
����������
�������

Citation: Van Eck, S.; Shetye, S.; Siess,

L. Insights into AGB Nucleosynthesis

Thanks to Spectroscopic Abundance

Measurements in Intrinsic and

Extrinsic Stars. Universe 2022, 8, 220.

https://doi.org/10.3390/

universe8040220

Academic Editor: Sara Palmerini

Received: 17 January 2022

Accepted: 22 March 2022

Published: 29 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

universe

Review

Insights into AGB Nucleosynthesis Thanks to Spectroscopic
Abundance Measurements in Intrinsic and Extrinsic Stars
Sophie Van Eck 1,* , Shreeya Shetye 2 and Lionel Siess 1

1 Institut d’Astronomie et d’Astrophysique, Université libre de Bruxelles (ULB), CP 226,
B-1050 Bruxelles, Belgium; lsiess@ulb.ac.be

2 Laboratory of Astrophysics, Institute of Physics, Ecole Polytechnique Fédérale de Lausane (EPFL),
Observatoire de Sauverny, 1290 Versoix, Switzerland; shreeya.shetye@epfl.ch

* Correspondence: svaneck@astro.ulb.ac.be; Tel.: +32-2-650-28-63

Abstract: The foundations of stellar nucleosynthesis have been established more than 70 years ago.
Since then, much progress has been made, both on the theoretical side, with stellar evolution and
nucleosynthesis models of increasing complexity, using more and more accurate nuclear data, and
on the observational side, with the number of analyzed stars growing tremendously. In between,
the complex machinery of abundance determination has been refined, taking into account model
atmospheres of non-solar chemical composition, three-dimensional, non-LTE (non-local thermody-
namic equilibrium) effects, and a growing number of atomic and molecular data. Neutron-capture
nucleosynthesis processes, and in particular the s-process, have been scrutinized in various types
of evolved stars, among which asymptotic giant branch stars, carbon-enhanced metal-poor stars
and post-AGB stars. We review here some of the successes of the comparison between models
and abundance measurements of heavy elements in stars, including in binaries, and outline some
remaining unexplained features.

Keywords: asymptotic giant branch (AGB); nucleosynthesis; s-process; intrinsic stars; extrinsic stars

1. Introduction

Clues to constrain nucleosynthetic processes come from many different stellar objects.
Historically, it is the observation, 70 years ago, of technetium in the photosphere of a star
(the S-type star R And, [1,2]) which put an end to the controversy between the proponents
of primordial (G. Gamow) and stellar (F. Hoyle) nucleosynthesis, since it made it clear that
stars could produce heavy chemical elements. Since then, many observations, followed
by careful analyses consisting in chemical element detections or quantitative abundance
determinations, have advanced our current understanding of element nucleosynthesis
in stars. The level of accuracy of abundance determinations, together with the quantity
and quality of analysed objects, allows more thorough comparisons to be performed with
theoretical predictions. In particular, Thermally-Pulsing Asymptotic Giant Branch (TPAGB)
nucleosynthesis has benefited from major theoretical advances (e.g., [3–6] and references
therein). During this phase of evolution, favourable conditions for the operation of the slow
neutron-capture process (s-process), which is responsible for the production of half of the
elements heavier than iron, are encountered. This nucleosynthetic process is characterized
by the fact that the neutron capture timescales are in general slower than β-decay rates,
and therefore produces isotopes located along the valley of β-stability; it takes place at
neutron densities in the range of 106–1011 cm−3 (e.g., [7]). Two main astrophysical sites
for the s-process have been identified: AGB stars and massive stars (during the core He
burning and in the convective carbon-burning shell of stars with M > 8− 10M� [6]). In
the following, only the observationally well-constrained s-process in AGB stars will be
considered. Two possible neutron sources have been identified: 13C(α,n)16O, predicted to
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be efficient in the H-He intershell and 22Ne(α,n)25Mg, requiring higher temperatures and
operating in AGB stars more massive than 4 M�.

Observational targets providing constraints on AGB nucleosynthesis can be classified
in two types: intrinsic and extrinsic stars. Intrinsic stars experience or have experienced
nucleosynthesis and brought to their photosphere the synthetized elements. Extrinsic stars
have been polluted by a companion AGB star but did not (yet) reach the TPAGB stage.
Finally, chemical enrichment of the Galaxy, resulting from a collection of pollution episodes,
not accross a binary system like for extrinsic stars, but within the interstellar medium, can
also put extremely useful constraints on AGB nucleosynthesis.

Evidences for a scenario of mass transfer between two stars are manyfold: barium stars
are binaries [8,9], as well as no-Tc S stars [10] and unevolved objects of various metallicities
showing carbon and s-process enhancement (CH stars and Carbon-Enriched Metal-Poor
(CEMP) stars like CEMP-s stars and CEMP-sr stars [11]).

Here we describe some (among many) diagnostics used to constrain AGB nucleosyn-
thesis. In the first section we review technetium detection in various types of stars, since
technetium is the only unambiguous tracer, available from optical spectra, of on-going
nucleosynthesis. In the second section we detail some comparisons between theoretical
predictions and s-process element abundance determinations. Finally, we present some
existing tensions between stellar evolution or nucleosynthesis models and the current
abundance measurements.

2. Technetium, Intrinsic Stars and Extrinsic Stars

Technetium does not have any stable isotope, but has three long-lived (97Tc, 98Tc
and 99Tc) and 20 short-lived isotopes and isomers. 99Tc is the isotope produced by the
s-process and it is the one assumed to be observed in stellar spectra. Since its lifetime
(τ = 2.1× 105 yr) is roughly one order of magnitudes shorter than the predicted lifetime
on the AGB, any observed Tc must have been formed in situ. The 3 resonance lines of
Tc I (4238.191, 4262.270, 4297.058 Å) are detectable, though heavily blended in spectra of
cool stars.

Ionized technetium lines (Tc II) have also been searched in the spectra of barium stars
and of low-metallicity AGB stars (they follow evolutionary tracks bluer and warmer than
their solar-metallicity counterparts, so Tc, if present, could be partly ionized), without
success [12,13] thereby confirming the extrinsic nature of barium stars. Tc II has also been
searched in the spectra of some Ap stars, since it has been claimed that (some of) their chem-
ical peculiarities (in particular concerning actinides) could be explained by nucleosynthesis
processes involving particles accelerated by magnetic fields. These studies (e.g., [13]) lead to
discrepant and inconclusive results, because they were essentially based on line coincidence
identifications in the absence of adequate (non homogeneous) model atmospheres.

Finally, molecular lines of TcO have been looked for in (intrinsic) S-type stars without
success [14].

Little-Marenin and Little [15,16] achieved Tc I line detection for 279 late-type giants of
the M, MS, S and C spectral types, complemented since then by [17–20]; whether these tech-
netium detections agree with stellar evolution models is discussed in the next paragraphs.

2.1. S-Type Stars

The least luminous AGB stars to exhibit intrinsic nucleosynthesis products are S-
type stars, that display ZrO bands in addition to the TiO bands characterizing M-type
stars. Combining the spectra analysis with Gaia parallaxes produces a consistent picture.
For example, a nice agreement between the STAREVOL evolutionary models [21,22] and
observations [19,20,23] is illustrated in Figure 1: as expected, Tc-rich stars are located above
the threshold luminosity (L3DU) corresponding to the onset of the third dredge-up of the
matching metallicity 1 while no-Tc stars have a luminosity below L3DU. Two stars are
however discrepant in Figure 1: HD 150922 and BD-10◦ 1977, both no-Tc stars (squares) in
the [Fe/H] = −0.5 bin (in green) falling above and to the right of the L3DU line. Whether
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their binarity could have affected their Gaia eDR3 parallax remains to be checked with the
next Gaia data release. With the exception of these two no-Tc stars, all Tc-rich stars fall
above and to the right of the L3DU line of the corresponding metallicity, as expected (see
also [19,20,24]).

The very large majority of no-Tc stars has been found to be binaries [25–28] and thus
extrinsic stars. The proportion of no-Tc stars among S stars, initially estimated around 30%
(and 26% in carbon stars [29]), has been revised to ∼50% [10].

Thanks to MARCS [30] model atmospheres of the adequate, non-solar, chemical
composition, it has been possible not only to assess the presence or absence of Tc in S-type
stars, but also to derive Tc abundances. These abundances are subject to large uncertainties,
mainly because the agreement between observed and synthetic spectra at the location of
the three Tc resonance lines, around 4250 Å, is not satisfactory. However there is a loose
tendency for higher Tc abundances among S stars with larger [s/Fe] and C/O ratios [20].
As far as S stars are concerned, the picture is thus roughly consistent with evolutionary
models (more evolved AGB stars have experienced more dredge-ups so the Tc enrichment
increases with increasing C and s abundances) but, as we shall see, remains fuzzy for MS
and M stars at the low C/O limit, and for SC stars at C/O close to 1.

Figure 1. Hertzsprung-Russell diagram of S-type stars, using Gaia eDR3 parallaxes, from the samples
of [19,20,24]. Intrinsic, Tc-rich S stars are represented with filled triangles and extrinsic, no-Tc stars by
open squares. The colours separate stars in three different metallicity bins centered on [Fe/H] = −0.5
(green), −0.25 (blue) and 0 (red). The dashed lines connect the luminosity marking the onset of the
third dredge-up events (L3DU) for stars of masses between 1 and 5 M�, according to the STAREVOL
evolutionary tracks [21,22], with the same metallicity colour coding as for the stars. The masses of
the stars experiencing this first 3DU are indicated in the colour squares (see Figure 4 of [20] for more
details). Figure adapted from [19,20,24].

2.2. Technetium-Rich M Stars

Some stars, despite being classified as M (implying a very low or nul s-process enrich-
ment), have been found to be Tc-rich. The question of technetium among M-type stars is
difficult to settle, because there is a large proportion of variable stars, including Mira stars
(variable stars with V-band photometric amplitude exceeding 2.5 mag) in this category,
further complicating abundance determinations with static model atmospheres. M stars
with technetium have spectral types later than M2 [16], and, counter-intuitively enough,
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Mira stars with no-Tc show redder K− [22] colours than Tc-rich Miras of similar pulsation
periods, suggesting a higher dust content in their circumstellar environment [31]. Whether
third dredge-up events would decrease the dust contribution remains to be proven. Ac-
tually it is not even clear whether Tc-rich M stars have only experienced a (few) thermal
pulse(s) (so that the star would switch from the “no-Tc” to the “Tc” category, without
increasing significantly its Zr abundance above the solar-scaled value), or whether they
are the site of a different version of the s-process (producing Tc with negligible amounts of
Zr [32]). Changes in average neutron-capture cross sections can also affect the comparison
between predicted and measured abundances (e.g., [33] for technetium).

2.3. Nitrogen-Rich, No-Tc M Stars

A group of stars of still unclear status is the so-called “Stephenson M-type stars”
uncovered in [34] 2. These M-type stars have a large N abundance (typically [N/M] ≥ +1,
where M denotes iron-peak elements) but no carbon nor s-process enrichment. They were
tentatively explained as TPAGB stars in an early stage of third dredge-up or interloping
supergiants that have experienced the second dredge-up. They could be linked to the LMC
post-AGB star J005252.87-722842.9 and its two potential galactic analogs, presenting no
carbon nor s-process enrichment [36] (though the metallicity range is slightly different:
[−0.5; 0] for Stephenson M stars, close to −1 for the post-AGB stars of [36]).

2.4. MS Stars

The situation for MS stars is quite clear, since already [16] noted that their so-called
“evolutionary” (i.e., intrinsic) MS stars showed Tc while “spectroscopic” (i.e., extrinsic) MS
stars did not. The classification is thus nicely consistent with that of S stars. However,
contrarily to S-type stars, the binarity of no-Tc MS stars has not yet been established.

2.5. SC Stars

Concerning SC stars (the distinction between SC and CS stars will not be considered
here), characterized by a C/O ratio of quite exactly 3 one, we are aware of only 3 stars
where the presence of Tc could be conclusively assessed (R CMi, CY Cyg, RZ Peg [16]).
Upper limits for Tc abundance measurements are also available for 6 SC stars [17]. Again,
this is consistent with an S–SC–C evolutionary sequence on the TPAGB, as the dredge-ups
increase the C/O ratio from 0.5 to 1 (SC stars) and then to values larger than 1 (C stars).

2.6. C Stars

Technetium measurements are especially complicated in carbon stars due to the strong
lack of flux at 4250 Å, in the region where the Tc I resonance lines are located, so that Tc
detection is rather based on the pair of accessible intercombination lines (5924.468 and
6085.229 Å) resulting from semi-forbidden transitions [29]. Following [37] we distinguish
C-J (or J-type) stars (solar-metallicity carbon stars with a low 12C/C13 < 15 ratio, with
normal N abundance but often Li-rich), C-R or R-type (warm carbon stars) and C-N or
N-type (cool carbon stars). Tc has been detected in most C-N stars where it was searched
for, but not in the few investigated J stars (like Y CVn), which do not appear to be enriched
in s-process elements either [16,38,39]. Finally, R stars apparently do not show s-process
enhancements [40] and have lower luminosities (Mbol mostly > −1) than the J, SC and N
stars (−4 < Mbol < −6) [41], the latter being in agreement with TPAGB luminosities (see
Figure 1). The Tc detection attempts in R stars remain unconclusive [40].

3. The s-process along the AGB

The s-process has been validated in several types of TPAGB objects. Observations
allow one to constrain in particular the neutron source (13C(α,n)16O or 22Ne(α,n)25Mg),
the neutron density (that can be inferred through various branching points in the s-process
path, e.g., [42]), and the mixing processes occurring in stars [43,44]. In turn, models should
be able to reproduce the dependence of the s-process efficiency on stellar metallicity.
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3.1. s-process in S Stars

As mentioned above, intrinsic S-type stars are among the first objects on the TP-AGB
to show self-produced s-process elements in their photosphere. Several observational
studies have investigated s-process elemental abundances in both extrinsic and intrinsic S
stars, despite the difficulty of finding heavy element lines in spectra heavily blended with
molecular (TiO and ZrO) bands. The landmark series of papers [34,45,46] and subsequent
studies [19,20,32,47,48], together with s-process modelling investigations [4,5,49,50] have
allowed to reach a good agreement between measured and predicted s-process abundances.
Abundances of Sr, Y, Zr, Nb, Ba, Ce, Nd, Sm, Eu and even Tc can be measured, but, because
of strong blends, with errors that might be in excess of 0.25 dex. The abundances in S-type
stars are compatible with a s-process occurring radiatively in the interpulse region of
low-mass stars. Evidences for the third dredge-up occurrence are now found in stars with
masses as low as ∼1 M�, as constrained by Gaia DR2 parallaxes [51].

3.2. s-process in C Stars

Since the pioneering work of [52,53], the s-process in SC stars has been shown [17]
to be compatible with the S–SC–C evolutionary sequence. The luminosity of SC and N
stars agrees well with AGB stars of masses 1.5–3 M�. Galactic AGB carbon stars may reach
Mbol = −6, implying that stars as massive as 5 M� can become carbon stars during their
AGB phase [41].

3.3. Real-Time AGB Evolution

An exciting development concerning intrinsic AGB stars is the possibility to observe
stellar evolution in real time. With a luminosity drop (∼1% per year) and rapid decline of
the pulsation period (∼3.2 d/y) in the last 40 years [54] , the O-rich, no-Tc Mira star T UMi is
one of the best candidate stars to be at the start of a thermal pulse, though its observational
changes could also be attributed to pulsation mode switching from the fundamental to the
first overtone. However this mode switching could be induced by the thermal pulse itself 4.
Tc lines could be looked for in such stars to (in)validate the thermal pulse/dredge-up
hypothesis.

4. “Cold Cases”
4.1. s-process in Extrinsic Stars

By observational selection bias, extrinsic stars are less variable than their more evolved
intrinsic counterparts; consequently their abundances are easier to measure. Abundances
have been derived in extrinsic S stars [19,35,55], barium stars e.g., [56–60], CH stars (e.g.,
[11,61,62]), CEMP-s and -sr stars ([11,63,64] and the SAGA database [65]), by order of
decreasing metallicity.

These abundances globally validate the operation of the s-process in the radiative
layers of the interpulse of AGB stars, adopting some fine-tuning, e.g., for the partial mixing
of protons from the H-envelope into the C-rich region resulting from the previous He
thermal pulse. Such a partial mixing is needed to create the 13C pocket necessary for the
13C(α,n)16O neutron source to operate in low-mass stars [4,42,66,67]. Indeed, in low-mass
giants, the 13C neutron source, operating at temperatures of about one hundred million
kelvin, is favoured over the 22Ne(α,n)25Mg neutron source (requiring temperatures in
excess of 3.2 × 108 K), as proven by the radioactive pair 93Zr-93Nb. Actually the 93Zr
isotope is absent in the spectra of extrinsic stars because it has β-decayed into mono-
isotopic 93Nb. Therefore, the Zr ⁄Nb ratio measured today in extrinsic S stars is the same
as the Zr/93Zr abundance at the end of the TPAGB phase in their companion, provided
the s-process contribution dominates over the initial heavy element abundances in the
extrinsic star envelopes, which is the case in the most enriched extrinsic S stars. Fortunately,
the Zr/93Zr ratio is directly related to the neutron-capture cross sections of the various Zr
isotopes. These neutron-capture cross sections, and thus the Zr/93Zr ratio, depend on the
s-process (interpulse) operation temperature, which can thus be constrained. An upper
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temperatures of ∼2.5× 108 K was inferred [55,60], favouring the 13C neutron source over
the 22Ne one, which is indeed consistent with model expectations in low-mass AGB stars
(1–3 M�) [3,4].

The Zr-Nb pair not only acts as a thermometer but also, this time in intrinsic S stars, as
a chronometer, just as the Tc-Ru pair, because 93Zr (resp., 99Tc) decays into 93Nb (resp., 99Ru)
with τ1/2 = 1.53 Myr (resp., τ1/2 = 0.21 Myr). This allows to determine the time (1–3 Myr)
since the onset of the s-process in intrinsic S-type stars, and this time lapse appears to be
reasonably well correlated with other evolutionary indicators (like infrared excess) [55].
Because niobium abundance is too difficult to measure in carbon stars, this chronometer
could not yet be applied to other TPAGB stars than S-type stars.

Finally, the Tc/Zr ratio is useful in that it allows to constrain the partial mixing
parameter λpm = Mpm/Mpulse, ratio between the mass of the region below the envelope
where protons have been transported during the third dredge-up, and the pulse mass [68].
This way, λpm is constrained to values between 0.02 and 0.10.

We note that some bitrinsic stars have been uncovered, i.e., extrinsic (binary and
Nb-rich) stars where the giant component has now reached its intrinsic (TPAGB and Tc-
rich) stage [24]. Contrarily to extrinsic and intrinsic stars, these stars are thus both Tc-
and Nb-rich.

As high-resolution abundance determinations became more and more frequent, the
(weak) europium lines could be as easily measured as the more prominent barium lines,
and stars with a mixed (s+r) abundance profile have been gradually uncovered at low
metallicity (e.g., [63,69–71]): they are tagged CEMP-sr (or CEMP-r/s or CEMP r+s) stars.
CEMP stars are metal-poor ([Fe/H] < −1) to very metal-poor ([Fe/H] < −2) stars with
a carbon enrichment ([C/Fe] ≥ 1). Among those, the CEMP-s stars have [Ba/Fe] > 1,
[Ba/Eu] > 0.5 or >0 and [Eu/Fe] < 1 while the CEMP-sr stars have as well [Ba/Fe] > 1
but [Eu/Fe] > 1 and 0 < [Ba/Eu] < 0.5. Finally, CEMP-r stars have [Ba/Eu] < 0 and
[Eu/Fe] > 0.3 [63,70].

Both CEMP-s stars and CEMP-sr stars appear to belong to binary systems [11,72–74].
A careful classification is required to separate CEMP-s, -sr and -r stars [11,60]. The discovery
of a star enriched in s- and r-elements at a higher metallicity ([Fe/H]∼−0.7, [59]) puts a
strong constraint on the range of metallicities at which such a mixed abundance profile
may form: it may not be limited to very low metallicities. A similar abundance pattern has
been found in the post-AGB star V4334 Sagittarii ([75], Sakurai’s object).

Interestingly enough, [17] have noted that SC stars present a high Eu overabundance
(0.5 to 1.0 dex), like the 2 barium stars HD 178717 and HD 121447. Whether (some) SC stars
could represent the high-metallicity tail of the CEMP-sr objects still needs to be clarified.

The origin of CEMP-sr stars is still unclear. Single-event scenarios invoking the
injection of protons in the He burning layers and leading to the so-called i-process 5 have
been proposed. Several sites have been explored: (i) low-metallicity, low-mass thermally-
pulsing AGB stars [22,77,78]; (ii) core He flash in low-metallicity RGB stars [79]; (iii) thermal
pulse phase of intermediate-mass or massive AGB (super-AGB) stars of low metallicity
(e.g., [80,81]); (iv) final thermal pulse (e.g., [82]); (v) rapidly-accreting white dwarf [83];
(vi) mixing events between H- and He-burning layers in massive (30 M�), low-metallicity
([Fe/H] < −2) stars [84].

A double-event scenario has also been proposed to explain the peculiar abundance
profile of the CEMP-sr star RAVE J094921.8-161722 [71], where thorium detection seems
to demand pollution from a neutron-star merger, while the s-process pattern requires an
independent AGB contribution. The rather weak Th signal is based on one single blended
Th II line (λ 4019.120 Å). Confirming thorium detection in these stars is very important but
will be a hard task, since basically all optical thorium lines are heavily blended by CH or
C2 molecular lines in CEMP stars, which are by definition carbon-enriched.
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4.2. s-process in Post-AGB Stars

The post-AGB phase, a transient (102 to 104 yrs) phase during which the stars, having
experienced a superwind episode (mass loss rate up to 10−4 M�/yr) evolve at nearly
constant luminosity to very hot effective temperatures (to Teff∼10,000 K) before entering
their planetary nebula phase (reached when Teff ≥ 20,000 K), is interesting because their
hotter photospheres render their spectra devoid of the strong molecular lines characterizing
AGB spectra, while they should still bear the cumulated signatures of the nucleosynthesis
events that occurred during their entire evolution [85]. Lead abundances show a large
dispersion at a given metallicity, which is not accounted for by models. The latter overes-
timate [Pb/hs] or [Pb/ls] ratios 6 for [Fe/H] < −0.7. A large range of neutron densities
seems to be required to explain this dispersion. Interestingly enough, some (s-process
enriched) post-AGB stars are suspected to have experienced a truncated AGB evolution
due to binary interaction, for example the binary s-process-rich post-AGB star IRAS 17279-
1119 [86], which is in a too small orbit to have hosted an AGB star, and which is a good
barium star progenitor candidate. The impact of this truncation on surface abundances
remains to be evaluated: no difference has yet been found between the abundance profiles
of extrinsic stars (Ba stars and the truncated post-AGB mentioned above) and those of
genuine thermally-pulsing AGB stars, except for Tc and Nb of course. However, the very
last stages of AGB evolution could be characterized by different conditions (last thermal
pulses occurring with a very thin hydrogen envelope [87]) inducing some changes in both
the (post-)AGB photospheric composition, and in the ejected material polluting the future
extrinsic star. In this respect, investigating the already mentioned Sakurai object (V4334
Sgr) and its siblings would be very useful, since indeed the abundance pattern (s+r) of
V4334 Sgr seems to be distinct from the (s-process) pattern of intrinsic TPAGB stars. On
the contrary, a C-depleted, N-enriched barium star has been observed surrounded by a
spiral-shaped ejecta attributed to a very late thermal pulse [88]; it is enriched in barium but
apparently not in Eu, ruling out a s+r abundance profile.

Incidentally, a whole population of RGB-truncated, dusty stars have been discovered
in the Magellanic Clouds [89]. They might be reminiscent of the “disk-sources” 7 binary
post-AGB objects, characterized by a near-infrared excess and frequently by a depletion
pattern in refractory elements, that are both produced by their circumbinary dusty disk.

5. Discussion

Many important problems remain in our understanding of the details of the s-process.
Let aside the issue (already discussed) concerning the site(s) of the i-process, a selection of
these problems is discussed below.

First, an important discrepancy between observations and models concerns carbon and
s-process element enrichments. While models predict a simultaneous increase of carbon
and s-process elements, since they are all brought up to the stellar surface by third dredge-
up events, the measured [s/C] ratio in many TPAGB objects is not reproduced by the
models. For example, at the level of the s-process enrichment encountered in S-type stars,
models produce a C/O ratio larger than unity, and predict that the star should thus appear
as a carbon star and not as an S-type star. This problem is illustrated in Figure 2: while
[s/Fe] values between 0.2 and 1.4 are encountered [24] in S-type stars (where C/O < 1
by definition), C/O is expected to exceed unity for [s/Fe] > 0.5 already, according to
STAREVOL models [21,22] of different metallicities (M = 2 M�, −0.5 < [Fe/H] < 0). The
comparatively large measured s-process overabundances for a modest C enrichment is at
tension with the models: the latter evidently dredge up too much carbon with respect to
s-process elements, and it is not clear how to reconcile the measured and predicted carbon
and s-process element abundances.
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Figure 2. C/O ratio as a function of [s/Fe] for intrinsic (i.e., Tc-rich) S-type stars and carbon stars.
Red, blue and green squares identify intrinsic S stars in the metallicity bins [0.0;−0.2], [−0.2;−0.4]
and <−0.4. Tc-rich carbon stars from [90] are represented with small light green squares, clustering in
the range C/O∼1–1.1. Predictions for a 2 M� STAREVOL model [21,22] at metallicities [Fe/H] = 0.0
(red), −0.3 (blue) and −0.5 (green) are overplotted. The empty circles along the tracks indicate the
successive third dredge-up events along the TPAGB, while the three filled circles mark, for each
considered metallicity, the third dredge-up events allowing to reach C/O > 1. According to models,
no S-type star should be located at [s/Fe] larger than the ones indicated by the three blue, red and
green filled circles (and corresponding vertical dashed lines). Figure adapted from [24].

Second, standard AGB models cannot explain some well-identified stellar families.
The carbon stars of type J (representing ∼15% of all carbon stars) were already discussed.
Extra-mixing acting during the He core flash or on the early AGB in low-mass stars has
been mentioned to explain their peculiarities [39].

Maybe related are the R stars, differing from J stars because they are somewhat warmer
and less luminous. R-type stars have been shown to be all single [91], suggesting that
they may be the product of a merger event, since 20–30% of binaries are expected among
such giants. With 〈Mbol〉 = −0.10± 0.80 mag [41], Gaia DR2 luminosities rule out the fact
that they could be red clump stars, but rather place them on the upper part of the RGB.
They might belong to an older, lower-mass population than the SC, N and J stars, and
are probably not the progenitors of J-type stars, as previously suggested. The binarity of
J-type stars has never been investigated. From a sample of a dozen J-type stars monitored
with the Hermes spectrograph, no clear evidence of radial velocity variation that could be
ascribed to binarity (rather than to photometric variability and pulsation) has been found
(Van Eck and Jorissen, unpublished).

Third, most measured abundances of heavy elements in cool star spectra have been
determined with the LTE hypothesis in 1D static model atmospheres. Checking the impact
of using non-LTE computations for abundance determinations in 3-D model atmospheres
would be very desirable. Non-LTE effects are suspected to be significant since abundances
derived from neutral and ionized lines of some s-process elements do not agree. This
problem has been detailed e.g., in [17,92], where in CY Cyg a difference of +0.25 dex (resp.,
0.3 dex) is found between abundances of La (resp., Ce) derived from ionized and neutral
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lines. The problem is very similar for Sr, Y and Zr, since the singly ionised species dominate
for temperatures in the range 2500 K–5500 K, and non-thermal overionization in the upper
atmosphere causes departure from LTE. When feasible, measuring high-excitation neutral
and ionized lines, which form deeper in the atmosphere, could somewhat reduce the
discrepancy [17]. Anyway it is extremely challenging to get abundance precision better
than 0.2–0.3 dex in cool stars, because of (i) continuum placement uncertainties in highly
depressed spectra, (ii) the dynamics of the atmosphere (stellar pulsations and shock waves),
affecting (sometimes doubling) line profiles (iii) scatter due to oscillator-strength errors.
The impact of 3D corrections is difficult to assess and might actually partially cancel the
non-LTE ones in some specific cases.

6. Conclusions

Nucleosynthesis science is less than a century old and has been incredibly refined
and tested since its foundation. The synthesis of heavy elements in stars, in particular, has
reached a detailed level of understanding. As the abundance precision and accuracy im-
prove, some tensions with models have appeared, revealing shortcomings in our treatment
of physical processes as diverse as atomic transitions, convection or binary interaction, to
name only a few. Observation of specific evolutionary phases, sometimes encountered only
in binary systems where interaction occurred (in particular extrinsic stars), is able to bring
additional constraints. The large surveys, compensating their sometimes less sophisticated
analysis techniques by the strength of the statistics, will reveal new trends at the galactic
and extra-galactic levels, provided that the distinction between extrinsic and intrinsic stars
is properly assessed. A detailed understanding of TPAGB nucleosynthesis at different
ages [93] and within galaxies seems now, more than ever, within reach.
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Notes
1 More precisely, L3DU is defined as the largest luminosity reached during the deepening of the convective envelope in the former

pulse region.
2 BD +06 2063 , HD 96360, BD -13 4495, BD +16 3426, HD 189581, all no-Tc stars [34,35].
3 This specificity (namely C/O = 1) is often, erroneously, attributed to S stars in the literature, but S stars actually have 0.5 < C/O < 1.
4 Whether a thermal pulse is a necessary and/or sufficient condition to induce a Mira pulsation mode switch is not presently

known.
5 So-called “intermediate” process because it requires neutron densities (nn∼1012–1015 cm−3) intermediate [76] between those of

the s-process (nn∼108 cm−3) and of the r-process (nn > 1024 cm−3).
6 ls (resp., hs) denoting elements from the first (resp., second) heavy element peak.
7 as opposed to the “shell-source” post-AGB, the latter presenting a mid-infrared excess produced by the expanding spherical

circumstellar envelope of the former AGB star [85].



Universe 2022, 8, 220 10 of 12

References
1. Merrill, P.W. Spectroscopic Observations of Stars of Class S. Astrophys. J. 1952, 116, 21–26. [CrossRef]
2. Merrill, P.W. Spectroscopic Classification of Red Stars. Publ. Astron. Soc. Aust. 1956, 68, 356. [CrossRef]
3. Gallino, R.; Arlandini, C.; Busso, M.; Lugaro, M.; Travaglio, C.; Straniero, O.; Chieffi, A.; Limongi, M. Evolution and Nucle-

osynthesis in Low-Mass Asymptotic Giant Branch Stars. II. Neutron Capture and the s-process. Astrophys. J. 1998, 497, 388.
[CrossRef]

4. Goriely, S.; Mowlavi, N. Neutron-capture nucleosynthesis in AGB stars. Astron. Astrophys. 2000, 362, 599–614.
5. Busso, M.; Gallino, R.; Lambert, D.L.; Travaglio, C.; Smith, V.V. Nucleosynthesis and Mixing on the Asymptotic Giant Branch. III.

Predicted and Observed s-process Abundances. Astrophys. J. 2001, 557, 802–821. [CrossRef]
6. Karakas, A.I.; Lattanzio, J.C. The Dawes Review 2: Nucleosynthesis and Stellar Yields of Low- and Intermediate-Mass Single

Stars. Publ. Astron. Soc. Aust. 2014, 31, e030. [CrossRef]
7. Lugaro, M.; Herwig, F.; Lattanzio, J. C.; Gallino, R.; Straniero, O. s-process Nucleosynthesis in Asymptotic Giant Branch Stars: A

Test for Stellar Evolution. Astrophys. J. 2003, 586, 1305. [CrossRef]
8. McClure, R.D.; Fletcher, J.M.; Nemec, J.M. The binary nature of the barium stars. Astrophys. J. 1980, 238, L35–L38. [CrossRef]
9. Jorissen, A.; Boffin, H.M.J.; Karinkuzhi, D.; Van Eck, S.; Escorza, A.; Shetye, S.; Van Winckel, H. Barium and related stars, and

their white-dwarf companions. I. Giant stars. Astron. Astrophys. 2019, 626, A127. [CrossRef]
10. Van Eck, S.; Jorissen, A. The Henize sample of S stars. III. Uncovering the binary intruders. Astron. Astrophys. 2000, 360, 196–212.
11. Karinkuzhi, D.; Van Eck, S.; Goriely, S.; Siess, L.; Jorissen, A.; Merle, T.; Escorza, A.; Masseron, T. Low-mass low-metallicity AGB

stars as an efficient i-process site explaining CEMP-sr stars. Astron. Astrophys. 2021, 645, A61. [CrossRef]
12. Little-Marenin, I.R.; Little, S.J. A search for technetium (Tc II) in barium stars. Astron. J. 1987, 93, 1539–1541. [CrossRef]
13. Palmeri, P.; Quinet, P.; Biémont, É.; Yushchenko, A.V.; Jorissen, A.; Van Eck, S. Radiative decay of the 4d5(6S)5p z5,7Po states in

TcII: Comparison along the homologous and isoelectronic sequences. Application to astrophysics. Mon. Not. R. Astron. Soc. 2007,
374, 63–71. [CrossRef]

14. Sanner, F. Search for stellar TcO. Astron. J. 1978, 83, 194–196. [CrossRef]
15. Little-Marenin, I.R.; Little, S.J. Technetium in late-type stars. I - Observations. Astron. J 1979, 84, 1374–1383. [CrossRef]
16. Little, S.J.; Little-Marenin, I.R.; Bauer, W.H. Additional late-type stars with technetium. Astron. J. 1987, 94, 981–995. [CrossRef]
17. Abia, C.; Wallerstein, G. Heavy-element abundances in seven SC stars and several related stars. Mon. Not. R. Astron. Soc. 1998,

293, 89. [CrossRef]
18. Lebzelter, T.; Hron, J. Technetium and the third dredge up in AGB stars. I. Field stars. Astron. Astrophys. 2003, 411, 533–542.

[CrossRef]
19. Shetye, S.; Van Eck, S.; Jorissen, A.; Van Winckel, H.; Siess, L.; Goriely, S.; Escorza, A.; Karinkuzhi, D.; Plez, B. S stars and s-process

in the Gaia era. I. Stellar parameters and chemical abundances in a sub-sample of S stars with new MARCS model atmospheres.
Astron. Astrophys. 2018, 620, A148. [CrossRef]

20. Shetye, S.; Van Eck, S.; Jorissen, A.; Goriely, S.; Siess, L.; Van Winckel, H.; Plez, B.; Godefroid, M.; Wallerstein, G. S stars and
s-process in the Gaia era. II. Constraining the luminosity of the third dredge-up with Tc-rich S stars. Astron. Astrophys. 2021,
650, A118. [CrossRef]

21. Goriely, S.; Siess, L. Sensitivity of the s-process nucleosynthesis in AGB stars to the overshoot model. Astron. Astrophys. 2018,
609, A29, [CrossRef]

22. Choplin, A.; Siess, L.; Goriely, S. The intermediate neutron capture process. I. Development of the i-process in low-metallicity
low-mass AGB stars. Astron. Astrophys. 2021, 648, A119. [CrossRef]

23. Van Eck, S.; Jorissen, A.; Udry, S.; Mayor, M.; Pernier, B. The HIPPARCOS Hertzsprung-Russell diagram of S stars: Probing
nucleosynthesis and dredge-up. Astron. Astrophys. 1998, 329, 971–985.

24. Shetye, S.; Van Eck, S.; Goriely, S.; Siess, L.; Jorissen, A.; Escorza, A.; Van Winckel, H. Discovery of technetium- and niobium-rich
S stars: The case for bitrinsic stars. Astron. Astrophys. 2020, 635, L6. [CrossRef]

25. Brown, J.A.; Smith, V.V.; Lambert, D.L.; Dutchover, E.J.; Hinkle, K.H.; Johnson, H.R. S stars without technetium—The binary star
connection. Astron. J. 1990, 99, 1930. [CrossRef]

26. Jorissen, A.; Mayor, M. Orbital elements of S stars: Revisiting the evolutionary status of S stars. Astron. Astrophys. 1992, 260, 115.
27. Van Eck, S.; Jorissen, A. The Henize sample of S stars. I. The technetium dichotomy. Astron. Astrophys. 1999, 345, 127–136.
28. Van Eck, S.; Jorissen, A. The Henize sample of S stars. II. Data. Astron. Astrophys. Suppl. Ser. 2000, 145, 51–65. [CrossRef]
29. Barnbaum, C.; Morris, M. s-process Enhancement and the Presence of Tc in 84 Carbon Stars. In Proceedings of the American

Astronomical Society Meeting, Berkeley, CA, USA, 6–10 June 1993; Volume 182, p. 4617.
30. Gustafsson, B.; Edvardsson, B.; Eriksson, K.; Jørgensen, U.G.; Nordlund, Å.; Plez, B. A grid of MARCS model atmospheres for

late-type stars. I. Methods and general properties. Astron. Astrophys. 2008, 486, 951. [CrossRef]
31. Uttenthaler, S.; McDonald, I.; Bernhard, K.; Cristallo, S.; Gobrecht, D. Interplay between pulsation, mass loss, and third dredge-up:

More about Miras with and without technetium. Astron. Astrophys. 2019, 622, A120. [CrossRef]
32. Vanture, A.D.; Wallerstein, G.; Brown, J.A.; Bazan, G. Abundances of Tc and related elements in stars of type M, MS, and S.

Astrophys. J. 1991, 381, 278. [CrossRef]
33. Noguere, G.; Geslot, B.; Gruel, A.; Leconte, P.; Salamon, L.; Heyse, J.; Kopecky, S.; Paradela, C.; Schillebeeckx, P. Average neutron

cross sections of 99Tc. Phys. Rev. C 2020, 102, 015807. [CrossRef]

http://doi.org/10.1086/145589
http://dx.doi.org/10.1086/126952
http://dx.doi.org/10.1086/305437
http://dx.doi.org/10.1086/322258
http://dx.doi.org/10.1017/pasa.2014.21
http://dx.doi.org/10.1086/367887
http://dx.doi.org/10.1086/183252
http://dx.doi.org/10.1051/0004-6361/201834630
http://dx.doi.org/10.1051/0004-6361/202038891
http://dx.doi.org/10.1086/114436
http://dx.doi.org/10.1111/j.1365-2966.2006.11016.x
http://dx.doi.org/10.1086/112190
http://dx.doi.org/10.1086/112554
http://dx.doi.org/10.1086/114532
http://dx.doi.org/10.1046/j.1365-8711.1998.01157.x
http://dx.doi.org/10.1051/0004-6361:20031458
http://dx.doi.org/10.1051/0004-6361/201833298
http://dx.doi.org/10.1051/0004-6361/202040207
https://ui.adsabs.harvard.edu/abs/2018A&A...609A..29G
http://dx.doi.org/10.1051/0004-6361/201731427
http://dx.doi.org/10.1051/0004-6361/202040170
http://dx.doi.org/10.1051/0004-6361/202037481
http://dx.doi.org/10.1086/115475
http://dx.doi.org/10.1051/aas:2000349
http://dx.doi.org/10.1051/0004-6361:200809724
http://dx.doi.org/10.1051/0004-6361/201833794
http://dx.doi.org/10.1086/170649
http://dx.doi.org/10.1103/PhysRevC.102.015807


Universe 2022, 8, 220 11 of 12

34. Smith, V.V.; Lambert, D.L. The chemical composition of red giants. III. Astrophys. J. Suppl. Ser. 1990, 72, 387. [CrossRef]
35. Smith, V.V.; Lambert, D.L. s-process-enriched cool stars with and without technetium—Clues to asymptotic giant branch and

binary star evolution. Astrophys. J. 1988, 333, 219–226. [CrossRef]
36. Kamath, D.; Van Winckel, H.; Wood, P.R.; Asplund, M.; Karakas, A.I.; Lattanzio, J.C. Discovery of a Metal-poor, Luminous

Post-AGB Star that Failed the Third Dredge-up. Astrophys. J. 2017, 836, 15. [CrossRef]
37. Barnbaum, C. A high-resolution spectral atlas of carbon stars. Astrophys. J. Suppl. Ser. 1996, 90, 317. [CrossRef]
38. Sanner, F. Observations of technetium stars. Astrophys. J. 1978, 219, 538–542. [CrossRef]
39. Abia, C.; Isern, J. The Chemical Composition of Carbon Stars. II. The J-Type Stars. Astrophys. J. 2000, 536, 438–449. [CrossRef]
40. Zamora, O.; Abia, C.; Plez, B.; Domínguez, I.; Cristallo, S. The chemical composition of carbon stars. The R-type stars. Astron.

Astrophys. 2009, 508, 909–922. [CrossRef]
41. Abia, C.; de Laverny, P.; Cristallo, S.; Kordopatis, G.; Straniero, O. Properties of carbon stars in the solar neighbourhood based on

Gaia DR2 astrometry. Astron. Astrophys. 2020, 633, A135. [CrossRef]
42. Käppeler, F.; Gallino, R.; Bisterzo, S.; Aoki, W. The s process: Nuclear physics, stellar models, and observations. Rev. Mod. Phys.

2011, 83, 157–194. [CrossRef]
43. Busso, M.; Wasserburg, G.J.; Nollett, K.M.; Calandra, A. Can Extra Mixing in RGB and AGB Stars Be Attributed to Magnetic

Mechanisms? Astrophys. J. 2007, 671, 802–810. [CrossRef]
44. Busso, M.; Palmerini, S.; Maiorca, E.; Cristallo, S.; Straniero, O.; Abia, C.; Gallino, R.; La Cognata, M. On the Need for Deep-mixing

in Asymptotic Giant Branch Stars of Low Mass. Astrophys. J. Lett. 2010, 717, L47–L51. [CrossRef]
45. Smith, V.V.; Lambert, D.L. The chemical composition of red giants. I. Astrophys. J. 1985, 294, 326. [CrossRef]
46. Smith, V.V.; Lambert, D.L. The chemical composition of red giants. II - Helium burning and the s-process in the MS and S stars.

Astrophys. J. 1986, 311, 843–863. [CrossRef]
47. Vanture, A.D.; Wallerstein, G.; Suntzeff, N.B. Abundance patterns of the S stars in ω Cen. Astrophys. J. 2002, 569, 984. [CrossRef]
48. Vanture, A.D.; Wallerstein, G.; Gallino, R.; Masera, S. Abundances of Post-Iron-Peak Elements in HD 35155: A Symbiotic Star of

Spectral Type S. Astrophys. J. 2003, 587, 384–389. [CrossRef]
49. Busso, M.; Gallino, R.; Lambert, D.L.; Raiteri, C.M.; Smith, V.V. Nucleosynthesis and mixing on the asymptotic giant branch.

I—MS and S stars with and without Tc. Astrophys. J. 1992, 399, 218–230. [CrossRef]
50. Busso, M.; Lambert, D.L.; Beglio, L.; Gallino, R.; Raiteri, C.M.; Smith, V.V. Nucleosynthesis and Mixing on the Asymptotic Giant

Branch. II. Carbon and Barium Stars in the Galactic Disk. Astrophys. J. 1995, 446, 775. [CrossRef]
51. Shetye, S.; Goriely, S.; Siess, L.; Van Eck, S.; Jorissen, A.; Van Winckel, H. Observational evidence of third dredge-up occurrence in

S-type stars with initial masses around 1 M�. Astron. Astrophys. 2019, 625, L1. [CrossRef]
52. Utsumi, K. Abundance Analysis of Cool Carbon Stars. Publ. Astron. Soc. Jpn. 1970, 22, 93.
53. Utsumi, K. Abundance Analyses of Thirty Cool Carbon Stars. Proc. Jpn. Acad. Ser. B 1985, 61, 193–196. [CrossRef]
54. Molnár, L.; Joyce, M.; Kiss, L.L. Stellar Evolution in Real Time: Models Consistent with the Direct Observation of a Thermal Pulse

in T Ursae Minoris. Astrophys. J. 2019, 879, 62. [CrossRef]
55. Neyskens, P.; Van Eck, S.; Jorissen, A.; Goriely, S.; Siess, L.; Plez, B. The temperature and chronology of heavy-element synthesis

in low-mass stars. Nature 2015, 517, 174–176. [CrossRef] [PubMed]
56. Smith, V.V. An abundance analysis of the cool barium stars. Astron. Astrophys. 1984, 132, 326–338.
57. Allen, D.M.; Barbuy, B. Analysis of 26 barium stars. II. Contributions of s-, r-, and p-processes in the production of heavy

elements. Astron. Astrophys. 2006, 454, 917–931. [CrossRef]
58. Smiljanic, R.; Porto de Mello, G.F.; da Silva, L. Abundance analysis of barium and mild barium stars. Astron. Astrophys. 2007,

468, 679–693. [CrossRef]
59. Karinkuzhi, D.; Van Eck, S.; Jorissen, A.; Goriely, S.; Siess, L.; Merle, T.; Escorza, A.; Van der Swaelmen, M.; Boffin, H.M.J.;

Masseron, T.; et al. When binaries keep track of recent nucleosynthesis. The Zr-Nb pair in extrinsic stars as an s-process diagnostic.
Astron. Astrophys. 2018, 618, A32. [CrossRef]

60. Roriz, M.P.; Lugaro, M.; Pereira, C.B.; Sneden, C.; Junqueira, S.; Karakas, A.I.; Drake, N.A. Heavy elements in barium stars.
Mon. Not. R. Astron. Soc. 2021, 507, 1956–1971. [CrossRef]

61. Vanture, A.D. The CH Stars. III. Heavy Element Abundances. Astron. J. 1992, 104, 1997. [CrossRef]
62. Purandardas, M.; Goswami, A.; Goswami, P.P.; Shejeelammal, J.; Masseron, T. Chemical analysis of CH stars - III. Atmospheric

parameters and elemental abundances. Mon. Not. R. Astron. Soc. 2019, 486, 3266–3289. [CrossRef]
63. Masseron, T.; Johnson, J.A.; Plez, B.; Van Eck, S.; Primas, F.; Goriely, S.; Jorissen, A. A holistic approach to carbon-enhanced

metal-poor stars. Astron. Astrophys. 2010, 509, A93. [CrossRef]
64. Placco, V.M.; Beers, T.C.; Ivans, I.I.; Filler, D.; Imig, J.A.; Roederer, I.U.; Abate, C.; Hansen, T.; Cowan, J.J.; Frebel, A.; et al. Hubble

Space Telescope Near-Ultraviolet Spectroscopy of Bright CEMP-s Stars. Astrophys. J. 2015, 812, 109. [CrossRef]
65. Yamada, S.; Suda, T.; Komiya, Y.; Aoki, W.; Fujimoto, M.Y. The Stellar Abundances for Galactic Archaeology (SAGA) Database—

III. Analysis of enrichment histories for elements and two modes of star formation during the early evolution of the Milky Way.
Mon. Not. R. Astron. Soc. 2013, 436, 1362–1380. [CrossRef]

66. Bisterzo, S.; Gallino, R.; Käppeler, F.; Wiescher, M.; Imbriani, G.; Straniero, O.; Cristallo, S.; Görres, J.; deBoer, R.J. The branchings
of the main s-process: Their sensitivity to α-induced reactions on 13C and 22Ne and to the uncertainties of the nuclear network.
Mon. Not. R. Astron. Soc. 2015, 449, 506–527. [CrossRef]

http://dx.doi.org/10.1086/191421
http://dx.doi.org/10.1086/166738
http://dx.doi.org/10.3847/1538-4357/836/1/15
http://dx.doi.org/10.1086/191865
http://dx.doi.org/10.1086/155811
http://dx.doi.org/10.1086/308932
http://dx.doi.org/10.1051/0004-6361/200912843
http://dx.doi.org/10.1051/0004-6361/201936831
http://dx.doi.org/10.1103/RevModPhys.83.157
http://dx.doi.org/10.1086/522616
http://dx.doi.org/10.1088/2041-8205/717/1/L47
http://dx.doi.org/10.1086/163300
http://dx.doi.org/10.1086/164823
http://dx.doi.org/10.1086/339427
http://dx.doi.org/10.1086/368071
http://dx.doi.org/10.1086/171918
http://dx.doi.org/10.1086/175835
http://dx.doi.org/10.1051/0004-6361/201935296
http://dx.doi.org/10.2183/pjab.61.193
http://dx.doi.org/10.3847/1538-4357/ab22a5
http://dx.doi.org/10.1038/nature14050
http://www.ncbi.nlm.nih.gov/pubmed/25567282
http://dx.doi.org/10.1051/0004-6361:20064968
http://dx.doi.org/10.1051/0004-6361:20065867
http://dx.doi.org/10.1051/0004-6361/201833084
http://dx.doi.org/10.1093/mnras/stab2014
http://dx.doi.org/10.1086/116375
http://dx.doi.org/10.1093/mnras/stz759
http://dx.doi.org/10.1051/0004-6361/200911744
http://dx.doi.org/10.1088/0004-637X/812/2/109
http://dx.doi.org/10.1093/mnras/stt1652
http://dx.doi.org/10.1093/mnras/stv271


Universe 2022, 8, 220 12 of 12

67. Busso, M.; Vescovi, D.; Palmerini, S.; Cristallo, S.; Antonuccio-Delogu, V. s-processing in AGB Stars Revisited. III. Neutron
Captures from MHD Mixing at Different Metallicities and Observational Constraints. Astrophys. J. 2021, 908, 55. [CrossRef]

68. Neyskens, P.; Van Eck, S.; Plez, B.; Goriely, S.; Siess, L.; Jorissen, A. Technetium Abundances in S-type AGB Stars to Constrain
Mixing and Nucleosynthesis Processes. In Proceedings of the Tenth Pacific Rim Conference on Stellar Astrophysics, Seoul, Korea,
27–31 May 2013; Astronomical Society of the Pacific Conference Series; Lee, H.W., Kang, Y.W., Leung, K.C., Eds.; Astronomical
Society of the Pacific: San Francisco, CA, USA, 2014; Volume 482, p. 81.

69. Hill, V.; Barbuy, B.; Spite, M.; Spite, F.; Cayrel, R.; Plez, B.; Beers, T.C.; Nordström, B.; Nissen, P.E. Heavy-element abundances in
the CH/CN-strong very metal-poor stars CS 22948-27 and CS 29497-34. Astron. Astrophys. 2000, 353, 557–568.

70. Beers, T.C.; Christlieb, N. The Discovery and Analysis of Very Metal-Poor Stars in the Galaxy. Annu. Rev. Astron. Astrophys. 2005,
43, 531–580. [CrossRef]

71. Gull, M.; Frebel, A.; Cain, M.G.; Placco, V.M.; Ji, A.P.; Abate, C.; Ezzeddine, R.; Karakas, A.I.; Hansen, T.T.; Sakari, C.; et al. The
R-Process Alliance: Discovery of the First Metal-poor Star with a Combined r- and s-process Element Signature. Astrophys. J.
2018, 862, 174. [CrossRef]

72. Lucatello, S.; Tsangarides, S.; Beers, T.C.; Carretta, E.; Gratton, R.G.; Ryan, S.G. The Binary Frequency Among Carbon-enhanced,
s-process-rich, Metal-poor Stars. Astrophys. J. 2005, 625, 825–832. [CrossRef]

73. Starkenburg, E.; Shetrone, M.D.; McConnachie, A.W.; Venn, K.A. Binarity in carbon-enhanced metal-poor stars. Mon. Not. R.
Astron. Soc. 2014, 441, 1217–1229. [CrossRef]

74. Hansen, T.T.; Andersen, J.; Nordström, B.; Beers, T.C.; Placco, V.M.; Yoon, J.; Buchhave, L.A. The role of binaries in the enrichment
of the early Galactic halo. III. Carbon-enhanced metal-poor stars - CEMP-s stars. Astron. Astrophys. 2016, 588, A3. [CrossRef]

75. van Hoof, P.A.M.; Herwig, F.; Kimeswenger, S.; Van de Steene, G.C.; Avison, A.; Zijlstra, A.A.; Hajduk, M.; Guzmán-Ramirez, L.;
Woodward, P.R. The i process in the post-AGB star V4334 Sgr. Memor. Soc. Astronom. Ital. 2017, 88, 463.

76. Hampel, M.; Stancliffe, R.J.; Lugaro, M.; Meyer, B.S. The Intermediate Neutron-capture Process and Carbon-enhanced Metal-poor
Stars. Astrophys. J. 2016, 831, 171. [CrossRef]

77. Iwamoto, N.; Kajino, T.; Mathews, G.J.; Fujimoto, M.Y.; Aoki, W. Flash-Driven Convective Mixing in Low-Mass, Metal-deficient
Asymptotic Giant Branch Stars: A New Paradigm for Lithium Enrichment and a Possible s-process. Astrophys. J. 2004, 602, 377–388.
[CrossRef]

78. Lugaro, M.; Karakas, A.I.; Stancliffe, R.J.; Rijs, C. The s-process in Asymptotic Giant Branch Stars of Low Metallicity and the
Composition of Carbon-enhanced Metal-poor Stars. Astrophys. J. 2012, 747, 2. [CrossRef]

79. Campbell, S.W.; Lugaro, M.; Karakas, A.I. Evolution and nucleosynthesis of extremely metal-poor and metal-free low- and
intermediate-mass stars. II. s-process nucleosynthesis during the core He flash. Astron. Astrophys. 2010, 522, L6. [CrossRef]

80. Goriely, S.; Siess, L. The s-process Nucleosynthesis. In From Lithium to Uranium: Elemental Tracers of Early Cosmic Evolution,
Proceedings of the IAU Symposium, Paris, France, 23–27 May 2005; Hill, V., Francois, P., Primas, F., Eds.; Cambridge University Press:
Cambridge, UK, 2005; Volume 228, pp. 451–460. [CrossRef]

81. Jones, S.; Ritter, C.; Herwig, F.; Fryer, C.; Pignatari, M.; Bertolli, M.G.; Paxton, B. H ingestion into He-burning convection zones in
super-AGB stellar models as a potential site for intermediate neutron-density nucleosynthesis. Mon. Not. R. Astron. Soc. 2016,
455, 3848–3863. [CrossRef]

82. Herwig, F.; Pignatari, M.; Woodward, P.R.; Porter, D.H.; Rockefeller, G.; Fryer, C.L.; Bennett, M.; Hirschi, R. Convective-reactive
Proton-12C Combustion in Sakurai’s Object (V4334 Sagittarii) and Implications for the Evolution and Yields from the First
Generations of Stars. Astrophys. J. 2011, 727, 89. [CrossRef]

83. Denissenkov, P.A.; Herwig, F.; Woodward, P.; Andrassy, R.; Pignatari, M.; Jones, S. The i-process yields of rapidly accreting
white dwarfs from multicycle He-shell flash stellar evolution models with mixing parametrizations from 3D hydrodynamics
simulations. Mon. Not. R. Astron. Soc. 2019, 488, 4258–4270. [CrossRef]

84. Clarkson, O.; Herwig, F. Convective H-He interactions in massive population III stellar evolution models. Mon. Not. R. Astron. Soc.
2021, 500, 2685–2703. [CrossRef]

85. Van Winckel, H. Post-AGB Stars. Annu. Rev. Astron. Astrophys. 2003, 41, 391–427. [CrossRef]
86. De Smedt, K.; Van Winckel, H.; Kamath, D.; Siess, L.; Goriely, S.; Karakas, A.I.; Manick, R. Detailed homogeneous abundance

studies of 14 Galactic s-process enriched post-AGB stars: In search of lead (Pb). Astron. Astrophys. 2016, 587, A6. [CrossRef]
87. Werner, K.; Herwig, F. The Elemental Abundances in Bare Planetary Nebula Central Stars and the Shell Burning in AGB Stars.

Publ. Astron. Soc. Aust. 2006, 118, 183–204. [CrossRef]
88. Gvaramadze, V.V.; Pakhomov, Y.V.; Kniazev, A.Y.; Ryabchikova, T.A.; Langer, N.; Fossati, L.; Grebel, E.K. TYC 8606-2025-1: A

mild barium star surrounded by the ejecta of a very late thermal pulse. Mon. Not. R. Astron. Soc. 2019, 489, 5136–5145. [CrossRef]
89. Kamath, D.; Wood, P.R.; Van Winckel, H.; Nie, J.D. A newly discovered stellar type: Dusty post-red giant branch stars in the

Magellanic Clouds. Astron. Astrophys. 2016, 586, L5. [CrossRef]
90. Abia, C.; Domínguez, I.; Gallino, R.; Busso, M.; Masera, S.; Straniero, O.; de Laverny, P.; Plez, B.; Isern, J. s-process Nucleosynthesis

in Carbon Stars. Astrophys. J. 2002, 579, 817–831. [CrossRef]
91. McClure, R.D. The R Stars: Carbon Stars of a Different Kind. Publ. Astron. Soc. Aust. 1997, 109, 256–263. [CrossRef]
92. Tomkin, J.; Lambert, D.L. Heavy-element abundances in the mild barium stars Omicron Virginis and 16 Serpentis. Astrophys. J.

1986, 311, 819–825. [CrossRef]
93. Kobayashi, C.; Karakas, A.I.; Lugaro, M. The Origin of Elements from Carbon to Uranium. Astrophys. J. 2020, 900, 179. [CrossRef]

http://dx.doi.org/10.3847/1538-4357/abca8e
http://dx.doi.org/10.1146/annurev.astro.42.053102.134057
http://dx.doi.org/10.3847/1538-4357/aacbc3
http://dx.doi.org/10.1086/428104
http://dx.doi.org/10.1093/mnras/stu623
http://dx.doi.org/10.1051/0004-6361/201527409
http://dx.doi.org/10.3847/0004-637X/831/2/171
http://dx.doi.org/10.1086/380989
http://dx.doi.org/10.1088/0004-637X/747/1/2
http://dx.doi.org/10.1051/0004-6361/201015428
http://dx.doi.org/10.1017/S1743921305006204
http://dx.doi.org/10.1093/mnras/stv2488
http://dx.doi.org/10.1088/0004-637X/727/2/89
http://dx.doi.org/10.1093/mnras/stz1921
http://dx.doi.org/10.1093/mnras/staa3328
http://dx.doi.org/10.1146/annurev.astro.41.071601.170018
http://dx.doi.org/10.1051/0004-6361/201527430
http://dx.doi.org/10.1086/500443
http://dx.doi.org/10.1093/mnras/stz2484
http://dx.doi.org/10.1051/0004-6361/201526892
http://dx.doi.org/10.1086/342924
http://dx.doi.org/10.1086/133882
http://dx.doi.org/10.1086/164821
http://dx.doi.org/10.3847/1538-4357/abae65

	Introduction
	Technetium, Intrinsic Stars and Extrinsic Stars
	S-Type Stars
	Technetium-Rich M Stars
	Nitrogen-Rich, No-Tc M Stars
	 MS Stars
	SC Stars
	C Stars

	The s-process along the AGB
	s-process in S Stars
	s-process in C Stars
	Real-Time AGB Evolution

	``Cold Cases''
	s-process in Extrinsic Stars
	s-process in Post-AGB Stars

	Discussion
	Conclusions
	References

