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ABSTRACT

Context. The study of stars evolving through the asymptotic giant branch (AGB) proves crucial in several astrophysical contexts,
given the important feedback provided by these objects to the host system, in terms of the gas, poured into the interstellar medium
after being exposed to contamination from nucleosynthesis processes, and the dust formed in their wind. Most of the studies conducted
so far have been focused on AGB stars with solar and sub-solar chemical composition, whereas the extremely metal-poor domain has
been poorly explored.
Aims. We study the evolution of extremely metal-poor AGB stars, with metallicities down to [Fe/H] = −5, to understand the main
evolutionary properties, the efficiency of the processes able to alter their surface chemical composition and to determine the gas and
dust yields.
Methods. We calculate two sets of evolutionary sequences of stars in the 1−7.5 M� mass range, evolved from the pre-main sequence to
the end of the AGB phase. To explore the extremely metal-poor chemistries we adopted the metallicities Z = 3×10−5 and Z = 3×10−7

which correspond, respectively to [Fe/H] = −3 and [Fe/H] = −5. The results from stellar evolution modelling are used to calculate
the yields of the individual chemical species. We also modelled dust formation in the wind, to determine the dust produced by these
objects.
Results. The evolution of AGB stars in the extremely metal-poor domain explored here proves tremendously sensitive to the initial
mass of the star. M ≤ 2 M� stars experience several third dredge-up events, which favour the gradual surface enrichment of 12C
and the formation of significant quantities of carbonaceous dust, of the order of ∼ 0.01 M�. The 13C and nitrogen yields are found
to be significantly smaller than in previous explorations of low-mass, metal-poor AGB stars, owing to the weaker proton ingestion
episodes experienced during the initial AGB phases. M ≥ 5 M� stars experience hot bottom burning and their surface chemistry
reflects the equilibria of a very advanced proton-capture nucleosynthesis; little dust production takes place in their wind. Intermediate
mass stars experience both third dredge-up and hot bottom burning: they prove efficient producers of nitrogen, which is formed by
proton captures on 12C nuclei of primary origin dredged-up from the internal regions.
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1. Introduction

The last decades have witnessed a growing interest towards the
evolution of the stars evolving through the AGB. This evolu-
tionary phase, which follows core helium burning and precedes
the white dwarf cooling, is crossed by all the stars with initial
mass in the 0.8 − 8 M� range, the exact values of the threshold
mass limits being sensitive to the metallicity and to the still de-
bated extension of the convective core during the main sequence
phase.

The reason why AGB stars have attracted the interest of the
astrophysical community is the important role played in different

contexts, such as the chemical evolution of the Milky Way (Ro-
mano et al. 2010), the chemical patterns observed in star-forming
galaxies in the Local Universe (Vincenzo et al. 2016), the forma-
tion of multiple populations in globular clusters (Ventura et al.
2001; D’Ercole et al. 2008), the contribution to the overall dust
budget in the Local Universe and at high redshift (Valiante et al.
2009). Important areas where AGB stars have proven useful in-
clude inferring the masses of galaxies at high redshifts, owing to
their large infrared luminosities (Maraston et al. 2006), and the
interpretation of the chemical composition of planetary nebulae
(Ventura et al. 2015).
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Various research groups have decided to develop libraries of
AGB models, which provide the evolution of the main physical
and chemical properties of the stars as they evolve through the
AGB and global quantities, such as the gas yields. Among the
most widely used, we believe important to mention the FRUITY
database (Cristallo et al. 2011, 2015) and the MONASH mod-
els (Karakas 2010, 2014; Karakas & Lattanzio 2014; Karakas &
Lugaro 2016).

Once the potential role of AGB stars as important dust man-
ufactures was proposed, some research groups included the de-
scription of dust formation in the winds of AGB stars. This
opened the possibility to simulate the evolution of the spectral
energy distribution at infrared wavelengths and to provide dust
yields from stars of different mass and metallicity (Ventura et
al. 2012, 2014b, 2018; Dell’Agli et al. 2019; Nanni et al. 2013,
2014). These models have been recently used to characterize the
evolved stellar populations of the Magellanic Clouds (Dell’Agli
et al. 2014a,b, 2015a,b; Nanni et al. 2016, 2018; Nanni 2019a;
Nanni et al. 2019b) and of Local Group galaxies (Dell’Agli et al.
2016, 2018b, 2019).

A feature common to all the studies conducted so far is the
fact that they are limited to stars of metallicity above 10−4, with
the only exceptions of an early exploration by Campbell & Lat-
tanzio (2008, CL08), who studied M < 3 M� stars in the very
metal-poor domain, down to almost zero metallicity, and the re-
cent work by Gil-Pons et al. (2021, GP21), who presented de-
tailed models of M > 3 M� stars of metallicity Z = 10−5.
The reasons for the scarcity of AGB models in the extremely
metal-poor domain are the difficulty in obtaining observations
of very low metallicity evolved stars and the intrinsic difficul-
ties of these computations, considering that the number of ther-
mal pulses (TP) experienced is much higher than the metal-rich
counterparts (Lau et al. 2008) and the occurrence of hard-to-
model phenomena, such as the dual-shell flashes (Campbell &
Lattanzio 2008).

Nevertheless the availability of extremely metal-poor AGB
models turns out extremely important in the context of galac-
tic archaeology, because the comparison between theoretical
gas yields and the observations of carbon-enhanced metal-poor
(CEMP) stars in the Halo and dwarf galaxies might shed new
light on the chemistry of the early Universe. Furthermore, the
gas yields from stars in the very metal-poor domain would be
a valuable input for the chemical evolution models, which can
currently rely only on AGB models with [Fe/H] > −2.15. This
is a major limitation, especially for studies dealing with the most
metal-poor galaxies known, namely, the ultrafaint dwarf galax-
ies (UFDs) that are now found numerous in and around the
haloes of larger galaxies such as the Milky Way and Andromeda.
The bulk of the stars in the UFDs have metallicities between
[Fe/H] = −3.2 and [Fe/H] = −2.0 (Simon 2019). This piece of
observational evidence, combined with theoretical expectation
that low- and intermediate-mass star formation is favoured in
UFDs at the expenses of massive stars (Yan et al. 2020) makes it
clear why detailed modeling of extremely metal-poor AGB stars
is desperately needed.

The main motivation of the present work is to fill this gap,
presenting detailed results from AGB modelling, extended to ex-
tremely metal-poor chemistries. We calculated a set of models
of metallicity Z = 3 × 10−5, which corresponds to [Fe/H]= −3.
This is the lowest chemical composition currently available in
the data-base of massive stars presented by Limongi & Chieffi
(2018, hereinfater LC18), which allows, for the first time, to
present gas yields from chemically homogeneous model stars,
spanning the 1− 120 M� mass range. To explore lower metallic-

ities and to understand the trend of the stellar properties and of
the gas and dust yields with metallicity, we also present a set of
Z = 3 × 10−7 AGB model stars.

The paper is organized as follows: the numerical ingredients
used to calculate the stellar evolutionary sequences and to model
dust formation, and the physical assumption adopted in the com-
putations are given in section 2; the evolutionary phases before
the AGB and the AGB phase itself are discussed in section 3 and
4, respectively; the gas yields are commented in section 5; in
section 6 the results obtained in the present work are compared
with previous investigations available in the literature; the rele-
vance of the present study for the interpretation of the chemical
composition of CEMP stars is discussed in section 7. the dust
budget from the AGB stars are discussed in section 8; finally, the
conclusions are given in section 9.

2. Physical and numerical input

2.1. Stellar evolution modelling

The stellar models presented and discussed in this work were cal-
culated by means of the ATON code for stellar evolution (Ven-
tura et al. 1998). An exhaustive description of the numerical de-
tails of the code and the most recent updates can be found in
Ventura et al. (2013). We remind here the physical and chemical
input most relevant for the results obtained in the present work.

2.1.1. The chemical composition

We calculated two sets of models, with metallicity Z = 3 × 10−5

and Z = 3 × 10−7. The initial helium mass fraction was assumed
Y = 0.25 in both cases. We used the solar mixture by Asplund et
al. (2009), with the exception of the distribution of 12C and the
α−elements, which were taken from Cayrel et al. (2004). With
these assumptions, the two metallicities given above correspond
to [Fe/H] = −3,−5.

The evolutionary sequences are run from the pre-MS to the
late phases, preceding the begin of the post-AGB phase. Low-
mass models (M < 2 M�) experiencing the helium flash were
evolved from the horizontal branch, starting from the core mass
and surface chemical composition calculated until the tip of the
red giant branch (RGB).

2.1.2. Equation of State

Tables of the equation of state are generated in the (gas)
pressure-temperature plane, according to the OPAL EOS (2005),
overwritten in the pressure ionization regime by the EOS by
Saumon et al. (1995), and extended to the high-density, high-
temperature domain according to the treatment by Stolzmann &
Blöcker (2000).

2.1.3. Convection

The temperature gradient within regions unstable to convection
was calculated via the Full Spectrum of Turbulence (FST) model
(Canuto & Mazzitelli 1991). Overshoot of convective eddies
within radiatively stable regions is modelled by assuming that
the velocity of convective elements decays exponentially beyond
the neutrality point, fixed via the Schwartzschild criterion. The
overshoot scale (hereinafter OS), i.e. the e-folding distance of
the velocity decays during the core (hydrogen and helium) burn-
ing phases and during the AGB phase, is taken as 0.02HP and
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0.002HP, respectively; HP is the pressure scale height at the for-
mal convective border. The latter values reflect the calibrations
discussed, respectively, in Ventura et al. (1998) and Ventura et
al. (2014b).

2.1.4. Mass-loss

The mass-loss rate during the phases when the star is oxygen-
rich was determined via the mass-loss period relationship by
Vassiliadis & Wood (1993). For carbon stars we used the Vas-
siliadis & Wood (1993) recipe when C−O< 8.41, whereas for
higher carbon excesses we adopted the mass-loss description
from the Berlin group (Wachter et al. 2002, 2008).

2.1.5. Opacities

The radiative opacities are calculated according to the OPAL re-
lease, in the version documented by Iglesias & Rogers (1996).
The molecular opacities in the low-temperature regime (T < 104

K) are calculated with the AESOPUS tool (Marigo & Aringer
2009). The opacities are constructed self-consistently, by follow-
ing the changes in the chemical composition of the envelope,
particularly of the individual abundances of carbon, nitrogen,
and oxygen.

2.1.6. Nuclear network

The nuclear network includes 30 elements (up to 31P) and 64
reactions. The rates of the 3α reactions were taken from Fynbo
et al. (2005), wherease for the proton capture process by 14N
we used Formicola et al. (2004). The other reactions were taken
from the REACLIB dataset.

2.2. Dust production

We modelled the formation and growth of dust particles in the
wind of AGB stars according to the schematization proposed
by the Heidelberg group (Ferrarotti & Gail 2006), similarly to
previous works by our team (Ventura et al. 2012, 2014b, 2015,
2016) and used in a series of papers by Nanni et al. (2013, 2014,
2016, 2018); Nanni (2019a); Nanni et al. (2020b). The interested
reader can find all the relevant equations in Ventura et al. (2012).
Here we provide a brief description of the methodology used.

Dust particles are assumed to form and grow in the wind,
which expands isotropically from the photosphere of the star. In
carbon-rich environments we consider the formation of solid car-
bon and silicon carbide (SiC), whereas in the winds of oxygen-
rich stars we assume that the dust species formed are silicates
and alumina dust (Al2O3); solid iron is formed in either cases.
Each solid compound is characterized by a key species, defined
among the least abundant among the chemical elements entering
the formation reaction from gaseous molecules to solid particles:
for the species considered here the key species are silicon (sili-
cates and SiC), carbon (solid carbon), aluminium (alumina dust)
and iron (solid iron). Each dust species starts to form in the re-
gion where the growth rate exceeds the vaporisation rate. The
former is connected with the thermal velocity of the key species
and the sticking coefficient, which represents the tendency of the
gaseous molecules to stick to the already formed solid grains.
The vaporisation rate depends on the thermodynamic properties

1 We indicate with C−O the carbon excess with respect to oxygen,
defined as C−O= 12 + log[(n(C)−n(O))/n(H)], where n(X) is the abun-
dance by number of species X.

of the dust species, mainly on the formation enthalpies of the
solid compounds and of the gaseous molecules involved in the
formation reaction (Ferrarotti & Gail 2006).

The dynamics of the wind is described by the momentum
equation, where the acceleration is determined by the competi-
tion between gravity and radiation pressure acting on the newly
formed dust grains. The coupling between grain growth and
wind dynamics is given by the extinction coefficients, describ-
ing absorption and scattering of the radiation by dust particles.
For the species considered here the extinction coefficients were
found by using the optical constants from Zubko et al. (1996)
(amorphous carbon), Pegourie (1988) (SiC), Begemann et al.
(1994) (alumina dust), Ossenkopf et al. (1992) (silicates) and
Ordal et al. (1988) (solid iron).

The modelling of dust formation, as described above, allows
the determination of the size reached by the grains of the var-
ious species, an estimate of the surface fraction of gaseous sil-
icon, carbon, aluminium and iron condensed into dust (see eq.
20-23 and 34-35 in Ferrarotti & Gail (2006)) and the dust pro-
duction rate for each dust species. The latter depends on the gas
mass-loss rate, the surface mass fractions of the afore mentioned
chemical elements, and the fraction of the latter species con-
densed into dust (see Section 5.2 in Ferrarotti & Gail 2006).

3. The evolutionary phases before the AGB

The main properties of the stellar models presented in this work
are listed in Table 1, and concern both the pre-AGB and the AGB
phases. The different columns of Table 1 report the duration
of the most important evolutionary phases and some quantities
characterizing the AGB evolution, such as the maximum lumi-
nosity reached, the variation of the core mass and the fraction of
the AGB life-time during which the star evolves as C-star.

Before the beginning of the series of thermal pulses all the
model stars evolve across the two major core nuclear burning
phases, whose time scale, as is evident by looking at the numbers
in the second and third column of Table 1, is sensitive to the
stellar mass.

The duration of the core hydrogen burning phase of the
Z= 3 × 10−5 stars increases from τH ∼ 38 Myr, for M= 7.5 M�,
to τH ∼ 5.3 Gyr, for M= 1M�. All the stars with initial mass
M≥ 1.25 M� develop a convective core, which disappears to-
wards the final stages of core H-burning. Z= 3×10−7 stars evolve
slightly faster, with τH spanning the 34.5 Myr - 5.1 Gyr range for
the same mass range.

The conditions under which helium is ignited in the core de-
pends on the stellar mass, with M≤ 1.5 M� stars experiencing
the helium flash, whereas their M≥ 2 M� counterparts undergo-
ing quiescent helium burning. The duration of this evolutionary
phase, τHe, exhibits a non-linear behaviour with the mass of the
star. In the Z= 3 × 10−5 (Z= 3 × 10−7) case τHe first increases,
from 72 (64) Myr, for solar mass stars, to 120 (200) Myr, for
2 M� (1.5 M�); in the higher mass domain τHe decreases with
the mass of the star, down to 4.1 (3.9) Myr, for M = 7.5 M�.

The evolution of the surface chemistry of the stars can be po-
tentially altered by the two dredge-up episodes, occurring during
the RGB ascending (first dredge-up, hereinafter FDU) and af-
ter the end of the core helium-burning phase (second dredge-up,
SDU), when the surface convection penetrates inwards, reach-
ing internal regions of the star. The modification of the surface
chemistry consequently to FDU and SDU are reported in Table
2 for all the stars considered.
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Table 1. The main properties of the model stars discussed in this work, for the (initial) mass range 1−7.5 M� and metallicities Z = 3×10−5 (upper
part of the table) and Z = 3 × 10−7 (lower part). The quantities reported in the various columns are the initial mass of the star (col. 1), the duration
(Myr units) of the core hydrogen (2) and helium (3) burning phases, of the early AGB (4, kyr unit) and TP-AGB phases (5), and of the inter-pulse
period (6), the largest luminosity (6, solar luminosity units) and temperature at the base of the convective envelope (7, kelvin) attained during the
AGB evolution, the largest value attained by the TDU parameter λ (9), the core mass (in solar masses) at the first TP (10) and at end of the AGB
phase (11), the final surface C/O (12) and the fraction of the AGB life-time during which the star has a C-star chemical composition (13).

M/M� τH τHe τE−AGB τTP−AGB τint Lmax Tb,max λmax Mc,i Mc,f (C/O)f %(C-star)
Z = 3 × 10−5

1.0 5260 72 17000 1320 155 6.07 × 103 1.94 0.18 0.53 0.57 14.37 0.53
1.25 2460 77 8840 1300 110 7.99 × 103 3.26 0.44 0.55 0.59 8.00 0.68
1.5 1340 92 9670 1740 100 9.74 × 103 5.30 0.54 0.54 0.61 8.35 0.77
2.0 557 120 5820 1090 61 1.48 × 104 22.6 0.70 0.62 0.69 2.87 0.63
2.5 321 77 3510 722 26 3.25 × 104 80.5 0.58 0.72 0.82 0.38 −

3.0 219 43 2270 407 13 4.44 × 104 89 0.54 0.79 0.86 0.47 −

3.5 161 27 1460 372 9 5.80 × 104 95.4 0.50 0.82 0.89 0.94 −

4.0 124 19 1010 309 6 6.94 × 104 101 0.46 0.85 0.92 0.93 −

4.5 98 14 724 266 4 8.51 × 104 110 0.40 0.89 0.96 0.93 −

5.0 80 11 533 453 2 1.10 × 105 150 - 0.93 1.10 9.66 0.73
6.0 57 6.8 307 249 0.9 1.40 × 105 150 - 1.03 1.14 10.06 0.91
7.0 43 4.8 184 109 0.3 1.86 × 105 171 - 1.22 1.25 15.16 0.85
7.5 38 4.1 155 24 0.2 2.16 × 105 158 - 1.31 1.32 17.39 0.83

Z = 3 × 10−7

1.0 5090 64 9440 1770 200 6.11 × 103 1.78 0.17 0.52 0.58 23.36 0.69
1.25 2450 81 12600 1770 120 6.94 × 103 2.66 0.40 0.52 0.58 17.97 0.51
1.5 1380 207 1350 3320 110 9.55 × 103 5.38 0.42 0.46 0.62 4.54 0.69
2.0 561 64 4290 778 50 1.65 × 104 29.4 0.71 0.70 0.72 6.34 0.85
2.5 286 44 2410 532 15 3.59 × 104 83.5 0.57 0.76 0.84 0.78 −

3.0 178 33 1850 377 9 4.95 × 104 90.9 0.53 0.81 0.87 0.58 −

3.5 125 27 1410 710 6 7.67 × 104 116 0.39 0.83 0.99 1.09 −

4.0 97 21 1110 1120 4 9.28 × 104 185 0.08 0.85 1.14 − −

5.0 67 11 685 847 2.2 1.44 × 105 194 - 0.90 1.16 − −

6.0 49 6.7 385 449 0.6 1.62 × 105 175 - 0.99 1.19 14.67 0.88
7.0 38 4.6 197 130 0.3 2.07 × 105 166 - 1.17 1.21 10.33 1.00
7.5 34 3.9 174 44 0.2 2.40 × 105 157 - 1.14 1.26 11.94 1.00

The effects of FDU are found in M ≤ 2 M� stars2, with the
drop (∼ 20−30%) in the surface mass fraction of 12C and the par-
allel increase in the abundances of 13C (by a factor ∼ 2) and 14N
(within a factor ∼ 3); contamination of the surface regions with
CN processed matter is confirmed by the depletion (by a factor
∼ 2) in the surface 15N. Traces of mild, full CNO processing are
also found, with the enhancement of the surface 17O (at most by
a factor ∼ 5) and the depletion of the surface 18O (∼ 30 − 50%).

Unlike the first dredge-up episode, SDU is efficient in mod-
ifying the surface chemical composition of all the stars, par-
ticularly those of higher mass (Boothroyd & Sackmann 1999).
The most noticeable effect of this event is the rise in the surface
helium, which increases by δY ∼ 0.02 in low-mass stars and
reaches values as large as Y = 0.36 in the M ≥ 6 M� domain.
Regarding the species participating to the CNO nucleosynthesis,
it is remarkable the increase in the surface 14N (up to a factor
∼ 20 in the 7.5 M� model star) and the depletion of the surface
16O, which is left practically unchanged by the FDU. Further
species affected by the SDU are sodium, whose mass fraction
increases by a factor ∼ 5 in the highest mass models, and 27Al,
which becomes twice more abundant in the surface regions. The
increase in the mass fraction of the latter species is mainly due to

2 The threshold mass of 2 M� holds for the Z= 3 × 10−5 metallicity.
In the Z= 3 × 10−7 case the effects of the first dredge-up are found in
M ≤ 1.5 M� stars.

matter contaminated by proton captures by the heavy magnesium
isotopes 25Mg and 26Mg, whose surface abundance is decreased
by ∼ 10% as a consequence of SDU in the stars of initial mass
above ∼ 4 M�. On the other hand 24Mg is practically unaffected
by the SDU.

The outcome of helium burning in the central regions of
the stars is the formation of a CO core, which is supported by
the pressure of degenerate electrons. In M≥ 7 M�3 stars off-
centre ignition of carbon in conditions of partial degeneracy
takes place: the main episode of carbon burning is followed by
the formation of a convective flame which moves inwards un-
til reaching the centre of the star, which causes the formation
of a ONe core (Garcia-Berro & Iben 1994; Siess 2006; Doherty
et al. 2010). The stars which develop a ONe core experience a
deep SDU event, which is commonly referred to as dredge-out.
In this case the ignition of a helium burning shell, which fol-
lows the exhaustion of helium in the central zone, is accompa-
nied by the formation of a convective region, which moves out-
wards, until merging with the descending convective envelope
(Iben et al. 1997; Siess 2007). Unlike the classic SDU, in this
case the surface chemistry is heavily affected by the results of
helium-burning nucleosynthesis, which reflects into a significant
increase in the surface abundance of 12C.

3 The 7 M� limit holds for Z = 3 × 10−5. In the Z = 3 × 10−7 case
off-centre carbon ignition takes place for M ≥ 6 M�.
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Table 2. Modification of the surface mass fractions of the individual species as a consequence of the first and second dredge-up episodes, for the
model stars of metallicity Z= 3 × 10−5 (upper part of the table) and Z= 3 × 10−7 (lower side of the table). The mass fractions of the different
species (with the exception of helium) are given in the X(Y) format, which stands for XY . The line below the metallicity label reports the initial
mass fractions.

M 4He 12C 13C 14N 15N 16O 17O 18O 20Ne 22Ne 23Na 24Mg 25Mg 26Mg 27Al
Z= 3 × 10−5

init .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
FIRST DREDGE-UP

1.0 .26 3.4(-6) 1.2(-7) 1.4(-6) 1.5(-9) 1.8(-5) 7.2(-9) 3.4(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
1.25 .27 2.8(-6) 1.1(-7) 2.1(-6) 1.5(-9) 1.8(-5) 3.4(-8) 2.9(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
1.5 .28 2.4(-6) 1.0(-7) 2.6(-6) 1.5(-9) 1.8(-5) 2.4(-7) 2.5(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
2.0 .26 2.6(-6) 1.2(-7) 2.3(-6) 1.5(-9) 1.8(-5) 2.2(-8) 2.7(-8) 1.3(-6) 9.2(-8) 3.4(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
2.5 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
3.0 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
3.5 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
4.0 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
4.5 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
5.0 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
6.0 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
7.0 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
7.5 .25 4.1(-6) 4.5(-8) 6.8(-7) 3.1(-9) 1.8(-5) 6.8(-9) 3.7(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)

SECOND DREDGE-UP
1.0 .26 3.4(-6) 1.2(-7) 1.4(-6) 1.5(-9) 1.8(-5) 7.2(-9) 3.4(-8) 1.3(-6) 9.8(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)

1.25 .27 2.0(-6) 1.0(-7) 3.8(-6) 1.2(-9) 1.7(-5) 3.0(-7) 2.1(-8) 1.3(-6) 8.8(-8) 4.1(-8) 9.2(-7) 1.3(-7) 1.3(-7) 5.4(-8)
1.5 .28 2.4(-6) 1.0(-7) 2.6(-6) 1.5(-9) 1.8(-5) 2.4(-7) 2.5(-8) 1.3(-6) 9.7(-8) 3.1(-8) 9.2(-7) 1.2(-7) 1.3(-7) 5.4(-8)
2.0 .26 2.2(-6) 1.2(-7) 3.7(-6) 1.2(-9) 1.7(-5) 7.6(-8) 2.4(-8) 1.3(-6) 8.4(-8) 4.9(-8) 9.2(-7) 1.1(-7) 1.3(-7) 5.5(-8)
2.5 .26 2.0(-6) 1.0(-7) 4.2(-6) 1.2(-9) 1.7(-5) 1.9(-7) 2.2(-8) 1.3(-6) 7.5(-8) 6.8(-8) 9.2(-7) 1.1(-7) 1.3(-7) 5.8(-8)
3.0 .28 1.8(-6) 9.7(-8) 5.0(-6) 1.1(-9) 1.6(-5) 3.3(-7) 1.9(-8) 1.3(-6) 6.8(-8) 8.8(-8) 9.2(-7) 1.1(-7) 1.3(-7) 6.3(-8)
3.5 .30 1.6(-6) 9.2(-8) 6.1(-6) 1.0(-9) 1.5(-5) 3.3(-7) 1.7(-8) 1.3(-6) 6.2(-8) 1.1(-7) 9.3(-7) 1.0(-7) 1.2(-7) 7.1(-8)
4.0 .32 1.5(-6) 9.0(-8) 6.9(-6) 9.3(-10) 1.4(-5) 3.0(-7) 1.6(-8) 1.3(-6) 5.8(-8) 1.3(-7) 9.5(-7) 9.9(-8) 1.2(-7) 7.8(-8)
4.5 .33 1.4(-6) 9.9(-8) 7.5(-6) 8.2(-10) 1.4(-5) 2.7(-7) 1.5(-8) 1.2(-6) 5.5(-8) 1.4(-7) 9.6(-7) 9.5(-8) 1.2(-7) 8.3(-8)
5.0 .35 1.4(-6) 9.9(-8) 8.0(-6) 7.9(-10) 1.3(-5) 2.4(-7) 1.5(-8) 1.2(-6) 5.3(-8) 1.5(-7) 9.8(-7) 9.3(-8) 1.1(-7) 9.0(-8)
6.0 .36 8.5(-6) 9.2(-8) 8.7(-6) 7.0(-10) 1.3(-5) 2.1(-7) 4.6(-8) 1.2(-6) 5.7(-8) 1.6(-7) 1.0(-6) 8.8(-8) 1.1(-7) 1.0(-7)
7.0 .36 2.8(-5) 1.6(-7) 8.2(-6) 7.5(-10) 1.3(-5) 1.5(-7) 7.8(-8) 1.2(-6) 1.1(-7) 1.5(-7) 1.0(-6) 8.4(-8) 1.1(-7) 1.2(-7)
7.5 .36 9.9(-5) 5.4(-6) 1.6(-5) 6.9(-10) 1.4(-5) 1.6(-7) 6.4(-8) 1.2(-6) 2.3(-7) 1.6(-7) 1.0(-6) 8.5(-8) 1.1(-7) 1.2(-7)

Z= 3 × 10−7

init .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
FIRST DREDGE-UP

1.0 .26 3.8(-8) 1.3(-9) 9.6(-9) 2.5(-11) 1.8(-7) 6.9(-11) 3.6(-10) 1.3(-8) 9.8(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
1.25 .26 2.9(-8) 1.1(-9) 2.0(-8) 1.9(-11) 1.8(-7) 3.0(-10) 2.9(-10) 1.3(-8) 9.3(-10) 3.5(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
1.5 .25 3.7(-8) 1.5(-9) 9.7(-9) 2.3(-11) 1.8(-7) 6.9(-11) 3.6(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
2.0 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
2.5 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
3.0 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
3.5 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
4.0 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
5.0 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
6.0 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
7.0 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
7.5 .25 4.1(-8) 4.5(-10) 6.8(-9) 3.1(-11) 1.8(-7) 6.8(-11) 3.7(-10) 1.3(-8) 9.7(-10) 3.1(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)

SECOND DREDGE-UP
1.0 .26 3.2(-8) 1.1(-9) 3.2(-8) 2.2(-11) 1.7(-7) 1.2(-9) 8.3(-10) 1.3(-8) 8.3(-10) 4.6(-10) 9.2(-9) 1.1(-9) 1.3(-9) 5.4(-10)

1.25 .26 2.5(-8) 1.0(-9) 3.3(-8) 1.7(-11) 1.7(-7) 1.2(-9) 2.6(-10) 1.3(-8) 8.6(-10) 4.3(-10) 9.2(-9) 1.1(-9) 1.3(-9) 5.4(-10)
1.5 .26 2.7(-8) 1.5(-9) 3.3(-8) 1.0(-11) 1.7(-7) 1.0(-9) 2.6(-10) 1.3(-8) 8.3(-10) 4.6(-10) 9.2(-9) 1.2(-9) 1.3(-9) 5.4(-10)
2.0 .25 2.0(-8) 9.2(-10) 6.1(-8) 1.3(-11) 1.5(-7) 1.2(-9) 2.0(-10) 1.2(-8) 6.8(-10) 1.2(-9) 9.3(-9) 9.8(-10) 1.3(-9) 7.2(-10)
2.5 .29 1.6(-8) 8.6(-10) 7.3(-8) 1.1(-11) 1.4(-7) 2.0(-9) 1.7(-10) 1.2(-8) 5.9(-10) 1.3(-9) 9.7(-9) 9.4(-10) 1.2(-9) 8.0(-10)
3.0 .31 1.4(-8) 7.6(-10) 8.5(-8) 9.5(-12) 1.3(-7) 2.5(-9) 1.5(-10) 1.2(-8) 5.2(-10) 1.4(-9) 9.6(-9) 8.9(-10) 1.2(-9) 8.9(-10)
3.5 .32 1.2(-8) 8.9(-10) 9.7(-8) 7.7(-12) 1.2(-7) 2.6(-9) 1.3(-10) 1.1(-8) 4.6(-10) 1.4(-9) 9.2(-9) 8.4(-10) 1.2(-9) 8.9(-10)
4.0 .33 9.6(-9) 7.7(-10) 1.1(-7) 6.8(-12) 1.1(-7) 2.5(-9) 1.1(-10) 1.1(-8) 4.1(-10) 1.4(-9) 9.0(-9) 7.8(-10) 1.2(-9) 8.9(-10)
5.0 .35 9.1(-9) 6.2(-10) 1.2(-7) 5.8(-12) 9.4(-8) 2.3(-9) 7.9(-11) 1.0(-8) 3.1(-10) 1.6(-9) 8.7(-9) 6.8(-10) 1.2(-9) 9.5(-10)
6.0 .36 1.6(-6) 5.8(-10) 1.3(-7) 5.3(-12) 8.4(-8) 2.2(-9) 1.2(-10) 1.0(-8) 2.5(-10) 1.8(-9) 8.4(-9) 6.1(-10) 1.1(-9) 1.0(-9)
7.0 .36 9.4(-6) 4.2(-10) 1.5(-7) 5.6(-12) 7.4(-8) 1.3(-9) 4.9(-10) 9.6(-9) 2.6(-10) 2.0(-9) 8.5(-9) 3.9(-10) 1.2(-9) 1.2(-9)
7.5 .36 5.9(-5) 3.5(-9) 1.5(-7) 5.8(-12) 4.0(-7) 1.1(-9) 9.4(-10) 9.5(-9) 1.3(-9) 2.1(-9) 8.5(-9) 4.0(-10) 1.1(-9) 1.3(-9)
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After experiencing the SDU (or dregde-out, in the stars ex-
periencing carbon ignition), the stars will move to the next step
of their evolutionary history, the AGB phase, characterized by
a series of thermal pulses, with the shell ignition of helium in
conditions of thermal instability (Schwarzschild & Härm 1965),
and the gradual loss of the external envelope. One of the most
relevant quantities for the AGB evolution is the core mass of the
star (Paczyński 1970), defined as the mass of the H- and He-free
region, whose initial value is reported in the 8th column of Table
1 for all the model stars presented in this work. We note the little
variation of the (initial) core mass among the stars experiencing
the helium flash and the generally increasing trend with the mass
of the star, up to value of the order of ∼ 1.3 M� for the largest
masses investigated.

4. The evolution across the asymptotic giant branch

The variation of the physical properties of the stars and the
changes in the surface chemical composition taking place dur-
ing the AGB phase are extremely sensitive to the initial mass
of the star (see e.g. Karakas & Lattanzio 2014). We introduce a
gross classification among: a) low-mass stars (initial mass below
2 M�), whose surface abundance is influenced by third dredge-
up (TDU) only; b) 2 − 5 M� stars, which experience both TDU
and hot bottom burning (HBB); c) massive AGBs (M ≥ 5 M�),
in which the surface chemical composition reflects the effects
of HBB. In the following we will discuss the evolution of the
three groups separately. Our analysis will be driven by the re-
sults shown in Fig. 1, 2 and 3, where we report, for three model
stars, taken as representative of each of the groups considered,
the variation of the most relevant chemical and physical proper-
ties.4

4.1. Low mass AGB stars

The evolution of low-mass stars in the metal-free or in the
extremely metal-poor domain might be affected by violent
episodes of proton ingestion, during which protons from the ex-
ternal regions of the star are transported into hot regions, owing
to the formation and expansion of convective zones, triggered by
the ignition of helium burning.

The first of these events occurs during the core He flash (Fu-
jimoto et al. 2000), when the convective zone formed at the
ignition of the flash expands outwards until reaching H-rich ma-
terial; as a consequence, hydrogen is transported to regions of
high temperature, which triggers a H-flash and the split of the
convective shell into two regions. During the following phases
the surface convective regions reaches layers previously exposed
to helium burning, so that the envelope is enriched in carbon and
the star becomes a carbon star. As discussed in section 2.1 we
did not model the helium flash of low-mass stars, rather we re-
sumed the computations from the HB; however, this is likely not
a major issue for the results presented in the following, as Fuji-
moto et al. (1990) and Fujimoto et al. (2000) showed that the
development of the double flash at the ignition of helium burn-
ing in the core occurs only in ultra-metal poor ([Fe/H]≤ −8),
M < 1 M� stars (see also Fig. 4 in CL08), thus in a range of
mass and metallicity not explored in the present work.

Similar episodes, related to violent ignition of hydrogen
burning, are found in stellar models of higher mass and metal-
licity, during the AGB phase. In this case the pulse driven con-

4 The evolutionary sequences for all the stars investigated in the
present work are available at www.oa-roma.inaf.it/arca/

vective zone extends past the He/H discontinuity and transports
H-rich material into hot regions of the star, where the violent
ignition of hydrogen favours the occurrence of a H-flash, con-
comitant with the He-flash. Also in this case the subsequent in-
wards penetration of the envelope reaches layers touched by 3α
nucleosynthesis, with the consequent carbon enrichment of the
surface. This physical mechanism is discussed in detail by CL08,
who showed that such a deep mixing is expected to take place in
M ≤ 3 M� stars of metallicity ([Fe/H]< −3). During these deep
TDU events very high neutron densities are attained, with the
efficient activation of s-process nucleosynthesis (Cristallo et al.
2009; Fujimoto et al. 2000; Iwamoto et al. 2004; Suda et al.
2004; Choplin et al. 2021).

Both the core H-flash taking place at the ignition of the he-
lium flash and the violent ignition of hydrogen occurring dur-
ing thermal pulses have the same physical origin, related to the
significant expansion of the convective shell formed as a conse-
quence of thermally unstable ignition of helium, which reaches
regions of the star with some hydrogen, which is transported to
hot regions. This is the reason why CL08 proposed the ‘Dual
Core Flash’ terminology for both mechanisms.

Fig. 1 shows the evolution of a model star of initial mass
1.5 M� and metallicity Z = 3 × 10−5, in terms of the variation of
luminosity, effective temperature, radius, mass-loss rate, surface
abundance of the CNO elements and other species involved in
the Ne-Na and Mg-Al nucleosynthesis. As discussed previously,
the evolution of low-mass AGB stars in the metal-poor domain
explored in the present work is characterized by the ingestion of
protons from the envelope in the convective shell formed as a
consequence of the first TP, followed by a deep TDU episode,
which makes the star to reach the C-star stage.

The luminosity, shown in the top, left panel of Fig. 1, in-
creases from ∼ 2000 L� to ∼ 4500 L�, owing the growth in the
core mass, which is the driver of this evolutionary phase. The re-
sults reported in the bottom-left panel of Fig. 1 show that 16O is
also dredged-up to the surface after each TDU episode, though
at lower extent than 12C, and some 14N, synthesized via proton
capture in the upper regions of the pulse driven convective shell
(Straniero et al. 1995).

Further effects of TDU are the gradual increase in the surface
mass fraction of other species involved in the α−capture nucle-
osynthesis activated at each TP, primarily 22Ne, 25Mg and 26Mg,
and of those synthesized by proton captures, mainly 23Na and
27Al (see bottom, right panel of Fig. 1).

The progressive increase in the overall surface metallicity,
caused by the repeated TDU events, favours the general expan-
sion of the external regions of the star, with the stellar radius
increasing, until reaching size of the order of 300 R�, as shown
in the top, right panel of Fig. 1; this is accompanied by a gradual
cooling of the surface layers, with the effective temperature de-
creasing from ∼ 4700 K, at the first TP, to ∼ 3400 K, during the
final AGB phases; this can be seen in the top, left panel of Fig. 1.

The expansion of the star and the increase in the luminos-
ity determine a significant increase in the mass-loss rate, which
is almost null during the first TP and increases until reaching
almost 10−5 M�/yr at the very end of the AGB evolution (see
top, right panel of Fig. 1). Unlike higher metallicity, low-mass
stars, which experience significant mass loss since the first TP
(Karakas 2010; Ventura et al. 2016), in the low-metallicity mod-
els studied here the mass-loss is initially negligible, and becomes
relevant only during the last 2-3 inter-pulse periods. This is due
to the small surface opacity of these stars, which makes the stars
to evolve at smaller radii than the higher metallicity counterparts,
thus exposed to smaller mass-loss rates. Only after a significant
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Fig. 1. The evolution of the 1.5 M� model star of metallicity Z = 3 × 10−5 as a function of the time, counted from the beginning of the TP-AGB
phase. The top-left panel reports the variation of the luminosity (black, solid track, scale on the left) and of the effective temperature (red, dashed,
scale on the right); the evolution of the stellar radius (scale on the left) and of the mass-loss rate (scale on the right) are shown in the top, right
panel, as black, solid and red, dashed lines, respectively; the variation of the CNO surface abundances are shown in the bottom, left panels, where
the different lines refer to the mass fractions of 12C (red), 14N (black), 16O (blue) and (C-O) (magenta, dashed, scale on the right; see text for the
definition); the bottom, right panel reports the variation of the surface mass fractions of 22Ne (red line), 23Na (blue), 25Mg (magenta) and 27Al
(black). The black, dotted (dashed) line in the top, left panel connects the luminosity values taken in the middle of each inter-pulse of a model star
of the same initial mass and metallicity, calculated by assuming that during the AGB phase the OS is a factor 2 lower (higher) than in the standard
case; the same holds for the magenta dotted and dashed lines in the bottom, left panel, indicating the evolution of the surface (C−O), and the red
lines in the bottom, right panel, which refer to the surface 22Ne.

increase in the overall surface metallicity (primarily 12C) takes
place, mass-loss assumes significant values.

An important consequence of this behaviour is that the av-
erage chemistry of the gas ejected by low-mass stars into the
interstellar medium reflects the final surface chemical composi-
tion, because almost the totality of the envelope is lost during

the last two inter-pulse phases. The final surface C/O spans the
3-14 (6-24) range in low-mass AGBs of metallicity Z = 3×10−5

(Z = 3 × 10−7) and is generally higher the lower the mass of the
star. This apparently anomalous behaviour is motivated be the
fact that stars of higher mass experience deeper TDU episodes,
with the result that a significant increase in the surface 16O takes
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place. As far as the surface 12C enrichment is concerned, the
trend with mass is more straightforward, with M = 1 M� stars
ending up with surface mass fractions of the order of 0.005, 2 M�
stars reaching X(12C) ∼ 0.02, and 1.25− 1.5 M� stars exhibiting
an intermediate behaviour.

The overall duration of the TP-AGB phase for this class of
stars (see Table 1) is of the order of 1 Myr. There is not a clear
trend between the initial mass of the star and the AGB time
scales. This is because the effect of the larger luminosities at-
tained by higher mass stars, which would make the evolutionary
time scales shorter, is compensated by the higher mass of the en-
velope, which requires a higher number of TP before the external
mantle is entirely lost.

4.2. Intermediate mass AGBs

In this group we include the stars which experience both TDU
and HBB, thus the variation of the surface chemical composition
is determined by the balance between these two mechanisms.
The (initial) mass range spanned by these stars is 2 M� < M <
5 M�5. The lower limit is related to the fact that a minimum
core mass, of the order of 0.8 M�, is required to activate HBB
(Ventura et al. 2013); on the other hand stars with initial mass
higher than the upper limit given above, which will be discussed
in the following sub-section, experience negligible TDU, thus
their surface chemistry is almost entirely influenced by HBB.

Fig. 2 reports the evolution of a 4 M� model star of metallic-
ity Z = 3 × 10−5, with the top panels showing the most relevant
physical quantities, i.e. luminosity, temperature at the base of the
envelope, stellar radius and mass-loss rate, whereas in the bottom
panels we show the change in the surface chemical composition.

In the top, left panel of Fig. 2 we can see the typical im-
printing of HBB, which favours a fast increase in the luminosity
(Blöcker & Schöenberner 1991), which in this particular case
rises up to ∼ 7 × 104 L� and in the temperature at the base of
the envelope, which rapidly grows to ∼ 108 K. The luminosity
of the star, in analogy with higher metallicity models undergo-
ing HBB, decreases during the final AGB phases, because the
gradual loss of the envelope weakens the strength of HBB, un-
til turning it off completely (see e.g. Ventura et al. 2013). This
behaviour causes an overall contraction of the external regions,
whose extension decreases down to ∼ 400 R�, after reaching a
peak value of ∼ 600 R�, and a decrease in the mass-loss rate
towards the end of the AGB phase.

From the variation of the surface 12C, shown in the bottom,
left panel of Fig. 2, we deduce that TDU begins first, after 10
TP, whereas the effects of HBB appear 4-5 TP later. Initially
the surface of the stars becomes more and more enriched in car-
bon, whereas during later phases the 12C dredged-up after each
TDU is later converted into 14N by HBB. 16O is only marginally
affected by HBB in this specific case, thus the effects of TDU
are more relevant for this species, and the surface abundance of
16O gradually increases, eventually reaching values ∼ 20 times
higher than the initial mass fraction. These stars never become
carbon stars and the final C/O ratios are below unity (see Ta-
ble 1). As discussed e.g. in Iwamoto et al. (2009, hereinafter
I09), the most relevant outcome of the TDU+HBB nucleosyn-
thesis, visibile in the bottom, left panel of Fig. 2, is the remark-
able increase in the surface 14N, with the final value being three
orders of magnitude higher than the initial quantity. Note that
the freshly synthesized nitrogen is of primary origin, because as

5 This results holds for the Z = 3×10−5 model stars; in the Z = 3×10−7

case it is 2 M� < M < 4 M�

stated previously it is mostly produced by proton capture reac-
tions by 12C nuclei, produced in the 3α-burning shell.

The HBB temperatures reached are sufficiently large to the
activation of the Mg-Al nucleosynthesis, as confirmed by the
gradual depletion of the surface 24Mg, shown in the bottom, right
panel of Fig. 2. This nuclear activity reflects into a significant
increase in the surface mass fraction of the two heavier magne-
sium isotopes and in the synthesis of 27Al and 28Si. Production of
23Na via proton capture by the 22Ne nuclei originally present in
the surface regions of the star and by those transported to the sur-
face by TDU, also takes place (see bottom, right panel of Fig. 2).
Some 28Si production occurs during the AGB lifetime, with an
overall increase of the order of a factor 4.

To understand the chemistry of the gas ejected by this class
of stars during the AGB lifetime, it is crucial to combine the
results shown in the bottom panels of Fig. 2, reporting the time
variation of the surface chemical composition, with the evolution
of the mass-loss rate, reported in the top, right panel of the same
figure. Ṁ is sensitive to the period of the star, thus on the stel-
lar radius. The latter quantity is heavily affected by the increase
in the surface metallicity and the parallel rise in the luminos-
ity, which make the star to assume a more and more expanded
configuration: the stellar radius increases steadily by a factor ∼ 3
from the beginning of the AGB phase until the luminosity peak is
reached. As shown in the top, right panel of Fig. 2, it is during the
phases slightly before the luminosity peak that the mass of the
envelope begins to be lost in a significant way, a process which
continues until the consumption of the whole external mantle,
with mass-loss rates in the 4 × 10−5 − 10−4 M�/yr range: all the
envelope is lost during the final ∼ 10 inter-pulse phases, after the
surface chemistry was severely modified by the combined effects
of TDU and HBB.

4.3. Massive AGB stars

We discuss the most massive among the stars that experience the
AGB phase, whose surface chemistry reflects the effects of HBB,
with no contribution from TDU. We refer to the stars of initial
mass above ∼ 4 M�, including the objects which develop a core
composed by oxygen and neon, discussed in section 3.

Similarly to the intermediate mass stars discussed earlier in
this section, the evolution of massive AGBs is characterized by
the significant increase in the overall luminosity, which starts
with the ignition of HBB, and in the temperature at the base
of the convective envelope. In the case reported in Fig. 3, a
6 M� model star with Z = 3 × 10−5, the luminosity reaches
L ∼ 1.5 × 105 L�, whereas the temperature at the bottom of the
envelope rises up to almost 150 MK. Also similar to the lower
mass counterparts is the general behaviour of luminosity, which
decreases after reaching a peak value, owing to the gradual loss
of the stellar envelope.

The most important difference with respect to the interme-
diate mass model stars is that the overall surface metallicity is
approximately constant and the relative distribution among the
different species reflects the equilibria of the proton-capture nu-
cleosynthesis experienced at the bottom of the convective enve-
lope. This is of considerable importance for the evolution of the
star, because the low metallicity prevents a significant expansion
of the external layers, keeping the radii of these stars compara-
ble to those of the intermediate mass counterparts presented in
the previous section, despite the higher luminosities (this can be
seen in the comparison between the radius variations reported in
the top, right panels of Fig. 2 and 3). The behaviour of the radius
is reflected into the mass-loss rates experienced, which is ex-
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Fig. 2. The evolution of the 4 M� model star of metallicity Z = 3 × 10−5 as a function of the time, counted from the beginning of the TP-AGB
phase. The top, left panels reports the variation of the luminosity (black, solid track, scale on the left) and of the temperature at the base of the
convective envelope (red lines, scale on the right), whereas the top, right panel shows the evolution of the stellar radius (scale on the left) and of
the mass-loss rate (red, scale on the right); the variation of the CNO surface abundances are shown in the bottom, left panels, where the different
lines refer to the mass fractions of 12C (red), 14N (black), 16O (blue); the bottom, right panel reports the variation of the surface mass fractions
of various elements involved in the Ne-Na-Mg-Al-Si nucleosynthesis. The green long-dashed and dotted-dashed lines in the left panels refer to
evolution of the luminosity (top, left panel) and surface 14N (bottom, left) of a model star calculated by assuming a Blöcker (1995) mass-loss rate,
with the free parameter entering the formula taken, respectively, as ηR = 0.005 and ηR = 0.02. The cyan dashed lines in the same panels refer to
the luminosity and the surface 14N of a model star calculated by doubling the OS.

tremely low until the peak luminosity is reached, with the conse-
quence that the stars experience a large number of TP before the
envelope is entirely lost. The time-scales of the TP-AGB phase
of massive AGBs are consequently longer than those of slightly
lower mass stars experiencing TDU, which is the reason for the

local maximum in the values reported in the 5th column of Table
1, found at 5 M� (4 M�) for Z = 3 × 10−5 (Z = 3 × 10−7).

On the chemical side, the composition of the gas ejected by
massive AGBs (see bottom panels of Fig. 3) reflects the surface
chemistry of the star during the final phases, characterized by
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extremely small quantities of 16O and 24Mg, exposed to strong
depletion by proton capture reactions at the base of the outer
convective region: the final 16O and 24Mg are 2 and 4 orders
of magnitude smaller than the initial abundances, respectively.
12C is also extensively destroyed by HBB, though the depletion
factor, ∼ 10, is lower with respect to 16O, which is the typical
situation occurring in presence of a very hot CNO cycling. The
idea that massive AGBs produce oxygen- and magnesium-poor
ejecta was earlier explored by Ventura et al. (2013), who studied
AGB models of metallicity Z = 3 × 10−4, and by Siess (2010),
who found strong signatures of 16O and 24Mg depletion in the
ejecta of ∼ 8 M� stars of metallicity Z = 10−4. In this case the
situation is more extreme, because the metallicities investigated
are smaller, thus the HBB temperatures hotter.

These stars will evolve as carbon stars for almost the entire
AGB phase, since the activation of HBB. Such a nuclear activity
at the bottom of the envelope is reflected into an enhancement
of the surface 14N, although the relative increase is significantly
smaller than in the intermediate mass stars, because in this case,
with no contribution from TDU, the 12C and 16O nuclei used to
synthesize 14N are entirely of secondary origin.

Turning to the other species, the temperatures of the internal
regions of the convective envelope are so hot to favour a very
advanced nucleosynthesis, such that the mass fractions of the
heavier magnesium isotopes, sodium and aluminium are smaller
than the initial quantities, whereas some 28Si production takes
place.

4.4. An overall view of the AGB evolution and the change in
the surface chemistry

The results discussed so far, presented in Fig. 1, 2 and 3, outlined
that the evolution of metal-poor AGBs is driven by various fac-
tors and is sensitive to the delicate interplay between the various
mechanisms able to alter the surface chemistry. Indeed the onset
of fast mass-loss is driven by the metals enrichment of the sur-
face regions, which leads to a rapid loss of the envelope which
ends the AGB phase (Marigo 2002; Constantino et al. 2014). In
the following we discuss the role played by the mass of the star
and the metallicity on the main aspects of the AGB phase and on
the chemical composition of the gas ejected into the interstellar
medium.

Fig. 4 shows the variation of the luminosity and of the tem-
perature at the bottom of the convective envelope during the
AGB phase of stars of different initial mass and metallicity
Z = 3 × 10−5 (left panels) and Z = 3 × 10−7 (right). The lu-
minosity (reported in the top panels) and Tbce (bottom panels)
are shown as a function of the core mass and of the current mass
of the star, respectively.

The luminosities span the 2×103−2×105 L� range, the peak
luminosities being larger the higher the initial mass of the star.
This reflects the well known result of AGB evolution modelling,
that more massive stars evolve at larger luminosities, because of
the higher core mass.

The results shown in the bottom panels of Fig. 4 indicate
that the temperature at the base of the surface convective re-
gions, similarly to the luminosity, is extremely sensitive to the
initial mass of the star. For both metallicities it is evident the
gap between M > 2 M� stars, which experience HBB, reaching
temperatures above 50 MK, and the stars of lower mass, which
evolve at Tbce below 30 MK.

The vertical trends visible in the first part of each track, par-
ticularly in the model stars exposed to HBB, correspond to the
series of thermal pulses experienced during the initial and middle

part of the AGB evolution, when the core mass and Tbce increase,
while the mass keeps practically constant, owing to the negligi-
ble mass-loss rates experienced. In the Z = 3 × 10−7 case we
note that the Tbce vs initial mass trend presents a turning point
around 5 M�, with the stars of higher mass evolving at cooler
Tbce. This is because the luminosities of the most massive stars
are so large that strong mass-loss occurs since the early AGB
phases, which prevents significant growth in the core mass and
inhibits the convective envelope from reaching very large tem-
peratures in the innermost layers.

To discuss the change in the surface chemical composition
of metal-poor AGB stars, which is relevant to understand the
contamination of the interstellar medium expected from these
sources, we report in Fig. 5 and 6 the behaviour of 14N, 16O, 27Al
and 28Si, to focus on the species involved in the CNO cycling
and in the Mg-Al nucleosynthesis, respectively. We use again
the current mass of the star as abscissa, to have an idea of the
average chemical composition of the gas ejected.

The change in the surface 16O exhibits a dichotomous be-
haviour: the stars experiencing TDU produce oxygen during
the AGB lifetime, whereas those exposed to HBB only destroy
it, releasing gas which is almost oxygen-free. The largest pro-
duction of 16O, of the order of a factor ∼ 103 (105) in the
Z = 3 × 10−5 (Z = 3 × 10−7) case, is found in the most mas-
sive models not experiencing HBB, given to the repeated TDU
episodes, which gradually increase the surface 16O. 14N is pro-
duced in all cases, with the largest enhancement, between 3 and
5 orders of magnitude, according to the metallicity, taking place
in 2 M� < M < 5 M� stars, where the 12C dredged-up to the
surface is converted into 14N by HBB operating during the fol-
lowing inter-pulse phase.

The difference between the surface chemistry of models ex-
periencing TDU and those suffering HBB only is also clear in the
evolution of the surface 27Al, shown in the top panels of Fig. 6. In
the former model stars 27Al is synthesized owing to the ignition
of the Mg-Al nucleosynthesis at the base of the envelope, which
starts with the depletion of the surface 24Mg, and the dredge-
up of 25Mg and 26Mg produced by α−capture nucleosynthesis
during the TP (see bottom, right panel of Fig. 2). Conversely,
massive AGBs experience a very advanced proton-capture nu-
cleosynthesis in the innermost regions of the convective enve-
lope, in such a way that the 27Al content of matter lost by the
star is on the average lower than in the gas from which the star
formed.

The behaviour of 28Si is extremely sensitive to mass and
metallicity. On general grounds, the stars producing most 28Si
are those experiencing both TDU and HBB. In the massive
AGBs domain production of 28Si takes place via the activation
of the Mg-Al-Si nuclosynthesis at the base of the envelope. Note
that in Z = 3 × 10−7 case the temperatures of the HBB nucle-
osynthesis are so hot that the gas ejecta are silicon-poor.

4.5. The role of metallicity

The comparison among the results obtained for Z = 3 × 10−5

and Z = 3 × 10−7 and those published in previous investiga-
tions allows understanding how the evolutionary properties of
AGB stars are sensitive to the metallicity. Such an analysis was
presented for the metal-poor domain by Dell’Agli et al. (2019),
whereas for higher metallicities we address the reader to the
studies by Ventura et al. (2013) and Ventura et al. (2018).

To ease the comparison among the variation of the surface
chemical composition of stars of different metallicity we show
in Fig. 7 the chemical composition of the ejecta, averaged over
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Fig. 3. Evolution of the 6 M� model star of metallicity Z = 3×10−5 as a function of the time, counted from the beginning of the TP-AGB phase. The
top panels reports the same quantities as in the corresponding panels of Fig. 2, with the difference that the lines corresponding to the temperature
at the bottom of the convective envelope and of the mass-loss rate refer to the inter-pulse phases, for readability. The bottom panels, showing the
variation of the surface chemistry, use the same color-coding as in Fig. 2. The cyan dashed lines in the left panels refer to the luminosity (top) and
the surface 14N of a model star calculated by doubling the OS.

the whole AGB phase, of stars of different mass, for the two
metallicities investigated here and for the Z = 3 × 10−4 model
stars discussed in Dell’Agli et al. (2019). Overall these results
refer to a metallicity range extending over 3 orders of magnitude.
The masses shown in the figure were chosen in order to represent
the three groups discussed in sections 4.1, 4.2 and 4.3.

The threshold mass required to activate HBB in the present
metallicity domain is ∼ 2 M�, the same as for Z = 1 − 3 × 10−4

(Dell’Agli et al. 2019); this is consistent with the results obtained

by CL08, who find that 2 M� model stars experience HBB for
[Fe/H] ≤ −4. This threshold mass is significantly smaller than
in higher metallicity model stars: recent studies showed that only
M ≥ 3.5 M� stars reach HBB conditions in the solar (Ventura et
al. 2018), super-solar (Ventura et al. 2020) and slightly sub-solar
(Ventura et al. 2014a) case, whereas for the Z = 10−3 chemistry
this mass threshold is ∼ 3 M� (Ventura et al. 2013). These differ-
ences are connected with the higher steepness of the core mass
vs initial mass relationship in lower metallicity stars, because the
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Fig. 4. Top panels show the variation of the luminosity of the model stars of metallicity Z = 3 × 10−5 (left) and Z = 3 × 10−7 (right) as a funnction
of the core mass. The different lines refer to the stars of intial mass 1 M� (orange), 1.5 M� (grey), 2 M� (cyan) 2.5 M� (red), 3 M� (blue), 4 M�
(light green), 5 M� (magenta), 6 M� (black), 7.5 M� (dark green). The dashed lines indicate the core mass - luminosity relationship by Paczyński
(1970). The bottom panels report the evolution of the temperature at the bottom of the convective envelope of the same model stars shown in the
top panels, as a function of the current mass of the star.

threshold in the core mass required to activate HBB is ∼ 0.8 M�,
almost independently of the metallicity (Ventura et al. 2013).

Dell’Agli et al. (2019) discussed the sensitivity of the
strenght of HBB to the metallicity, outlining that both Tbce and
luminosity increase when Z decreases. The Tbce vs mass rela-
tionship was shown to get steeper and steeper as Z decreases,
with the most massive AGBs reaching temperatures at the base
of the envelope above 140 MK during the AGB phase. The
present results confirm this trend, with the largest temperatures

being Tbce ∼ 170 MK for Z = 3 × 10−5 and Tbce ∼ 195 MK
Z = 3 × 10−7. Given the tight relationship between Tbce and
luminosity of the stars experiencing HBB, the peak luminosi-
ties are also correlated with metallicity, the largest values being
2.4 × 105 L� and 2.15 × 105 L� for the 7.5 M� model star of
metallicity Z = 3 × 10−7 and Z = 3 × 10−5, respectively (see
table 1).

The degree of the nucleosynthesis taking place at the bot-
tom of the convective envelope, and consequently the variation
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of the surface chemical composition, are sensitive to Tbce. On
this regard, the most clear effect of metallicity can be seen in
the bottom panel of Fig. 7, showing the average chemical com-
position of the gas expelled from stars with initial mass 6 M�,
whose surface chemistry is determined almost exclusively by
HBB. While the ejecta of Z = 3 × 10−4 stars are enriched in
some of the species involved in the advanced p-capture nucle-
osynthesis, such as 23Na, 27Al and 28Si, at lower metallicities
all the species from neon to silicon are destroyed by HBB; this
is evident in the Z = 3 × 10−7 case and particularly in the be-
haviour of 24Mg, which is consumed almost in its entirely in
the surface regions of the star. 12C and 16O are also exposed to
proton capture when HBB is activated; however, the results re-
garding these species for the 6 M� stars are less sensitive to the
metallicity than the heavier elements, because of the effects of
the dredge-out, experienced by the 6 M�, Z = 3 × 10−7 star (see
discussion in section 3), which increases the overall CNO and
consequently the equilbrium abundances of all the CNO species.
This is the reason why the lines corresponding to the different
metallicities in the bottom panel of Fig. 7 are extremely close in
correspondence of the CNO elements.

The results shown in the middle panel of Fig. 7 outline no-
table differences between the 4 M� stars of metallicity Z =
3 × 10−7 and the counterparts of same mass and higher Z. As
in the case of 6 M� stars discussed earlier, the ejecta of the
most metal-poor model stars exhibit a must stronger signature
of HBB. This is partly due to the hotter Tbce’s; however, an addi-
tional reason for this difference is that the chemistry of the most
metal-poor, 4 M� stars is influenced by HBB only, whereas in the
Z = 3×10−4 and Z = 3×10−5 cases the action of TDU increases
the mass fractions of the various chemical species considered.

The evolution of the stars not experiencing HBB, discussed
in section 4.1, is driven by the gradual enrichment in the sur-
face 12C, which eventually leads to the formation of carbon stars.
Dell’Agli et al. (2019) found that 1 − 2 M� stars evolved as car-
bon stars for a fraction of the AGB lifetime in the 50−75% range
for the metallicities Z = 1− 3× 10−4. On this regard, the present
results for the Z = 3 × 10−5 chemistry are similar to Dell’Agli
et al. (2019), whereas for the lowest metallicity Z = 3 × 10−7

we find slightly higher percentages, owing to the smaller initial
fraction of 16O, which makes the achievement of the C-star stage
easier.

In terms of carbon enrichment we find, consistently with
Dell’Agli et al. (2019), that the results are not particularly sensi-
tive to the metallicity, because the 12C dredged-up to the surface
is of primary origin, thus independent of Z. The different lines
shown in the top panel of Fig. 7, reporting the production factor
of the various species for the three metallicities analysed in the
present discussion, share the same trend, the values being higher
the lower the metallicity, which is connected with the lower ini-
tial mass fractions of all the species but hydrogen and helium in
lower-Z stars.

4.6. The impact of convection and mass-loss modelling

It is generally recognized that the results from AGB modelling
are sensitive to the description of some physical phenomena still
unknown from first principles, the two most relevant being con-
vection and mass loss (Karakas & Lattanzio 2014).

As far as the determination of the convective temperature
gradient is concerned, the FST modelling adopted here was
shown to lead to stronger HBB conditions than in the results
based on the mixing length theory (MLT), in the model stars
achieving temperatures at the base of the envelope exceeding

∼ 30 MK (Ventura & D’Antona 2005a), which, in the metal-
licity domain explored here, reflects into initial masses above
2 M�. The nucleosynthesis at the bottom of the convective en-
velope experienced by model stars calculated by adopting MLT
modelling for turbulent convection is less advanced than in their
FST counterparts, which also reflects into lower luminosities and
slower evolution (Ventura & D’Antona 2005a). These arguments
will be reconsidered in section 6, where the present findings will
be compared with MLT-based computations form other research
groups. For what attains low-mass stars discussed in section 4.1,
no significant differences are expected between the FST and the
MLT results.

Still in the convection modelling context, a further source of
uncertainty is associated to the treatment of convective borders,
which rules the extension of extra-mixing, the depth of TDU,
thus the amount of 12C and of material processed by helium-
burning nucleosynthesis convected to the surface after each TDU
event. In the present computations, as discussed in section 2.1,
we adopted an OS lOV = 0.002Hp, calibrated against the obser-
vations of carbon stars in the Magellanic Clouds (Ventura et al.
2014b).

To test how changes in this quantity reflect into the results
obtained in the low-mass stars domain, we run evolutionary se-
quences of a 1.5 M� model star, based on lOV = 0.001Hp and
lOV = 0.004Hp, which represent a factor 2 change with respect
to the standard assumption. These results are indicated in Fig. 1
with dotted and dashed lines, which refer to the lOV = 0.001Hp
and lOV = 0.004Hp cases, respectively. For readability we only
show the results regarding the luminosity and the surface (C−O)
and 22Ne. A change in the assumed lOV reflects into the extent
of each TDU event, thus on the amount of material transported
to the surface regions after each TP. We find that doubling (halv-
ing) the OS results in a ∼ 40% increase (decrease) in the sur-
face (C−O) and a factor 2 increase (decrease) in the 22Ne ac-
cumulated in the surface regions. Regarding the other chemi-
cal species, ∼ 30% changes in the final abundances are found.
The choice regarding lOV also affect the general evolution of the
star, because a deeper TDU decreases the core mass of the star,
which therefore evolves at lower luminosities and consequently
on slower time scales: this is shown in the top, left panel of
Fig. 1, where we note a clear difference between the various re-
sults, with the luminosity increasing faster in the lOV = 0.001Hp
case. These differences do not significantly affect the overall du-
ration of the AGB phase, which are similar within 10% in the
three cases, because, as discussed in section 4.1, most of the
mass is lost in the very final TPs.

Turning to the stars experiencing HBB, described in sections
4.2 and 4.3, the only additional case which we explore in the
analysis of the effects of the treatment of convective borders is
the lOV = 0.004Hp one; we do not expect to find significant dif-
ferences between the lOV = 0.001Hp and lOV = 0.002Hp cases,
as the TDU experienced was found to be extremely weak in
the latter case, as discussed in section 4.2. The finding with the
lOV = 0.004Hp assumption are indicated with dashed, cyan lines
in the left panels of Fig. 2 and in Fig. 3.

Both in the 4 M� and 6 M� cases doubling the OS associated
to the penetration of the convective bubbles into the radiatively
stable regions favours a deeper TDU with respect to the stan-
dard case, with the transportation of larger quantities of 12C to
the surface. The variation of the surface 12C does not show up
significant difference between the two cases, because of the ac-
tion of HBB, which destroys the surface 12C via proton fusion;
on the other hand the production of 14N is enhanced by a fac-
tor ∼ 5, as can be seen in the bottom, left panels of Figg. 2 and

Article number, page 13 of 27



A&A proofs: manuscript no. ventura

Fig. 5. Evolution of the surface mass fraction of nitrogen (top panels) and oxygen (bottom) as a function of the (current) stellar mass of the
Z = 3 × 10−5 (left) and Z = 3 × 10−7 (right) model stars discussed in the present work. The colour coding is the same as in Fig. 4. Red arrows on
the left side of each panel indicate the initial mass fractions.

3. The choice of a larger extra-mixing from the borders of the
convective zones also affect the general physical evolution of the
stars, because the increase in the surface metallicity favours the
expansion of the star and the rise in the mass-loss rate: the mod-
els calculated with a higher lOV evolve faster, with the overall
duration of the AGB phase being ∼ 10% shorter. This is seen in
the run of the luminosity, reported in the top, left panels of Fig. 2
and Fig. 3

The description of mass-loss is a major issue in AGB mod-
elling, considering the poor knowledge of this physical mecha-
nism and the relevant impact on the AGB evolution (Ventura &

D’Antona 2005b). Most of the calibrations presented so far are
based on stars of metallicity significantly higher than those ex-
plored here, which suggests to consider the implications relative
to possible sensitivity of mass-loss on the chemical composition
(Pauldrach et al. 1989). In the low-mass domain we believe that
the description of mass-loss adopted here is at the same level
of accuracy of model stars of higher metallicity, because these
stars experience a significant increase in the surface metallic-
ity, related to the effects of TDU, which enrich the external re-
gions with primary carbon, produced in the 3α burning shell; the
surface metal enrichment is practically independent of metallic-
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Fig. 6. Evolution of the surface mass fraction of 27Al (top panels) and 28Si (bottom) as a function of the (current) stellar mass of the Z = 3 × 10−5

(left) and Z = 3 × 10−7 (right) model stars discussed in the present work. The colour coding is the same as in Fig. 4. Red arrows on the left side of
each pane indicate the initial mass fractions.

ity, which has only an indirect influence, however considered in
the treatment by Wachter et al. (2008) adopted here, connected
with the hotter effective temperatures of metal-poor stars when
compared to the higher-Z counterparts. These stars produce large
quantities of carbonaceous dust (see discussion in section 8) for
most of their life, thus their mass-loss is driven by the radiation
pressure effects on the dust grains, which is considered in the
determination of the rates given by Wachter et al. (2008), used
in the present analysis.

The case of the stars experiencing HBB is more tricky, as we
find that no significant increase in the overall metallicity takes

place, as discussed in sections 4.2 and 4.3. We adopt the de-
scription by Vassiliadis & Wood (1993), consisting into a direct
relation between Ṁ and pulsation period, found via an analysis
of CO microwave observations of AGB stars. In this description
the metallicity of the star enters via the period, which is gener-
ally shorter the lower is Z. Alternative description of mass-loss
of bright AGB stars is given by Blöcker (1995), based on dy-
namical models of the winds of M-type stars. To explore the
sensitivity of the results on the mass loss description we con-
sidered two 4 M� models based on the Blöcker (1995) treatment
of mass-loss, in which the free parameter entering the Blöcker
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(1995)’s formula was taken as ηR = 0.005 and ηR = 0.026. These
results are shown in Fig. 2 as green, dotted-dashed (ηR = 0.02)
and long-dashed (ηR = 0.005) lines.

The results obtained with the Blöcker (1995) description are
found to bracket those obtained with the Vassiliadis & Wood
(1993) treatment. The ηR = 0.02 model experiences a mass-
loss rate significantly larger than the Vassiliadis & Wood (1993)
counterpart, an effect of the steep sensitivity of Ṁ on the lumi-
nosity of the star included in the Blöcker (1995) formula. As
a consequence the peak luminosity is ∼ 30% smaller and the
TP-AGB phase is ∼ 30% shorter. The variation of the surface
chemistry is also affected by the faster consumption of the enve-
lope, because the number of TDU events experienced is smaller.
This is not going to affect the species exposed to proton captures
during HBB, such as 12C, but has serious consequences on the
species synthesized when HBB is activated, such as 14N, whose
final surface mass fraction is ∼ 30% lower than in the Vassil-
iadis & Wood (1993) case. In stars of higher mass we do not
expect significant dissimilarities on the chemical side, because
their chemistry is almost entirely determined by HBB, with lit-
tle contribution from TDU. On the other side, when ηR = 0.005
is assumed in the Blöcker (1995) recipe, the mass-loss rates are
generally smaller than in the Vassiliadis & Wood (1993) case,
thus the evolutionary time-scales are longer, the difference be-
ing within ∼ 30%. The HBB experienced is slightly stronger,
but the main effect on the surface chemistry is once more due to
the higher production of primary nitrogen, related to the higher
number of TDUs experienced: the final 14N is ∼ 50% higher than
in the Vassiliadis & Wood (1993) case.

We believe important to underline here that while these nu-
merical explorations can provide a broad estimate of how the
present results are sensitive to the mass-loss description, use of
the Blöcker (1995) description can be hardly applied to massive
AGBs in the metallicity domain explored in the present inves-
tigation: the Blöcker (1995) prescription is based on dynamical
models of the winds of massive AGB stars which consider the ef-
fects of radiation pressure on the dust particles, but in the present
context very poor dust formations is expected to take place in the
circumstellar envelope of M-type stars, owing to the scarcity of
gaseous silicon.

5. Gas yields

We discuss the yields of the different chemical species of the
model stars discussed in the present work.

We follow the classical definition of the stellar yield, i.e., the
yield of a given element i is the net amount of newly- produced
element that is ejected in the interstellar medium by a star during
its life:

Yi =

∫
[Xi − Xinit

i ]Ṁdt

The integral is calculated over the entire stellar lifetime, Xinit
i

is the mass fraction of species i at the beginning of the evolution,
and Ṁ is the mass-loss rate. If the element is destroyed in the
stellar interior, then the yield is negative.7

Fig. 8 and 9 show the gas yields of the models presented
here as a function of the initial mass of the star. We also show
6 The latter quantity is the standard assumption in the AGB calcula-
tions of solar and sub-solar metallicity, calibrated on the basis of the
luminosity distribution of lithium-rich stars in the Magellanic Clouds
by Ventura et al. (2000)
7 The yields for the main chemical species of all the model stars pre-
sented in this work are available at www.oa-roma.inaf.it/arca/

the yields from massive stars presented by LC18, which were
evolved from the same chemical composition of the Z = 3×10−5

models investigated here. This allows a more exhaustive analysis
on the relative impact of stars of different mass on the chemical
evolution of the host galaxy. LC18 present an exhaustive discus-
sion on the role of rotation on the internal mixing of massive
stars and the related effects on the gas yields, by comparing re-
sults obtained by varying the assumed equatorial velocity from
zero to 300 Km/sec. The results reported in Fig. 8 and 9 are
given in terms of the range of values of the yields of a star of a
given mass corresponding to different rotational velocities.

5.1. CNO yields

The yields reported in Fig. 8 refer to the CNO species. In the
low-mass domain the 12C yields (see top, left panel of the fig-
ure) of the AGB stars exhibit a growing trend with the initial
mass of the star, ranging from a few 10−3 M�, for 1 M� stars,
to almost 0.1 M�, for 2 M� stars. This is because the number
of TP experienced, hence of the TDU events which take place
during the AGB phase, is higher the larger the initial mass of the
star. We note that the 12C yields are not particularly sensitive to
the metallicity in this mass domain, because the 12C dredged-up
from the helium burning shell is of primary origin and is much
larger than the 12C quantity (and more generally of the overall
C+N+O) initially present in the star.

The sudden drop in the 12C yields for M > 2 M� is connected
with the ignition of HBB, which destroys the surface carbon. For
the massive AGB stars the 12C yields are negative, because the
HBB equilibria are shifted to 12C mass fractions lower than in
the gas from which the stars formed. This can be seen, e.g., in
the time variation of the surface 12C of the 6 M� model star,
shown in the bottom, left panel of Fig. 3. This trend is reversed
at M ≥ 7 M�, because as discussed in section 3 these stars ex-
perience the dredge-out mechanism, which favours a significant
increase in the surface 12C during the phases preceding the se-
ries of thermal pulses: the 12C yields are positive in this mass
domain, with numerical values of the order of 10−5 − 10−4 M�,
much smaller than in M < 2 M� stars. The action of HBB causes
the drop in the 12C yields, thus interrupting the growing trend
with mass, which would ideally connect the yields of M ≤ 2 M�
stars with those from 13−25 M� stars calculated by LC18, which
span the 0.2 − 1 M� range.

The trends with mass of the yields of 13C and 14N are simi-
lar. For both elements the largest yields, of the order of 10−4 M�
and ∼ 0.02 M� respectively, are provided by the intermediate
mass stars, that experience both TDU and HBB. For what attains
14N, these findings are fully consistent with the results shown in
the top panels of Fig. 5. Even in this case the quoted values are
not sensitive to the metallicity, as the chain of reactions lead-
ing to the synthesis of 13C and 14N begins by proton captures
on 12C nuclei, mostly of primary origin at the low metallicities
considered in this work. In the massive AGBs domain the metal-
licity is more relevant, because these stars experience negligible
TDU, thus the equilibrium abundances of the various species are
mainly sensitive to the initial overall C+N+O (see again top pan-
els of Fig. 5). The rise in the trend of the 13C (top, right panel of
Fig. 8) and 14N (bottom, left panel) yields with mass, which is
seen in the massive AGBs domain, is due to the occurrence of
dredge-out, which increases the overall C+N+O in the surface
regions, thus causing higher equilibrium abundances of the CNO
species during the AGB phase.

The 14N yields of the intermediate mass models presented
here are within the range of values of those of the 13 − 25 M�
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Fig. 7. The ratio between the average abundances of different chemical species in the ejecta of AGB stars of initial mass 1.5 M� (top panel), 4 M�
(middle panel) and 6 M� (bottom panel) and the initial mass fractions. The different lines refer to the Z = 3×10−5 (black) and Z = 3×10−7 (green)
model stars investigated in the present work, and to the Z = 3× 10−4 (red) models published in Dell’Agli et al. (2019). Dotted (dashed) lines in the
panels refer to the results of Z = 3× 10−5 models obtained by assuming an overshoot parameter a factor 2 lower (higher) than in the standard case.
Long-dashed and dotted-dashed lines in the middle panel indicate the results of the evolution of a 4 M� model star with Z = 3 × 10−5, obtained by
modelling mass-loss according to Blöcker (1995), by assuming a value of the free parameter of ηR = 0.005 and ηR = 0.02, respectively.

model stars by LC18. The 14N yields yields of the non-rotating
models by LC18 are ∼ 2 orders of magnitude lower than those
reported here, whereas the yields corresponding to the rotating
models, of the order of 0.1 M�, are a factor of ∼ 10 higher. The
same holds for 13C, with the difference that the gap between the

largest yields by LC18 and those presented here is reduced to a
factor ∼ 2.

The 16O yields can also be interpreted on the basis of the
efficiency of the physical processes able to change the surface
chemistry, and are consistent with the results shown in the bot-
tom panels of Fig. 5. Some 16O production occurs in the low-

Article number, page 17 of 27



A&A proofs: manuscript no. ventura

Fig. 8. Yields (solar masses, see definition in section 5) of the chemical species involved in CNO cycling are shown as a function of the initial
mass of the star, for the metallicities Z = 3 × 10−5 (black points) and Z = 3 × 10−7 (green squares). The corresponding yields from GP21, Karakas
(2010) and Doherty et al. (2014) are indicated with blue triangles, red diamonds and orange crosses, respectively. Shaded areas on the right side of
the panels indicate the values covered by the yields from Limongi & Chieffi (2018), for different initial rotation velocities. The values of the mass
for which the points or the shadowing is missing indicate that the corresponding yields are negative.

mass domain, owing to the dredge-up of oxygen nuclei from the
3α burning shell. The largest yields, slightly above 10−2 M�, are
produced by ∼ 2 M� stars (see the cyan tracks in the bottom
panels of Fig. 5). On the other hand, the 16O ejecta of massive
AGBs are oxygen-poor, with the gas from Z = 3 × 10−7 stars
being almost oxygen-free. As expected the 16O yields, at most
∼ 0.01 M�, are much lower than the corresponding yields of the
13−25 M� model stars by LC18, which are on the average above
1 M�.

5.2. Sodium

We now turn to the chemical species not involved in CNO cy-
cling, starting with sodium, whose yields are shown in the top,
left panel of Fig. 9. The surface sodium is extremely sensitive
to the relative importance of the different mechanisms able to
modify the surface chemical composition. The effects of HBB
on the surface sodium changes according to the temperature at
the base of the envelope: when Tbce < 70 MK, sodium is pro-
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duced via proton capture by 22Ne nuclei, whereas for higher
temperatures sodium is destroyed, as the destruction channel via
proton capture prevails (Mowlavi 1999). This is the reason why
the 23Na yields exhibit a positive trend with mass only in the
M < 3 M� mass domain, with the maximum yield being slightly
above 10−4 M�. In higher mass stars the temperatures at the base
of the envelope are hotter than the 70 MK threshold given above
(see bottom panels of Fig. 4 and the values of the largest tem-
peratures reached, reported in col. 7 of table 1), thus the trend
with mass is reversed and eventually the sodium yields are neg-
ative. In all the model stars with initial mass M < 5 M�, which
experience several TDU events, most of the sodium is indeed
of primary origin, as a large fraction of the 22Ne converted into
sodium is produced by a chain of reactions taking place in the
3α burning shell formed at the ignition of each thermal pulse.
Compared to LC18, the sodium yields presented here are sys-
tematically smaller than those corresponding to the 12 − 25 M�
stars: the largest yields of sodium, corresponding to 2.5 M� stars,
are between 2 and ∼ 30 times smaller than in LC18.

5.3. The elements involved in the Mg-Al-Si chain

The very advanced degree of the nucleosynthesis experienced by
intermediate and massive AGB stars in the extremely low metal-
licity domain investigated here is even more evident in the be-
haviour of the yields of 24Mg, 27Al and 28Si, shown in the top-
right, bottom-left and bottom-right panels of Fig. 9, respectively.
For both 24Mg and 27Al the yields get negative in the M > 3 M�
mass domain, whereas for 28Si this behaviour is found in the
lowest metallicity models only.

Regarding 24Mg and 28Si, the yields presented here are ∼ 3
orders of magnitude smaller compared to the 12 − 25 M� stars
by LC18. Conversely, the 27Al yields of 2 − 5 M� stars, of the
order of 10−4 M�, fall inside the range of values spanned by the
LC18 models and are ∼ 20 times smaller than the largest values
of the LC18 work.

5.4. The need for gas yields from extremely metal-poor low
and intermediate mass stars

As mentioned in the Introduction, detailed yields for extremely
metal-poor stars like the ones presented in this work are es-
pecially useful for studying the chemical evolution of small
galaxies. In fact, the metallicity of large galaxies such as the
Milky Way increases fast and only a few LIMS are formed with
Z≤ 10−5. Thus, their effects on the global galactic evolution are
almost negligible. In small galaxies, on the other hand, the less
efficient star formation, together with a galaxy wide IMF likely
skewed in favour of low- and intermediate-mass stars, makes
the extremely metal-poor low- and intermediate-mass stars have
non-negligible effects on the evolution of particular elements.

For example, in Fig. 10 we show the predicted evolution
of the nitrogen-to-oxygen abundance ratio in the interstellar
medium of a dwarf galaxy with a stellar mass of ∼ 2 × 106 M�.
The adopted chemical evolution model is an updated version of
the one used in Romano & Starkenburg (2013) and Romano et al.
(2015) to describe the evolution of the Sculptor dwarf spheroidal
and Böotes I ultrafaint dwarf, respectively. Here, it is not used to
follow the evolution of a specific galaxy; rather, it is only used
for illustration purposes. The modeled dwarf galaxy forms stars
with a low efficiency (ν = 0.25 Gyr−1) according to a Kennicutt-
Schmidt star formation law, ψ(t) = νMk

gas(t), with k = 1 (see Ro-
mano et al. 2015, their section 3.1, for details). The dashed (red)

line shows the results in the log(N/O)–log(O/H)+12 plane that
are obtained assuming the same nucleosynthesis prescriptions
of model MWG-11 of Romano et al. (2019), i.e., the yields of
Ventura et al. (2013, 2020) for low- and intermediate-mass stars
and those of LC18 for massive stars (that are assumed to rotate
fast below [Fe/H] = −1 dex and do not rotate at all above such
metallicity threshold). The solid (black) line is the very same
model, implementing the yields for AGB stars presented in this
work for Z < 0.0003 (Z = 0.0003 was the lowest metallicity
value considered by Ventura et al. 2013). It can be clearly seen
that the inclusion of the new yields, specifically referring to the
most metal-poor stars, produces sizeable effects on the model
predictions, i.e., log(N/O) values ∼0.1 dex higher are expected
in the interstellar medium at the end of the evolution. For illus-
tration purposes, the green squares in Fig. 10 show the spread in
log(N/O) data for dwarf irregular galaxies. It appears that part
of the spread could be due to the presence/absence of a sizeable
fraction of low- and intermediate-mass stars formed at the lowest
metallicities, as a consequence of the different histories of mass
assembly and star formation suffered by the different galaxies,
that are likely to follow very different evolutionary paths (see,
e.g., Tolstoy, Hill & Tosi 2009).

Finally, it is important to stress that our considerations above
are based on the outputs of galactic chemical evolution mod-
els that assume I.R.A. (instantaneous recycling approximation).
Hydrodynamical simulations that take into account the inhomo-
geneities of the interstellar medium (see, e.g., Emerick et al.
2020) could come to different conclusions, especially regarding
the impact of the yield sets presented in this work on the early
evolution of the Galactic halo.

6. The comparison with previous investigations

As discussed in the introduction the very metal-poor metallic-
ity domain investigated here has been treated very rarely in the
literature. CL08 presented primordial to extremely metal-poor
stars yields up to 3 M�. Though limited in mass, at present this
is the most extended exploration, in terms of metallicity range.
I09 published AGB models with metallicity [Fe/H] = −3, in
the 1 − 6M� mass range. More recent results were presented
by GP21, who studied Z = 10−5 model stars with mass in the
3 − 8 M� range, and in the FRUITY database developed by S.
Cristallo, who included Z = 2 × 10−5 stars with initial mass
1.3, 1.5, 2 M�. Turning to slightly higher metallicities, we con-
sider also the works by Karakas (2010, hereinafter K10), who
describe the evolution of Z = 10−4, 1 − 6 M� stars, and by Do-
herty et al. (2014, hereinfter D14), who investigate the evolu-
tionary properties of Z = 10−4 stars undergoing the super-AGB
evolution. The gas yields from the works mentioned above are
compared with the results obtained in the present investigation
in Fig. 8 and 9. For what concerns the results from CL08 we
only show the results corresponding to the metallicities close to
those discussed in the present work, namely [Fe/H] = −5.5 and
[Fe/H] = −3.

In the low-mass domain, below 3 M�, we see that overall the
present results are extremely similar to K10, except for a slight
discrepancy in the 16O yields, which are higher in the present
case. In the 1− 1.5 M� mass range the model stars by I09, CL08
and those in the FRUITY database follow a different behaviour,
with the signatures of CNO cycling evident in the large yields of
13C (see top, right panel of Fig. 8) and 14N (bottom, left panel of
Fig. 8); this is connected with the occurrence of a few hydrogen
ingestion episodes found in the latter works, which triggers a fast
increase in the abundances of CNO elements in the early AGB
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Fig. 9. Yields of sodium (top, left panel), 24Mg (top, right), 27Al (bottom, left) and 28Si (bottom, right) as a function of the initial mass of the star.
The symbols and the colour coding adopted is the same as in Fig. 8.

phases. Ventura et al. (2018, 2020) found consistency between
the ATON and MONASH results of low-mass stars of solar and
super-solar chemical composition, thus suggesting that the treat-
ment of convective borders leads to similar results in the two
cases. In the present analysis the interpretation is more tricky:
these results indicate that the extent of mixing, particularly of
proton-ingestion episodes, are similar, but this could be partly
due to the fact that the metallicity of K10 models is close to the
threshold Z below which proton-ingestion is expected to take
place.

The comparison among AGB models of intermediate and
high mass is generally more tricky than in the low-mass case,
because the surface chemical enrichment is determined by the
detailed interplay between TDU and HBB. In the 3− 7 M� mass
domain we will confront our results preferably with those from
GP21, because they are the most recent, based on a metallicity
close to the higher Z stars discussed in this work. We will restrict
the comparison to the GP21 models based on the Vassiliadis &
Wood (1993) prescription for mass-loss, the same adopted here.

By comparing the results reported in Table 1 with those in
Table 1 of GP21 we note the following: a) the core masses at the
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Fig. 10. The evolution of the N/O abundance ratio in a dwarf galaxy
with stellar mass 2 × 106 M�, modelled according to the method doc-
umented in Romano & Starkenburg (2013) and Romano et al. (2015)
(see text for details on the various assumptions). Dashed, red line in-
dicates the results obtained by Romano et al. (2019), when the yields
of very metal-poor low- and intermediate-mass stars were extrapo-
lated from those corresponding to the higher metallicity counterparts
(Z = 3 × 10−4). The black lines refers to the results obtained when the
present yields are considered. Green squares with error bars are data for
low-mass star-forming galaxies from Berg et al. (2012) and Izotov et al.
(2012).

beginning of the AGB phase are rather similar, with practically
no difference for 3 M� and differences within 0.05 M� for M ∼
6−7 M�; b) significant differences characterize the temperatures
at the bottom of the convective envelope, which in the present
models are between 20 Mk (for 3 M� stars) and 50 Mk (for 7 M�)
hotter than in GP21; c) the TDU is very efficient in the models
by GP21, characterized by λ ∼ 0.8 − 1, whereas in the present
case we find that the TDU is generally less efficient in this mass
domain and tends to vanish for M ≥ 5 M�; d) as a consequence
of the larger luminosities and Tbce, the model stars presented here
evolve faster than in GP21, with a factor ∼ 3 difference in the
duration of the TP-AGB phase, as deduced from the comparison
between the times reported in col. 5 of table 1 and those in col.
2 of table 1 of GP21.

From point (a) above we deduce that the pre-AGB evolution
of the model stars in the two different sets is rather similar, and
that the difference in the initial core mass in the most massive
stars considered is likely due to a slightly more efficient core
overshooting during the main sequence phase.

The differences between the temperatures at the base of the
envelope (point b) are remarkable, and are mainly connected to
convection modelling, which is based on the FST treatment in
the present models, whereas GP21 use the classic mixing length
theory (MLT) description; differences in the assumption regard-
ing extra-mixing from the base of the convective envelope might
also play a role here. The strong impact of convection modelling
on the evolution of massive AGB stars was discussed in a sem-

inal paper by Ventura & D’Antona (2005a) and was extensively
explored in more recent investigations, where results from evo-
lution codes differing in the treatment of the convective instabil-
ity were compared in detail (Ventura et al. 2016, 2018). On the
other hand the present findings indicate that the discrepancies
between models calculated with different convection models be-
come more and more important as the metallicity decreases, with
the FST models experiencing a much stronger HBB with respect
to the MLT ones; we will see that this has dramatic consequences
on the change in the surface chemistry, as the nucleosynthesis
experienced by FST models at the bottom of the external enve-
lope is far more advanced than in MLT-based calculations.

The results given in point (c) above indicates a substantial
difference in the depth of TDU, which is partly related to the di-
versity in the treatment of the convective borders and partly to
the point (b) above. In the present modelling we adopt an expo-
nential decay of velocities from the neutrality point to the radia-
tively stable region to simulate overshoot, whereas GP21, K10
and D14 models, whose yields are shown in Fig. 8 and 9, use
the neutrality criterion described in Frost & Lattanzio (1996).
The different approach in managing the inner border of the en-
velope during the TDU events might per se explain part of the
differences found. On the other hand, the stronger HBB found
in the present computations is also playing a role in this context,
as model stars exposed to efficient HBB experience weaker TP,
which decreases the TDU efficiency. Whatever is the main actor
in the determination of the TDU efficiency, the higher λ models
are exposed to a larger surface metal enrichment, with the syn-
thesis of primary elements, originating from the matter dredged-
up from the helium burning shell. In the models discussed here
such enrichment, of lower extent, is limited to M ≤ 5 M� stars,
being negligible in more massive objects.

In terms of the gas yields, important differences are seen in
Fig. 8 and concern all the CNO species. The 12C yields by GP21
and K10 are a factor ∼ 10 higher than ours in the 2.5 − 5 M�
mass range, whereas for higher mass stars the situation is even
more dramatic, with the present yields turning negative, while
in the other cases they keep similar to the slightly lower mass
counterparts, i.e. ∼ 0.003 M�. Significant differences are found
also for 14N (see top, right panel of Fig. 8), with the GP21 yields
of 2.5 − 5 M� stars being almost a factor 10 above ours, the dif-
ference increasing to 2 orders of magnitude in the massive stars
regime. The models by K10 and D14 exhibit smaller differences
with ours with respect to GP21, their 14N yields being approxi-
mately a factor 2 smaller than GP21.

The interpretation of the 16O yields is more cumbersome. In
the intermediate mass case the yields presented here are similar
to those by K10, whereas those from GP21 are slightly higher.
In the case of massive stars the context is similar to 12C, with our
yields turning negative, whereas the yields from GP21, K10 and
D14 keep positive.

The differences among the yields from the various groups
just discussed can be explained based on the evolutionary prop-
erties of the models presented here and those from GP21, K10
and D14, discussed earlier in this section. The analysis of the
CNO yields allows understanding the role played by the differ-
ent physical mechanisms on the variation of the surface chem-
ical composition. In this regard, the results relating to 14N are
emblematic. The yields from GP21 and, to a lesser extent, K10
and D14 too, are generally higher, a signature of the higher TDU
efficiency; this conclusion holds independently of the strength of
HBB, because the activation of the CNO nucleosynthesis natu-
rally produces an enrichment in 14N.
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Fig. 11. The variation of the dust production rate as a function of the (current) mass of the star for some of the model stars discussed in Fig. 4,
for the metallicity Z = 3 × 10−5 (left panel) and Z = 3 × 10−7 (right panel). The colour coding is the same as in Fig. 4. Full points correspond to
silicate dust, whereas open points indicate carbonaceous dust.

The analysis of the yields of 12C and 16O confirm the much
stronger HBB experienced by the present models with respect
to GP21, K10 and D14. This is particularly evident in massive
AGBs, where the destruction of 12C and 16O is so strong that the
present yields are negative, unlike those from the other groups.
Note that the present models of massive AGB stars represent
the only case where it is possible to produce ejecta which are
substantially oxygen-free.

Fig. 8 also shows the CNO yields of 4 M� and 6 M� model
stars by I09. In this case the comparison and the understanding of
the differences among the results is more cumbersome than in the
case of GP21, because of the several differences in the physical
ingredients adopted, which involve convection, mass-loss mod-
elling, low-T molecular opacities and the mixing scheme. The
CN yields from I09 are intermediate between the present results
and those by GP21, which allows us to infer that the HBB ex-
perienced by the present models is stronger than in I09 (this is
expected, as the latter models adopt the MLT, whereas we use the
FST) and that the extent of extra-mixing from the formal borders
of the convective regions is larger in the I09 models.

Turning to heavier species, the activation of the Ne-Na and
Mg-Al-Si chains confirm this understanding. The activation of
the Ne-Na nucleosynthesis takes place in all the model stars with
initial mass M ≥ 3 M�, as witnessed by the positive sodium
yields of the intermediate mass AGBs, shown in the top, left
panel of Fig. 9, which span the 10−5−10−4 M� range, in our case
as also in K10. The GP21 sodium yields are substantially higher,
a further evidence of a deeper TDU, which brings to the sur-
face primary 22Ne, converted into sodium during the following
inter-pulse phase. In the massive AGB domain the differences
are more remarkable, with the present sodium yields turning into
negative values, because the HBB experienced is so strong that
the equilibria of the Ne-Na nucleosynthesis are shifted to lower
sodium abundances (Ventura & D’Antona 2009). Note that the
poor TDU experienced by the massive AGBs presented here also

plays a role in this context, as there is no transportation of 22Ne,
the sodium reservoir, to the surface regions.

In metal-poor AGB stars, descending from M ≥ 3 M� pro-
genitors, 24Mg is destroyed by HBB in the surface regions; on
the other hand 24Mg is transported to the external layers via
TDU. Therefore in intermediate mass and massive AGBs the
evolution of the surface 24Mg, similarly to 12C, is determined
by the balance between these two mechanisms. In light of this,
and on the basis of the differences in the efficiencies of HBB and
TDU discussed earlier in this section, it is not surprising that
the models presented here are those characterized by the lowest
24Mg yields, which are negative in the M ≥ 3 M� mass range,
a further confirmation that HBB plays the dominant role. Con-
versely, the 24Mg yields by GP21, K10 and D14 are positive for
the masses considered here, although with significant differences
among them: the GP21 24Mg yields are on the average a factor
10 higher than K10, a further indication that the models by GP21
are those in which the relative weight of TDU on the modifica-
tion of the surface chemistry is the largest.

We end up the analysis of the differences in the gas yields of
the various species with 27Al (see bottom, left panel of Fig. 9).
For M < 5 M� stars the present Z = 3 × 10−5 27Al yields are
higher than K10, owing to the stronger HBB conditions, which
favour a very advanced Mg-Al nucleosynthesis. The GP21 yields
are once more the highest, owing to deeper TDU events, which
dredge-up to the surface 25Mg and 26Mg nuclei synthsized in the
helium burning shell, then converted into 27Al by HBB. In the
case of massive AGBs the situation is similar to 23Na and 24Mg:
the present yields are negative, because they experience such an
advanced HBB nucleosynthesis that 27Al is destroyed at the base
of the envelope, whereas the yields from GP21, K10 and D14 are
positive, with the GP21 27Al yields being approximately a factor
10 higher than in K10 and D14.

The analysis presented in this section can be indirectly used
to assess the degree of uncertainty of the results obtained from
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AGB modelling. The dissimilarities between results published
by different groups, specifically between those from our group
and those obtained by the MONASH code for stellar evolution,
were extensively discussed in the case of solar metallicity mod-
els by Ventura et al. (2018) and for super-solar chemistries by
Ventura et al. (2020). These works have highlighted some dif-
ferences, particularly in the strength of HBB experienced by
M > 3 M� stars, but overall the discrepancies in the yields were
within ∼ 20%, with the sole exception of the stars in the (nar-
row) mass range close to the threshold to activate HBB. Con-
versely, Dell’Agli et al. (2019, hereinafter D19), in the compari-
son between Z = 1, 3 × 10−4 models and those by K10, outlined
significant dissimilarities, especially with regard to 14N, which
were ascribed to a greater contribution from primary material in
the K10 models, in turn associated with deeper TDU events. In
the present work we find that the differences are even more pro-
nounced than in D19, with the yields of some species found by
different groups, such as 12C, 16O, 24Mg and 27Al, being also of
opposite sign.

The uncertainties characterizing the macro-physics adopted,
particularly the convective instability, have a much more rele-
vant effect at extremely low metallicities. This is partly due to
the intrinsic property of metal-poor AGB stars, that experience
stronger HBB when compared to the higher metallicity coun-
terparts: this evidently widens the differences between results
based on different treatments of the convective instability. But
there is also another characteristic of low metallicity stars, which
makes their structure and evolution particularly sensitive to the
efficiency of the mechanisms able to alter their surface chemical
composition. These stars form from gas which is almost metal-
free, thus the percentage change in the surface mass fraction of
a given species, associated e.g. to the effects of TDU, is much
larger than in the more metal-rich counterparts. While in metal-
rich stars dissimilarities in the amount of matter dredged-out to
the surface will cause small differences in the increase of the sur-
face metallicity, in the extremely metal-poor domain the differ-
ences in the metal enrichment and therefore in the evolutionary
properties, can be considerable.

7. A binary origin for CEMP stars

CEMP stars are low-metallicity ([Fe/H] < −2) dwarfs and gi-
ants with substantial carbon enrichment ([C/Fe] > 1; Beers &
Christlieb 2005). A significant fraction (∼ 80%) of these ob-
jects, known as CEMP-s stars, show over abundance of elements
produced from slow neutron-capture process (s-process). Multi-
epoch observations of CEMP-s stars reported that the majority
of them are members of binary systems (Lucatello et al. 2005),
which favours the idea of mass transfer from a companion AGB
star which is more massive compared to the primary, and there-
fore would have evolved to a cool white dwarf (Abate et al.
2015). The CNO abundances observed and the s-process ele-
ment distribution can be interpreted by assuming pollution from
a low-mass, low-metallicity AGB star (see e.g. Cristallo et al.
2009, 2016, and the recent work by Susmitha et al. 2021, and
references therein).

Suda et al. (2004) proposed a binary scenario for the forma-
tion and evolution of CEMP stars, according to which CEMP
stars belong to binary systems with a long enough orbital pe-
riod that accrete part of the material expelled from a primary
companion evolving though the TP-AGB phase, without experi-
encing any common envelope evolution.

The debate on whether the accreted material from the donor
can be mixed through most of the secondary star or rather is

shared only with the outermost layers of the latter is still open
(Stancliffe et al. 2007; Aoki et al. 2008). The analysis of the dif-
ferent factors affecting the depth of the innermost layers reached
by accreted material in a low-mass mass star is beyond the scope
of the present work. In the present context we are simply inter-
ested to understand whether the results presented here are con-
sistent with the chemistry of CEMP stars of similar metallicity.
The approach followed is similar to GP21: we consider dilution
of matter with the average chemistry of the AGB ejecta with gas
characterized by the original chemical composition, and com-
pare with the derived abundances of a few selected CEMP stars
belonging to the SAGA database (Suda et al. 2008).

Fig. 12 shows the above comparison for the selected CEMP
stars, which have approximately the same metallicity of the
model stars presented here. We overall find a satisfactory agree-
ment, with three out of the 4 selected stars showing up the im-
printing of a dominant contribution from TDU to the AGB chem-
istry, whereas in one case, namely CS 22958-041, it is clear in
the large nitrogen enhancement the combination of HBB and
TDU.

8. Dust production

AGB stars are potentially important dust manufacturers, given
the thermodynamic conditions of their wind, with are sufficiently
cool and dense to allow significant condensation of gaseous
molecules into solid grains (Ferrarotti & Gail 2006). The most
relevant dust species formed are silicates and carbonaceous dust.
The former species are formed in oxygen-rich environments,
whereas the latter kind of dust, composed by a majority of solid
carbon grains with some contribution from SiC, forms in the
wind of carbon stars, and is sensitive to the carbon excess (C-O),
namely the excess of carbon molecules with respect to oxygen
in the surface layers. The formation of dust in metal-poor AGB
was recently addressed by D19, who explored the metallicities
Z = 1, 3 × 10−4. In this work we extend the analysis by D19 to
more metal-poor environments.

Fig. 11 shows the variation of the dust production rate
(DPR), defined as the rate, in solar masses per year, at which
dust is released into the interstellar medium by the star. The dif-
ferent lines refer to the same model stars presented in Fig. 4,
5 and 6, with the Z = 3 × 10−5 case in the left panel and the
Z = 3 × 10−7 one on the right8.

8.1. Evolution of the dust production rate during the AGB
phase

AGB stars with masses below 2 M�, after becoming C-stars,
produce carbonaceous dust, mainly under the form of solid car-
bon; the contribution from SiC is negligible, considering the low
quantity of silicon in the surface layers. In these stars the DPR
increases during the whole AGB phase, as clear in the trend de-
fined by the orange, grey and cyan lines in Fig. 11. The behaviour
of the DPR is connected with the gradual accumulation of 12C in
the surface regions of the star owing to the TDU episodes: this
enhances dust formation, because of the higher number of car-
bon molecules available to condensation and for the consequent
expansion and cooling of the external regions of the star, which

8 The evolutionary sequences of all the model stars discussed in the
present investigation, in terms of the dust production rate from the main
dust species and other quantities connected to dust production, are avail-
able at www.oa-roma.inaf.it/arca/, together with the table of the dust
yields.
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Fig. 12. Solid curves: abundance patterns predicted at the surface of unevolved low-mass stars after mixing 1% of the matter ejected by our
AGB models to their 0.2 M� envelopes (see GP21). The AGB models are identified by their initial mass and metallicity, as reported in the bottom
right/top left corner of each panel. The circles show the abundances measured in extremely metal-poor stars selected from the SAGA database (see
top right label in each plot).

partly inhibits vaporisation. The largest DPR, ∼ 10−7 M�/yr, are
reached by 2 M� stars, as they experience the largest number of
TDU events, thus accumulating higher quantities of 12C at the
surface.

2.5 − 4 M� stars evolve as M-type stars for most of their
life (see bottom, left panel of Fig. 2). Among the wide metal-
licity range explored so far, this is the first case where the main
dust component formed during the O-rich phase is alumina dust,
while silicates form in almost negligible quantities. The reasons

for this peculiar behaviour are: a) alumina dust is a stable com-
pound, forming closer to the surface of the star than silicates, in
high density regions of the wind; b) the surface abundance of
Al, the key-element for alumina dust, is largely enhanced in this
extremely metal-poor regimes (see Fig. 6); c) the carbon nuclei
carried to the surface regions by TDU episodes lock the major-
ity of oxygen nuclei in CO molecules, leaving only a small frac-
tion of oxygen free for dust condensation. In these conditions
the condensation of alumina dust in the inner region of the wind
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Fig. 13. Dust yields from the model stars of metallicity Z = 3 × 10−5

and Z = 3 × 10−5. Results from D19 are also shown.

absorbs a large fraction of the oxygen available (δAl2O3 ∼ 0.014
is the condensation efficiency of oxygen bound in Al2O3). The
DPR reached by these stars, generally below 10−8 M�/yr, are
significantly lower than in 1.5− 2 M� stars, because of the much
smaller amounts of aluminum and silicon with respect to car-
bon in the surface layers. Metallicity plays a role here, with the
Z = 3 × 10−5 DPRs being almost a factor of 10 larger than their
Z = 3 × 10−7 counterparts; this is due to the quantities of alu-
minium available to form dust, which scale with Z.

Massive AGBs (initial mass above 5 M�) evolve as carbon
stars for most of the AGB lifetime, owing to the strong effects
of HBB, which destroy the surface 16O; an example of this be-
haviour is shown in Fig. 3, particularly in the bottom, left panel,
which reports the evolution of the CNO species. The C/O> 1
condition leads to the formation of carbonaceous dust, which
accounts for almost 100% of the overall dust formation by these
stars. At Z = 3×10−5 this is mainly under the form of SiC, which
is the most stable compound formed in C-rich winds. Even in this
case, the carbon atoms free for condensation are almost entirely
consumed in the SiC grains, to the detriment of solid carbon
which forms in an outer region. In the lower metallicity case,
the paucity of Si and its destruction through p-capture nucle-
osynthesis reduce the amount of Si available for dust formation.
The DPR reached, in all cases below a few 10−9 M�/yr, are sig-
nificantly smaller than in the lower mass counterparts, mainly
because of the low carbon excesses reached, favoured by the
strong HBB activity, which depletes the surface 12C since the
early AGB phases (see Fig. 3).

8.2. Dust yields from extremely metal-poor AGB stars

A summary of the results obtained, in terms of the dust yields
produced by stars of different mass (reported on the abscissa),
is shown in Fig. 13. In the same figure the results published in
D19, which refer to metallicities Z = 1, 3×10−4, are also shown.

Most of the dust, under the form of solid carbon, is produced
by low-mass AGBs. The largest dust production is provided by
2 M� stars, which pour a quantity of dust slightly below 0.01 M�
into the interstellar medium. For M ≤ 2 M� stars the results
turn out to be independent of metallicity, as confirmed by the
comparison among the metallicities investigated here and those
studied in D19. The remarkable similarity in the dust yields of
stars of different metallicity is due to the fact that the surface 12C,
the indirect source of the dust formed in the winds of these stars,
is almost entirely of primary origin, being dredged-up from the
He-burning shell which forms at the ignition of each TP.

Stars of higher mass produce smaller quantities of dust, with
an overall dust mass below 10−4 M�. In the comparison among
stars of different metallicity, it is clear in Fig. 13 that the lowest Z
model stars studied here produce quantities of dust significantly
smaller than their higher metallicity counterparts. This is due to
the lower amount of silicon and/or aluminum in the matter from
which the stars formed and the strong HBB experienced, which
heavily destroys the surface 12C and 16O, thus severely inhibiting
the formation of carbonaceous dust and silicates. Furthermore,
with respect to the results found in D19 where the main dust
components formed are silicates, in the metallicities investigated
in this work there is a predominance of alumina dust.

In the context of massive AGBs we see a fundamental dif-
ference between the dust produced by the model stars presented
here and those by D19. In the latter case the dust is mainly under
the form of alumina dust and silicates and the trend with mass
is slightly increasing towards the highest masses investigated, as
clear in the trend defined by the blue diamonds in Fig. 13, which
correspond to the Z = 3 × 10−4 M� stars published in D19. This
behaviour is determined by the fact that the larger the mass of
the star, the higher the mass-loss rate experienced, the denser
the wind. On the other hand in the massive AGB model stars
presented here the dust is under the form of carbonaceous dust,
owing to the afore mentioned strong effects of HBB in extremely
metal-poor AGB stars.

The present results, in agreement with D19, indicate that in
extremely metal-poor environments the dust contribution from
AGB stars becomes relevant only after ∼ 500 Myr, considering
the poor dust production by stars that evolve faster than this time
limit. For what regards the contribution from AGB stars to the
cosmic dust yield, these results confirm the conclusions reached
in D19, that at redshifts above 5 − 6 the dominant dust factories
are high-mass stars, exploding as supernovae.

9. Conclusions

We study the evolution of extremely metal-poor, M < 8 M�
stars, across the asymptotic giant branch, until the almost com-
plete loss of the external mantle. The metallicities investigated,
Z = 3 × 10−5 and Z = 3 × 10−7, correspond to [Fe/H] = −3 and
[Fe/H] = −5, respectively.

We find that in stars of initial mass M ≤ 2 M� the surface
chemical composition is altered by the effects of TDU. In higher
mass stars the temperature at the bottom of the convective enve-
lope reach (or exceed) ∼ 40 MK, thus activating HBB: in these
cases the relative importance of TDU and HBB is the key fac-
tor in the change of the surface chemistry. The present results
show that in the stars of highest mass, with M ≥ 5 M�, the depth
of TDU is so small that the surface chemistry reflects the pure
effects of HBB.

In the metallicity domain investigated here the description of
the convective instability is crucial for the evolution of the stars.
Considering the very small initial metallicity, the depth of TDU,
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which is extremely sensitive to the treatment of convective bor-
ders, proves important to the determination of the surface metal
enrichment, which, in turn, affects the evolution of the stellar
radius and thus of the mass-loss rate. Numerical simulations ex-
ploring the possible effects of changing the assumed OS confirm
that the main aspects of the evolution across the AGB phase and
the gas pollution from these stars are extremely sensitive to the
underlying assumptions regarding the description of the regions
close to the convective borders. Convection modelling also af-
fects the strength of HBB, with notable consequences on the
largest luminosity attained by the star, hence on the mass-loss
rate. The description of mass-loss, highly uncertain in the metal-
licity domain discussed here, is also crucial for the determination
of the evolutionary history of these stars.

The different impact of TDU and HBB in stars of different
mass reflects on the gas yields. Low-mass AGBs, experiencing
TDU only, produce gas largely enriched in 12C and, to a smaller
extent, in the other chemical species. This gas is of primary ori-
gin almost in its entirely, as the enrichment in the mass frac-
tions of the various chemicals is due to chains of nuclear reac-
tions started by helium-burning in the pulse driven convective
shell. When compared to results from other investigations fo-
cused on low-mass stars of metallicity similar to those explored
in the present work, the present yields of 13C and 14N are signif-
icantly smaller, owing to the weaker proton-ingestion episodes
experienced. The stars descending from 2 M� < M < 5 M�
progenitors produce gas, once more mostly of primary origin,
altered by both TDU and HBB. The most important feature in
this context is the extraordinary production of 13C and 14N, both
elements being produced by proton capture on 12C nuclei, syn-
thesized during the thermal pulse and convected to the surface
via TDU. The most massive AGB stars experience HBB only,
with poor contribution from TDU. The yields of different chem-
ical species reflect a mostly secondary contribution, with the ex-
ception of M ≥ 7M� stars, which experience a deep convective
mixing after the core helium burning phase, with transportation
of primary carbon to the surface regions. In all the stars of initial
mass above ∼ 5 M� the nucleosynthesis reflects the equilibria
of very hot p-capture processing. The very hot HBB tempera-
tures produce remarkable effects on the surface chemistry: the
nucleosynthesis experienced at the base of the envelope is such
that even the yields of chemical species which are found to be
largely produced in popI and popII AGBs, such as sodium and
aluminium, are negative in the present cases.

Dust production by extremely metal-poor AGBs is limited to
M ≤ 2 M� stars, as in higher mass objects the very small abun-
dances of silicon prevent significant formation of silicates; note
that in these stars formation of carbonaceous dust is also negli-
gible, owing to the effects of HBB, which destroys the surface
carbon. In the low-mass domain solid carbon dust is formed, in
quantities spanning the 10−4−5×10−3 M� range, the larger quan-
tities of dust being formed by the stars of higher mass, which
accumulate more carbon in the surface regions. These findings
support the idea of a dominant contribution of massive stars to
dust production in the Universe in the early epochs following the
Big Bang.
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