians with well-
characterized SFH, spanning a wide range in metallicitghsas the metal-rich fields
of M31 from PHAT survey, which also includes more than 500 shasters (ef? see
Girardi’s contribution, this conference), metal-poor dirngalaxies up to 4 Mpc from
ANGST survey and other LG dwarf galaxies (see RosenfieldiyeBs, and Menzie's
contributions, this conference), a complete census of A@Bssn the Magellanic
Clouds at near and intermediate IR wavelengths from 2MASS Spitzer surveys
(Nikolaev & Weinberg 2000; Blum et al. 2006), as well as for Mfields with spa-
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Figure 4. TP-AGB lifetimes as a function of the stellar iaitmass and metal-
licity. Predictions of three recent studies are shown, ftomto bottom: Weiss &
Ferguson (2009, WF09), Karakas (2010, K10), Marigo et &1 M13).

tially resolved SFH derived from the VMC survey, AGB data tloe Milky Way (MW)
bulge from 2MASS, OGLE and WISE (Nikutta et al. 2014). Addlital observational
constraints are provided by the distributions of mass4latss in the MCs derived from
radiative transfer models and spectral fitting of Spitzéad&ullieuszik et al. 2012;
Riebel et al. 2012, see also Srinivasan’s contributiors tlonference), together with
detailed information about pulsation properties of AGBstarovided by the OGLE
data (Soszyfiski et al. 2009).

4. A few stepsalong the calibration cycle

I will briefly address here two critical quantities the priihaneed to be calibrated as a
function of the stellar progenitor’s mass and metalliaiigmely: the TP-AGB lifetimes
and the core-mass growth on the TP-AGB.

4.1. TP-AGB lifetimes

Assessing the duration of the TP-AGBp_acs, as a function of the initial stellar mass
is of paramount importance for two main reasons. First,ritiads the energy output of
a TP-AGB starEtp_acs « fOTTP’AGB L(t)dt, hence its contribution to the integrated light
of the host system. Second, it regulates the number of thgrufses stfered during
the phase, hence the degree of surface chemical enrichmeitd the mixing episodes,
ultimately dfecting the the ejecta expelled into to the interstellar nnedi
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Figure 5. Left Core-mass growth on the TP-AGB (right panel) relative tavne

homogeneous, high signal-to-noise WD mass data in intéetesdge open clusters

(Kalirai et al. 2014) Right The TP-AGB lifetimes from Marigo et al. (2013) models
with initial metallicity Zinitioy = 0.02. The predicted TP-AGB core-mass growth in
these models fits the new (Kalirai et al. 2014) measuremeamysnicely.

While in older TP-AGB models large filerences inrrp_acg existed among dif-
ferent studies, a closer agreement is found in more recemtswbig. 4). All predicted
relations betweentp_ags and the initial stellar mass display a prominent peak at of
Miniiai = 2Mo, that takes place in the proximity of the critical stellarsa#or the devel-
opment of a degenerate He-core at the end of the main sequamteorresponds to the
minimum in the core mass at the onset of thermal pulses. Wethat the dependence
of T1p_ace 0N the initial metallicity is not monotonic, as it is the résaf the interplay
among many dferent factors (e.g. core mass at the first TP, evolution okthitace
C/O, mass loss, etc.).

In general, the main parameter that directly governs TP-A@Bmes is the éi-
ciency of mass loss, which may vary with the metallicity. He tow-metallicity regime,
not covered by the MCs, valuable constraintstgp_acgg are provided by the nearby
dwarf galaxies observed with ANGST (Dalcanton et al. 2009).

Following the analysis carried out by Girardi et al. (201&8)d more recently by
Rosenfield et al. (2014, see Rosenfield’s contribution, tbisference), it turns out
that in order to reproduce the optical and nea-IR star caamdsluminosity functions
of low-mass low-metallicity TP-AGB, it is necessary thagrsficant mass loss rates
(M =~ 107 — 10°® M, yr 1) are already attained at rather low luminosities, befoee th
onset of large-amplitude pulsation, when dust is not exgaetd be the dominant driver
of stellar winds. A suitable mode might be provided by the fifAlfvén wave energy
associated to cool chromospheres (Schroder & Cuntz 2005his framework novel
theoretical €orts (Cranmer & Saar 2011) indicate that the mass-loss hatgdd have a
steeper, rather than linear, dependence on the magnetjovthich results into a higher
mass-lossfiiciency at lower metallicity.



8 P. Marigo

6
TP-AGB LIFETIMES 107 yr FINAL MASS Mg L

0.9

T T - 0.8

T T

L L, 0.7
0.6
0.5

10 9.5 9 8.5 8 10 9.5 9 8.5 8
log (age/yr) log (age/yr)

Figure 6. Maps of TP-AGB lifetimes (left panel) and final comasses (right
panel) over the relevant age-metallicity plane occupied ByAGB stars. Results
correspond to the TP-AGB calculations of Marigo et al. (20d8h the new pre-
scriptions for pre-dust mass loss as in Rosenfield et al.4AR@hd the indications
from the new IFMR data of Kalirai et al. (2014).

4.2. Thecore-mass growth on the TP-AGB

Another parameter of high importance is the core mass grawtthe TP-AGB , as
it determines the amount of mass of the chemically enricresdtiat is returned to
the ISM, and fixes a lower limit to the nuclear fuel burstémitted light) during the
TP-AGB phase. The remaining part of TP-AGB the fuel is exgzklin the form of
chemical yields (Marigo & Girardi 2001). A direct constratomes from the semi-
empirical Minitial — Msinal relation that links the initial mass of the progenitor tottbf
the white dwarf (WD). The Galactic data shows a clear pasitgrrelation, but with
a large scatter, which has so far prevented us from obtamisigingent constraint on
AGB models (see Marigo 2013, for a recent review), thoughesertellent work has
been recently carried out on the low-mass end using WDs impdh clusters and in
common-proper-motion pairs (Kalirai et al. 2008; Cataghal. 2008).

Theory predicts that the final mass depends on the core magthgituring the TP-
AGB, which is dfected by two main processes: mass loss and third dredgehedingl
mass of a TP-AGB is expected to be lower at increastiigiency of both processes:
while the strength of stellar winds directly controls themll duration of the TP-AGB
phase, the third dredge-up reduces the net increase of thenass. Unfortunately, the
efficiencies of both processes are quite uncertain on the tigrgrounds and need to
be observationally constrained.

New constraints on the intermediate-mass range ofMhga — Miina relation
atZ ~ 0.02 have been recently established from newly discovered W& nearby
Hyades and Praesepe star clusters (Kalirai et al. 2014 framdan accurate re-analysis
of the WD data in the older NGC 6819 and NGC 7789 star clustengring a range
of progenitors’ masses,8M; < Minitial < 3.8 Mg, over which TP-AGB stellar models
predict the maximum core growth.

Using the new WD data to calibrate th&ieiencies of mass loss and third dredge-
up in TP-AGB models (Marigo et al. 2013), we derive thaZat 0.02 i) the carbon
star formation should be littleflécient atZ ~ 0.02, taking place only in stars with
21Ms < Minitiar < 34Mg, (see Fig. 5), which is in line with independent findings
for metal-rich fields of M31 (Boyer et al. 2013); ii) the peak TP-AGB lifetimes
reaches= 2 Myr at Miniiiai =~ 2.0M,, for luminosities brighter than the RGB tip; iii) the
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integrated emitted light peaks Btpita =~ 2.4Mg with Etp_ace ~ 1210° L, yr. We
note that the corresponding TP-AGB nuclear fueD(13M) is lower by up a factor of

2 than previous estimates fd@r= 0.02 (Maraston 2005; Marigo et al. 2008), supporting
other independent claims towards a lighter TP-AGB (see. 36ct

5. Theidand of TP-AGB stars

Combining together the results of i) previous studies dealiith TP-AGB stars and
WDs in the MCs and the Galaxy (Marigo & Girardi 2007; Weiss &dieson 2009;
Bianchi et al. 2011; Kamath et al. 2012), ii) more recent wdoksed on the ANGST
galaxies in the low-metallicity regime (Girardi et al. 20 Rosenfield et al. 2014), and
iii) the new constraints on the initial-final mass relatidrskghtly super-solar metallic-

ity (Kalirai et al. 2014), we can derive a preliminary map & {TP-AGB calibration
over the age-metallicity plane, in terms of lifetimes andficore masses (Fig. 6). A
striking result is that there seems to be a special regiohdrage-metallicity plane, a
sort of island, which fiers the best conditions for the development of TP-AGB phase.
Such a TP-AGB island encompasses the metallicities gomm &olar-like values to
those typical of the MCs, while the favourite agesGyr) correspond to initial stellar
masses in the range5l- 2.5 M. Of course, this finding needs to be tested and re-
fined further, exploiting the plenty of observed data foohesd TP-AGB stars at our
disposal today (Sect. 3). Work is in progress.
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