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ABSTRACT
We used models of thermally pulsing asymptotic giant branch (AGB) stars, which also describe
the dust-formation process in the wind, to interpret the combination of near- and mid-infrared
photometric data of the dwarf galaxy IC 1613. This is the �rst time that this approach is
extended to an environment different from the Milky Way and the Magellanic Clouds (MCs).
Our analysis, based on synthetic population techniques, shows nice agreement between the
observations and the expected distribution of stars in the colour�magnitude diagrams obtained
with JHK and Spitzer bands. This allows a characterization of the individual stars in the
AGB sample in terms of mass, chemical composition and formation epoch of the progenitors.
We identify the stars exhibiting the largest degree of obscuration as carbon stars evolving
through the �nal AGB phases, descending from 1�1.25 M� objects of metallicity Z = 10�3

and from 1.5�2.5 M� stars with Z = 2 × 10�3. Oxygen-rich stars constitute the majority of
the sample (�65 per cent), mainly low-mass stars (<2 M�) that produce a negligible amount
of dust (�10�7 M� yr�1). We predict the overall dust-production rate from IC 1613, mostly
determined by carbon stars, to be �6 × 10�7 M� yr�1 with an uncertainty of 30 per cent.
The capability of the current generation of models to interpret the AGB population in an
environment different from the MCs opens the possibility to extend this kind of analysis to
other Local Group galaxies.

Key words: stars: abundances � stars: AGB and post-AGB � ISM: abundances.

1 INTRODUCTION

Stars of mass in the range 1 M� � M � 8 M�, after the consump-
tion of helium in the core, evolve through the thermally pulsing
asymptotic giant branch (AGB) phase. This evolutionary phase,
though extremely short compared to the duration of the core hy-
drogen and helium burning, is of paramount importance, because
it is during the AGB phase that most of the mass-loss occurs, thus
allowing the pollution of the interstellar medium (ISM) with gas
and dust.

The importance of this class of objects stems from their rel-
evance in several astrophysical contexts, such as their effect on
the determination of the masses and star formation rates (SFRs)
of low- and high-redshift galaxies (Maraston et al. 2006; Conroy,
Gunn & White 2009), their role in the chemical evolution of galaxies
(Romano et al. 2010), and likely the formation of second-generation

� E-mail: �aviadellagli@gmail.com

stars in globular clusters (Ventura et al. 2001). Furthermore, AGB
stars are ef�cient dust manufacturers, owing to the thermodynamic
conditions of their circumstellar envelope, a favourable environment
for dust formation (Ferrarotti & Gail 2001, 2002, 2006).

The evolution through the AGB is as complex as it is important,
owing to the delicate interface between the thermodynamic struc-
ture of the compact, degenerate core and the tenuous, expanded
convective envelope. In the stellar layers separating these two re-
gions, the main physical variables, i.e. pressure, temperature and
density, drop by several orders of magnitude, thus rendering the
physical and numerical description of the stellar structure problem-
atic. To this, we add the uncertain description of convection and
mass-loss, which is still unknown based on �rst principles and thus
modelled via empirical prescriptions. These are the main reasons
why, despite the signi�cant progress of AGB modelling over the
last few years (e.g. Karakas & Lattanzio 2014), the results are still
not completely reliable. The comparison between theoretical AGB
models with observations is crucial in order to substantially improve
the predictive power of the stellar evolution models.

C� 2016 The Authors
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AGB evolution and dust production in IC 1613 4231

The Magellanic Clouds (MCs) have been extensively used to
test theoretical predictions and to derive information on the in-
ternal structure and on the ef�ciency of the mechanisms that are
altering the surface chemical composition of AGB stars. The near-
and mid-infrared (IR) colours of the stars observed are extremely
sensitive to the dust present in the wind; they can thus test the de-
scription of the dust formation in the circumstellar envelope, which
some research groups have recently coupled with the modelling
of the central star (Ventura et al. 2012a,b, 2014b; Di Criscienzo
et al. 2013; Nanni et al. 2013a,b, 2014). This �eld of research is
currently undergoing signi�cant improvements, with the introduc-
tion of chemical�dynamical models of the circumstellar envelope
which are promising replacements of the hydrostatic approximation
currently used (Marigo et al. 2016).

The comparison between the Spitzer data and the evolutionary
sequences allowed the characterization of the AGB population of the
MCs, in terms of mass, age and metallicity distribution (Dell�Agli
et al. 2014b, 2015a,b). The analysis of the stars exhibiting the largest
degree of obscuration in the MCs was shown to be a valuable
indicator not only of the main physical processes taking place during
the AGB evolution, but also of the ef�ciency with which dust grains
form and grow in the circumstellar envelope (Ventura et al. 2015,
2016).

To allow a more exhaustive test of the theoretical models used
so far, it is crucial to extend this kind of analysis to environments
with different metallicities and star formation histories (SFH). This
is now possible, thanks to the mid-IR survey of DUST in Nearby
Galaxies with Spitzer (DUSTiNGS; Boyer et al. 2015a,b), which
provided 3.6 and 4.5 µm Spitzer imaging of 50 dwarf galaxies
within 1.5 Mpc. The availability of mid-IR data complements re-
cent Hubble Space Telescope (HST) studies aimed at constraining
the lifetimes of AGB stars in nearby galaxies (Girardi et al. 2010;
Rosen�eld et al. 2014, 2016). In particular, the combination of near-
and mid-IR photometry is a powerful diagnostic of the AGB pop-
ulation of dwarf galaxies, with the goal of characterizing the stars
observed in terms of mass, chemical composition and progenitor
formation epoch. Following the same approach adopted to study
the evolved, obscured sources of the MCs, we base our analysis on
the AGB evolutionary sequences that account for dust formation in
the wind; this is required to correctly interpret the near- and mid-IR
�uxes of AGB stars surrounded by dust. We also investigate the most
obscured stars in the galaxy and predict the overall dust-production
rate (DPR) from AGB stars. To date, this is the �rst time that this
methodology is applied to galaxies other than Milky Way and the
MCs, providing a test of the current generation of AGB models in
different environments.

The paper is organized as follows: the observational sample of
AGB stars considered for the analysis is described in Section 2;
Section 3 presents the numerical and physical inputs used to model
the AGB phase and to produce the synthetic population. The de-
scription of the main properties of the AGB phase, including dust
evolution and the impact on the IR emission, is given in Section 4;
Section 5 presents the interpretation of the observations and our
conclusions are offered in Section 6.

2 IC 1613: IR OBSERVATIONS AND SFH

In this work, we focus on the irregular dwarf galaxy IC 1613, one of
the nearest gas-rich dwarf galaxies in the Local Group, character-
ized by low internal reddening and foreground contamination. This
choice is mainly motivated by the numerous populations of AGB
stars, widely studied in the literature. Borissova et al. (2000) pre-

sented the J- and K-band photometry of IC 1613, studying the distri-
bution of AGB stars in the galaxy. Albert, Demers & Kunkel (2000)
identi�ed �200 carbon stars (C-stars) via a narrow-band wide-
�eld survey of IC 1613, focused on the CN and TiO photometry.
Battinelli & Demers (2009) compared narrow-band identi�cation of
hundreds of C-stars with their J- and K-photometry classi�cation,
�nding a threshold for the detection of C-stars. Menzies, Whitelock
& Feast (2015) presented a 3 yr survey of simultaneous imaging
in the J, H and Ks of IC 1613, focused on the identi�cation of su-
pergiants, oxygen-rich (O-rich) and C-stars. Wider and complete
surveys of this galaxy in the near-IR bands were conducted by
Sibbons et al. (2015) and Chun et al. (2015), and the former pre-
sented a population of �800 AGB candidates classi�ed on the basis
of JHK photometry. The distance of IC 1613 has been studied
by several groups using different methods (Dolphin et al. 2001;
Pietrzy·nski et al. 2006; Tammann, Reindl & Sandage 2011). We
adopt the mean distance of �760 kpc, determined by Bernard et al.
(2010) by comparing their own measurement using RR Lyrae and
Cepheid data to the values found in the literature.

We base our analysis of the IC 1613 AGB population on near-
and mid-IR observations. More speci�cally, we consider the sample
of AGB candidates observed by Sibbons et al. (2015) with the Wide
Field CAMera mounted on United Kingdom Infrared Telescope
(UKIRT), in the J, H and K bands, covering an area of 0.8 deg2 on
the sky, within 4.5 kpc from the galactic centre. The effects of the
internal reddening in the near-IR are negligible (E(J � K) = 0.010�
0.015 mag; Sibbons et al. 2015); therefore, no correction has been
made to account for it. All magnitudes and colours are corrected
for foreground extinction using the extinction map from Schlegel,
Finkbeiner & Davis (1998), which gives E(B � V) = 0.02�0.03 mag.
Sibbons et al. (2015) �agged each object (as stellar, probably stellar,
noise like, saturated, etc.) in each band, on the base of the �ux
curve of growth for a series of apertures (Sibbons et al. 2012).
Their criterion to select sources required that a given object have
a magnitude measurement in all the three bands and that it be
classi�ed as stellar or probably stellar in at least two of the three
bands.1 To exclude the bulk of the foreground objects, Sibbons et al.
(2015) assumed a colour cut of (J � H)0 > 0.64 mag. This is not
suf�cient to remove completely the foreground sources, which are
estimated to contaminate the sample in the central region at the level
of <1 per cent. In order to identify AGB candidates, they considered
only stars brighter than the K0 = 18.28 mag, i.e. the magnitude of
the tip of the red giant branch (TRGB) at the distance of IC 1613.
The resulting catalogue of AGB candidates is composed of �840
stars. The AGB sample was further classi�ed into C- and O-rich
stars, adopting the following criterion: stars were classi�ed as O-
rich if they are con�ned in the region 0.75 < (J � K)0 < 1.15 mag,
while C-stars occupy the region (J � K)0 � 1.15 mag. Indeed, there
is no strict colour boundary between these two spectral types in
(J � K) and the misclassi�cation of AGB sources in both directions
is probable, as we show later (see Section 5). This classi�cation
represents the red limit for the majority of the O-rich stars better
than the blue limit for the C-type population (Kacharov, Rejkuba &
Cioni 2012; Sibbons et al. 2014).

We extend the analysis to the mid-IR spectral region in order
to better constrain our AGB models on the basis of the dust con-
tribution. Boyer et al. (2015a) present the DUSTiNGS survey of
50 dwarf galaxies observed in and around the Local Group, which

1 This criterion allows one to remove the majority of the background galax-
ies, as shown by Sibbons et al. (2015).
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is designed to detect evolved stars in the dust-producing phase.
IC 1613 was observed with InfraRed Array Camera in the [3.6] and
[4.5] bands during two epochs, reducing the effect of variability.
The level of extinction in these bands results in a change in magni-
tude that is signi�cantly less than the photometric uncertainties, so
we have not corrected for it. Having only the measurement of the
[3.6] and [4.5] magnitude available, it was not possible to reduce
the contamination from background and foreground sources. Boyer
et al. (2015a) adopted TRGB magnitude M3.6 = �6 mag for all the
50 galaxies, considering only stars brighter than this limit as AGB
stars. While they could not classify all detected AGB stars with
only the mid-IR data, they did separate a subset of individual AGB
stars from foreground and background sources by their magnitude
changes between two epochs.

We cross-correlated the sample of AGB candidates by
Sibbons et al. (2015) with stars from the DUSTiNGS �Good Source�
catalogue2 by Boyer et al. (2015a), using a matching radius of
1.2 arcsec. In this way, we were able to select 755 objects, probably
AGB stars, observed in both near- and mid-IR bands. 10 per cent
of the AGB candidates observed by Sibbons et al. (2015) are not
matched with any star in Boyer�s sample. The reason is that the �eld
of view observed by UKIRT is wider than the Spitzer one: there-
fore, the majority (90 per cent) of the stars observed by UKIRT
that are not in the Spitzer sample fall in the region not covered by
the DUSTiNGS �eld of view. Note that the most obscured stars are
excluded by the criterion assumed by Sibbons et al. (2015) to select
AGB candidates because they are not detected in the near-IR bands.
However, these stars are present in the DUSTiNGS catalogue (see
Section 5.3).

Recently, Skillman et al. (2014) presented a study of IC 1613
based on HST/Advanced Camera for Surveys observations. In an
area that covers 9 per cent of the �eld, which is considered rep-
resentative of the entire galaxy, they �nd an early phase of star
formation, lasting 5�6 Gyr, characterized by an approximately con-
stant SFR (�10�9 M� yr�1 pc�2). This is followed by an epoch,
started �8 Gyr ago, during which the SFR has been a factor of �2
smaller. The recent era is characterized by a moderate and constant
SFR (�0.4 × 10�9 M� yr�1 pc�2). Concerning the age�metallicity
relation (AMR), Skillman et al. (2014) derive a constant increase of
the metallicity (Z) during the evolution of the galaxy; the values of
Z span the range 4 × 10�4 � Z � 4 × 10�3. In this work, we use the
SFR and AMR by Skillman et al. (2014) to construct the synthetic
population of AGB stars, as described in Section 5.

3 NUMERICAL AND PHYSICAL INPUTS

3.1 Stellar evolution models

This work is based on evolutionary sequences calculated with the
ATON code, extensively described in Ventura et al. (1998); the in-
terested reader may �nd in Ventura & D�Antona (2009) a list of
the most recent chemical and physical inputs. The models trace the
pre-main sequence to the almost complete loss of the external man-
tle. The metallicities used are Z = 10�3, 2 × 10�3 and 4 × 10�3.
The mixtures adopted are taken from Grevesse & Sauval (1998);
for the lowest metallicity cases, we use [�/Fe] = +0.4 and for
Z = 4 × 10�3, we adopted [�/Fe] = +0.2.

2 The �Good Source� catalogue is culled to include only high-con�dence
point sources and reliable measurements.

We adopt the physical input that is most relevant for this work,
described as follows.

(i) The convective instability is described by means of the full
spectrum of turbulence (FST) model developed by Canuto &
Mazzitelli (1991). This prescription was shown to favour strong
hot bottom burning (HBB) conditions during the AGB phase of
M > 3 M� stars (Ventura & D�Antona 2005). Other models in the
literature, based on the traditional mixing length theory (MLT), �nd
that the lower limit in mass to reach HBB condition is �5 M�
(Marigo et al. 2013; Karakas & Lattanzio 2014).

(ii) Nuclear burning and mixing of chemicals are self-
consistently coupled, in a diffusive-like scheme. Overshoot of con-
vective eddies into radiatively stable regions is described by means
of an exponential decay of velocities from the convective/radiative
interface, �xed by the Schwarzschild criterion. The e-folding dis-
tance is assumed to be 0.002Hp (where Hp is the pressure scaleheight
calculated at the formal boundary of convection), in agreement
with the calibration based on the observed luminosity function of
C-stars in the Large Magellanic Cloud (LMC), given by Ventura
et al. (2014b).

(iii) The mass-loss rate for oxygen-rich models is determined
via the Bl¤ocker (1995) treatment; we set the free parameter �R to
0.02, according to the calibration based on the luminosity function
of lithium-rich stars in the MCs, given in Ventura, D�Antona &
Mazzitelli (2000). For C-stars, we use the results from the Berlin
group (Wachter et al. 2002, 2008). To account for the signi�cant
mass-loss suffered by M < 1 M� stars during the pre-AGB phases,
we determined the mass at the beginning of the AGB evolution for
these objects adopting the prescription by Rosen�eld et al. (2014).

(iv) The molecular opacities in the low-temperature regime (be-
low 104 K) are calculated by means of the AESOPUS tool (Marigo
& Aringer 2009). The opacities are suitably constructed to follow
the changes in the chemical composition of the envelope. This was
shown to signi�cantly affect the evolution following the achieve-
ment of the C-star stage (Ventura & Marigo 2009, 2010).

3.2 Dust formation in the winds of AGB stars

The growth of dust particles in the circum stellar envelope is mod-
elled according to the scheme introduced by the Heidelberg group
(Gail & Sedlmayr 1985, 1999; Ferrarotti & Gail 2001, 2002, 2006;
Zhukovska, Gail & Trieloff 2008). The overall set of equations used
and the physical assumptions behind this model are extensively de-
scribed in the aforementioned papers and by the previous works by
our group (Ventura et al. 2012a,b, 2014b; Di Criscienzo et al. 2013;
Dell�Agli et al. 2014a).

The wind is assumed to expand isotropically, with constant ve-
locity, from the surface of the star; once the gas particles enter the
condensation zone, the wind is accelerated owing to the effects of
radiation pressure on the newly formed grains. In this model, the
dynamical conditions of the wind are determined on the basis of
the mass and momentum conservation, whereas the growth of dust
particles is found on the basis of the gas density and the thermal
velocity in the inner border of the condensation region. Gas dynam-
ics and dust grain growth are coupled via the extinction coef�cient
in the equation of momentum conservation, which depends on the
number density and size of the grains formed.

The dust species taken into account depend on the surface chemi-
cal composition of the star. In carbon-rich environments (C/O > 1),
formation of solid carbon, silicon carbide (SiC) and solid iron is
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considered, whereas in oxygen-rich atmospheres we account for
the formation of silicates, alumina dust and solid iron.

For any stage during the AGB evolution, the dust formed in
the wind is determined self-consistently based on the physical pa-
rameters of the star (luminosity, mass, effective temperature and
mass-loss rate) and on the surface chemical composition.

3.3 Synthetic spectra

The near- and mid-IR magnitudes used in the present analysis are
found by a two-step process. First, on the basis of the values of mass,
luminosity, effective temperature, mass-loss rate and surface chem-
ical composition of a given AGB phase, the dust-formation model
described in Section 3.2 is applied to determine the size of the dust
grains formed and the optical depth (here we use the value at 10 µm,
� 10). These ingredients are used by the code DUSTY (Nenkova, Ivezi·c
& Elitzur 1999) to calculate the synthetic spectra of each selected
point along the evolutionary sequence. The input radiation from the
central star was obtained by interpolating in gravity and effective
temperature among the appropriate tables of the same metallicity:
we used the NEXTGEN atmospheres (Hauschildt et al. 1999) for
oxygen-rich stars and the COMARCS atmospheres (Aringer et al.
2009) for carbon stars. In the latter case, we interpolated among the
C/O values. The magnitudes in the various bands are obtained by
convolution with the appropriate transmission curves. DUSTY needs
as input parameters the effective temperature of the star, the radial
pro�le of the gas density and the dust composition of the wind, in
terms of the percentage of the various species present and of the size
of the dust particles formed. All these quantities are known based
on the results of stellar evolution and of the description of the wind.
The interested reader may �nd a detailed description of this process
in Dell�Agli et al. (2015a, section 2.3).

4 THE EVOLUTION THROUGH
THE AGB PHASE

The Z = 1.4 × 10�3 models used here are extensively discussed
in Ventura et al. (2013, 2014a,b). We direct the interested reader to
these papers for a full presentation of the evolutionary sequences.
The Z = 2 × 10�3 models have been computed speci�cally for the
present investigation. We consider the entire AGB evolution, which
begins with the ignition of shell helium burning (early-AGB phase)
and extends to the thermal pulse (TP) AGB phase.

4.1 The role of the initial mass

The physical and chemical evolution through the AGB phase is
primarily affected by the initial mass of the star, as the latter quantity
determines the core mass at the beginning of the TP phase, which
is the key quantity in driving the AGB evolution (Herwig 2005;
Karakas & Lattanzio 2014).

Models with mass above �3 M� experience HBB, consisting
of an advanced proton capture nucleosynthesis at the bottom of the
convective envelope (Renzini & Voli 1981). This nuclear activity
requires that the temperature at the base of the external mantle
(Tbce) exceeds �30 MK. The activation of HBB favours a signi�cant
increase in the stellar luminosity (Bl¤ocker & Sch¤onberner 1991),
which makes the core mass versus luminosity relationship much
steeper than that predicted by the classic Paczy·nski (1970) law.
HBB affects the overall duration of the TP-AGB phase, because
the higher luminosity favours a faster loss of the external mantle
(Ventura & D�Antona 2005). On the chemical side, the ignition

of HBB triggers the activation of CN cycling, with the synthesis of
nitrogen at the expense of carbon; this process requires temperatures
Tbce � 40 MK. Stars of mass above �5 M� evolve at Tbce >
80 MK, thus experiencing an even more advanced nucleosynthesis,
with the activation of the full CNO cycle. The surface chemical
composition of these stars will be carbon and oxygen poor, and
enriched in nitrogen. The achievement of the C-star stage in the stars
undergoing HBB is prevented by the proton capture nucleosynthesis
at which carbon nuclei are exposed in the external envelope.

Stars of initial mass below 3 M� do not experience any HBB;
their surface chemical composition is altered only by the third
dredge-up (TDU) phenomenon (Iben & Renzini 1983). The TDU is
characterized by the inward penetration of the base of the convec-
tive envelope following each TP; the external mantle may thus reach
internal layers undergoing 3� nucleosynthesis and greatly enriched
in carbon. Oxygen is also expected to be enhanced in this region of
the star, though at a smaller extent than carbon. Owing to repeated
TDU events, which eventually lead to the C/O > 1 condition, the
stars with mass in the range 1 M� � M � 3 M� become C-stars.
The upper limit of this mass interval is determined by the achieve-
ment of HBB conditions, whereas stars of mass below 1 M� lose
the external mantle before becoming C-stars. The surface carbon
enrichment increases with the mass of the star, because models of
higher mass experience more TPs (thus, more TDU events) before
the envelope is entirely lost. Note that the upper limit in mass for
the achievement of the C-star stage is dependent on the convection
modelling. The �3 M� value given above is found when the FST
description is adopted. Other investigators, using the MLT approach
(Marigo et al. 2013; Karakas & Lattanzio 2014), �nd a wider range
in mass for carbon stars. Unfortunately, the present study cannot
be used to discriminate among the different descriptions, because
the relative number of �5 M� C-stars expected (see Section 5 and
Fig. 2), if any, is signi�cantly smaller than lower mass counterparts
to allow any statistics of the distribution of stars along the C-star
sequence.

4.2 The effects of metallicity

The metallicity of the stars has a signi�cant impact on the results
obtained; this is because the ef�ciency of the mechanisms poten-
tially able to alter the surface chemical composition, namely TDU
and HBB, changes with the metallicity. An additional reason is that
the core mass versus initial mass relationship becomes steeper when
the metallicity decreases.3

On the physical side, because lower metallicity stars evolve on
more massive cores, the upper limit (in mass) of the stars experi-
encing the AGB evolution and thus avoiding core collapse changes
from 7.5 M� for Z = 10�3 stars to 8 M� for Z = 4 × 10�3. The
lower limit for the ignition of HBB also increases with Z: it changes
from 2.5 M� in the Z = 10�3 case to 3 M� for Z = 4 × 10�3.

The surface chemistry of the stars experiencing HBB is signi�-
cantly affected by the metallicity because lower-Z stars are exposed
to a more advanced nucleosynthesis at the base of the envelope.
This particularly affects the oxygen content, which is destroyed

3 In the low-mass (�2 M�) domain, the differences are due to the higher
ef�ciency of the H-burning shell in lower metallicity stars, when evolving
along the RGB; this makes the core to grow faster, thus to higher core
mass in the following phases. For M > 3 M� models, the core masses of
lower metallicity stars are larger, because they experience a more penetrating
second dredge-up.
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more easily in lower metallicity models (e.g. see �g. 3 in Ventura
et al. 2013).

In the low-mass star domain, the main effect of metallicity is on
the lowest mass of the stars eventually reaching the C-star stage: in
the Z = 10�3 case, all stars of mass above 1 M� become C-stars,
whereas for Z = 4 × 10�3 this lower limit is 1.25 M�. The reason
for this trend with metallicity is twofold: (a) stars of lower Z achieve
more easily the C-star stage, because the initial oxygen is smaller;
(b) the ef�ciency of TDU is higher in models of lower metallicity
(Boothroyd & Sackmann 1988).

4.3 Dust production in AGB stars

The winds of AGB stars prove an extremely favourable environment
to dust formation, because they are extremely cool and suf�ciently
dense to allow condensation of a large number of gas molecules
into dust (Ferrarotti & Gail 2001, 2002, 2006).

The dust production by the AGB models used in the present anal-
ysis is extensively discussed in Ventura et al. (2012a,b), Dell�Agli
et al. (2014a) and Di Criscienzo et al. (2013). An overall view
of the results for various masses and metallicities is presented
in Ventura et al. (2014b). Here we provide a short summary of
the main �ndings of those works, most relevant for the present
investigation.

The threshold mass of �3 M� for the activation of HBB also
plays an important role in the type of dust produced: this is because
the dust formed depends on the atmospheric C/O ratio, with carbon-
rich stars producing carbonaceous dust (M < 3 M�) and oxygen-
rich AGB stars (M > 3 M�) forming silicates4 and alumina dust
(Ventura et al. 2012a).

In the latter case, the amount of silicates and alumina dust formed
is approximately proportional to the metallicity, because the abun-
dance of silicon and aluminium scales almost linearly with Z. The
same holds for the SiC formed in the lower mass counterparts,
which is also dependent on the silicon available in the envelope.
Conversely, the solid carbon formed is at �rst approximation inde-
pendent of Z, because the carbon transported to the surface via TDU
is formed in situ.

In the higher mass domain, the quantity of dust formed increases
with the initial mass of the star, because the density of the wind gen-
erally increases with mass, at least for the stars experiencing HBB.
In lower mass stars, the amount of carbon dust formed increases
with the initial mass, as the carbon accumulated to the surface is
larger in higher mass models (see �gs 9 and 10 in Ventura et al.
2014b).

4.4 The IR properties of AGB stars

The degree of obscuration of AGB stars depends on the type and
quantity of dust formed in the circumstellar envelope. Dust particles
reprocess the radiation emitted by the central star to the IR, thus
shifting the peak of the spectral energy distribution (SED) to longer
wavelengths.

In stars experiencing HBB, the degree of obscuration increases
during the initial part of the TP-AGB evolution, because the growth

4 Note that we derived self-consistently the relative percentages of iron-
poor/iron-rich silicates formed (see equations 8 and 9 in Ventura et al.
2014b). In all the cases of interest here, we �nd that silicates produced are
iron poor.

of the core mass leads to stronger HBB conditions, higher mass-
loss rates and higher density winds, resulting in higher rates of
silicate and alumina dust grain growth (see �g. 2 in Dell�Agli et al.
2015b). The largest optical depths (of order unity) are reached in
conjunction with the phase when HBB is strongest, before the grad-
ual loss of the envelope provokes a general cooling of the whole
external region of the star. The fraction of the TP-AGB evolution
during which a star is obscured depends on the mass and metallicity.
Massive AGB stars, with mass above �5�6 M�, experience strong
HBB at the �rst TPs, thus evolving with a large degree of obscu-
ration for the majority of the TP-AGB phase. Conversely, stars of
smaller mass (3 M� < M < 5 M�) experience an initial TP-AGB
evolution with scarce amount of dust in their wind; the fraction of
TP-AGB life during which they are obscured is below �50 per cent.
The metallicity trend is therefore straightforward: because higher-
Z, massive TP-AGB stars produce more dust, the fraction of the
TP-AGB life when the stars are obscured is larger in higher-Z
objects.

Stars of mass below 3 M� evolve initially with no dust, as for-
mation of silicates in the phases previous to the achievement of
the C-star phase is negligible. � 10 increases signi�cantly at the be-
ginning of the C-star phase, and becomes larger as more carbon is
accumulated to the surface. This phase is longer at lower metallic-
ity, where the C/O > 1 condition is reached more easily (see �g. 2
in Dell�Agli et al. 2015b). Because more massive stars accumulate
more carbon, the stars of initial mass around �2.5 M� are those
reaching the largest degree of obscuration (� 10 � 3).

Fig. 1 shows the path traced by the evolutionary tracks of AGB
models of various mass and metallicity in the colour�magnitude
diagram (CMD; K � [4.5], [4.5]). The three panels refer to the
metallicities Z = 1, 2, 4 × 10�3 and show the tracks of low-mass
stars experiencing TDU and higher mass objects, whose external
mantle is exposed to HBB. All the tracks move vertically in the
initial early- and TP-AGB phases, because little dust forms and the
degree of obscuration is small. The luminosity of the stars, hence
the [4.5] �ux, increases as the core mass grows.

The tracks of stars of initial mass below �1 M� remain vertical
for the whole AGB phase, because they never become carbon stars,
and the amount of silicates produced during their evolution is too
small to allow a signi�cant degree of obscuration.

The stars of mass in the range 1�3 M�, as discussed previously,
evolve initially as oxygen-rich objects, then become C-stars once
the C/O ratio exceeds unity. After the C-star stage is reached, car-
bon dust forms and the tracks move rightwards in the CMD. The
K � [4.5] colour becomes redder as the stars evolve through the
TP-AGB, due to the progressive carbon enrichment of the surface
layers, in turn favoured by repeated TDU events. This is the case
for �2�2.5 M� stars, which accumulate the largest amount of car-
bon in the external regions, favouring the highest dust production.
At a �rst approximation, this mechanism occurs independently from
Z. The increase in the 4.5 µm �ux is associated with the progressive
shift of the SED to longer wavelengths, while the overall luminos-
ity of the star remains approximately constant in the latest TP-AGB
phases. We stress here that the evolutionary times become progres-
sively shorter as the degree of obscuration (hence, the K � [4.5]
colour) increases because the presence of carbonaceous dust, owing
to the effects of radiation pressure acting on dust grains, favours the
increase in the mass-loss rate.

For stars of initial mass above 3 M�, the mass-loss rate in the
initial TP-AGB phase is not suf�cient to form the amount of dust
necessary to provoke a signi�cant degree of obscuration; thus, the
tracks move vertically in the CMD. In more advanced phases, the
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