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Abstract: The chemical evolution of galaxies is governed by the chemical yields from stars, and
here we focus on the important contributions from asymptotic giant branch (AGB) stars. AGB
nucleosynthesis is, however, still riddled with complexities. Observations from post-asymptotic giant
branch (post-AGB) stars serve as exquisite tools to quantify and understand AGB nucleosynthesis. In
this contribution, we review the invaluable constraints provided by post-AGB stars with which to
study AGB nucleosynthesis, especially the slow neutron capture nucleosynthesis (i.e., the s-process).

Keywords: stars: AGB and post-AGB; stars: chemically peculiar; neutron-capture processes; Magel-
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1. Introduction

To answer part of the long-standing yet significant question in Astrophysics, “How are
elements in the Universe formed?” we focus on low- and intermediate-mass (LIM) stars,
i.e., those with masses of ~1 to 8 times that of our Sun. LIM stars in their asymptotic giant
branch (AGB) phases of evolution are estimated to produce ~90% of the solid material
injected into the interstellar medium [1], and are known to be one of the major producers
of elements such as carbon, nitrogen and about half of the elements heavier than iron [2]:
AGSB stars are clearly key contributors to the chemical enrichment of the Universe.

For low- and intermediate-mass stars (i.e., those with masses of ~1 to 8 times that
of our Sun), it is in the AGB phase where we expect the largest changes to their surface
composition. During the AGB phase, the photospheric abundance pattern of the object
is altered in two ways. Firstly, by third dredge-up (TDU) episodes [3-5] wherein the
elements and isotopes that are freshly synthesised within the star are brought to the surface
through convection-driven mixing processes. These processes are responsible for enriching
the stellar photosphere with products of internal nucleosynthesis, such as carbon (C),
nitrogen (N) and oxygen (O), and converting stars into carbon-rich (C-rich) stars with a
C/O ratio greater than unity [5]. These mixing processes are also responsible for fuelling
the synthesis of, and subsequently enriching the stellar surface with, elements heavier than
iron (Fe), such as strontium (Sr), zirconium (Zr), barium (Ba), lanthanum (La), lead (Pb) and
elements in between. These heavy elements are thought to be produced by the addition
of neutrons onto Fe and other elements, wherein the neutron capture is slow with respect
to the competing B~ decay. This mechanism, which occurs deep in the stellar interior,
is referred to as the slow neutron capture process (s-process, e.g., [6,7]). To be able to
reproduce the observed s-process abundances in the Sun, it was realised that the s-process
could not entirely take place in one single astrophysical site. Therefore, historically, the
s-process has been separated into three components, each of which has it own mean value
of time-integrated neutron flux, or neutron exposure (7) [8], which is typically expressed in
mbarn~!. Each component is linked to a specific astrophysical site. The weak component
produces nuclei with mass numbers (A) ranging from 56 < A <90, the Sr-peak, and has
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a typical T220.07 mbarn~! [9]. The main component produces nuclei with 90 < A <204,
the mean of which is T 22 0.3 mbarn~!, and the strong component, with a neutron exposure
of T~ 7.0 mbarn~1, produces nuclei with A =204 to 208, i.e., up to to 208ph. The weak
component is thought to be mainly produced in the He- and C-burning shells of massive
stars (e.g., [10]), the main component occurs in low-mass AGB stars (e.g., [4]) and the
strong component is produced in low-mass, metal-deficient AGB stars (e.g., [11]). The
strong component mainly exists out of 2%Pb, which is a nucleus with both neutron and
proton counts equal to a magic number and is therefore called “double magic”. This implies
that 2%8Pb is very stable against decay and has a very small cross-section for neutron capture,
marking it as the end-product of the s-process chain.

Secondly, by hot bottom burning (HBB), which is predicted to be active only in stars
with initial masses greater than ~2.5M (depending on the metallicity and the input
physics of the stellar model). HBB prevents the formation of C-rich photospheres by
burning 12C into 1¥N [7,12,13]. There is strong evidence that some of the 14N in the universe
is of primary origin [14], which comes from AGB stars. AGB models also suggest that HBB
in AGB stars may also involve the Ne-Na and Mg—-Al chains, leading to changes in the
surface abundances of Na, Mg and Al (see [7,13] and references therein).

In this study, we succinctly review the role of post-asymptotic giant branch (post-AGB)
stars as tracers of AGB nucleosynthesis and present the latest observational and theoretical
developments in this research landscape.

2. Post-AGB Stars—Exquisite Tracers of AGB Nucleosynthesis

While AGB stars can be used to quantify isotopic ratios of carbon (C) and oxygen (O),
and those of elements such as zirconium (Zr) and rubidium (Rb) (e.g., [15,16]), they pose
challenges, since their spectra are veiled by molecular lines [17] and modelling of their
dynamical atmospheres is rather complex and uncertain [18].

Post-AGB stars, the progeny of AGB stars, contain the products of AGB nucleosynthe-
sis. During the brief post-AGB phase, the warm stellar photosphere makes it possible to
quantify photospheric abundances for a very wide range of elements, including C, N, O
and the heaviest s-process elements [19] that are brought to the stellar surface during the
AGB phase. This makes post-AGB stars ideal tracers of AGB nucleosynthesis.

At the very end of the AGB phase, stars lose mass via a powerful wind, driven by stel-
lar pulsations [20] or by interaction with another star for stars in binary systems [21,22]. This
sheds the entire outer envelope, and for an astronomically brief moment (<10,000 years)—
referred to as the post-AGB phase—the chemically enriched surface of the star is ex-
posed [23]. This makes post-AGB stars formidable probes to examine the elements pro-
duced by the star during and prior to the AGB phase (e.g., [24-28]).

The post-AGB phase of evolution is a transient phase between the AGB and planetary
nebula (PN) phases of stellar evolution. During the AGB phase, a super-wind with mass-
loss rates up to 1074 Mg, year~! reduces the mass of the hydrogen envelope to ~0.02 Mg,
thereby terminating the AGB phase of evolution. Subsequently, the radius of the central star
decreases, and within about 10>~10* years, the star evolves to higher temperatures (from
3 x 103 K on the AGB to ~3 x 10* K with a constant luminosity (e.g., [20,29,30]). The ejected
circumstellar matter expands and cools during the post-AGB phase, resulting in stars with
large mid-IR excess (see [23,31,32] for reviews). Post-AGB stars emit radiation that spans
the UV, optical and IR spectral regime, owing to a combination of high temperatures in the
photosphere and low temperatures in circumstellar dust. This enables the simultaneous
study of the stellar photosphere and the circumstellar environment: the central star emits
in the ultra-violet (UV), optical and near-infrared (IR) bands, and the cool circumstellar
environment radiates in the near- and mid-IR bands. As the post-AGB star evolves to higher
temperatures, the ejected circumstellar material gets ionised to form a PN. Subsequently, the
central star ends its nucleosynthetic energy production. The central star is first a hot white
dwarf which cools on the white dwarf cooling tracks (e.g., [33]). Signatures of chemical
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enrichment are lost in this process. Therefore, post-AGB stars are truly cosmic treasures
and exquisite probes of AGB nucleosynthesis.

For stars in binary systems, a different mechanism can terminate the red giant evo-
lution (see [21,22]). The large expansion that occurs when a star becomes a red giant can
cause the primary star to over-fill its Roche lobe. Theory suggests that Roche lobe overflow
during the red giant phase will lead to run-away mass transfer on a dynamical or thermal
timescale, until all that is left of the mass-losing star is the He or C/O core of the red giant,
orbiting in a binary system; alternatively, complete merging may occur (e.g., [34-36]. This
process occurs for binaries with periods on the main sequence ranging from 20 to 1000 days,
from low on the red giant branch (RGB) to the tip of the AGB. The outcomes of these
systems are as of yet difficult to predict, as many binary interaction processes are poorly
understood. A significant fraction of the ejected matter may end up in a circumbinary disc
of dust and gas, and inside the disc is a binary system containing a post-AGB star (see [37]
and references therein).

One of the challenges in the study of the post-AGB phase of evolution is the iden-
tification of post-AGB objects, as they have very short lifetimes. Since they have dusty
circumstellar envelopes, the detection of cold circumstellar dust using mid-IR photometry
is an efficient method to select and study them. The first extensive search for these objects
was initiated in the mid-80s using results from the Infrared Astronomical Satellite (IRAS).
The large scale mid-IR IRAS mission enabled the identification of post-AGB stars in the
Galaxy [31]. The Torun catalogue [38] for Galactic post-AGB stars lists around 391 very
likely post-AGB objects. The Galactic sample of optically visible post-AGB objects has
revealed two highly distinct populations: one with cold, detached, expanding dust shells
and another with hot dust and circumstellar discs (see Figure 1). The former probably arise
from single stars and produce “shell” or “outflow sources” [23]. The latter arise from binary
stars and are called “disc sources” [39—-43].
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Figure 1. Sample spectral energy distributions (SEDs) of post-AGB stars. The top row represents
examples of shell-type SEDs, typical for single stars. The bottom row represents examples of disc-type
SEDs, typical for binary post-AGB stars with circumbinary disks. Figure adapted from [44].

Previously, in the Galaxy, the luminosities (and hence initial masses) of the diverse
group of post-AGB stars were highly uncertain because of their poorly constrained dis-
tances, making it difficult to use the observational characteristics of these interesting objects
to throw light on the poorly-understood late stages of stellar evolution. In our recent
study [45], we exploited the Gaia Early Data Release 3 (Gaia EDR3), which provided the
opportunity to obtain accurate distances and hence luminosities for the sample of known
single post-AGB stars in our Galaxy.
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In our past studies, we have also focused on the Magellanic clouds [22,44,46,47]. The
well-constrained distances to these extragalactic systems mean that distance-dependent
parameters, such as luminosities, can be determined accurately. The large magellanic cloud
(LMC) and small magellanic cloud (SMC) are both very suitable environments within
which to locate individual post-AGB objects and study their evolution as a function of
initial mass and metallicity.

To date, chemical abundance studies of post-AGB stars in the Galaxy, LMC and SMC
(see [27,28,45] and references therein) have shown an intriguing chemical diversity that ranges
from stars that are extremely enriched in carbon and s-process elements [25,26,45] to the
discovery of the first post-AGB star with no traces of carbon nor s-process elements [45,48].
Additionally, stellar nucleosynthesis is significantly affected by a binary companion [43,49,50].
These results reflect the complexity that surrounds the element production in AGB stars. In
this contribution, we mainly focus on the current research landscape of using post-AGB
stars as tracers of s-process nucleosynthesis.

3. The s-Process in Post-AGB Stars

In this section, we give a short overview on the chemical abundances of post-AGB stars
and point to several papers where the interested readers can find more details on the specific
abundance distributions. In our overview we focus on primarily the s-process elements.

The s-process was traditionally studied in extrinsic stars (e.g., Ba stars, CH stars and
CEMP-s stars), where the visible object is the companion which is polluted or enriched
by s-process-rich material from its former AGB companion, which is now typically a dim
white dwarf. However, in these extrinsic stars, the properties of the polluting AGB star
and the associated AGB nucleosynthetic processes are difficult to determine. s-process-rich
post-AGB stars, the direct progeny of AGB stars, are intrinsically enriched with products of
AGB nucleosynthesis.

3.1. Galaxy

The first studies focusing on the s-process elemental abundances started with individ-
ual studies of isolated Galactic objects (e.g., [51,52]). Many authors followed, and overview
papers on the results of these abundance determinations of Galactic sources can be found
in, e.g., [19,23,53-55] and references therein.

Some post-AGB stars are the most s-process-rich objects we know. This provides
means to study elements even beyond the Ba peak. This was illustrated by [19], who
systematically studied the most s-process-rich objects in their study of Gd, Yb, Lu and
W abundances. The sensitivity of hyperfine splitting of elements such as Lu makes the
quantified abundance determinations challenging.

The end product of the s-process is in the double magic Pb. Pb does, however, not
have a rich spectrum in the optical band, and depending on the effective temperature of
the star, the strongest Pb line is either PbI at A 4057.807 or the Pb1l line at A 5608.854 . The
first especially is in a very dense region of the optical domain, making positive detections
difficult [55]. To our knowledge, we only know upper-limits of the Pb abundances in
Galactic post-AGB stars, as we do not have clear detections of these lines.

Interesting to note is that the most s-process-rich objects are associated with what is
called the 21 pm sources. This dust feature was originally discovered back in 1989 [56]
in the circumstellar dust of some carbon-rich post-AGB stars. The true chemical nature
of the 21 um dust feature remains illusive, and a recent review can be found in [57]. The
feature is transient and is not observed in AGB stars, nor in PNe, but only in post-AGB stars
with a limited range of effective temperatures. The feature is associated with carbon-rich
environments and illustrated the connection between carbon enhancement and the increase
in the s-process elements. Given that the 21 um dust feature remains enigmatic, it is fair to
say that we do not yet have a full, self consistent chemical evolution model which connects
the atmospheric abundances to the circumstellar dust and gas envelope.
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3.2. Magellanic Clouds

The first identification of post-AGB stars in the LMC and SMC was made possible
using the sample of high-luminosity population II Cepheids that was discovered through
the gravitational lens experiment MACHO [58]. The first s-process-rich magellanic-cloud
post-AGB star was identified from this target sample (i.e., MACHO 47.2496.8 [49]).

A more systematic search for post-AGB stars became possible with the infrared point-
source data of the Spitzer-SAGE experiment of the LMC [59] and the SMC [60,61]. These
Spitzer Space Telescope surveys allowed for the initial selection of candidates with large
mid-IR excess—the characteristic of post-AGB stars. Subsequently, low-resolution optical
spectroscopic surveys allowed for the identification of optically bright post-AGB stars. The
dedicated spectroscopic searches of post-AGB stars in the LMC [46,47] and in the SMC [44]
revealed many good candidates for high-resolution spectral follow-up.

Using 8 m class telescopes, high-resolution spectra of LMC and SMC post-AGB objects
were obtained. Similarly to the Galactic post-AGB star studies, detailed chemical abundance
studies revealed extremely s-process-enriched objects in the LMC and the SMC [24-26].

3.3. An Example of an Extremely Enriched SMC Object: [004441.04-732136.4

To illustrate the impact of s-process enhancements in post-AGB stars, we highlight the
SMC object ]004441.04-732136.4 (see Figures 2 and 3). The spectra are dominated by lines of
s-process elements, including trace elements such as neodymium (Nd), praseodymium (Pr)
and La. This is illustrated in Figures 2 and 3. These figures show small spectral windows
of three stars with similar temperatures and metallicity, but only the bottom two stars are
s-process-rich.
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Figure 2. Spectral comparison of three stars with similar temperatures and overall metallicity. Only
the top spectrum is from a star without s-process enhancements. In very enriched objects, the
s-process lines almost dominate the spectral appearance. Figure from [24].
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Figure 3. Spectral comparison of three stars with similar temperatures and overall metallicity. Only
the top spectrum is from a star without s-process enhancements. In very enriched objects (i.e., the
bottom two spectra), the s-process lines almost dominate the spectral appearance. Figure from [24].

Owing to the richness in atomic lines, spectra of s-process-rich post-AGB stars lead
to the identification of several s-process lines [62]. However, several spectral lines in the
optical remain unidentified (e.g., [24] and line identification in these very s-process-rich
environments is often still a challenge.

4. The s-Process in Post-AGB Stars: The Observational Findings

With overabundances reaching [s-process/Fe] of ~3 dex, some post-AGB stars are
among the most s-process-enriched objects known to date.

4.1. [hs/ls] versus [Fe/H] Relation

As the neutron source in low-mass AGB stars is believed to come from the '*C-pocket,
made via proton capture on the freshly made (primary) 2C, the neutron source is thought
to be largely independent of the initial metallicity. For low metallicity environments, there
are more neutrons available per iron-seed, and the neutron irradiation is predicted to be
higher (e.g., [4,6,7,63,64].

The ratio between the barium-peak elements (hs) and the strontium-peak elements (1s)
is widely used as a good measure for the neutron exposure. Models predict a correlation
between neutron exposure and metallicity. In Figure 4, we illustrate that this correlation
does not exist in the metallicity range as covered by s-process-rich post-AGB stars.
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Figure 4. [Fe/H] versus [hs/ls]. Within the metallicity range covered by the s-process-rich post-AGB
stars, there is no correlation between neutron exposure, as depicted in the [hs/Is] ratio, and intrinsic
metallicity—for the Galaxy and for the LMC/SMC. Figure from [65].

4.2. The Lead Problem

Pb is the end-product of the s-process chain. At low metallicities, AGB models predict
high Pb abundances. Post-AGB stars provide an interesting metallicity range which is
higher than that of the metal-poor CEMP stars, to test the production of Pb and thereby the
s-process nucleosynthesis.

High Pb abundances have been detected in some but not all CEMP-s stars
(e.g., [66,67]). However, in post-AGB stars, Pb is not detected. The observationally derived
Pb upper limits are significantly lower than what are predicted by models [55]. We refer
to [28] for a full description of what we call the Pb problem. This is likely linked to the lack
of correlation between the hs/Is ratio and metallicity.

4.3. The i-Process

Within the heavy element nucleosynthesis, two different regimes in neutron exposure
are historically defined: the s-process or slow neutron capture process, which follows
closely the valley of stability during successive neutron captures, and the r-process (a rapid
process), defined as an exposure at very high neutron densities and during which isotopes
far from the valley of stability are formed. These will decay towards the neutron-rich part
of the valley of stability.

Recently, however, several observational constraints from the distribution of heavy
elements observed in, e.g., CEMP-stars, but also post-AGB stars, lead to the propositon
of an i-process, which stands for “intermediate” process, with an exposure to neutron
densities in between the s and r-processes. This was introduced back in 1977 [68], but the
discussion on the i-process gained strong momentum in recent years when more and more
abundance determinations became available. The discussion on the i-process is focussed on
CEMP-rs stars which show overabundances of both typical s-process isotopes and typical
r-process elements (e.g., [69-71]).

While a review on the i-process is beyond the scope of this paper, both the Pb problem
and the presence of a wide variety of neutron exposures within the post-AGB sample are
indicative of the presence of irradiation at intermediate neutron densities (e.g., [55,72]). For
a more elaborate discussion on the i-process within post-AGB stars, we refer to [28].
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4.4. [s/H] versus [Fe/H] Relation: The Haves and Have-Nots

As mentioned in Section 2, an intriguing puzzle yet to be solved is the chemical
diversity observed in post-AGB stars, especially among the single stars. Post-AGB single
stars, in the Galaxy, with seemingly very similar stellar properties, display a wide range of
s-process overabundances. This is illustrated in Figure 5, where s-process enrichments are
displayed against metallicity. There is a bifurcation such that some post-AGB atmospheres
are very enriched in s-process elements (previously referred to as “haves”) while others
(i.e., the have-nots) are not s-process-enriched at all [23]. This bi-modality was initially
attributed to a likely initial-mass affect; however, previously poorly constrained distances
and hence luminosities made it difficult confirm the same.

The release of the Gaia EDR3 catalogue made it possible for us to determine accurate
distances (and hence luminosities) to the Galactic post-AGB single star sample and constrain
their positions in the HR diagram [45]. Our study has revealed that the two classes of
objects do not show any distinct difference in luminosity (and hence initial mass). Therefore,
it is likely that other factors besides initial-mass and metallicity affect AGB nucleosynthesis.

+
.

'

(OO J o o o e o e e o o e e e e e LA B e e e e e e e e

2.5 2.0 1.5 1.0 0.5 0.0 —0.5 —1.0
fs/Fe]

[Fe/H]

Figure 5. [s/Fe] versus metallicity. Within the post-AGB sample of Galactic, LMC and SMC stars,
there is a wide variety of s-process enrichment which is independent of stellar metallicity. Many
non-enriched objects which failed the third dredge-up are present as well. Figure adapted from [45].
The numbers in the figure refer to specific objects, as reviewed in [45].

The discovery of post-AGB stars in the LMC and SMC (where the distances and
hence luminosities and initial-masses are well constrained) has revealed that the chemical
diversity observed in Galactic post-AGB stars is also present within the SMC and LMC
sample [48].

5. Conclusions

Optically bright post-AGB stars with their spectra dominated by atomic transitions
provide unique constraints on AGB nucleosynthesis. We reviewed the most important
findings from the abundance studies in the literature and isolated several challenges
due to the chemical diversity detected among post-AGB stars being in contrast with the
model predictions.
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The observational astrophysical endeavour is far from finished. In particular, many of
the post-AGB stars found in the LMC and SMC remain to be studied with high S/N and
high-resolution spectroscopy. Moreover, the full Gaia DR3 (to be released in June 2022) will
lead to much better constraints on the luminosities of the Galactic sample, which means
that in the near future, chemical abundance studies of a more comprehensive sample of
post-AGB stars will become available.

The chemical diversity currently observed in post-AGB stars (e.g., [27,45]) reflects
the complexity of AGB nucleosynthesis. Open questions include the true nature of the
convective and non-convective mixing mechanisms, the nature of the neutron-capture
processes operating in AGB stars and also the true neutron production sites in AGB stars.
More recent theoretical developments can be found in (e.g., [73,74]), which complement
the observational research carried out on post-AGB stars.
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