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Abstract: We discuss the evolution of stars through the asymptotic giant branch, focusing on the
physical mechanisms potentially able to alter the surface chemical composition and on how changes
in the chemistry of the external regions affect the physical properties of the star and the duration of
this evolutionary phase. We focus on the differences between the evolution of low-mass stars, driven
by the growth of the core mass and by the surface carbon enrichment, and that of their higher mass
counterparts, which experience hot bottom burning. In the latter sources, the variation of the surface
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1. Introduction

The last decades have witnessed a growing interest towards the properties of stars
evolving across the asymptotic giant branch (AGB). This is primarily due to the important
role that these sources play in different astrophysical contexts, particularly as polluters of
the interstellar medium. Indeed, during the AGB lifetime, they eject into the surrounding
environment gas, which on the chemical side is significantly altered with respect to the
initial chemistry, and dust, formed in the cool and expanded circumstellar envelopes [1].

It is for these reasons that AGB stars are believed to be extremely important to understand
the chemical evolution of the Milky Way [2,3], the chemical patterns in star-forming re-
gions of Local Group galaxies [4], and the formation of multiple populations in Globular
Clusters [5].
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energy production in the star: as these episodes take place under conditions of thermal
instability [6], they are commonly referred to as “thermal pulses” (TP).

The alteration of the surface chemistry of AGB stars is due to different physical
mechanisms, primarily connected to the nucleosynthesis activated in internal regions of
the star, and to the efficiency of the mixing processes, which make the products of this
nucleosynthesis reach the surface regions [7]. Unfortunately, the description of the AGB
phase is made uncertain by the poor knowledge of some physical mechanisms from first
principles, mainly the treatment of the convective instability [8] and of mass loss. The study
of AGB stars is currently based on ad hoc, semi-empirical descriptions of these phenomena,
which in some cases demand the tuning of free parameters.

The evolutionary properties of the stars evolving along the AGB exhibit an outstanding
diversity, being extremely sensitive to the initial mass and metallicity. The former is relevant
in assessing the relative importance of the various mechanisms able to alter the surface
chemical composition, whereas metallicity affects the number of thermal pulses experienced
by the star and the temperature at which the internal proton capture nucleosynthesis takes
place, which in turn affects the equilibrium among the abundances of the different species.

In the present contribution, we present the main results of an ongoing research project
developed by our research team during the last decade, aimed at describing the main
aspects characterising the evolution of AGB stars, focusing on the different nucleosynthesis
channels taking place in the interior and on the efficiency of the mixing processes. The
role of the initial mass and of the chemical composition of the stars is widely discussed.
Particular care is devoted to discussing the chemical composition of the ejecta of AGB stars
of different masses and chemical compositions, to understand the role played by this class
of stars as pollutants of the interstellar medium.

2. The ATON Code for Stellar Evolution

The results presented in this contribution were obtained by means of the ATON code
for stellar evolution, which was described in detail in [9], where the interested reader can
find an accurate analysis of the numerical structure and of the input physics adopted. Here,
we recall the physical ingredients most relevant for the description of mixing during the
advanced evolutionary phases and of the AGB phase itself.

Nuclear burning and mixing of chemicals are self-consistently coupled by means of
a diffusive scheme, following the prescription by [10]. The temperature gradient with
regions unstable to convective motions is found via the full spectrum of the turbulence
model [11]. The rate of mass loss during the phases when the star is oxygen-rich at the
surface is modelled via the treatment of [12]; for the carbon star phases, we used the results
on mass loss published from the Berlin group [13,14]. The surface molecular opacities were
calculated via the AESOPUS tool [15], which allows considering the effects of the variation
of the surface abundances of the CNO species.

A detailed comparison between the results obtained by adopting these assumptions
and those from other research groups have been so far presented for the solar [16] and
sub-solar [17,18] metallicities, for extremely metal-poor chemical compositions [19], and for
super-solar chemistries [20]. These studies showed a substantial agreement on the physical
and chemical properties characterising the evolution of low-mass (initial mass below
~3 Mg, this threshold partly dependent on the metallicity investigated) stars, whereas
significant differences are found in the massive AGB stars domain, mostly related to the
differences in the treatment of the convective instability (this issue was analysed in detail
by [8]).

In summary, in the first approximation, there is a general consensus among different
research teams, regarding the results on the properties of low-mass AGB stars, which
will be presented in the next sections. Conversely, the description of massive AGBs is
extremely sensitive to the treatment of convection and mass loss, both mechanisms still
poorly known from first principles: the results obtained are therefore sensitive to the input
physics adopted.
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3. Changes in the Surface Chemistry of Stars During the Red Giant Branch Phase

Before entering the discussion on the AGB evolution of stars, we believe it important
to focus on the changes in the surface chemical composition that take place during the RGB
ascending, after the star has completed core hydrogen burning. This is because in low-mass
stars, the changes occurring during the RGB in the surface abundance of some chemical
species are comparable, or in some cases even higher than those experienced during the
AGB phase.

After hydrogen is exhausted in the core, the stars expand as the burning region moves
to a shell laying above the helium core. The general expansion and cooling of the external
regions of the star favour the formation of a convective envelope, which grows bigger and
bigger in mass, until reaching regions that have experienced some nuclear processing, with
the result that the products of H burning are mixed to the surface. This is the so called “first
dredge-up” (FDU) event, which represents the first convective episode during the life of
stars able to alter the surface chemical composition.

The material mixed to the envelope by the FDU has been subjected to partial H burning,
which means it is still mostly hydrogen, but with some added *He and the products of
CN cycling. Typical surface abundance changes from FDU are an increase in the *He mass
fraction by §Y ~ 0.03, a decrease in the >C abundance by about 30%, and an increase in the
14N and 13C abundances. The surface 2C/13C ratio is expected to decrease from the initial
value, slightly below 100, to 15-30. The effect of the FDU on other elements is relatively
minor, although there is some dispute about sodium.

Standard models do not predict any further changes on the RGB once the FDU is
complete. However, something must be occurring in real stars that is not predicted by
the models, as some tension exists between the aforementioned theoretical predictions
and results from the observations. For example, observations of the 12C /13C ratio in
open metal-rich clusters reveal values in the 10-20 range [21,22], well below the predicted
values of ~25-30. The deviation between theory and observations is even more striking in
metal-poor field stars and in giants in GCs [23-25]. In some GCs, we see a clear decrease
in [C/Fe] with increasing luminosity on the RGB [26,27], thus suggesting the action of
some form of mixing connecting the hot region at the top of the H-burning shell with the
convective envelope.

Observations generally indicate that the conflict with theory does not arise until the
star has reached the luminosity that corresponds approximately to the point where the H
shell has reached the discontinuity left behind by the FDU. The common understanding is
that deep mixing begins once the advancing H shell removes the abundance discontinuity
left behind by the FDU. This is connected with the inhibition of mixing associated with
gradients in the chemical composition, so that mixing is free to develop only once they are
removed [28].

The first possibility explored to solve this issue was that rotation, via meridional
circulation currents, might be the reason for the large deep mixing occurring after the
H-burning shell has crossed the discontinuity left behind by the FDU [29,30]. However,
Reference [31] found that the best rotating models did not produce enough mixing to
explain the decrease seen in the '2C/!3C ratio on the upper RGB: the current belief is that
rotating models do not reproduce the observations of RGB stars.

A further mechanism potentially able to favour deep mixing is thermohaline mixing.
It was first suggested by [32], who found that a y inversion, associated with the ignition
of the 3He +3 He —* He + 2p reaction, develops naturally during the evolution along
the RGB, when the H shell approaches the abundance discontinuity. This should initiate
mixing just as the H shell approaches the discontinuity in the composition left behind by
the FDU, in agreement with the observations. Unfortunately, the results are extremely
sensitive to the free parameter C entering the description of the thermohaline instability,
although it is somewhat gratifying that so many observational constraints are matched by
a value of C ~ 1000. Even if we assume that the mechanism identified by [32] is the one
driving extra mixing, it is unsatisfactory having an idealised, yet approximate, theory that
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still contains a free parameter. We need a detailed hydrodynamical understanding of the
process before firm conclusions can be drawn on this argument.

Whatever is the nature and the extent of the mixing besides the FDU experienced
by the stars during the RGB ascending, it is important to understand in which cases the
signature of this physical mechanism will affect the chemical composition of the star during
the AGB phase. We focus on the species involved in CN cycling, as the other chemical
elements are not affected by RGB mixing, with the only possible exception of sodium.

The effects of RGB mixing are erased during the AGB evolution of M > 3 M, stars,
as we will see that the surface chemistry will reflect the equilibria of the advanced proton
capture nucleosynthesis activated at the base of the external convective region. On the
other hand, the surface abundance of nitrogen in low-mass M < 3 Mg, stars is almost
entirely determined by the efficiency of the aforementioned mixing events taking place
during the RGB ascending, as no significant further synthesis of 4N is expected during
the AGB evolution of these stars. As regards carbon, we will see that the effects of RGB
mixing will be relevant only in M < 1 — 1.5 M, stars (the exact value depending on the
metallicity), whose surface chemical composition is substantially unchanged during the
AGB evolution.

4. Chemical and Physical Process in AGB Stars: A General Overview

The evolution of stars across the AGB offers a wide diversity and heterogeneity, both as
concerns the evolution of the physical properties and the changes in the surface chemistry.
The main aspects of the AGB evolution has been treated in different reviews, among which
we mention the works by [7,33,34].

On general grounds, AGB stars can be broadly divided into three groups, according
to the relative importance of the physical mechanisms able to alter the surface chemical
composition: low-mass stars, in which the surface chemical composition is substantially
unchanged during the AGB phase; stars that experience carbon enrichment in the sur-
face regions and may evolve as carbon stars; massive AGB stars, which experience hot
bottom burning.

4.1. Low-Mass O-Rich AGB Stars

We first focus on stars of mass in the 0.7-1 Mg, range', which are composed by a
~0.5 Mg core and a ~0.2-0.5 M convective envelope. An example of the evolution of
the main physical properties of such a star is shown in Figure 1, with the different panels
reporting the change with the AGB time of the core and total mass, luminosity, and effective
temperature. The results of Figure 1 refer to a 0.9 M, star with metallicity Z = 8 x 1073,
which is typical of stars in the Large Magellanic Cloud [35]. The stars in this mass domain
suffer significant mass loss during the red giant branch (RGB) phase; thus, stars with
masses similar to those considered here likely descend from 1-1.2 M, progenitors.

The evolution of these objects is characterised by the gradual loss of the external
mantle, which is accompanied by the growth in the core mass, which in this specific case,
as shown in the left panel of Figure 1, rises from ~0.53 M, at the beginning of the AGB
phase, to ~0.58 M, during the phases preceding the post-AGB evolution and the white
dwarf cooling. Indeed, the evolution of these stars is driven by the growth of the core mass,
which triggers a gradual increase in the luminosity of the star. This is in agreement with the
classic study by [36], who demonstrated that a linear relation between the core mass and
luminosity of AGB stars holds, as far as there is a radiative buffer separating the external
envelope and the hydrogen-burning shell. This behaviour can be seen in the right panel of
Figure 1, where we see the rise of the luminosity, from ~2000 Ls to ~5500 L.
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Figure 1. (Left) Variation during the AGB phase of the total mass (black line) and core mass (red) of a
0.9 M, star of metallicity Z = 8 x 1073, (Right) variation of luminosity (black, scale on the left) and
effective temperature (red, scale on the right) for the same model star in the left panel.

The decrease in the mass of the envelope favours a general cooling of the external
regions, with the effective temperatures diminishing by ~500 K during the AGB lifetime.
The simultaneous increase in the luminosities and cooling of the outermost regions make
the star evolve on a more expanded configuration, with lower surface gravities, thus
enhanced mass loss rates. The loss of the envelope becomes faster and faster, as can be seen
in the left panel of Figure 1, until after seven TPs, the star begins the post-AGB evolution
(this can be seen in the sudden increase in the effective temperature on the right side of the
right panel of the figure).

No significant change in the surface chemical composition of low-mass stars is ex-
pected to take place during the AGB lifetime. The final surface chemistry reflects mainly the
effects of the mixing processes occurring during the RGB ascending, discussed in Section 3,
which favour the decrease in the abundance of '>C and lithium and the rise in the surface
mass fractions of helium and nitrogen and in the 13C /12C ratio [37,38].

4.2. Low-Mass C-Rich AGB Stars

The stars with initial mass in the 1-3 M, range experience a higher number of TPs
with respect to their lower-mass counterparts discussed earlier in this section, because
their envelope is initially more massive; thus, a longer time is required before it is lost
in its entirety. The most significant difference with respect to lower-mass stars is that the
number of TPs experienced is sufficiently large such that the base of the convective envelope
eventually penetrates inwards until reaching regions of the star previously contaminated by
helium-burning nucleosynthesis [39]. This physical process, known as the third dredge-up
(TDU), leads to a gradual enrichment in the surface carbon content and, to a lesser extent,
in the oxygen abundance.

An example of the evolution of a model star belonging to this group is shown in
Figure 2, which reports the time AGB variation of mass (both total and core mass), lumi-
nosity, and the surface mass fraction of the CNO elements as a function of the time elapsed
since the start of the AGB phase.
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Figure 2. (Left) AGB evolution of the total and core mass (black and red lines, scale on the left) and
of the luminosity (blue, scale on the right) of a 2 M model star of metallicity Z = 8 x 10-3. (Right)
variation of the surface CNO mass fractions; the grey-shaded area indicates the C-star phase.

These stars, similar to their lower mass counterparts, obey the core mass—luminosity
relationship by [36] discussed previously; thus, the luminosity increases as the core mass
grows bigger. In the specific case reported in Figure 2, the luminosity reaches ~7500 L,
during the final AGB stages. The effects of the TDU can be recognised in the right panel of
Figure 2, in the steep rise in the carbon mass fraction following each TP. When the number
density of carbon particles exceeds that of oxygen, the star enters the carbon star stage. In
the case shown in Figure 2, this takes place during the final part of the AGB phase (outlined
with grey shadowing), whereas for the initial ~70% of the AGB lifetime, the star evolves as
an M-type star.

The achievement of the C-star stage has important consequences on the evolution of
AGB stars. Once the C/O > 1 condition is reached, the surface molecular opacities increase
significantly [40], favouring the expansion and cooling of the surface regions [41,42] and
the consequent formation of large amounts of dust [43]. All these factors lead to a fast
increase in the mass loss rate, which causes the rapid loss of the external mantle. This effect
can be seen in the left panel of Figure 2, where we note that the rate with which the mass of
the star diminishes increases during the final AGB phases.

On the chemical side, the increase in the mass loss rate during the C-star phase
has two important consequences: (a) the fast loss of the envelope prevents the star from
experiencing a very large number of TPs and TDU events, thus the surface carbon mass
fraction can hardly exceed ~1% in all cases; (b) because most of the mass is lost after the
C-star stage is reached, the chemical composition of the gas expelled from these stars is on
average significantly enriched in carbon.

4.3. Massive AGB Stars

When the core mass of AGB stars exceeds ~0.8 M, [44], the density and temperature
gradients become so steep that the innermost regions of the convective envelope are
partially overlapped with the CNO-burning shell, which favours the ignition of proton
capture nucleosynthesis at the bottom of the envelope, a phenomenon known as hot bottom
burning (HBB) [45]. The limit in the core mass given above corresponds to a minimum
initial mass of ~3 Mg, the exact value being sensitive to the assumptions regarding core
overshoot during the main sequence evolution. This limit is also partly dependent on the
metallicity of the star, as will be discussed in the following sections.

The activation of HBB leads to a significant increase in the overall luminosity of the star,
far in excess (up to ~4-times higher in the most extreme cases) of the predictions based on
the classic core mass—luminosity relationship by [36], discussed in Section 4.1 [46]. Before
entering the discussion on the main properties of the stars experiencing HBB, we believe it
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important to stress once more that the results regarding the ignition and the strength of the
HBB experienced by massive AGB stars are critically dependent on the description of the
convective instability, particularly on the modality with which the temperature gradient is
calculated in regions unstable to convective motions [8,47].

Figure 3 shows the evolution of a 5 My model star with the same metallicity,
Z =8 x 1073, as the models presented in Figures 1 and 2. In the top-left panel of the
figure, we can clearly see the deviation from the core mass—luminosity relationship dis-
cussed previously and the significant increase in the luminosity of the star. In the specific
case shown in the figure, the largest luminosities are of the order of 50,000 L; in higher-
mass and/or lower-metallicity stars, the largest luminosities reached exceed 10° L, [19]. In
the same panel of Figure 3, we recognise the typical evolution of the luminosity of massive
AGB stars, which increases during the initial part of the AGB phase, until reaching a maxi-
mum value, then declines, as HBB is gradually turned-off by the loss of the external mantle.
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Figure 3. Time variation of luminosity (top, left panel), temperature at the base of the enve-
lope (top, right), CNO mass fractions and the surface lithium in the loge(’Li) scale (where
loge(’Li) = 12 + log[n(”Li) /n(H)], scale on the right) (bottom, left), and Na-Mg-Al abundances

(bottom, right) of a 5 M model star of metallicity Z = 8 x 1073,

On the chemical side, the activation of HBB triggers a fast decline in the surface
carbon and the parallel increase in the nitrogen content. This can be seen in the bottom,
left panel of Figure 3, where the anti-correlation between the '?C and “N behaviours is
particularly clear in the ~2—4 x 10* y time interval 2. These phases are also characterised by
the synthesis of large quantities of lithium, which is produced by means of the Cameron-—
Fowler mechanism [48,49]. The super-rich lithium phase, which can be broadly defined as
the time interval during which log €(“Li) > 2, lasts until there is some residual *He in the
envelope. During the second part of the AGB phase, when the temperature at the bottom
of the convective envelope exceeds ~80 MK, ®O burning via the O(p, v)”F reaction



Universe 2022, 8, 45

8 of 19

takes place, which eventually favours a further increase in the N content. No further
depletion of '2C takes place after the beginning of 'O burning, as the carbon equilibrium
abundance increases when the full CNO cycling is activated. In the very late phases, we
note the rise in the surface mass fraction of '2C and '°Q: this is due to the effects of a few
TDU events that take place after HBB is turned off, as a consequence of the gradual loss of
the convective mantle.

In the bottom, right panel of Figure 3, we show the surface abundances of other species
involved in proton capture nucleosynthesis, namely magnesium, sodium, and aluminium.
We see the depletion of the surface Mg, which starts shortly after the ignition of O
burning, and the parallel increase in the Mg and /Al content. The surface sodium also
increases, a signature of the activation of the Ne-Na chain.

While the activation of the CN nucleosynthesis and the synthesis of lithium is a general
feature of the evolution of the stars experiencing HBB, the occurrence of a more advanced
nucleosynthesis affecting the surface mass fractions of the other species from °0 to 28Si is
extremely sensitive to the metallicity of the star [50]. Further discussion on the metallicity
effects will be addressed in the following sections.

4.4. Pollution from AGB Stars: General Trend with the Stellar Mass

The results presented earlier in this section outline that the main properties of AGB
stars are tightly connected with the initial mass. On the physical side, this regards primarily
the luminosity reached by the stars and therefore the AGB lifetime. We saw earlier in this
section that the luminosity range attained during the AGB lifetime is 3000-50,000 L, which
corresponds to typical evolutionary AGB time-scales from a few 10* y, for the brightest and
highest-mass stars, to a few 10° y, for the lowest-luminosity AGBs. These numbers refer to
the Z = 8 x 1073 metallicity considered in the examples presented in Figure 1-3. In the
metal-poor domain, massive AGBs evolve at higher luminosities, which reach ~ 2 x 10° L,
in the ultra-metal-poor cases [19].

As concerns the variation of the surface chemical composition, the role of the initial
mass is extremely important, as we showed that it is the key parameter determining the
relative importance of the TDU and HBB in modifying the surface chemistry during the
AGB phase: low-mass stars experience the TDU only, whereas the higher-mass counterparts
are exposed to HBB. This in turn affects the pollution from low- and intermediate-mass
stars, because it is during the AGB phase that most of the mass of the envelope is removed
from the star.

To discuss the chemical composition of the ejecta from AGB stars of various masses,
we show in Figure 4 the gas yields of various chemical species of Z = 8 x 10~ stars. We
follow the classical definition of the stellar yield, i.e., the yield of a given element i is the
net amount of the newly produced element that is ejected in the interstellar medium by a
star during its life:

Y, = / [X; — Xinit] V1t

The integral is calculated over the entire stellar lifetime; XI"! is the mass fraction of
species i at the beginning of the evolution; M is the mass loss rate.

The 12C yields are the most sensitive to the stellar mass. In the M < 3 M domain,
Y (12C) increases with the mass of the star, as the higher the initial mass, the larger the num-
ber of TDU events experienced, and the higher the surface carbon enrichment: 2.5-3 M
are those experiencing the largest carbon enrichment, with carbon yields slightly below
0.02 Mg. A clear discontinuity in Y('2C) is seen at 3.5 M, owing to the ignition of HBB
in M > 3.5 M, stars. HBB favours the destruction of the surface 1>C (see the bottom, left
panel of Figure 3); thus, the carbon yields turn negative, down to ~—0.006 My for the
largest masses considered, which are exposed to the strongest HBB conditions.
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Figure 4. Yields of the most abundant isotopes involved in the CNO nucleosynthesis (left panel) and
of sodium, magnesium, and aluminium (right) of Z = 8 x 1073 stars of different initial masses.

The oxygen yields on qualitative grounds follow the same behaviour of carbon. In the
low-mass domain, the sensitivity to the initial mass of the star is smaller than carbon,
because the amount of 1°O transported to the surface via the TDU is significantly smaller
than 2C (see the right panel of Figure 2). In the case of massive AGBs, the (negative)
trend of Y(10) is steeper than Y (1?C): this is because the rate of the °O destruction is
sensitive to the temperature at the base of the envelope, hence to the mass of the star,
whereas as discussed in Section 5.2, the equilibrium abundance of 1?C is not sensitive to
the temperature, under HBB conditions involving the whole CNO cycling (see the bottom,
left panel of Figure 3).

The nitrogen yields also exhibit a clear discontinuity around the threshold mass
required to activate HBB: for M < 3.5 M, we find a small production of *N, due to the
effects of the FDU experienced during the RGB phase, as discussed in Section 3. Significant
nitrogen production takes place when HBB is activated: the corresponding N yields span
the 0.01-0.015 M, range, when the initial mass increases from 3.5 Mg to 8 M.

The chemical species heavier than oxygen are mostly affected by HBB at these metal-
licities; thus, neither production nor destruction are expected in the low-mass domain.
A deviation from this general behaviour, which will be discussed in the following section, is
found in ultra-metal-poor stars. Indeed, in the right panel of Figure 4, we see that alterations
in the gas composition as concerns Na, Mg, and Al is limited to masses above 3 M. The
ejecta of these stars are enriched in sodium, which is produced by 2’Ne(p, 7)>*Na reactions
at the base of the convective envelope and in % Al, consequently to proton captures on
magnesium nuclei; the activation of the Mg—Al nucleosynthesis is further confirmed by the
negative yields of 2Mg, which decrease down to ~—0.001 M, for 8 M, stars.

The results discussed in the present section are intended to give a broad indication of
how the yields of the different chemical species change with the mass of the star. However,
the yields are extremely sensitive to the metallicity of the star. This regards in particular
the threshold mass required to activate HBB, which increases with Z, and the effects of
HBB itself, which are more pronounced at the lower metallicities; this concerns, e.g., the
negative yields of oxygen and magnesium and the positive yields of sodium.

5. Chemical Pollution from AGB Stars of Different Metallicities

The results presented so far give a general idea of how AGB stars evolve and the
modality with which they contaminate their surroundings, with gas altered with respect to
the original chemical composition by different physical mechanisms. However, a thorough
understanding of the gas pollution from this class of stars demands considering the role
of metallicity, which affects the evolution across the AGB in different ways, related to the
initial chemical composition of the different species, the internal temperature and density
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stratifications, the surface opacities, the equilibrium radius of the stellar structures, and the
mass loss rates experienced.

5.1. How Metallicity Affects the Evolution of Low-Mass AGBs

We showed in Section 4.2 that in the low-mass domain, the TDU is the only mechanism
able to alter the surface chemical composition of the stars, which becomes progressively
more and more enriched in carbon. While this can be considered as the general behaviour
of low-mass stars, the amount of carbon that is accumulated in the surface regions and the
time fraction during which the stars evolve as carbon stars are sensitive to the metallicity.

In Figure 5, we consider model stars of different metallicity, with an initial mass typical
of stars undergoing significant carbon enrichment at the surface, i.e., 2 M. The panels
show the evolution of the surface 1>C mass fraction and of the C/O ratio (the latter is
in log units, to allow showing the results corresponding to the different Z’s on the same
plane). The variation of the surface carbon is shown as a function of the current mass of the
star, to have an idea of the carbon content of the gas ejected into the surroundings of the
star. On the other hand, to have an idea of the fraction of time spent in the C-star phase,
the variation of the C/O ratio is reported as a function of the AGB lifetime, normalised
to the total duration of the AGB phase. For the sake of clarity, we limited this analysis
to four metallicities, extending from the extremely metal-poor domain (Z = 3 x 10~°) to
super-solar metallicities (Z = 0.03).

0.03
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7=0.001
Z=3x10"°
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Figure 5. Variation of the surface mass fraction of 12C (left panel) and of the C/O ratio (right,
logarithmic scale) of model stars of initial mass 2 M and different metallicities, extending from the
ultra-metal-poor domain to super-solar chemistries. The former quantity is shown as a function of
the current mass of the star, whereas the carbon-to-oxygen ratio is reported as a function of the AGB
lifetime, normalised to the overall duration of the AGB phase. The thin horizontal line in the right
panel indicates the C=O condition at the surface, thus delimiting M-stars and carbon stars.

It is clear from the results shown in the right panel of Figure 5 that the lower the metal-
licity of the star, the earlier the C-star stage is reached and the higher the fraction of AGB
time during which the star evolves as a C-star. The reason for this trend is the lower initial
oxygen content in low-Z stars, which eases the achievement of the C/O > 1 condition. We
note the significant differences among the results corresponding to different Z’s: in the
Z =3 x 1077 case, the star evolves as a C-star for almost the entire AGB lifetime, while the
Z = 0.03 model star never becomes a C-star.

The metallicity of the stars also affects the amount of carbon that can be accumulated
to the surface, as shown in the left panel of Figure 5, where we see that the final surface
carbon abundance, decreasing with the metallicity, ranges from ~0.007, for Z = 0.03, to
~0.025, for Z = 3 x 107°. The reasons for this behaviour are related to the reaction of the
surface regions of the star to the enrichment in carbon and to the differences between the
mass loss rates suffered by stars of similar mass and different metallicities. We discussed



Universe 2022, 8, 45

11 of 19

in Section 4.2 that the transition from an M-type to C-star is accompanied by a significant
increase in the surface molecular opacities, which triggers the expansion of the surface
regions and the consequent enhancement in the mass loss rate experienced. This partly
inhibits the accumulation of carbon in the surface regions, as the envelope of the star
is quickly removed, thus limiting the number of further TDU events experienced. The
structure of low-metallicity stars is more compact; thus, the stellar radii and the mass
loss rates corresponding to a given surface carbon mass fraction are smaller than in the
higher-metallicity counterparts: therefore, the number of TDU events experienced by
low-metallicity stars is higher, which is the reason for the higher final surface carbon
abundances attained.

5.2. The Connection between the Strength of the HBB of Massive AGBs and Metallicity

Figure 6 shows the largest luminosity and temperature at the base of the envelope attained
by stars of different masses and metallicities, chosen in the Z = 3 x 10~7 — 0.03 domain. The
results shown in Figure 6 confirm previous findings that lower-metallicity stars are generally
brighter than the higher-Z counterparts and are characterised by hotter temperatures at the
bottom of the external envelope [44].

5.5 — T T T 8.5 T

4.5 —
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Figure 6. The largest luminosities (left panel) and temperatures at the bottom of the envelope (right)
attained by AGB stars, as a function of the initial mass. The various colours and symbols refer to
the metallicities Z = 3 x 10~7 (black squares), Z = 3 X 103 (red triangles), Z = 103 (blue points),
Z = 8 x 1073 (green diamonds), solar metallicity (Z = 0.014, orange pentagons), and Z = 0.03
(magenta crosses).

The metallicity affects the minimum threshold mass required to activate HBB: in the
ultra-metal-poor domain, HBB conditions are reached in M > 2 M stars [19], whereas in
the super-solar case, the ignition of HBB requires a minimum mass of ~3.5 Mg [20].

The strength of the HBB experienced is also sensitive to the metallicity of the star.
The nucleosynthesis that takes place at the bottom of the envelope of metal-poor, massive
AGB stars is more advanced than in the metal-rich domain. As shown in the right panel
of Figure 6, the temperatures reached at the base of the envelope barely reach 100 MK in
super-solar-metallicity AGBs, whereas they are 200 MK in the ultra-metal-poor domain.

These differences affect the evolution of the surface chemistry of the stars, therefore
the chemical composition of the ejecta. To discuss this point, we show in Figure 7 the
variation of the surface mass fraction of 1°0, 22Na, and 2’ Al during the AGB phase of 5 M,
model stars of the same metallicities discussed in Figure 5. The quantity shown is the ratio
of the mass fraction of the individual species considered with respect to the initial quantity,
to have an idea of the percentage variation. We did not consider carbon and nitrogen
here, because CN cycling is operative under HBB conditions, independently of metallicity;
conversely, the occurrence and the efficiency of proton capture reactions involving heavier
species is highly sensitive to Z [50].



Universe 2022, 8, 45

12 0of 19

The evolution of the surface oxygen is tightly connected with the temperature at
which the nucleosynthesis takes place, as '°0 is exposed to proton captures at the base
of the envelope, while there is no reaction producing 'O efficiently: therefore, oxygen is
destroyed at the surface of massive AGBs across the whole AGB phase. The significant
sensitivity of the 1°O depletion with metallicity is clear: the surface oxygen is practically
unchanged in the Z = 0.03 case, whereas it is almost completely destroyed in the envelope
of the 3 x 10> model star.
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Figure 7. Variation of the surface mass fraction of 10O (left panel), 25Na (middle), and %Al
(right) during the AGB phase of 5 M, model stars of the same metallicities presented in Figure 5:
Z =3 x 1072 (blue line), Z = 1073 (green), Z = 8 x 1073 (red), and Z = 0.03 (black). On the abscissa,
we report the current mass of the star. The various mass fractions are reported with respect to the
initial abundances.

The behaviour of sodium, which reflects the activation of the Ne-Na chain, is more
tricky, as the equilibrium surface mass fraction arises from the balance between the for-
mation and destruction channels [51]. Significant sodium production takes place in the
Z =0.03and Z = 8 x 1073 cases, as the temperatures reached at the base of the envelope
are sufficiently large to activate the ??Ne(p, 7)**Na reaction, at rates much higher than
the proton captures 2Na(p, 7)**Mg and Na(p, «)>’Ne. In the metal-poor domain, the
latter destruction channels take over; thus sodium, after a short, initial production phase, is
destroyed in the surface regions of the star.

Note that the surface abundances of both sodium and oxygen increase during the very
final phases, owing to the effects of late TDU events, which become the only mechanism
able to alter the surface chemical composition after HBB is turned off.

The surface mass fraction of 2 Al reflects the activation of the Mg-Al chain. The poor
aluminium production occurring at super-solar metallicities is favoured by proton captures
by the heavier and less-abundant isotopes of magnesium, namely Mg and ?°Mg; the
temperatures in this case are not sufficient to favour the destruction of the most abundant
isotope 2Mg, which is required to reach large Al production. As the metallicity decreases,
the 27 Al production increases, as the depletion of 2Mg takes over. Note that the surface 27 Al
barely grows beyond a factor of 10, as the synthesis of silicon takes place in environments
largely enriched in aluminium. In the ultra-metal poor domain, the HBB temperatures are
so high that the nucleosynthesis is so advanced so as to favour the destruction of aluminium
and silicon at the surface of the star.

6. Gas Pollution from AGB Stars: A General Overview

In the previous section, we examined the physical and chemical properties of AGB
stars, particular focused on the modality with which the surface chemical composition
changes in stars of different masses and metallicities. We now discuss the general pollution
expected from these stars, focusing on the average chemical composition of the gas that
they share with the interstellar medium across the whole AGB lifetime. We start with
helium, then we focus on the CNO and other species involved in HBB nucleosynthesis.
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6.1. Helium in the Ejecta of AGB Stars

The gas expelled from AGB stars is enriched in helium. This is reported in Figure 8,
which shows the average helium mass fraction of the ejecta of stars of various masses
and metallicities. The small increase with respect to the initial abundance of the helium
content of the ejecta of low-mass AGBs is due to the effects of the FDU (see the discus-
sion in Section 3) and to the gradual surface helium enrichment, favoured by the CNO
nucleosynthesis in the hydrogen-burning shell.

04 -
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Figure 8. Average helium content of the ejecta of stars of various masses and metallicities. The
average is obtained by the integral over the AGB time of the rate at which helium is lost by the star
(in turn given by the product of the surface helium mass fraction and the mass loss rate of the star),
normalised to the total mass lost by the star during the AGB phase. The colour coding adopted is the
same as in Figure 6.

Stars with initial mass above ~3 M, are exposed to a convective mixing episode taking
place soon after the exhaustion of the central helium, known as the second dredge-up (SDU).
As in the case of HBB, the minimum threshold mass required to experience the SDU is
slightly sensitive to the metallicity and increases with Z. During the SDU, the external
mantle of the star penetrates inwards, past the H-He discontinuity; this process, which is
made easier by the temporary extinction of the H-burning shell, favours the transportation
of helium-rich material towards the surface layers, which become more and more enriched
in helium [52].

The extent of the SDU increases with the mass of the star [53]: the helium enrichment
associated with the second dredge-up reaches a maximum of 6Y ~ 0.1 for 7-8 M, stars. The
ejecta of massive AGBs are characterised by a helium abundance close to 40%: this is the
reason why these stars are considered as possible pollutants of the interstellar medium in
Globular Clusters, providing the gas from which multiple stellar populations formed [53].

The predictions regarding the helium content of the ejecta are more robust than for the
other chemical species, as most of the helium enrichment occurs during the SDU, taking
place before the beginning of the TP phase, whose description is independent of all the
uncertainties affecting AGB modelling.
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6.2. The CNO Species

To discuss the nucleosynthesis internal to AGB stars and the relative impact on the
pollution of the interstellar medium, we show in Figure 9 the average mass fraction of
different chemical species in the ejecta, with respect to the initial abundances. This choice
allows understanding the extent of the production/destruction of a given element across
the whole AGB phase, independent of the initial metallicity of the stars. We focus on the
elements involved in the chemical reactions providing the largest contribution to the overall
energy release and on other chemical species whose variation during the AGB phase is a
key indicator of the efficiency of the chemical processes able to alter the surface chemical
composition of these stars.

log[<X(**C)>/X,(**C)]

log[ <X(*0)>/X,(**0)]

log[<X(Mg)>/X,(Mg)]
log[<X(*’A1)> /X, (*"A1)]
[
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Figure 9. Ratio of the average abundance of different chemical species with respect to the initial mass
fraction as a function of the initial mass of the star. The different colours and symbols have the same
meaning as in Figures 6 and 8.
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The carbon yields shown in the top, left panel of Figure 9 exhibit clear trends with
mass and metallicity, in agreement with the discussions in the previous sections. For
each metallicity, we find that the average >C in the ejecta increases with the initial mass
in the mass range of the stars not experiencing HBB, which is limited to ~2 Mg, in the
ultra-metal-poor domain, whereas it is ~3.5 Mg in the super-solar-metallicity case. The
production factor of carbon is higher in lower-metallicity stars: in the super-solar-metallicity
domain, the carbon enrichment in the ejecta is below 20%, whereas in the Z = 3 x 10~° and
Z =3 x 1077 cases, the average '?C in the ejecta is four and six orders of magnitude higher
than in the initial chemical composition, respectively. The reason for these differences is
that the amount of carbon dredged up to the surface during each TDU event is substantially
independent of metallicity, whereas the initial carbon abundance scales with Z. Low-mass,
ultra-metal-poor AGBs are therefore efficient manufacturers of primary carbon.

In the mass domain of the stars experiencing HBB, the yields are less sensitive to
the metallicity, because the equilibrium carbon abundances under HBB conditions is pro-
portional to the metallicity of the star. The mass of the star is not particularly relevant
in this context, as the equilibrium carbon abundance is roughly independent of the HBB
temperatures (see the bottom, left panel of Figure 3). The rising trend with mass in the
carbon yields of 7-8 M, stars is because after the end of core helium burning, the SDU is
so deep that it reaches regions of the star enriched in carbon: this mechanism, known as
dredge-out [54], favours the carbon enrichment of the surface regions.

On the qualitative side, the behaviour of the oxygen production factor is similar
to carbon, but the sensitivity to the metallicity is higher. In the low-mass domain, a
negligible 1°O enrichment is found for Z > 8 x 103, whereas in the metal-poor domain,
the production factor increases towards the lowest metallicities considered, up to ~ 10* for
Z =3 x 1077, In the mass range of the stars experiencing HBB, the oxygen in the ejecta
is on average lower than in the gas from which the stars formed. This effect is negligible
for Z > 8 x 1073, because as shown in Section 5.2, the HBB experienced is not sufficiently
vigorous to favour significant depletion of the surface 1°O in this metallicity domain. On
the contrary, in metal-poor, massive AGB stars, the ignition of hot CNO cycling at the base
of the envelope leads to oxygen-poor ejecta; in the ultra-metal-poor domain, the gas lost
by the stars is practically oxygen-free. The rising trend of the 1°O production factor in the
metal-poor, M > 5 Mg, stars is connected to the occurrence of the dredge-out, similar to
what is found for 12C.

The nitrogen yields are also sensitive to mass and metallicity, but unlike carbon and
oxygen, the associated production factor is above unity in all cases. In the ejecta of low-
mass stars, from sub-solar to super-solar metallicity, some 14N enrichment is found, in
agreement with the arguments discussed in Section 3, owing to the effects of the FDU. The
corresponding production factor scales with metallicity and is of the order of ~2-3. In the
higher-mass counterparts, the activation of HBB triggers the increase in the surface N,
which is enhanced by a factor ~10. In low-mass, metal-poor stars, the TDU is so efficient in
modifying the surface chemistry that some *N production via p-captures by 2C nuclei
takes place, despite the relative cool temperatures at the base of the convective envelope. Of
particular importance are the stars in the 24 M mass domain, where significant amounts
of primary nitrogen are produced at the expenses of the '2C dredged up from the ashes of
the helium-burning shell: these stars are among the most efficient manufactures of primary
nitrogen. Even as concerns nitrogen, the rising trend of the *N production factor with mass
found in the most massive, low-metallicity AGBs is due to the effects of the dredge-out,
which brings fresh 12C to the surface, later converted into 14N.

6.3. From Sodium to Aluminium

The sodium yields are sensitive to the amount of fresh 2Ne transported to the surface
by the TDU and to the ignition of the Ne-Na nucleosynthesis at the base of the envelope. As
far as the effects of HBB are concerned, we see that the production factor of 2Na is higher
the higher the metallicity, because the HBB temperature increases at lower metallicities and
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the sodium equilibrium abundances diminish, as the destruction channels take over. This
is consistent with the analysis presented in Section 5.2 and the results shown in Figure 7
(middle panel). In the most-metal-poor cases, the nucleosynthesis occurring at the base of
the envelope is so efficient that the sodium content of the ejecta is extremely small. In the
low-mass domain, sodium enrichment is found in the metal-poor case, owing to sodium
synthesis by ?>Ne nuclei dredged up after each TP.

The magnesium and aluminium yields reflect the effects of mixing and of the HBB
Mg-Al nucleosynthesis. The magnesium content of the ejecta of Z > 8 x 1073 stars is
substantially unchanged with respect to the initial quantity, as the amount of Mg dredged up
from the internal regions of the star is not sufficient to alter the surface abundance, and the
HBB experienced, consistently with the results discussed in Section 5.2, is not sufficiently
strong to activate proton captures by Mg nuclei. In the %Al case, some enrichment is
expected in the ejecta in the solar and sub-solar cases, owing to the effects of proton
captures by the heavier (and less abundant) magnesium isotopes, Mg and 2Mg. In the
ejecta of low-metallicity stars, both the Mg and %’ Al contents are significantly altered with
respect to the initial quantities.

In low-mass stars, large amounts of magnesium are dredged up to the surface regions
after each TP; thus, the ejecta are enriched in magnesium. The production factor is higher
the lower the metallicity is, reaching ~10% in the ultra-metal-poor domain. The considerable
increase in the surface Mg leads to the activation of the Mg—Al chain even in the low-mass
domain, with the production factor of 2’ Al reaching ~10* for Z = 3 x 10~7.

In metal-poor, massive AGBs, the activation of HBB leads to the depletion of the
surface magnesium: the Mg content of the ejecta is a factor ~2 smaller than the initial
abundance in Z = 10~ stars, whereas in the ultra-metal-poor domain, the gas expelled by
massive AGBs is practically magnesium-free. The trend of the 2’ Al production factor of
massive AGBs with metallicity is more tricky. When the metallicity decreases to Z = 1073,
the 27 Al production factor is ~10. In the ultra-metal-poor domain, little 2’ Al is present in
the ejecta, as the HBB nucleosynthesis is shifted to heavier chemical species.

7. Conclusions

We discussed the evolution of 1-8 M, stars across the AGB phase, until the beginning
of the general contraction that leads to the post-AGB and Planetary Nebula stages. To
study the impact of the chemical composition of the stars on the main general evolutionary
properties and on the pollution of the interstellar medium, we considered a wide range of
metallicities, extending from the ultra-metal-poor domain, with Z = 3 x 1077, to super-
solar chemical compositions, with Z = 0.04.

The initial mass of the star was confirmed as the most relevant quantity in determining
the main evolutionary properties and the modification of the surface chemical composition.
For each metallicity, a threshold-limiting mass of ~2-3 My, separates low-mass stars from
massive AGBs. The former experience a series of thermal pulses, followed by the occurrence
of third dredge-up episodes, which eventually lead to the formation of carbon stars. The
evolution of these stars is driven by the growth in the core mass, which in turn favours the
increase in the overall luminosity, which eventually reaches 5000-12,000 L, the higher
masses evolving to higher luminosities. On the other hand, massive AGBs experience hot
bottom burning, which favours the destruction of the surface carbon and is associated with
a fast increase in the luminosity, which in the largest mass stars approaches and overcomes
10° L.

The metallicity of the stars is important to determine the evolution and particularly
the chemistry of the ejecta of AGB stars. The aforementioned threshold mass separating
the low-mass domain from massive AGBs changes from ~2 Mg, for ultra-metal-poor
chemistries, to ~3.5 Mg, for super-solar chemical compositions.

The modification of the surface chemical composition of AGB stars, and the relative
chemistry of the ejecta, is extremely sensitive to the metallicity. This is particularly true
for massive AGBs, where the signatures of HBB nucleosynthesis changes considerably
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with the temperature at the base of the convective envelope, which in turn is highly
sensitive to Z. This regards in particular the elements involved in advanced proton capture
nucleosynthesis, such as °O and magnesium, whose abundance is practically unchanged
with respect to the initial mass fraction in the ejecta of solar and super-solar stars, whereas
it approaches zero in the ultra-metal-poor metallicity domain.
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Notes

1

The masses given here and in the following sections refer to the beginning of the AGB phase. The masses of the progenitors are
generally higher and are sensitive to the mass lost during the red giant branch phase.

The beginning of HBB and of the relative chemical signatures start earlier during the AGB phase the higher the initial mass of the
star is.
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