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ABSTRACT

We study the asymptotic giant branch (AGB) evolution of stars with masses between
1 Mg — 8.5 Mg. We focus on stars with a solar chemical composition, which allows
us to interpret evolved stars in the Galaxy. We present a detailed comparison with
models of the same chemistry, calculated with a different evolution code and based
on a different set of physical assumptions. We find that stars of mass > 3.5 Mg
experience hot bottom burning at the base of the envelope. They have AGB lifetimes
shorter than ~ 3 x 10° yr and eject into their surroundings gas contaminated by
proton-capture nucleosynthesis, at an extent sensitive to the treatment of convection.
Low mass stars with 1.5 Mg < M < 3 Mg become carbon stars. During the final
phases the C/O ratio grows to ~ 3. We find a remarkable agreement between the
two codes for the low-mass models and conclude that predictions for the physical and
chemical properties of these stars, and the AGB lifetime, are not that sensitive to
the modelling of the AGB phase. The dust produced is also dependent on the mass:
low-mass stars produce mainly solid carbon and silicon carbide dust, whereas higher
mass stars produce silicates and alumina dust. Possible future observations potentially
able to add more robustness to the present results are also discussed.
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1 INTRODUCTION

The recent years have witnessed a growing interest in the
evolution of asymptotic giant branch (AGB) stars. This is
because AGB stars play an important role in various con-
texts of interest for the astrophysical community. In stud-
ies focused on Galaxy evolution, AGB yields are crucial for
the interpretation of the chemical trends traced by stars
in different parts of the Milky Way (Romano et al.|[2010}
[Kobayashi et al. |[2011)). Still in the context of the Galaxy,
massive AGB stars have been proposed as the main actors in
the formation of multiple populations in Globular Clusters
(Ventura et al|[2001], [2016b). Moving out of the Galaxy, it
is generally believed that AGB stars provide an important
contribution to dust production at high redshift
o11).

The research focused on AGB evolution has made sig-
nificant progress in recent years. This is partly due to the
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improvement in computer performance, which allows faster
and more exhaustive explorations of the parameter space.
However, stellar evolutionary modelling is still plagued by
major uncertainties in the input physics. It is now generally
accepted that the treatment of convection and the descrip-
tion of mass loss are the two most relevant phenomena on
the determination of the physical evolution of this class of
objects and on the modality with which they contaminate
their surroundings (for recent reviews [Herwig| 2005} [Karakas|
|& Lattanzio|[2014).

Some research groups have recently completed models
of the AGB phase with the inclusion of dust formation pro-
cesses in the wind (Nanni et al.[2013alJb} [2014} [Ventura et al |
. This is a welcome result, given that the circum-
stellar envelopes of AGB stars are a favourable environment
for the condensation of gas molecules into solid particles
(Gail & Sedlmayr|[1999). This approach is crucial for de-
termining the type and amount of dust produced by AGB
stars, and in a broader context, how they participate in the
lifecycle of the Universe. This research is also necessary for
interpreting the results from infrared (IR) space missions,




2 Ventura et al.

considering that some of the brightest nearby objects in the
IR are mass-losing dusty AGB stars.

To assess the reliability of results from the current gen-
eration of AGB models, we have recently started a research
project aimed at understanding how the interpretation of
the observations is sensitive to the numerical and physical
input adopted to compute the evolutionary sequences. This
approach, based on a comparison between results from two
codes that are well known to model AGB stars and their
yields, was applied to interpret and characterise the most
obscured stars in the Magellanic Clouds (MC) (Ventura et
al.[|2015al [2016al). This choice was motivated by the fact
that the research on the AGB phase has been tradition-
ally focused on the MC instead of the Milky Way, given
the largely unknown distances to the Galactic sources. The
comparison was based on the metallicities Z = 4,8 x 1073,
typical of MC stars.

We intend to apply this approach to study other envi-
ronments, external to the MC. This step is of extreme im-
portance if we consider that Gaia and the incoming launch of
the James Webb Space Telescope (JWST) will definitively
provide a boost in the research on AGB stars. Gaia will
provide the distances to several classes of AGB stars in the
Milky Way with great precision; this will allow us to over-
come the major difficulty in the study of AGB stars in the
Galaxy, which is their unknown distances. A lack of accurate
distances prevents an exhaustive and reliable interpretation
of the data. Furthermore, thanks to the JWST, we will soon
have a considerable amount of IR data on resolved AGB
populations in nearby galaxies, spanning a range of mean
metallicities (Jones et al.[2017).

In order to be prepared for these upcoming observa-
tional challenges, it is important to fix the critical and most
uncertain points in the description of the AGB evolution and
to select the results for which different studies reach similar
conclusions. To this aim, here we provide a step forward by
extending the analysis done by |Ventura et al.| (2015a) and
Ventura et al.| (2016a)) to stars of solar metallicity. We com-
pare the results published by [Karakas| (2014) and [Karakas
& Lugaro (2016)), calculated with the MONASH code, with
new, updated models of solar metallicity, calculated with
the ATON code. These ATON models have been calculated
with the same metallicity (Z = 0.014) and the same mixture
(Asplund et al.||2009) adopted by |[Karakas| (2014)), to allow a
straightforward comparison. The analysis will be focused on
the physical properties of stars of different progenitor mass,
on the chemistry of the gas expelled into the circumstellar
environment, and on the dust produced. The comparison
with the recent explorations by |Di Criscienzo et al.| (2016)
and Dell’Agli et al. (2017, hereinafter D17), based on the
solar mixture by |Grevesse & Sauval (1998), will be used
to assess the differences due to the particular solar mixture
adopted.

The paper is structured as follows. The description of
the input physics used to build the evolutionary sequences
and to model dust formation are given in Sections 2 and
3, respectively. In Section 4 we present an overview of the
main physical phenomena affecting the description of the
AGB phase, while the physical and chemical properties of
the AGB stars presented here are discussed in Sections 5 and
6, respectively. Section 7 presents the final chemical compo-
sition, a summary of the observational limitations regard-

ing present chemical abundances determinations in Galactic
AGB stars and their descendants such as post-AGB stars
and planetary nebulae (PNe) as well as some future obser-
vational directions that would be useful to test the theoret-
ical AGB models. The gas and dust yields are presented in
Section 8 and 9, respectively, while in Section 10 we discuss
the metallicity effects on the evolutionary properties of AGB
stars. Finally, the conclusions are given in Section 11.

2 STELLAR MODELLING

The models presented in this work were calculated with the
ATON code (Ventura et al.[[1998). Each model was evolved
from the main sequence until the almost total consumption
of the external mantle. The results will be compared with
models by Karakas (2014), calculated with the MONASH
version of the Mount Stromlo Stellar Structure Program
(Frost & Lattanzio|1996). In the following we will refer to the
two sets of models as ATON and MONASH models, respec-
tively. An exhaustive description of the numerical details
of the codes (along with the most recent updates) can be
found in [Ventura et al.| (2013) and in Karakas| (2014). Here
we proviede a brief summary of the physical input most rele-
vant to this work and outline the differences between ATON
and MONASH.

2.1 Initial chemistry

The models calculated span the mass interval 1Mo < M <
8.5M¢. The metallicity used is Z = 0.014 and the mixture
adopted is taken from |Asplund et al.| (2009). The initial he-
lium is Y = 0.265 in the ATON case, whereas the MONASH
models are computed with Y = 0.28. This difference in the
initial helium has some effects on the extent of the third
dgredge-up (hereinafter TDU), which is more efficient the
lower is the helium in the star.

2.2 Convection

In the ATON case the temperature gradient within regions
unstable to convection is found via the Full Spectrum of
Turbulence (FST) model (Canuto & Mazzitelli|[1991). The
MONASH sequences are based on the Mixing Length The-
ory (MLT), with the mixing length parameter o = 1.86. For
the determination of the extension of the mixing region, in
the ATON case it is assumed that the velocity of convec-
tive eddies decay exponentially beyond the neutrality point,
fixed via the Schwartzschild criterion: the e-folding distance
of the velocity decays during the core (hydrogen and he-
lium) burning phases and during the AGB phase is taken as
0.02Hp and 0.002H p, respectively.

In the MONASH model we apply the algorithm de-
scribed by [Lattanzio| (1986)) in order to search for convective
neutrality at the border between all radiative and convective
regions. This method has been shown to increase the depth
of TDU relative to schemes that apply the Schwartzschild
criterion (e.g., [Frost & Lattanzio|[1996). However Kamath
et al. (2012) showed that this algorithm does not provide
enough TDU at an small enough core mass to match the
observations of AGB stars in Magellanic Cloud Clusters.
Some overshoot is needed, especially at the lowest masses
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to experience it. For this reason, a simple overshoot scheme
is applied to the base of the convective envelope during the
AGB in models of mass M = 1.5,1.75M¢, to allow these
cases to become carbon rich (we refer to |[Karakas & Lugaro
2016, for details). No overshoot is however used in models
with M > 2M¢,.

2.3 Mass loss

The mass loss rate for oxygen-rich ATON models is deter-
mined via the |Blocker| (1995) treatment; the parameter en-
tering the Blocker| (1995)’s recipe is set to 7 = 0.02, following
the calibration given in [Ventura et al. (2000). For carbon
stars the ATON calculations are based on the description
of mass loss from the Berlin group (Wachter et al. 2002}
2008). In the MONASH case the mass-loss formulation by
Vassiliadis & Wood| (1993)) is adopted.

2.4 Opacities

In both codes the radiative opacities are calculated accord-
ing to the OPAL release, in the version documented by [[gle-
sias & Rogers | (1996). The molecular opacities in the low-
temperature regime (T < 10* K) are calculated by means
of the AESOPUS tool (Marigo & Aringer|[2009)). The opac-
ities are suitably constructed to follow the changes in the
chemical composition of the envelope, particularly of the in-
dividual abundances of carbon, nitrogen, and oxygen.

3 THE DESCRIPTION OF DUST FORMATION

The description of dust formation is based on the pioneering
formalism introduced by the Heidelberg group (Ferrarotti &
Gaill[2001}, 2002, |2006)). The full set of equations, with an ex-
haustive discussion of the role played by the different phys-
ical quantities, can be found in previous papers (Ventura et
al.||2012ayb; |Di Criscienzo et al.|[2013).

The model is based on the assumption that the outflow
expands symmetrically from the surface of the star and that
dust formation occurs within the condensation zone, where
the temperatures are sufficiently low that the rate of growth
of dust grains overcomes the rate of vaporisation.

On the mathematical side we consider two independent
variables, namely the velocity of the gas and the optical
depth, whose behaviour is described by two differential equa-
tions.

The first equation is the expression of momentum con-
servation: the acceleration of gas particles is given by the
balance between gravity and radiation pressure.

dv _GM*

=z = 1
Udr r? (

-1), (1)

where I' represents the effects of radiation pressure on
dust particles. When I' is above unity the wind is acceler-
ated. The expression for I' is the following:

kL.
I= 4meGM,’ 2)

where k, M, and L. indicate, respectively, the extinc-
tion coefficient, the mass and the luminosity of the star.
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The equation for the optical depth is the following:

dr R.\?
5__kp<r)7 (3)

where p is the density of the gas.

The two above equations are completed by the mass
conservation equation, for density, and the relationship giv-
ing the radial variation of temperature as a function of the
effective temperature of the star:

M
= — 4
P= rr2y’ )
o _ Lo RN\ 3

The growth of dust grains is given by the difference
between the rate of the addition of gas molecules on pre-
existing solid particles and the vaporisation rate. This re-
quires the introduction of additional differential equations,
one for each dust species considered.

The choice of the dust species is based on the argument
of molecular stability. The most relevant assumption is the
stability of the CO molecule, which absorbs entirely into CO
molecules the least abundant between C and O.

In oxygen-rich environments we consider the formation
of alumina dust (Al2O3), silicates and solid iron. The key ele-
ments for the formation of these dust species are aluminium,
silicon and iron. For carbon stars we follow the formation of
solid carbon grains, silicon carbide and solid iron; in this
case the key elements are carbon, silicon and iron.

4 THE KEY FACTORS AFFECTING AGB
EVOLUTION MODELLING

Fig. [[] shows the core mass M. at the beginning of the TP-
AGB phase for the models discussed in the present work.
This quantity is reported into col. 5 of Table 1. We show for
comparison the results from |Karakas| (2014) and |[Karakas &
Lugaro| (2016). In the mass domain M < 5 My the results
are very similar. Conversely, for M > 5 My the results di-
verge, with the ATON models reaching the TP-AGB phase
with a more massive core. The largest difference of ~ 0.2 Mg,
is reached for M =8 M.

The core-mass threshold for hot bottom burning (HBB)
is ~ 0.7 Mg in the ATON code (Ventura et al.]|2013), which
is lower than in the MONASH code, where the threshold is
2, 0.85M¢. The ignition of HBB has an important effect on
the luminosity evolution of the star (Renzini & Voli||1981;
Blocker & Schoenberner|[1991), and on the surface chemical
composition.

Before entering the general discussion of the properties
of AGB stars of solar metallicity, we present the main fea-
tures of the evolution of stars undergoing HBB and their
lower mass counterparts. We select the 5M) and the 3Mg,
models from the ATON and MONASH codes as being rep-
resentative of stars with HBB and stars that become carbon
rich. As shown in Fig. [1] the core masses at the beginning
of the TP-AGB phase are very similar in the ATON and
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Table 1. Physical properties of solar metallicity AGB models.

M/Mg ™S TAGB Trp—acB  Me/MY  Lmaz/Le  Typl*(MK)  Nrp X Mp/Mg
1.00 1.0E4+10 2.92E407 9.12E405 0.515 3.80E+03 1 5 0.04 0.534
1.25 4.4E+09 2.73E407 1.63E+406 0.523 6.53E+03 3 11 0.05 0.589
1.50 2.6E409 2.67E+07 1.85E+06 0.523 8.41E+03 4 16 0.25 0.618
1.75 1.7E409 2.79E+07 2.22E+06 0.527 1.00E+4-04 6 19 0.34 0.636
2.00 1.2E4+09 3.27TE407 2.74E+06 0.516 1.05E+04 7 23 0.31 0.646
2.25 8.4E+08 3.15E407 4.25E406 0.488 1.23E+404 10 34 0.37 0.673
2.50 6.3E4+08 2.42E+07 3.52E+06 0.500 1.32E+04 13 35 0.40 0.669
2.75 4.8E+08 1.76E4+07 2.75E+06 0.526 1.43E+404 18 35 0.40 0.699
3.00 3.9E4+08 1.25E+07 1.91E+06 0.565 1.53E+04 22 31 0.43 0.709
3.50 2.6E+08 6.00E4+06 9.16E+405 0.670 2.34E+04 67 41 0.28 0.822
4.00 1.7E4+08 3.10E+406 3.15E+405 0.793 3.16E+04 84 36 0.27 0.875
4.50 1.4E408 1.98E+06 2.26E+05 0.834 3.89E+04 86 35 0.13 0.903
5.00 1.1E4+08 1.35E406 2.11E+05 0.864 4.68E+04 90 33 0.12 0.935
5.50 8.5E+07 9.31E+4+05 1.31E+405 0.899 5.50E+04 91 31 0.10 0.955
6.00 7.0E+07 6.64E+05 7.78E+04 0.938 6.46E+04 93 28 0.10 0.980
6.50 5.9E+07 4.76E+4+05 4.86E+404 0.986 7.76E+04 96 26 0.10 1.020
7.00 5.0E+07  3.47E405 4.32E+04 1.045 8.91E+04 99 26 0.10 1.084
7.50 4.4E+07  2.88E+4+05 5.30E+04 1.110 9.33E+04 100 26 0.08 1.141
8.00 3.8E+07  2.26E405 4.19E+04 1.230 1.07E4-05 104 24 0.05 1.248
8.50 3.4E407 1.78E+05 2.80E+04 1.310 1.29E405 118 21 0.03 1.315

@ Core mass at the beginning of the TP-AGB phase.

14 ————— — — ‘
7=0.014 ,
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Figure 1. The core mass at the beginning of the TP-AGB phase
for the solar metallicity models presented here. Full, black squares
connected with a solid line, indicate the results obtained with the
ATON code, whereas the red points, connected by a dashed line,
indicate the results published in [Karakas| (2014) and [Karakas &|

(2016)), obtained with the MONASH code.

MONASH models: this will allow us to disentangle the ef-
fects of the various physics input adopted, without taking
care of possibile differences arising from the pre-TP-AGB
phase.

4.1 The evolution of massive AGB stars: the role
of HBB

To understand the main features of the evolution of stars
experiencing HBB we show in Fig. [2| the variation of the
luminosity and of the core mass for a 5M ) model, compared
with the corresponding model by .

We see that the maximum luminosity reached and the
overall duration of the AGB phase differ. The ATON model
reaches a luminosity Lmax ~ 4.5 x 10% L significantly higher
than MONASH (Lmax ~ 3 X 104L@). This is a direct result
of the FST model of convection in the ATON case: as shown
by [Ventura & D’Antonal (2005), FST models experience a
stronger HBB and evolve at larger luminosities in compari-
son with models calculated with the MLT.

The difference in the luminosity in turn affects the over-
all duration of the AGB phase. Owing to the larger lumi-
nosities, the ATON model is exposed to larger rates of mass
loss, thus the envelope is lost faster and the duration of this
phase is shorter. This is clearly shown in both panels of
Fig. [2} where we see that in the MONASH model the enve-
lope is lost in ~ 0.4Myr, approximately double the evolution
time of the FST model.

The present results confirm the analysis by
, which outlined the effects of convection mod-
elling on the luminosity and the duration of AGB models
experiencing HBB, with metallicities typical of LMC stars.

The description of convective zones affects the lumi-
nosity and consequently the growth rate of the core, Mc,
because the luminosity determines the rapidity with which
the CNO-burning shell moves outwards (in mass). This is
confirmed by the results shown in the right panel of Fig.
indicating that Mc is higher in the ATON case. A direct con-
sequence of the higher core-mass growth is the final mass of
the star, which is larger in the ATON case. We will go back
to this point in section

© 2012 RAS, MNRAS 000, [1}-??
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Figure 2. The variation with time (counted from the beginning of the TP-AGB phase) of luminosity (left panel) and core mass (right) for
5M(, stars. The results from ATON are shown with a black, solid line, whereas the red, dashed line indicates the results from MONASH

code.
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Figure 3. The variation of the surface abundances of carbon and nitrogen during the AGB phase for the same models shown in Fig. @
calculated with the ATON (black, solid line) and MONASH (red, dashed track) codes. In the left panel in the abscissa we show the
current mass of the star, whereas in the left panel we show the time, counted from the beginning of the TP-AGB phase.

The differences in the evolution of the main physical
properties of massive AGB stars affect the variation of the
surface chemical composition. Fig. [3| shows the evolution of
the surface mass fraction of carbon and nitrogen. In the
left panel we show the current mass of the star on the ab-
scissa, to have an idea of the contamination of the interstel-

© 2012 RAS, MNRAS 000, [1}-77

lar medium from these objects. Generally speaking, we find
nitrogen production, a clear signature of the activation of
HBB. The main difference we observe is in the behaviour of
carbon. This is because in the ATON models carbon is de-
stroyed from the very first thermal pusles (hereinafter TP)
and is found to be a factor ~ 20 lower than the initial value
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Figure 4. The variation of the surface C/O ratio in the same
models shown in Fig. 2]

for most of the AGB phase. Only in the very final evolution-
ary stages do we see some carbon transported to the surface
by TDU. It is clear from the left panel of Fig. |3| that the
ejecta from this star is carbon poor.

When the MLT model for convection is used, the sit-
uation is considerably different. We note that the surface
carbon first increases owing to the action of TDU during
the first few TPs before HBB is activated. Furthermore, the
destruction of carbon is milder during the total AGB phase,
and in the final evolutionary stages the surface carbon abun-
dance grows to be larger than at the beginning of the AGB
phase. The net yield is negative where the average C mass
fraction in the wind is ~ 60 % lower than the initial.

In Fig [d] we show the evolution of the surface C/O ra-
tio, which we will see is important for a number of issues
and is also deeply affected by convection modelling. In the
ATON case, the strong HBB conditions ensures that model
evolves with C/O < 0.05 for most of the AGB phase. In
the MONASH model, after an initial phase of decrease, the
surface C/O gradually increases until reaching C/O ~ 0.8
towards the end of the evolution.

A general result outlined by these models is the syn-
thesis of nitrogen. In the MONASH case the quantity of ni-
trogen synthesized is higher, because of a dominant primary
component, produced by proton captures on carbon nuclei
synthesized in the convective shell formed during each TP
and convected to the envelope via TDU. In the ATON case,
because TDU has only modest effects, the secondary com-
ponent is dominant in this range of mass.

If the temperatures exceed ~ 80MK oxygen can be
destroyed via proton captures, while the sodium and alu-
minium may be produced (Izzard et al.|[2007)). Tt is generally
recognized that this occurs in Pop II, massive AGB stars,
given the large HBB temperatures experienced (Ventura et
al. [2013} |Fishlock et al.||2014)). To check whether this ad-

vanced nucleosynthesis occurs at solar metallicites, we show
in Fig. [5] the production factors of oxygen, sodium and alu-
miniun—ﬂ for the 5 M models presented in Fig. and
calculated with ATON (left) and MONASH (right). We also
show, for completeness, the evolution of the surface lithium,
which will be discussed in more details in section [6.3]

The depletion of the surface oxygen is higher in the
ATON case, owing to the stronger HBB conditions; how-
ever, the overall oxygen destruction is below ~ 0.2 dex: the
gas ejected by these stars, independently of the description
of convection used, is characterized by only a modest de-
pletion in the oxygen content. For what attains sodium, in
the ATON model we find a significant production, almost
by a factor ~ 4, a signature of the activation of *>Ne + p
at the base of the envelope; accordingly, the gas ejected by
these stars is expected to be sodium-rich; in the MONASH
case a much smaller increase in the sodium content is found.
The difference in the behaviour of sodium is due to the
combined effects of convection modelling and of the cross-
section adopted; the ATON models have been calculated by
assuming the upper limits given by [Hale et al.| (2002)) for
the 22 Ne + p reaction rates, wheres the MONASH results
are based on the recommended values. Finally, we see in
Fig. [5] that only a modest production of aluminium is ex-
pected, consistently with the low efficiency of HBB at solar
metallicities.

4.2 Low mass stars and the C-star phase

Stars of mass < 4 My do not experience HBB and their
surface chemistry is affected only by TDU episodes, which
may eventually turn the star into a carbon star.

The top panels of Fig. [f]shows the evolution of the lumi-
nosity and effective temperature of the 3 M models. The
luminosity increases steadily during the AGB phase, from
~ 5 x 10°Le to ~ 1.5 x 10°Le. At the same time the ef-
fective temperature decreases as the star expands, starting
from T.ys ~ 4000 at the beginning of the TP-AGB evolu-
tion. The cooling of the external regions of the star are par-
ticularly important after the C-star stage is reached: this is
caused by the significant increase in the molecular opacities
in carbon-rich gas (Marigo [2002; [Ventura & Marigo| 2009,
2010)).

When comparing the present results with |[Karakas
(2014) we note that, unlike more massive stars, the lumi-
nosities are independent of convective modelling. This is be-
cause no HBB is experienced, which means no contribution
from the internal regions of the envelope to the overall en-
ergy release.

The evolution of the effective temperature is illustrated
in the right, top panel of Fig.[6] Here we see some similari-
ties but also important differences between the ATON and
MONASH results, suggesting that the treatment of convec-
tion may have some effect here. For ~ 90% of the AGB phase
the effective temperatures are rather similar, with Tess de-
creasing from ~ 4000K to Ty ~ 3000K.

When the surface C/O overcomes ~ 1.4 the ATON

1 'We define the production factor of a given element as the ratio
between the surface mass fraction of that element at a given time
and the initial abundance, with which the star formed.

© 2012 RAS, MNRAS 000, [1}-??
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temperatures become extremely cool, until reaching Te¢y ~
2000K in the very final evolutionary stages. In the model by
Karakas| (2014) the effective temperature is above 2500K for
the whole AGB evolution.

This dissimilarity is due to the development of a re-
gion within the envelope where the convective efficiency, >
is extremely smalﬂ of the order of ¥ ~ 0.05. In these con-
ditions, the ratio between the convective flux (®) found via
the FST model and the MLT flux is (DFST/CI)]MLT ~ 0.1
(see Fig. 5 in Canuto & Mazzitelli 1991), which implies that
the FST description requires an overadiabaticity peak nar-
rower and higher than MLT. Indeed we find in the FST case
V — Vaa ~ 10, whereas in the MLT case we would find
V — Vaa ~ 1 for the same physical conditions. This dis-
similarity in the overadiabaticity peak is the reason for the
difference in the effective temperatures. This is the first time
within the context of AGB modelling that we encounter a
situation where the treatment of convection has an impact
on the temperature gradient within the outermost regions
of the star.

The smaller effective temperatures favour larger rates
of mass loss, thus shorter time scales, independently of the
mass loss description. While these differences are within ~
10%, we will see that this will have an important impact on
the production of dust by these stars.

A general result found here is that the carbon-star phase
is shorter than the oxygen-rich phase, accounting for only ~
15% of the total AGB evolution. For this reason the chance
of detecting these stars during the initial O-rich phase is

2 In the present work we use the same definition of the convective
efficiency adopted by |Canuto & Mazzitelli| (1991), given in their
Eq. 5.
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higher. On the other hand, the gas ejected by these stars
is carbon rich. This can be understood by looking at the
right, bottom panel of Fig. [§ which shows the evolution of
the surface C/O as a function of the (current) mass of the
star. We see that most of the mass expelled is carbon-rich,
which therefore means that the yields will also be similarly
carbon rich (e.g., (Cristallo et al.||2015; [Karakas & Lugaro
2016). This is due to the fact that most of mass loss occurs
after the carbon-star stage is reached. In the ATON case
the C/O reached is smaller compared to MONASH, because
the fast mass loss occurring in the final AGB phase prevents
additional TDU events.

5 PHYSICAL PROPERTIES OF AGB STARS

Table [I| reports important physical quantities of the AGB
models presented here, which includes the duration of the
main sequence, AGB and TP-AGB phases, the core mass at
the beginning of the AGB (we have discussed this quantity
when analyzing Fig. , the maximum luminosity, the maxi-
mum temperature at the base of the envelope, the number of
thermal pulses experienced, the maximum TDU parameter,
A, and the final mass of the star.

5.1 The brightness of AGB stars

Fig. [7] shows the maximum luminosity (Lma) reached dur-
ing the TP-AGB evolution as a function of the initial mass
(Minit). Stars not experiencing HBB evolve at luminosities
below 1.5 x 10 L. The sudden change in the slope of the
Limaz vS Myt relationship occurring at ~ 3.5 Mg is because
stars experiencing HBB deviate from |Paczynski (1970)’s
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Figure 6. The variation with time of the luminosity (left, top panel), effective temperature (right, top), surface C/O (left, bottom) for
two models of initial mass 3 Mg calculated with the ATON (black, solid track) and MONASH (red, dotted) codes. The evolution of the
surface C/O is also shown as a function of the current mass of the star in the bottom-right panel.

core mass - luminosity law (Blocker & Schoenberner||1991)):
in this mass domain we find 2 x 10*Ly < L < 1.2 x 10° L.

5.2 The evolutionary time scale

The duration of the TP-AGB phase, Trp—agB, is shown in
Fig. Low-mass AGB stars evolve on time scales above
~ 1 Myr. In this mass range the evolutionary time scale is
determined by two factors, which have opposite effects on
Trp—acB- The mass of the envelope (higher masses require
longer times to be lost) and the luminosity (which, as shown

in Fig, m increases with the mass of the star). This is the
reason why the trend with mass is not monotonic. The stars
with the longest TP-AGB evolution, of the order of ~ 5
Myr, are those with Minit ~ 2 M.

For stars experiencing HBB the time scale of the TP-
AGB evolution is determined essentially by the luminosity.
Trp—acB decreases with My, because higher mass models
have larger luminosities. The 8.5 Mg is the fastest evolving
model, with a TP-AGB duration of only ~ 3 x 10* yr.

© 2012 RAS, MNRAS 000, [1}-??
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phase by stars of different mass is shown with black squares, con-
nected by a solid line. For comparison we also show the results

by (2014)), indicated with red circles, connected with a
dashed line.

5.3 The initial-final mass relationship

Fig. |§| shows the initial-final mass relationship. The mass of
the envelope and the luminosity affect the final mass of the
star, hence the mass of the remnant. The pre-AGB evolution
is also important for the final mass of the star, because the
initial mass of the core at the beginning of the TP-AGB
phase depends on My, as shown in Fig.

Stars of initial mass Minit < 3 Mg develop core masses
in the range 0.55 Mg — 0.7 My; the final mass increases
with M, for almost the whole range of masses involved.
Turning to the stars experiencing HBB the results shown in
Fig. [0] outline a sudden rise in the final core mass, which
increases from 0.7 Mg (for 3 Mg stars) to 0.85 Mg (3.5 Mg
stars). For the stars in the range 3.5 Mo < Minit < 8.5 Mo,
the final core mass increases monotonically, from 0.85 Mg
to ~ 1.3 M@.

In Fig. [9] we show the results from [Kalirai et al] (2014),
where the authors report the analysis of White Dwarfs in the
clusters Hyades, Praesepe, NGC 6819 and NGC 7789. From
their analysis, an initial-final mass relation was determined
for low and intermediate mass stars in the initial mass range
Minit < 4 Mg. The comparison with the results from the
current investigation shows a satisfactory agreement in the
range of initial masses covered by the observations.

5.4 Common findings and differences in AGB
modelling

To assess how the results presented here depend on the nu-
merical details with which the AGB phase is modelled, in
Fig. m and |§| we compare the present findings with those

published in (2014).
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presented in Fig. [7]and [§] Blue diamonds indicate data from open

clusters White Dwarfs by (2014)).

In the large mass domain the luminosities reached by
ATON models are generally higher than MONASH (see
discussion in Section and Fig. . The differences, as
shown in Fig. [7} increase with the mass of the star. For
an 8 Mg model the luminosity is ~ 50% larger than in

(2014). For stars of mass 3.5 Mg < Minit <5 Mg

the main actor is convection modelling, which affects the
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strength of the HBB experienced and thus the overall lumi-
nosity. Note that we do not need to consider the pre-AGB
here because the core masses at the first TP are very simi-
lar (see Fig. . For higher mass stars the gap between the
ATON and the MONASH luminosities is determined by the
combined effects of convection modelling and the treatment
of core overshoot during the MS phase. Overshoot during
the main sequence means that the ATON models start the
TP-AGB phase with larger core masses, which can be seen
in Fig. [

The differences in the luminosity reflect into the dura-
tion of the whole evolutionary phase. As shown in Fig.[§ the
AGB evolutionary times of M;,;: > 4 Mg stars are shorter
in the ATON case. For the same reasons given above, the
difference increases with the mass of the star, reaching a
factor ~ 3 for the most massive AGB stars.

In the low mass domain the luminosities are very simi-
lar between the ATON and MONASH models because these
stars do not experience HBB. The same holds for the dura-
tion of the entire AGB phase, reported in Fig. [§]

For the initial-final mass relationship (see Fig. E[), we
find once again similar results for models that do not have
HBB. For the stars experiencing HBB we find that the
ATON models develop more massive remnants compared to
the MONASH case. As for the luminosity, we may associate
these differences due the larger growth rate of the core mass
of the ATON models (see the right panel of Fig. [2)) and, for
stars of mass M;n;t+ > 6 Mg, to the difference in the core
mass between ATON and MONASH models, present at the
beginning of the TP-AGB phase.

6 THE CHEMICAL COMPOSITION OF AGB
STARS

We focus now on the surface chemical composition, which
is crucial to assess the role played by this class of objects in
the pollution of the interstellar medium. Understanding how
the surface chemistry changes as these stars evolve is also
important to establish which kind of dust particles form in
their wind (Ferrarotti & Gail|[2006). The latter will be dis-
cussed in more detail in Section E while some observational
facts are discussed in Section |z| (with the exception of Li,
which is already discussed at the end of Section [6.3)).

Fig. shows the evolution of the surface abundances
of carbon, nitrogen, oxygen, and sodium. For the CNO ele-
ments we refer to the most abundant isotopes, namely 12C,
1N and 0. The behaviour of carbon highlights the dif-
ferent evolution of M;n;+ < 3 Mg models from their higher-
mass counterparts.

6.1 Third dredge-up events: the formation of
carbon stars

Low-mass stars may undergo several TDU episodes, which
increases the surface abundance of carbon. The maximum
carbon abundance increases with increasing mass, up to
3M@. The overall increase in the surface carbon is a fac-
tor ~ 2, for M = 1.5 Mg models and up to a factor ~ 4, for
models of M =3 Mg. The gas ejected by these stars is also
enriched in nitrogen because of the first dredge-up (FDU);
this can be seen in the steep rise of the surface nitrogen

in the lines corresponding to 2 My and 3 Mg stars, in the
right, top panel of Fig. [I0}

The enrichment in carbon favours the formation of car-
bon stars, when the surface C/O > 1. We find that at solar
metallicities the minimum mass required to reach the car-
bon star stage is 1.5 M. Stars below this limit loose their
mantle before the C/O > 1 condition is reached. For the ma-
jority of the AGB phase low-mass AGB stars are observed
as oxygen-rich, as illustrated in Fig. The duration of the
C-rich phase is below 10% for the 2 Mg stars, whereas it
is ~ 15% for the 3 Mg star (see also [Karakas & Lattanzio
2014)).

6.2 The imprinting of HBB on the surface
chemistry of massive AGB stars

The HBB operating in massive AGB stars prevents the for-
mation of a C-rich atmosphere and sets an upper limit for
C-star formation. The upper mass limit is model depen-
dent and is 3 Mg in the ATON models and 4.5M¢, in the
MONASH models.

The left, top panel of Fig. shows that the mass ex-
pelled by these stars is carbon-poor, with a carbon content
~ 20 times smaller than the initial mass fraction. In the left,
bottom panel of Fig. we notice that the ejecta of mas-
sive AGB stars present traces of oxygen destruction: the
most massive stars exhibit the largest depletion of oxygen,
~ 30% lower than the initial abundance. The activation of
the CNO cycles also results in a significant rise in the ni-
trogen abundance (see right, top panel of Fig. , which
increases by a factor ~ 20 during the AGB evolution. The
surface sodium abundance, shown in the right, bottom panel
of Fig. [I0] is seen to increase during the AGB phase, with
production factors of the order of ~ 4. As discussed in sec-
tion [£:] the ejecta of these stars are sodium rich, owing to
extremely favourable conditions to the synthesis of sodium.

While the gas expelled by massive AGB stars is ex-
pected to show the signature of proton-capture processing,
the percentage of the AGB phase during which the surface
chemical composition of the star is substantially altered by
HBB is sensitive to the mass of the star. This can be de-
duced by focusing on the lines corresponding to the 4 Mg
and 7 My stars in Fig. In the former case the surface
chemistry is practically unchanged for the first half of the
evolution, whereas in the 7 My star, owing to an early acti-
vation of HBB, the surface chemical composition show traces
of HBB from the first TPs (see also|Karakas & Lugaro|2016)).
We conclude that in the massive AGB domain we shift grad-
ually from the stars with mass just above the threshold to
activate HBB, which spend about half of their AGB evo-
lution with the original chemical composition, to the most
massive AGB stars, which show the imprinting of HBB for
most of the TP-AGB phase.

6.3 Lithium

The discovery of bright red giants stars enriched in lithium
in the Magellanic Clouds (Smith & Lambert||1989, [1990))
and our Milky Way Galaxy (Garcia-Hernandez et al.|[2007,
2013)) showed that AGB stars with HBB may be important
factories for the production of Li, at least for part of the
AGB phase.

© 2012 RAS, MNRAS 000, [1}-??
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marks the initial mass of the star.

The mechanism upon which lithium production is based
was first identified by |(Cameron & Fowler| (1971) and con-
firmed by AGB modelling by [Sackmann & Boothroyd|
. When the temperature at the base of the enve-
lope, Thee 2 30MK, the production of beryllium via the
3He +* He —" Be reaction is activated. Owing to the ra-
pidity of convective motions, part of the beryllium is trans-
ported to cooler regions in the envelope where it can capture
an electron to form lithium. The newly formed lithium will
survive in the outer most layers although eventually con-
vection will mix it down to hotter regions, where it will be

© 2012 RAS, MNRAS 000, [1}-77

destroyed. Lithium production will continue until the star
runs out of *He.

The temperatures given above require the ignition of
HBB. Therefore lithium synthesis is limited to intermediate-
mass AGB stars, which is consistent with the existence of
a lower limit in the luminosity of the lithium-rich sources
in the Magellanic Clouds discovered by [Smith & Lambert|
. The luminosity function of lithium-rich stars
in the MCs was used by [Ventura et al| (2000) to calibrate
the rate of mass loss of oxygen-rich AGB stars.

Fig. shows the variation of the surface lithium in
models experiencing HBB. In the y-axis of the three panels
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Figure 11. The variation of the surface carbon (normalized to
the initial mass fraction) in AGB models of initial mass 2 Mg
(black line), 3 Mg (orange), 4 Mg (blue), 7 Mg (red). Times on
the abscissa are normalized to the duration of the AGB phase.
The C-star phases are shown with a dotted line.

we show the standard quantity used to quantify the lithium
content, namely log(e("Li)) = 12 + log(n("Li)/n(H)). We
note three points in common to all the stars considered: a)
the stars enters the AGB phase with practically no lithium,
as it is destroyed prior to the AGB; b) lithium production
begins after the beginning of the AGB phase and the amount
of lithium at the surface reaches a maximum abundance of
the order of log(e("Li)) ~ 4.3; c) the surface lithium declines
in the final part of the AGB phase, when there is no *He
available.

The left panel of Fig.[I2]shows that the matter expelled
by these stars is lithium-rich. The amount of Li enrichment
increases with increasing stellar mass, because in massive
AGB stars the rate at which mass loss occurs exceeds the
rate in which ®He is destroyed.

If we fix a threshold of log(e(”Li)) = 2, above which we
consider the star as being lithium-rich, we see in the middle
panel of Fig. that the lithium-rich phase is about half
of the total AGB evolution. The most massive stars start
to produce lithium during the very first interpulse phases,
whereas in stars of lower mass the synthesis of lithium begins
after ~ 30% of the TP-AGB time has been completed, which
is the time required to reach HBB conditions.

The right panel of Fig. [[2] shows the lithium versus lu-
minosity trend. A clear indication we get from this plot is
that lithium-rich abundances are expected when the stars
reach a luminosity of 20000 Lo, i.e. My, = —6, almost in-
dependently of the initial mass. This is the threshold above
which we expect to find lithium-rich AGB stars. The upper
limit in luminosity where we expect to observe lithium-rich
sources is sensitive to the mass of the stars, and is higher in
stars of higher initial mass.

The Lithium predictions, both for ATON and
MONASH models (see e.g. (Garcia-Hernandez et al|[2013),
qualitatively agree with existing spectroscopic observations
of massive Galactic HBB-AGB stars (Garcia-Hernandez et
al.[2007) 2013)), which show that the most luminous and O-
rich AGB stars (obscured OH/IR stars) in our Galaxy are
Li-rich (Garcia-Hernandez et al.|2007) and that these stars
can reach log(e(Li)) ~ 4 at the beginning of the TP-AGB
phase (Garcia-Hernandez et al.|2013)). The s-process element
Rb, being a good indicator of the progenitor mass in AGB
stars (see e.g. |Garcia-Hernandez et al.|[2006} [Pérez-Mesa et
al.|[2017)), has been also measured in these stars. Contrary
to the synthesis of Li, strong Rb production is expected to-
wards the end of the AGB phase, when a significant number
of TPs have been experienced (see e.g. |Garcia-Herndndez
et al.|[2013]). The observations show that the presence of Li
is not always correlated with Rb, indicating that the ob-
served Galactic samples contain massive AGB stars with
different progenitor masses and/or at several AGB evolu-
tionary stages. A more detailed comparison with the ob-
servations is hampered by the uncertain distances (and so
the their luminosities) to these Galactic massive AGB stars.
Precise Gaia distances (and luminosities) to these Galactic
massive AGB stars would permit to disentangle the evolu-
tionary stage and progenitor mass of these Galactic Li-rich
AGB stars.

7 THE FINAL CHEMICAL COMPOSITION
7.1 Model predictions

The final chemical composition is a key indicator of the rel-
ative efficiency of HBB and TDU in altering the surface
chemistry of these stars.

Helium is a peculiar element among the various chem-
ical species, because the surface abundance is not strongly
sensitive to the details of AGB modelling. The modification
of the surface helium content is mainly determined by the
efficiency of the FDU and of the second dredge-up (SDU)
episode.

Fig. shows the final surface He/H of the models dis-
cussed here. Stars of mass below ~ 4 My do not experience
any SDU. In this case the final He/H ranges from ~ 0.1 to
~ 0.11, with little dependence on the mass of the star. In
more massive stars the SDU, taking place shortly after the
end of core He-burning (Karakas & Lattanzio|2014)), favours
the increase in the surface helium. The strength of the SDU
depends on the initial mass of the star and is more efficient
for higher mass objects (Ventura/2010)). As shown in Fig.
the final He/H increases monotonically from He/H ~ 0.11,
for a4 Mg star, to He/H ~ 0.15 for the most massive stars.

The comparison with the MONASH results is shown in
Fig. and outlines the following: a) in the low-mass domain
the final He/H is ~ 0.05 higher than the present models,
owing to the higher helium assumed in the MONASH com-
putations; b) for massive AGB stars we find a remarkable
agreement between the ATON and the MONASH results.
The helium enrichment of the surface regions of these stars
turn out to be substantially independent of AGB modelling.

For the elements involved in CNO cycling Fig. [[4] shows
the final surface C/O and N/O ratios. These results can be
easily interpreted based on the discussion in Section [6}

© 2012 RAS, MNRAS 000, [1}-??
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Figure 13. The final He/H fraction of AGB models of different

mass.

For stars of mass below 3.5 Mg the final C/O increases
with the mass of the star, ranging from 0.4 (1 Mg star) to
2.5 (3 Mg). This is because the number of TDU episodes
increases with stellar mass, which in turn increases the fi-
nal C/O ratio. We have seen that stars in the mass range
1.5 Mgy < Minit <3 Mg become carbon stars; this is consis-
tent with their final C/O ratios above unity. The final N/O
shows up only a mild dependance on the stellar mass, which
is caused by the efficiency of the FDU (e.g., |Boothroyd &
Sachmann|[1999). The final N/O for these stars spans the
range 0.2 < N/O < 0.4.

The stars experiencing HBB follow a completely dif-

© 2012 RAS, MNRAS 000, [1}-77

ferent behaviour. As shown in the left panel of Fig. we
find C/O ratios below 0.1, independently of the stellar mass.
These stars also show a significant increase in the final N/O,
with values in the range 1.5 < N/O < 2.

The comparison with the results from |Karakas| (2014))
outlines strong similarities in the low-mass domain, whereas
the ATON findings for massive AGB stars reveal significant
differences compared to MONASH models.

First, we find that in the range of mass 3 Mg < Minit <
4 Mg the MONASH C/O ratios are < 2, whereas the cor-
responding ATON values are C/O < 0.2. This is due to a
shift in the threshold mass required to ignite HBB, which is
~ 1 Mg higher in the MONASH models.

For stars of mass above 4 Mg, while the present mod-
els are characterized by final C/O ratios below 0.1, in the
MONASH models we find 0.5 < C/O < 1.5 (see Fig 2 in
Karakas & Lugaro|[2016)). This is partly due to the stronger
HBB found in the present models, owing to the use of the
FST model for convection. An additional explanation is that
the TDU efficiency is extremely poor in this mass domain,
whereas in the MONASH models some carbon is transported
to the surface via TDU, despite the fact that some of the car-
bon is subsequently destroyed by HBB during the following
interpulse phase. This explanation finds additional confir-
mation in the comparison of the final N/O ratios, which are
higher in the MONASH models. This is because of the addi-
tional contribution of primary nitrogen, which is synthesized
by fresh carbon dredged-up from the He-shell.

7.2 Observational facts and future directions

A detailed comparison with the composition of solar metal-
licity AGB, post-AGB stars and PNe, although out of the
scope of the present paper, would offer, in principle, the op-
portunity to test the theoretical models of this still rather
uncertain evolutionary phase. Ideally, the predicted abun-
dances of He, C, N, O, Ne, Na, Mg, and Al (as well as
some key abundance ratios like C/O, N/O, and C/N), from
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Figure 14. The final C/O (left panel) and N/O (right) ratios for AGB stars of different mass

the two AGB models (ATON vs. MONASH) discussed here,
could be compared with the abundances of these elements as
observed in solar metallicitiy Galactic AGB, post-AGB stars
and PNe and available in the literature. However, this is not
an easy task and there are several observational limitations
that depend on the source type and enumerated below. An-
other serious observational problem is that Galactic AGB
and post-AGB stars, and PNe are plagued by distance un-
certainties, which avoid detailed studies of AGB nucleosyn-
thesis at solar metallicity, depending on progenitor mass and
luminosity; the Gaia mission is thus expected to overcome
the latter severe observational problem.

i) AGB stars: both C-rich and O-rich AGB stars may
not display the final chemical composition and their chem-
ical abundance analysis (especially towards the end of the
AGB, where they are usually dust enshrouded; i.e., opti-
cally invisible) is very complicated due to their complex dy-
namical atmospheres, which can dramatically affect the de-

derstanding of AGB nucleosynthesis, offering a invaluable
test of the theoretical models presented here. APOGEE-
2 will provide homogeneous CNO elemental and isotopic
abundances (at least for the >C/**C ratiotaEI) as well as Na,
Mg, and Al abundances for complete (flux-limited) samples
of Galactic AGB stars (bulge, disk, and halo), covering all
progenitor masses. The possible circumstellar effects (if any)
on the near-IR molecular (CO, OH, CN) and atomic lines
(Al, Mg, Na) remained to be explored. Finally, observations
of heavy neutron-rich elements in AGB stars may provide
clues to test these theoretical models but their uncertainties
are very large, ranging from 0.3—0.4 dex to as high as 0.7
dex for Rb (e.g., |Abia et al.|2001; |Garcia-Hernéndez et al.|
[2006} [Pérez-Mesa et al.|[2017), highlighting the need for in-
dependent complementary observations (e.g., in post-AGB
stars and PNe; see below). Also, the simulations of the nu-
cleosynthesis due to slow-neutron captures (the s-process) in
the ATON AGB models are still under construction

et al.|2016)).

rived abundances (see e.g.|Zamora et al.[2014} Pérez-Mesa et
. The CNO elemental and isotopic abundances, as
obtained from high-resolution optical and/or near-IR spec-
troscopy, are only available in some Galactic C-rich AGB
stars (e.g. [Hedrosa et al.||[2013} |Abia et al.||[2017, and ref-
erences therein). In the more massive O-rich HBB AGB
stars the CNO elemental/isotopic ratios can be derived in
the near-IR wavelength region only and such near-IR mea-
surements have not been reported yet. Other elements such
as He and Ne cannot be measured in AGB stars, while to
the best of our knowledge, the abundances of Na, Mg, and
Al (although measurable from near-IR spectra) in Galactic
AGB stars have still to be reported. On-going massive high-
resolution near-IR spectroscopic surveys such as the second
generation of The Apache Point Observatory Galactic Evo-
lution Experiment (APOGEE-2; see e.g.Blanton et al.|2017)
are expected to represent a major step forward in our un-

ii) Post-AGB stars: The atmospheres of these stars
(stars in the fast transition phase between AGB stars and
PNe; see e.g., [Van Winckel 2003| for a review) display the
final chemical composition (i.e., the final result of chem-
ical enrichment from internal nucleosynthesis and dredge-
up processes during the entire stellar evolution), being, in
principle, ideal probes to study AGB stellar nucleosynthe-

3 |Di Criscienzo et al](2016) has recently compared the observed
C and O isotopic ratios (i.e., 12C/13C and 160/170/180) avail-
able in the literature for several types of AGB stars with the AGB
ATON predictions. The available C and O isotopic ratios, how-
ever, are not homogeneous and they come from different observa-
tional data; from optical/near-IR spectra in C-rich AGB stars to
the far-IR (in a few massive HBB O-rich stars) and to the radio
domain.
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sis. Their photospheres (spectral types from K to A; see e.g.,
Sudrez et al.[2006) are hotter than those in AGB stars, dom-
inated by atomic spectral lines that allow for more accurate
abundance determinations of a larger number of elements,
including C, N, O, Na, Mg, and Al, among others, but also
many neutron-rich s-process elements (see e.g. De Smedt et
al.||2016) (as mentioned above, the s-process ATON simula-
tions are still under construction). The use of the chemical
composition observed in post-AGB stars as valuable tests
for the theoretical AGB models, however, is also hampered
by the non-homogeneous chemical analysis reported in the
literature and because the number of elements that can be
measured in post-AGB stars depend on the stellar effective
temperatures. Because of the fast AGB-PNe transition times
(~10% — 10" years, depending on the initial mass; see e.g.
Vassiliadis & Wood| [1994) only about hundred confirmed
post-AGB stars are known in the Galaxy (e.g., Szczerba et
al.||2007, 12012)). In addition, only a handful of post-AGB
stars have been observed at high-resolution in the optical
range. Finally, present spectroscopic optical observations
of post-AGB stars are strongly biased towards the lower
mass progenitors (say ~1—2 Mg); e.g., usually high Galac-
tic latitude (i.e., metal-poor) and optically bright s-process
enriched C-rich post-AGB stars (see e.g. [Van Winckel &
Reyniers|2000; Reyniers et al.[2007;|De Smedt et al.|2016)). In
contrast, higher mass post-AGB stars (above 2 Mg), evolv-
ing much faster, may have systematically escaped detection
in past high-resolution optical surveys because they may
remain hidden (dust enshrouded) during the whole AGB-
PN transition. Both optically bright and obscured post-AGB
stars could be studied in the near-IR, which provides an un-
explored spectral window that should be exploited in order
to get homogeneous chemical analysis of a complete sample
of Galactic post-AGB stars. As in the case of Galactic AGB
stars, the SDSS-IV/APOGEE-2 survey could provide such
an ambitious goal; e.g., SDSS-IV/APOGEE-2 may discover
the coolest post-AGB stars (K and M spectral types) in our
Galaxy with access to the dust enshrouded ones (in principle
the more massive ones), no accesible in the optical.

iii) PNe: The comparison of the theoretical predictions
with the chemical composition observed in PNe (via their
nebular emission lines) offers another opportunity to test
theoretical models of the still rather uncertain AGB phase.

A recent step in this direction was done by [Ventura et
al.| (2017), who used the observed nebular chemical com-
position to estimate the mass and formation epoch of the
progenitors of 142 Galactic PNe. This analysis was based
on the comparison of the abundances data with the ATON
AGB model predictions presented here, specifically on the fi-
nal abundances of the various chemical species, discussed in
this section. On general grounds, the chemical abundances
in PNe, typically more accurate than those in AGB stars,
have also their own problems/limitations; e.g., the chem-
ical abundances available in the literature, again, are not
completely homogeneous and ionization correction factors
(ICFs), sometimes very uncertain, are needed to estimate
the contribution of unobserved ions to the total abundances
(see e.g., Delgado-Inglada, Morisset & Stasiniska/[2014, and
references therein). However, the main advantages of PNe
(with respect to AGB and post-AGB stars, see above) are
that PNe can be easily observed at very large distances (be-
cause of their emission-line nature) and that known PNe
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samples are more complete (e.g., they cover the full range of
initial masses, despite the masses estimated are more uncer-
tain compared to post-AGB stars). Also, the abundances of
key elements such as He, C; N, O, and Ne are accesible for
all types of PNe; recent studies outlined the possibility of
measuring the surface Zn (Smith et al|2017). On the other
hand, the abundances of Na, Mg, and Al cannot be measured
in PNe. The abundances of He, N, O, and Ne (among others
like Ar, Cl, and S) are easily extracted from low-resolution
optical spectroscopy (see e.g., |Garcia-Herndndez & Gérny
2014} and references therein) and available in the literature.
However, the derivation of C abundances needs deep high-
resolution optical spectreﬂ and/or UV spectra (e.g., by using
the Hubble Space Telescope, HST), which are not easily ob-
tained (see e.g., Ventura et al.[2017)). For example, the avail-
ability of accurate C abundances from HST-UV spectra in
PNe of the Magellanic Clouds, together with other obser-
vational data such as optical and mid-IR spectra, have per-
mitted detailed comparisons of their CNO elemental abun-
dances with the predictions from the ATON AGB models
(Ventura et al.||2015b, [2016¢). Similar studies in complete
samples of Galactic PNe are not still possible, mainly due
to the lack of UV spectra available for only a few Galactic
sources (see e.g., Ventura et al[[2017). Thus, the collection
of deep high-resolution optical/near-IR spectra and/or UV
spectra in a complete sample of Galactic PNe would per-
mit to construct a unique homogeneous database of PNe
nebular abundances to test the AGB theoretical models.
Unfortunately, deep high-resolution optical/near-IR nebu-
lar spectroscopy is very time consuming (even with 8—10 m
class telescopes), while UV spectroscopy requires the use of
precious HST time.

8 YIELDS FROM AGB STARS

The yields of the various chemical species are key quanti-
ties to understand the pollution expected from a class of
stars and the way they participate in the gas cycle of the
interstellar medium.

In the following we will use the classic definition, ac-
cording to which we indicate the yield Y; of the i-th element
as

Y; = / [X; — X" MdLt.

The integral is calculated over entire stellar lifetime and
X" is the mass fraction of species i at the beginning of the
evolution. Based on this definition, the yield is negative if
an element is destroyed and positive if it is produced over
the life of the star.

Fig. shows the yields of helium, Y. It is evident
the sudden increase in Yg. occurring at ~ 4 Mg, represent-
ing the lower limit for solar metallicity stars to experience
SDU. The trend of Yy, with the mass of the star is posi-
tive, ranging from Yy, = 0.1 Mg to Yye = 0.75 Mg. This

4 Some heavy s-process elements like Se, Kr, Xe, Rb, Cd, and
Ge can be also obtained from deep high-resolution optical and/or
near-IR spectroscopy (e.g., Sharpee et al.|[2007; |Sterling & Din-
erstein| 2008} |Sterling et al.|[2016).
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Table 2. Chemical yields (see text for definition) for solar metallicity, AGB models

M H He 120 130 14N 160 180 Ne 23Na 24Mg 25Mg 26Mg 27Al
1.00 -1.3E-2 13E-2 -1.8E-4 -5.6E-6 2.1E-4 - - - - - - - -
1.25 -1.7E-2 1.4E-2 1.1E-3 2.6E-5 3.2E-4 T7.4E-5 - 4.5E-5 T7.9E-7 - 3.4E-7  3.4E-7 -
1.50 -19E-2 18E-2 25E4 -42E-5 7.0E-4 11E-4 27E-6 -21E-6 3.2E-5 7.1E-7 -1.2E-8 22E-7 4.0E-7 25E-7
1.75 -2.3E-2 20E-2 19E-3 -7.1E-5 1.1E-3 1.5E-4 12E-5 -3.5E-6 13E-4 22E-6 -23E-7 21E-6 21E-6 9.5E-7
2.00 -3.0E-2 26E-2 27E-3 -9.2E-5 14E-3 21E4 16E-5 -46E-6 18E-4 29E-6 -3.9E-7 3.3E-6 3.1E-6 14E-6
2.25 -45E-2 4.0E-2 3.6E-3 -1.2E-4 22E-3 18E-4 24E-5 -6.0E-6 23E-4 19E-5 -84E-7 6.3E-6 6.3E-6 25E-6
2.50 -6.7E-2 5.4E-2 9.7E-3 -1.5E-4 27E-3 1.1E4 22E-5 -73E-6 54E-4 28E-5 -42E-6 3.1E-5 20E-5 9.9E-6
2.75 -74E-2 6.4E-2 T74E-3 -1.6E-4 3.2E-3 -3.6E-4 21E-5 -82E-6 4.7E-4 32E-5 -3.9E-6 25E-5 18E-5 1.1E-5
3.00 -8.7E-2 74E-2 9.3E-3 -19E4 3.7E-3 -4.1E-4 21E-5 -94E-6 6.0E-4 3.8E-5 -6.3E-6 3.8E-5 26E-5 1.6E-5
3.50 -8.2E-2 7.7E-2 -3.7E-3 -2.7E-4 1.0E-2 -1.3E-3 18E-5 -29E-5 82E-5 11E-4 -6.3E-6 9.6E-6 15E-5 1.5E-5

4.00 -9.0E-2 8.8E-2 -6.3E-3 -7.3E-4 13E-2 -3.7E-3
4.50 -1.7E-1 1.7E-1 -7.6E-3 -88E-4 1.6E-2 -6.0E-3
5.00 -2.6E-1 2.6E-1 -8.3E-3 -9.5E-4 19E-2 -7.5E-3
5.50 -3.5E-1 3.5E-1 -98E-3 -1.1E-3 2.1E-2 -9.2E-3
6.00 -44E-1 4.4E-1 -1.1E-2 -1.2E-3 23E-2 -1.0E-2
6.50 -5.2E-1 5.2E-1 -1.2E-2 -14E-3 25E-2 -1.1E-2
7.00 -5.7TE-1 5.7E-1 -1.3E-2 -14E-3 26E-2 -1.1E-2
7.50 -6.5E-1 6.5E-1 -14E-2 -1.5E-3 29E-2 -1.3E-2
8.00 -6.5E-1 6.5E-1 -1.4E-2 -1.6E-3 29E-2 -1.2E-2
8.50 -7.5E-1 7.5E-1 -1.5E-2 -1.5E-3 3.0E-2 -1.2E-2

2.9E-5 -4.0E-5 -2.3E-4 3.2E-4 -2.0E-5 89E-6 16E-5 9.9E-6
3.6E-5 -4.7TE-5 -3.0E-4 34E-4 -6.8E-5 3.7E-5 22E-5 9.2E-6
4.5E-5 -53E-5 -28E-4 3.7E-4 -15E-4 12E-4 20E-5 5.2E-5
5.5E-5 -6.0E-5 -3.8E-4 4.0E-4 -2.5E-4 19E-4 4.1E-5
7.0E-5 -6.6E-5 -4.1E-4 4.3E-4 -3.8E-4 3.1E4 5.1E-5 1.3E-5
9.0E-5 -7.2E-5 -44E-4 4.6E-4 -5.3E-4 4.6E-4 3.7E-5 5.6E-5
1.2E-4 -78E-5 -4.6E-4 48E-4 -69E-4 6.2E-4 4.0E-5 5.3E-5
1.2E-4 -8.2E-5 -5.0E-4 5.2E-4 -74E-4 6.8E-4 3.9E-5 6.8E-5
1.6E-4 -88E-5 -5.2E-4 5.2E-4 -8.7E-4 8.1E-4 3.7E-5 6.8E-5
1.6E-4 -93E-5 -34E-4 6.2E-4 -1.2E-3 1.1E-3 3.6E-5 7.5E-5

1.3E-5
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Figure 15. The helium yields (see text for definition) of so-
lar metallicity stars of different mass are indicated with black
squares. The results by [Karakas & Lugaro| (2016) (red points),
|Cristallo et al (2015) (blue triangles) and |Di Criscienzo et al|
2016) (green diamonds) are also shown for comparison.

is in agreement with the results shown in Fig. [I3] In the
low-mass domain the helium yield is determined primarily
by FDU and we find Yy < 0.1 Mg in all cases.

The yields of the main CNO species and of sodium are
shown in Fig.[T6] The carbon yields can be understood based
on the different behaviour of low-mass stars and massive
AGB stars, outlined in the previous sessions. We find car-

bon production for stars of mass Mini: < 3 Mg, with a
maximum yield of ~ 0.01 Mg for 2.5 — 3 M stars, which
experience the largest enrichment of carbon at the surface
(see Fig. . Yc increases with stellar mass, in agreement
with the discussion in section[§} For stars experiencing HBB
the carbon yields are negative. In this mass domain Y¢ de-
creases from Yo = —0.005 My (for the 3.5 Mg star) to
Yc = —0.015 Mg (3.5 Mg).

The oxygen yields of low-mass stars are almost zero
because little oxygen is produced in the He-intershell (see
Fig. [10). For stars of mass Minit > 3.5 M with HBB, the
yields of oxygen are negative and range from —0.002 M
to —0.012 My, for masses between 3.5 and 8.5M), respec-
tively.

The yields of nitrogen, Y, are positive for all the stars.
Low-mass stars produce nitrogen via the FDU and the corre-
sponding yields are below 0.005 Mg (see top, right panel of
Fig. . The N yields of stars experiencing HBB are higher,
owing to nitrogen synthesis via CNO cycling. For these stars
we find 0.01 Mp < Y~ < 0.03 M.

The behaviour of sodium, shown in the right, bottom
panel of Fig. is qualitatively similar to nitrogen. In the
low mass domain we have Yna < 5 X 107° Mg, whereas for
stars with HBB we find a gradual increase with stellar mass,
from Yna ~ 3 x 107* Mg to Yna ~ 6 x 107* M. This is
consistent with the results shown in Fig.

In the comparison with the models published in|[Karakas]
we find that the helium yields, shown in
Fig. [15] are extremely similar (as discussed in Section @
The same holds for the results taken from the FRUITY
database, published by [Cristallo et al.| (2015)).

The carbon yields of stars of mass M > 3 Mg by
|[Karakas & Lugaro| (2016) are higher than those presented
here. This can be clearly seen in the top, left panel of Fig.
The largest discrepancy is found for masses 3 Mo < M <
5 Mg, for which the present yields are negative whereas the
MONASH yields are positive. Similar differences, though of
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Figure 16. The yields of the CNO elements and of sodium for the AGB models presented here (shown as black squares), compared

with the results from [Karakas & Lugaro| (2016) (red points), |Cristallo et al.| (2015) (blue triangles) and |Di Criscienzo et al.| (2016) (green

diamonds). The 4 panels report the yields of 12C (top, left panel), 14N (top, right), 16O (bottom, left) and sodium (bottom, right).

minor extent, are found when the present yields are com-
pared with results from the FRUITY database. In the mas-
sive AGB domain all the sets of carbon yields are negative,
but the ATON yields are lower, because the HBB found
in these models is stronger and the surface chemistry is af-
fected almost entirely by HBB. Conversely, in the MONASH
and FRUITY cases, TDU events increase the surface carbon
mass abundance.

The oxygen yields of low-mass stars by
|garo| (2016) and |Cristallo et al| (2015) are similar to ours,
whereas in the higher mass domain they are higher than

© 2012 RAS, MNRAS 000, [1}-77

those presented here (see Fig. . This is a consequence
of the different efficiency of HBB, which in turn, is deter-
mined by convection modelling. The two lines indicating the
ATON and MONASH yields tend to converge towards the
most massive models. This is an indication that for large core
masses an efficient HBB is found, independently of convec-
tion modelling. It is difficult to make a similar comparison to
the FRUITY models because the most massive initial masses
considered are of 6 Mg, lower than the most massive models
considered in the ATON or Monash codes.

The results shown in Fig. [I6] indicate that a larger pro-
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duction of nitrogen is found by Karakas & Lugaro| (2016).
For stars of mass around 6 M the MONASH yields are al-
most a factor of 2 higher than ATON. As discussed in section
m this is due to TDU events which mix primary carbon from
the He-shell to the envelope, which allows the production of
primary nitrogen. In the ATON case the nitrogen produced
is essentially secondary. The nitrogen FRUITY yields are
even smaller than ATON, because HBB is not particularly
efficient even in their most massive models.

By looking at Fig. we notice that the largest dif-
ference between ATON, MONASH and FRUITY models is
found in the sodium yields. In the present models we find
some sodium production in the higher mass domain, whereas
in the models by Karakas| (2014)) and |Cristallo et al.| (2015))
the excess of sodium with respect to the initial quantity in
the ejecta is negligible. This is consistent with the results
shown in Fig.

Fig. [I5] and [I6] also show the comparison between the
present yields and those found in|Di Criscienzo et al.| (2016)),
which are based on the solar composition by |Grevesse &
Sauval| (1998). The differences are small and far lower than
those introduced by the use of a different description of the
convective instability.

9 DUST FORMATION

We applied the formulae described in Section [3]to calculate
the dust formed in the wind of the models presented here, as
well as in the models of solar metallicity by Karakas| (2014)).

The dust species formed in the wind are primarily de-
termined by the surface C//O ratio. In the wind of oxygen
rich stars the majority of the dust produced is in the form
of silicates and alumina dust, whereas in carbon stars the
main species are carbon and SiC. We will focus our atten-
tion on the size of the dust grains formed, on the degree of
condensation of the key elements to form dust, and on the
total mass of dust produced.

In the previous sections we outlined that low-mass stars
with mass in the range 1.5 Mg < Minie < 3 Mg become
C-rich, whereas more massive stars evolve as oxygen-rich
objects. This holds for both the ATON and the MONASH
models. Because most of the mass loss in low-mass stars
takes place during the C-rich phase (see Fig. , we find
that most of the dust produced by these stars is under the
form of carbonaceous solid particles: solid carbon and SiC.

The evolution of the grain size of the various parti-
cles formed in the wind of AGB stars is thoroughly doc-
umented in the literature (Ferrarotti & Gail|2006; Nanni et
al.||2013a.b, |2014; |Ventura et al.|[2014) and we do not re-
peat the details here. We will discuss how dust production
works in oxygen-rich and carbon stars, and eventually de-
scribe the overall dust formation phenomenon in AGB stars
of solar metallicity.

9.1 Dust formation under HBB conditions

The top, left panel of Fig. shows the evolution of the
grain size of two out of the three silicate species consid-
ered (olivine and pyroxene; quartz is not shown, for clarity
reasons) and of alumina dust (Al2O3) in the 5 My model
presented in Fig. 2] The top, right panel of the same figure

shows the condensation factor of silicon and aluminiurrEl
These results confirm earlier findings (Ventura et al.[2014):
a) most of the dust produced is in the form of silicates,
the dominant species being olivine, followed by pyroxene; b)
during the HBB phase around ~ 40% of silicon is condensed
onto dust, whereas the condensation factor of aluminium is
higher, around ~ 80% (Dell’Agli et al.|[2014)). In the same
figure we see that the typical dust to gas ratio ranges from
1073 to 1.5 x 103, whereas the velocities of the wind fall in
the range 15 — 20 km/s.

The comparison with the models by |Karakas & Lugaro
(2016)) highlights that these results are not greatly affected
by the input physics used, particularly the treatment of con-
vection and mass loss. While in the previous sections we
found significant differences for the chemistry of these stars
and the stellar yields, the results in terms of dust production
are fairly similar. The explanation is in the dust formation
process, in particular the relationship between the growth of
dust particles and the dynamics of the wind. ATON models
evolve at larger luminosities (see Fig. [2)), which based on
Eq.2, enhances the effects of radiation pressure on dust par-
ticles. This provokes a fast acceleration of the wind (note in
the bottom, left panel of Fig. [17] that the MONASH veloc-
ities are smaller), which in turn favours the decrease in the
gas density (see Eq. 4), hence in the number of molecules
available for condensation into dust. The dust formation
mechanisms for silicates is self-regulated and this is the rea-
son for the similarity in the results shown in Fig. the
findings concerning the production of silicates in the winds
of massive AGB stars given here are rather general and in-
dependent of AGB modelling.

9.2 Dust formation in carbon stars

Fig. shows the results for the dust produced by a 3 Mg
star. In this case, for the reasons given above, we focus our
attention on SiC and solid carbon grains.

SiC is produced efficiently in the wind of carbon stars,
owing to the thermodynamic stability of this solid compound
(Ferrarotti & Gail [2006)). The typical size of SiC particles
is ~ 0.1gm. Indeed we find a saturation condition, such
that the residual silicon not bound into the very stable SiS
molecules (Ferrarotti & Gail [2006)), i.e. around 55%, con-
denses into dust. This corresponds to grain sizes of the or-
der of 0.1um. The saturation process is the reason why the
grain size of SiC grains and the corresponding condensa-
tion fraction of silicon remain constant for the whole AGB
phase, after the achievement of C/O > 1. Saturation occurs
shortly after the beginning of the carbon star phase and is
fairly independent of the stellar parameters and the amount
of carbon accumulated. This is the reason why the ATON
and MONASH results are extremely similar in this regards,
as shown in Fig.

The dust production process in the winds of carbon
stars can be divided into two phases. At the beginning of

5 We refer to the condensation factor of a given element as the
fraction of the element in the gaseous state that condensed into
dust. For these specific cases we refer to the fraction of gaseous
silicon condensed into olivine, pyroxene and quartz and to the
fraction of gaseous aluminium condensed into Al2Os3.
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Figure 17. Left: the variation of the grain size of olivine, pyroxene and alumina dust formed in the wind of a 5 Mg during the AGB
phase. The results discussed in this work are indicated with a black, solid line and are compared with the results obtained on the basis
of the AGB models by [Karakas & Lugaro| (2016) are indicated with a red, dashed line. Right: The variation of the fraction of silicon
condensed into silicates and of aluminium condensed into AlaOs for the same models shown in the left panel.

the C-star phase, when the excess of carbon with respect to
oxygen is smaller than the amount of silicon in the envelope,
the dominant dust species is SiC. The progressive increase
in the surface carbon eventually makes carbon production
dominant with respect to SiC. While SiC particles of the size
given above form in an internal region of the circumstellar
envelope, solid carbon particles of bigger size are produced
in a more external zone. This can be seen in the left panel of
Fig. where the size of carbon particles grow bigger and
bigger, until reaching dimensions slightly below 0.2um. In
the very final phases the fraction of carbon condensed into

© 2012 RAS, MNRAS 000, [1}-77

dust approaches 40% and the dust-to-gas ratio increases up
to ~ 0.0035. We reiterate here that these late evolutionary
phases, though extremely important for the dust pollution
by these stars (as shown in Fig. are extremely short
relative to the whole TP-AGB phase, and more importantly,
to the duration of the C-star phase.

When comparing Fig. with the results based on
MONASH models, we find significant differences for the pro-
duction of solid carbon. In the MONASH case the fraction
of carbon condensed into dust barely exceeds 10%, the max-
imum size of the carbon grains formed is 0.15um and the
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Figure 18. Left: the variation of the grain size of solid carbon and SiC formed in the wind of a 3 M during the AGB phase. The results
discussed in this work are indicated with a black, solid line and are compared with the results obtained on the basis of the AGB models
by [Karakas & Lugaro| (2016), indicated with a red, dashed line. Right: The variation of the fraction of gaseous carbon condensed into
solid carbon and of silicon condensed into SiC for the same models shown in the left panel.

dust-to-gas ratio is below 0.002. The reason for this differ-
ence can be deduced based on the results shown in the top,
right panel of Fig. [6] and discussed in Section In the
ATON case, owing to the presence of a narrow and very high
overadiabaticity peak, the effective temperatures become ex-
tremely cool, which favours very large mass-loss rates, which
in turn favours dust production. This does not affect the for-
mation of SiC, as there is no more gaseous silicon available,
but strongly enhances the formation of solid carbon. In the
MONASH case the effective temperature are hotter, thus
no enhanced formation of solid carbon is found. Note that

this difference holds despite the fact that the surface car-
bon is higher in the MONASH model. This is because the
growth of carbon grains is much more sensitive to the rate

of mass-loss than the surface carbon abundance
2016a)).
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Figure 19. Left: The typical size of dust particles of different species formed in the wind of AGB stars of different mass. The meaning of
the various symbols is the following: olivine - black squares; alumina dust - green triangles; SiC - red points; solid carbon - blue diamonds.
Right: The fraction of the key elements condensed into solid particles during the AGB phase. The fraction of silicon condensed into
silicates and SiC is indicated, respectively, with black squares and red points; green triangles and blue diamonds indicate the fraction of
aluminium involved in Al2O3 and the fraction of gaseous carbon condensed into carbon grains.

9.3 The properties of dust particles in solar
metallicity AGB stars

Fig. [19|shows the typical grain size of the various dust par-
ticles formed in the wind of stars of different mass during
the AGB phase. We also show the fraction of the key species
condensed into dust (silicon for silicates and SiC, aluminium
for Al;O3 and carbon).

Low-mass stars with mass 1.75 Mg < Minie < 3 Mg
produce mainly solid carbon and SiC. Owing to the satura-
tion effect discussed above, the size of the SiC grains formed
and the silicon condensation fraction are ~ 0.1um and 55%
respetively, independent of mass. The size of carbon grains
span the range 0.1ym < ac < 0.28um, while the carbon
condensation factor is within 10% < fc < 55%. These val-
ues depend on the amount of carbon accumulated into the
envelope and the rate of mass loss, which change with stel-
lar mass. The carbon grains with the largest size form in
the winds of the stars which experience a large number of
TDU events and accumulate the largest amount of carbon;
as shown in Fig. this occurs for stars of initial mass
2.5 — 3 Mg, which are expected to exhibit extremely large
infrared excesses towards the final AGB phases. Note that
stars in this mass range have been invoked to reproduce the
most obscured sources in the LMC (Dell’Agli et al.[2015alb}
[Ventura et al.[[2016a).

Fig. [[9]shows that low-mass stars also produce some sil-
icates. These are produced in the evolutionary phases before
the achievement of the C-star stage, when the star is still
oxygen-rich. For masses around the lower limit to become
carbon stars, namely ~ 1.5 Mg, the quantity of silicates
produced is higher than SiC and carbon, because the C-star
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stage is reached only at the very end of the AGB phase,
when a significant fraction of the (oxygen-rich) envelope is
already lost.

Interestingly, these stars could be the progenitors of
the so-called mixed-chemistry PNe, where both C- and
O-rich IR dust features have been detected simultane-
ously (Gutenkunst et al.|[2008; [Perea-Calderdn et al.|[2009;
[Guzman-Ramirez et al|[2011, [2014} [2015). These objects
show polycyclic aromatic hydrocarbon (PAH) features (C-
rich) as well as (amorphous/crystalline) silicates features (O-
rich) and their stellar origin is not understood (see e.g., re-
cent discussions in|Garcia-Hernandez & Gérny|2014} |Garcia-|
[Herndndez et al.[2016, and references therein). One of the ex-
planations to this mixed-chemistry phenomenon, especially
for the case of the PN BD+30 36 39 (Guzman-Ramirez et|
, is to invoke a fatal thermal pulse at the very end
of the AGB phase (Waters et al|[1998} [Perea-Calderdn et al.|
[2009; |Guzman-Ramirez et al.|2015)). The evolutionary mod-
els presented here, show that this mixed-chemistry could
naturally arise as part of the evolution of at least some (i.e.,
those converted to C-rich) low-mass stars. Indeed,
[Rojas et al|(2017) have very recently reported precise C/O
ratios (homogeneously derived) for a sample of 23 mixed-
chemistry PNe, which combined with the He abundances
and N/O ratios, suggest for the first time that some mixed-
chemistry PNe may be the descendants of very low-mass (M
< 1.5 Mg) stars.

In the wind of stars of mass M > 3.5 Mg the only dust
species formed are silicates and alumina dust. As shown in
the left panel of Fig.[T9] the typical size of the grains formed
are 0.12—0.14pm and 0.03—0.08um, respectively, for olivine
and alumina dust. The fraction of silicon condensed into sil-
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Figure 20. The size of solid carbon (open squares) and olivine
(full squares) particles formed in the wind of the AGB models
discussed here. Open, red circles and full, red points indicate, re-
spectively, the dimension of solid carbon and olivine grains formed
when the MONASH results for the description of the AGB phase
are used.

icates ranges from ~ 25% to ~ 50%, whereas for alumina
dust the fraction of aluminium condensed into dust ranges
from ~ 10% to ~ 95%. The large percentages of gasesous
aluminium condensed into dust stems from the large stabil-
ity of Al2Os, which forms at temperatures 7' ~ 1400K in
regions of the circumstellar envelope very close to the sur-
face of the star (Dell’Agli et al.[|2014)). Both the amounts
of silicates and of alumina dust formed increase with the
mass of the star, because stars of higher mass also expe-
rience higher mass-loss rates, which leads to denser winds
with a higher number of gaseous molecules available to form
dust. This in agreement with previous studies focused on
lower metallicity AGB stars (Ventura et al.|[2012albl 2014]).

Fig. shows the comparison between the grain sizes
of the dust particles found when using the present models
and the AGB models by |[Karakas & Lugaro| (2016)). For clar-
ity we only show the most relevant silicate species, olivine,
and carbon. Following the discussion above and the results
shown in Fig. [18] we know that the size of SiC particles are
extremely similar in the two cases.

The dimension of the olivine grains is fairly similar be-
tween the ATON and MONASH models. This holds both
in the massive AGB domain and for low-mass stars, with
M < 2 Mg. This is consistent with the results shown in
Fig.[[§ and with our previous study on the oxygen-rich stars
in the LMC with the largest infrared emission (Ventura et
al.||2015a). The only difference holds in the range of mass
2 Moy < M < 4 Mg, where we find some silicate produc-
tion in the present models, whereas a negligible amount of
silicates form in the MONASH case. This is because in the
latter case the achievement of the C-star stage occurs when
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Figure 21. The total dust mass produced by solar metallicity,
AGB models is shown as a function of the initial mass of the
star and indicated with black, full squares. The results based on
the MONASH models for the AGB evolution are indicated with
full, red points, whereas the results from D17 are shown as blued
diamonds.

only a tiny fraction of the envelope was lost, thus all the dust
formed and ejected into the interstellar medium is under the
form of carbonaceous dust.

The ATON and MONASH results are similar for carbon
stars of mass M < 2 Mg, whereas they differ for M ~
2 — 2.5 My. In the present models we find a much larger
formation of solid carbon particles, which reach sizes in the
range 0.2um < ac < 0.28um. Conversely, when using the
MONASH models, we find carbon grain dimensions below
0.15um. This is the only relevant difference found among the
two sets of models, which has been extensively discussed in
Section

9.4 The overall dust mass budget by AGB stars

We conclude this analysis with the discussion on the dust
mass produced by AGB stars of solar metallicity. In Fig.
we show the total dust mass produced by stars of different
mass during the AGB phase. The values of the dust mass
of the individual species formed are reported in Table |3}
the total dust mass produced is indicated in the last col-
umn of the Table. As discussed previously, most of the dust
produced by low-mass stars is solid carbon, whereas for mas-
sive AGB stars the majority of the dust formed are silicates.
The mass of SiC and alumina dust produced is significantly
smaller than the mass of carbon and silicates, and are shown
separately in Fig.

Stars with mass in the range 3.5 Mg < M < 85 Mg
produce dust masses in the range 2 x 1072 My < M <
1072 Mg. This dust is mainly silicates: the contribution of
alumina dust is below ~ 20% (see Fig. [21). Low-mass stars
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Table 3. Dust masses (in solar masses) produced by solar metallicity AGB stars.

Solar metallicity AGBs

M M, My Mgy M a0, Ms;ic Mc M; Maust
1.50 1.05E-04 3.67E-05 1.13E-05 1.28E-07 0.00E4+00 0.00E+00 3.73E-04 5.26E-04
1.75 8.00E-05 2.82E-05 9.21E-06 7.28E-08 2.22E-04 5.48E-04 1.19E-04 1.01E-03
2.00 2.59E-05 9.42E-06 3.94E-06 2.64E-08 5.00E-04 0.00E+00 1.27E-03 1.81E-03
2.25 2.33E-05 1.12E-05 4.38E-06 1.25E-08 7.55E-04 2.97E-04 2.50E-04 1.34E-03
2.50 6.70E-06 2.65E-06 1.37E-06 6.19E-09 6.68E-04 4.30E-03 1.22E-04 5.10E-03
3.00 2.77E-06 1.21E-06 5.21E-07 3.94E-09 2.95E-03 1.05E-02 8.52E-05 1.35E-02
3.50 1.43E-03 4.41E-04 5.63E-05 1.90E-05 0.00E4+00 0.00E4+00 2.54E-04 2.19E-03
4.00 1.99E-03 6.12E-04 5.48E-05 1.13E-04 0.00E4+00 0.00E+00 1.45E-04 2.92E-03
4.50 2.41E-03 7.35E-04 4.81E-05 2.36E-04 0.00E4+00 0.00E4+00 9.83E-05 3.52E-03
5.00 2.96E-03 9.09E-04 5.18E-05 4.59E-04 0.00E+00 0.00E4+00 9.75E-05 4.48E-03
5.50 3.33E-03 9.98E-04 4.61E-05 5.67E-04 0.00E4+00 0.00E4+00 6.78E-05 5.01E-03
6.00 4.09E-03 1.19E-03 4.11E-05 8.34E-04 0.00E+00 0.00E4+00 5.92E-05 6.21E-03
6.50 4.83E-03 1.41E-03 4.17E-05 1.16E-03  0.00E4+00 0.00E+00 6.29E-05 7.50E-03
7.00 5.47E-03 1.55E-03  4.08E-05 1.26E-03 0.00E4+00 0.00E+00 6.58E-05 8.39E-03
7.50 6.55E-03 1.85E-03  3.73E-05 1.52E-03 0.00E4+00 0.00E+00 7.70E-05 1.00E-02
8.00 8&.13E-03 2.16E-03 3.10E-05 1.72E-03 0.00E4+00 0.00E+00 1.06E-04 1.21E-02
850 1.01E-02 2.58E-03 2.40E-05 1.89E-03 0.00E4+00 0.00E+00 1.24E-04 1.48E-02
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in the range 1.75 My < M < 3 Mg produce carbonaceous
particles, in quantities above 1073 M. We note the peak
of ~ 1072 Mg in the dust mass produced for stellar masses
2.5—3 Mg, due to the abundant production of solid carbon
in the wind of this stars. The contribution of SiC to the total
dust produced ranges from ~ 15% to ~ 30%.

These results are in substantial agreement with the re-
sults published by D17, indicating that the details of the
solar mixture adopted has a minor effect on the dust mass
expected.

The comparison with the results based on the AGB
models by [Karakas & Lugaro| (2016)) shows that the results
in the massive AGB domain are extremely similar. In the
low-mass domain the amount of carbon dust expected when
using the MONASH models is a factor ~ 3 smaller, owing to
the differences in convection modelling. Note that this dis-
similarity is found only in a limited range of mass, namely
for 2.5 — 3 My stars.

10 THE ROLE OF METALLICITY ON THE
EVOLUTIONARY PROPERTIES OF AGB
STARS

In our previous studies we used AGB models of sub-solar
metallicity (Z = 4,8 x 107?) to interpret the evolved stars
in the MC with the largest infrared excess (Ventura et al.
2015a;, 2016al). The comparison of theoretical results with
the observational evidence is more tricky in the present case,
because the poor knowledge of the distances of Galactic
sources prevents a straightforward interpretation of the cur-
rently available observations of solar metallicity, AGB stars.
Gaia and future space missions are likely alter this
framework, with highly accurate determination of the par-
allaxes of several AGB sources and the availability of high-
quality data. To be prepared for the interpretation of these
results we discuss the differences between the present models
and the cases discussed in [Ventura et al.| (2015a} 2016a)).
On the physical side, if we focus on stars with mass
above ~ 3.5 My, we find that the HBB experienced at the
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bottom of the convective mantle is weaker in the present
models than in|Ventura et al.|(2015a},|2016a)). This result is in
agreement with previous studies, focused on the sensitivity
of the strength of HBB to the metallicity (Ventura et al.
2013). Fig. shows the temperature at the base of the
envelope of stars of various initial mass and metallicity. The
differences between the models discussed here and their Z =
4 x 10™3 counterparts reach 6T ~ 15 MK in the M > 6 Mg
domain. Given the steep sensitivity of the nuclear proton
capture cross sections for temperatures in the range 70 —
100 MK, this reflects into a much more advanced p-capture
nucleosynthesis in lower metallicity stars.

Turning to the low-mass regime, all the stars with initial
mass 1 Mo < M < 3 Mg become carbon stars during the
AGB evolution. In the present models the C-star condition
is reached in a more advanced phase compared to the models
used in [Ventura et al.| (2015a)) and [Ventura et al.| (2016a),
owing to the initial higher oxygen content, which delays the
C/O > 1 condition. As shown in the right panel of Fig.
the time fraction of the phase during which these stars are C-
rich is significantly shorter in the solar case, ranging from ~
2% to ~ 15%, compared to the lower metallicity chemistries.
We expect to detect a smaller fraction of carbon stars in the
solar metallicity environment than in the MC.

The differences outlined above affect the evolution of
the surface chemical composition of AGB stars. To show
this, we report in Fig. 23] the final surface abundances of
oxygen and nitrogen, in terms of the ratio with respect to
the initial values.

In the solar case, indicated by black squares, the sur-
face oxygen of low-mass stars (reported in the lower, right
region of the diagram) remains practically unchanged dur-
ing the AGB life, because the initial oxygen is too large
to be meaningfully affected by TDU. Conversely, for sub-
solar metallicities, the amount of oxygen transported to the
surface regions via repeated TDU events is sufficient to de-
termine a significant variation, with a maximum increase of
the order of a factor ~ 3, for the Z =4 x 1073, 2 M model.

In the three lines shown in Fig. We note the transition
to the massive domain, in the sudden increase in the surface
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Figure 22. Left: The temperature at the base of the convective envelope experienced by the solar metallicity models presented in this
work (black squares), compared with their counterparts of metallicity Z = 4 x 103 (blue diamonds) and Z = 8 x 1073 (magenta
pentagons). Right: The time fraction of the C-star phase in relation to the total duration of the AGB phase of low-mass, AGB models
of different metallicity. The meaning of the symbols is the same as in the left panel.
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Figure 23. The final surface chemical composition of the same
models presented in Fig. @, in terms of the variation of the oxy-
gen (reported on the abscissa) and nitrogen (y-axis) mass fraction,
compared to the quantities initially present in the star. The three
lines connect models of the same metallicity, with the mass in-
creasing counter-clock wise. The diagonal line marks the distinc-
tion between low-mass AGB stars, whose chemical composition is
determined by TDU, and massive AGB stars, affected by HBB.

nitrogen, a clear signature of the effects of HBB, as also
the decrease in the surface oxygen abundance. The latter
effect is more evident in lower metallicity models, because of
the more advanced nucleosynthesis experienced, according
to the discussion above and the results shown in the left

panel of Fig.

The differences in the physical behaviour and in the
variation of the surface chemical composition of AGB stars
of different metallicity reflect into the dust production.
Fig. shows the typical size of solid carbon (for stars of
mass M < 3 Mg) and olivine grains (M > 3 Mg). We focus
on these two compounds because they are the dust species
formed in the largest quantities in C-rich and O-rich gas, re-
spectively, and, more important, because these are the solid
particles providing the most important contribution to the
degree of obscuration of the star (Ferrarotti & Gaill|[2006).

The size of the olivine grains formed is bigger in the
solar metallicity models compared to their lower-Z counter-
parts, owing to the larger amount of silicon available. This
trend, though limited to smaller metallicities, was discussed
in [Ventura et al.| (2014). For what attains the carbonaceous
particles formed, the largest dimensions reached, of the or-
der of ~ 0.27um, are substantially independent of metallic-
ity: this is because the carbon dredged-up during the TDU
events is of primary origin and is almost independent of the
metallicity of the stars. On the other hand, in the solar case
only AGB stars of mass 2.5—3 M, produce significant quan-
tities of carbon dust; this is due to the later achievement of
the C-star stage, as discussed earlier in this section (see the

right panel of Fig. .
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Figure 24. The typical size of the dust particles formed in the
wind of AGB stars of different mass and metallicity. The colour
coding is the same as in Fig. For low mass stars we give the
size of solid carbon grains, whereas for massive AGB stars we
report the size of olivine particles.

11 CONCLUSIONS

We present updated models of stars with masses between
1 Mg —8.5 Mg, evolved through the AGB phase. The chem-
ical composition of the models, with metallicity Z = 0.014,
reflects the chemistry of the Sun, thus it is suitable to in-
terpret the observations of Galactic AGB stars in the so-
lar neighborhood and beyond. To evaluate how the various
results presented are affected by the description of the in-
put physics adopted, we compare the present results with
those obtained with the MONASH evolution code, which
are based on different input physics.

On the physical side, the behaviour of the models is
mainly determined by the mass of the star, with an abrupt
transition occurring around ~ 3.5 M. Lower mass stars ex-
perience TDU, which produces a gradual enrichment in car-
bon of their surface layers. Stars with initial mass 1.5 M <
M < 3 Mg reach the C-star stage with 1.2 <C/O ratios < 3
at the tip of the AGB. While the TP-AGB phase of these
stars lasts between 1 Myr and 5 Myr, the duration of the
C-star phase is below ~ 15% of the overall TP-AGB evolu-
tion. The ejecta are enriched in carbon and show a modest
increase in the nitrogen content.

Stars of mass above 3.5 M, experience HBB at the base
of the convective envelope. Their evolution times, decreas-
ing with the mass of the star, are in the range 3 x 10%yr <
Trp_ace < 3x10%°yr. Their surface chemistry shows the sig-
nature of HBB nucleosynthesis, with a significant depletion
of carbon and a considerable production of nitrogen; oxygen
and heavier species are almost unchanged at the present
metallicity. The final C/O ~ 0.05 and N/O ~ 1.8 ratios are
almost independent of the initial mass. The pollution from
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these stars is made up of C-poor gas, significantly enriched
in nitrogen.

Dust production by AGB stars is also very sensitive
to their initial stellar mass. Stars of mass 1.5 Mg < M <
3 M form mainly solid carbon particles, of size 0.1 —0.2um;
the solid carbon mass produced during the whole stellar life
ranges from 1072 My to 2 x 1072 M, according to the initial
mass of the star. The second most abundant dust species
formed in these stars is silicon carbide: SiC grains reach
typical size of ~ 0.1um, whereas the total mass of SiC dust
produced is in the range 3 x 107* — 3 x 1073 M.

Massive AGB stars experiencing HBB form silicates and
alumina dust. The amount of silicates produced increases
with the initial mass of the star, ranging from 2 x 10~3Mg
to 1072My; the typical size of silicate particles are 0.1 —
0.15pm. Owing to the small content of aluminium compared
to silicon, the mass of alumina dust produced is 5— 10 times
smaller than the mass of silicates, whereas the dimension of
alumina dust grains is about half of that of silicates.

The comparison between the present results with those
obtained with the MONASH code outlines strong similari-
ties in the results of low-mass stars, in terms of the evolu-
tion of luminosity and core mass, the variation of the surface
chemical composition and the duration of the whole AGB
phase. Use of either ATON or MONASH models would lead
to similar conclusions in the interpretation of observations
of Galactic low-mass AGB stars with solar or nearly solar
metallicity.

The description of the AGB evolution of stars of mass
above 3.5 My is more uncertain, because the results ob-
tained depend critically on the convective model adopted,
which affects directly the overall energy release, the growth
rate of the core mass and the variation of the surface chem-
istry. In the near future, observational results from ongoing
space missions will likely allow a better understanding of the
main properties of these stars.

The predictions concerning silicates, alumina dust and
SiC produced by AGB stars of solar metallicity are also sim-
ilar, allowing a model-independent interpretation of IR ob-
servations of of both O- and C-rich, dust-enshrouded stars,
and the determination of the global dust budget from AGB
stars, particularly in galaxies with recent star formation.
The amount of carbon dust produced is still affected by sig-
nificant uncertainties, primarily associated to the descrip-
tion of overadiabatic convection on the outermost regions of
C-rich stars.
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