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Abstract: Lead (Pb) is predicted to have large over-abundances with respect to other s-process
elements in Asymptotic Giant Branch (AGB) stars, especially of low metallicities. However, our
previous abundance studies of s-process enriched post-Asymptotic Giant Branch (post-AGB) stars
in the Galaxy and the Magellanic Clouds show a discrepancy between observed and predicted Pb
abundances. For the subset of post-AGB stars with low metallicities the determined upper limits
based on detailed chemical abundance studies are much lower than what is predicted. Recent
theoretical studies have pointed to the occurrence of the i-process to explain the observed chemical
patterns, especially of Pb. A major development, in the observational context, is the release of
the GAIA EDR3 parallaxes of the post-AGBs in the Galaxy, which has opened the gateway to
systematically studying the sample of stars as a function of current luminosities (which can be linked
to their initial masses). In this paper, we succinctly review the Pb discrepancy in post-AGB stars and
present the latest observational and theoretical developments in this research landscape.

Keywords: stars: AGB and post-AGB; stars: chemically peculiar; neutron-capture processes; Magel-
lanic Clouds; Galaxy: stellar content; stars: abundances; techniques: spectroscopy

1. Introduction

Primordial lead (Pb), comprising of the isotopes 204Pb, 206Pb, 207Pb, 208Pb, is believed
to be created via the neutron-capture processes occurring in stars or their explosions [1].
The two main neutron-capture processes responsible for the creation of Pb are the slow
neutron capture (s-process, e.g., [2–4] and references therein) and the rapid neutron capture
(r-process, e.g., [5] and references therein). In astrophysics Pb is especially relevant because
the double magic 208Pb isotope marks an island of stability.

Neutron-capture processes are responsible for the production of most of the heavy
elements in the mass region A> 60. Starting typically from an iron seed, via a sequence
of neutron captures and beta decays, the s-process synthesizes elemental isotopes. The
astrophysical sites and physical conditions for the occurrence of these two processes are
rather distinct. Although the occurrence of the r-process has long been associated with
high neutron density environments (n≥ 1020 cm−3) such as those found in supernovae,
more recent studies have also revealed possible sites such as mergers of neutron stars,
neutron-star–black hole mergers, hypernovae, and accretion disk outflows related to the
collapse of fast rotating massive stars (see [6] and for a review of r-process). The detection
of a neutron-neutron star merger via its gravitational wave signal (GW170817) and the
implication on the r-process production is one of the highlights of astrophysical research
in 2017. The r-process usually synthesizes the most neutron-rich stable isotopes of each
heavy element, with the abundance peaks for the r-process occurring near mass num-
bers A = 82 [elements selenium (Se), bromine (Br), and krypton (Kr)], A = 130 [elements
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tellurium (Te), iodine (I), and xenon (Xe)] and A = 196 [elements osmium (Os), iridium (Ir),
and platinum (Pt)].

On the other hand, the s-process, occurs over much longer timescales, and in envi-
ronments with relatively lower neutron densities (n≤ 1011 cm−3) such that the less stable
nuclei can undergo beta decay. Observational studies have shown that the astrophysical
sites of the s-process mainly include stars on the AGB phase of their evolution (see [7–10]
and references therein). At the end of helium- and carbon-burning in massive stars, ele-
ments from iron group seed nuclei on up to strontium (Sr) and yttrium (Y) are synthesized
via the weak component of the s-process. In low-metallicity stars, the main component of
the s-process produces heavy elements beyond Sr and Y, and up to Pb. The s-process chain
is thus limited to the light s-process elements (i.e., ls elements) for moderate irradiations,
while the heavy s-process elements (i.e., hs elements) are produced for increasing neutron
irradiations. The ratio [hs/ls] is therefore an intrinsic indicator of the total neutron irra-
diation. When the neutron irradiation increases even further, the elements beyond the hs
peak are produced up to the final product Pb. Each branch of the s-process reaction chain
eventually terminates at a cycle involving Pb, bismuth (Bi), and polonium (Po).

As the neutron production in the s-process is thought to be largely dependent on
primary nuclei (made by nucleosynthesis in the star itself) and hence independent of
the initial metallicity, there are more neutrons available per iron seed and, hence at low
metallicity Pb is predicted to have large over-abundances with respect to other s-elements
(see [2,3,11,12] and references therein).

Strong Pb enhancements are indeed observed in extrinsically enriched metal-poor
objects, which accreted mass from their companion, which passed through the thermally
pulsing-AGB phase, but which is now a white dwarf [13]. However, not all metal-deficient
objects with extrinsic enrichment show this strong Pb overabundance (e.g., [14,15]) in
contrast to the predictions. To explain these abundance differences, alternate nucleosyn-
thetic process, such as the intermediate neutron-capture process (i.e., i-process), have
been postulated.

The i-process, an intermediate process to the s- and r-process, was postulated by [16].
The i-process is considered to operate at neutron densities intermediate to the s- and r-
process (i.e., n≤ 1014 − 1015 cm−3, see [17–19] and references therein). This hypothesis
gained popularity with the discovery of r/s stars (see [11,20]), and observational studies of
carbon-enhanced metal-poor (CEMP) stars [21] with puzzling heavy element abundances,
particularly of Ba and Eu. Theoretical studies by [11,22,23] have shown that the observed
abundances of CEMP stars are best explained with a neutron-capture process that occurs
with neutron densities similar to that proposed in the i-process. Furthermore, recent studies
by [24] have shown that to explain the abundances observed in objects such as CEMP-rs
stars, which collectively represent characteristic of extrinsic stars such as CEMP-s, CH,
barium, and extrinsic S stars, the i-process plays a crucial role. It is considered that CEMP-rs
stars can be explained as being polluted by a low-mass, low-metallicity thermally pulsing
AGB companion experiencing i-process nucleosynthesis after proton ingestion during its
first convective thermal pulses. One of the difficulties in the astrophysical interpretation of
these abundances of CEMP stars is that the original donor of the enriched material is now
a dim white dwarf the characteristics of which is hard to determine.

Our past studies (see [25] and references therein) of single intrinsic s-process rich
post-AGB stars have provided therefore the perfect astrophysical laboratories to test our
understanding of AGB nucleosynthesis, especially of the s-process and the i-process.
Our studies [25,26] have revealed that the chemical patterns of single, low-metallicity
([Fe/H]< −0.7 dex) and likely low mass (<3.5 M�) post-AGB stars in the Galaxy and es-
pecially in the Magellanic Clouds, enriched with carbon and s-process elements, show
an interesting complexity. This subset of low-metallicity post-AGB stars show an under-
abundance of Pb (based on observationally derived upper limits) compared to the observa-
tionally derived abundances of other s-process elements, and compared to the theoretically
expected values. This is very curious because the end product of the s-process nucle-
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osynthesis chain is the double magic lead 208Pb isotope, which is predicted to have large
over-abundances with respect to other s-elements in metal-poor conditions (see [2,12,27]
and references therein). On comparing the observations with dedicated AGB models
(see Sections 3 and 4), we found indeed a strong discrepancy between the observed and
predicted Pb over-abundances.

Until recently, we were confined to studying the abundance behavior of Pb for a wide
range of initial metallicities—a key parameter for theoretical AGB models. We have not
been able to systematically investigate the behavior of Pb as a function of initial mass—
another key parameter for theoretical AGB models. This was due to the fact that the
number of well-studied post-AGB stars in the Magellanic Clouds (for which we know
accurate distances and hence luminosities and estimated initial masses) is limited (to
around 5 objects of around 1–1.5 M�). Additionally, the lack of accurate distances to the
Galactic objects restricted the derivations of luminosities (and hence initial masses) to
the larger sample of Galactic sources. With the release of the GAIA EDR3 parallaxes and
distances [28], we have now successfully derived luminosities to the Galactic post-AGB
stars, therefore opening the possibility to harness the hidden wealth of these objects. From a
theoretical standpoint, developments in i-process nucleosynthesis have opened the doors to
solving the Pb discrepancy problem. In this study, we succinctly review the Pb discrepancy
in post-AGB stars and present the latest observational and theoretical developments in this
research landscape.

2. Detecting Pb in the Photospheres of Post-AGB Stars

Post-AGB stars, the progeny of AGB stars, contain the products of AGB nucleosynthe-
sis. During the post-AGB phase, the warm stellar photosphere makes it possible to quantify
photospheric abundances for a very wide range of elements from CNO up to some of the
heaviest s-process elements well beyond the Ba peak [29] that are brought to the stellar
surface during the AGB phase. This is not possible with AGB stars since molecular veiling
dominates their spectra [30]. Therefore, post-AGB objects can provide direct and stringent
constraints on the parameters governing stellar evolution and nucleosynthesis, especially
during the chemically rich AGB phase.

In this study, our focus is specifically on the abundances of Pb, so we present the
tracers of Pb in the photospheres of post-AGB stars. Additionally, we constrain this study to
intrinsically enriched post-AGB stars, as they are ideal tracers of the AGB nucleosynthesis
that occurs during and the prior to their AGB phase. We suspect that these objects are
either single or on very wide binaries [31].

Post-AGB stars typically are of late-G to late-A spectral types, with low log g values,
and low metallicities (i.e., lower than the red giant stars in the host Galaxy). For the
typical atmospheric parameters of the known single post-AGB stars in the Galaxy (e.g., [31]
Kamath et al., 2021, to-be-submitted.), SMC (e.g., [32]), and LMC (e.g., [33,34]), there are
only limited number of usable Pb lines in the optical spectrum. Additionally, the number
of strong spectral lines decreases with increasing effective temperature for all elements.

Depending on the effective temperature of the sample stars and the total abundance,
the Pb abundances are probed either using the strongest Pb I line at 4057.807 or Pb II
line at 5608.853. As the Pb I line lies in a low S/N region with many blends and the Pb
II line is generally very small so that it can be confused with noise in the spectrum, it
is challenging to trace a clear Pb line feature. When a clear Pb line cannot be detected,
spectral synthesis of the regions around the Pb lines need to be carried out and hence a
complete set of elemental abundances is required. These abundances are then used to make
detailed spectral synthesis in the regions of the strongest Pb lines, and subsequently the
best constraints on the Pb abundances are derived. For the spectral synthesis of the Pb
I, the spectral blends of unidentified lines at 4057.5 and 4058.9 are used to estimate the
position of the continuum and a synthetic Pb I line is generated which fully incorporates
the observed line feature at 4057.807. For the Pb II line at 5608.85, the continuum between
5606.3 and 5608 in combination with the blend at 5610.3 is used to estimate the position
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of the continuum at 5608.853. The Pb II line lies in a spectral region where the continuum
is affected by a blend of small unidentified spectral lines, ranging from 5608 up to 5610,
therefore care must be taken to ensure that the feature is real. Owing to the challenges,
some of which are presented above, it is often only possible to derive upper limits for the
Pb abundances rather than well constrained abundances. More details on the spectral
analysis using Pb lines are presented in [35] and the references therein.

3. Lead Abundances of s-Process Enriched Post-AGB Single Stars in the Galaxy and
the Magellanic Clouds

To study the abundance behavior of Pb in intrinsically enriched stars, in our previous
studies (e.g., [25,26]), we carried out systematic and detailed LTE abundance studies (with
a focus on Pb) of the known sample of s-process enriched, single post-AGB stars in the
Magellanic Clouds, and the Galaxy. The sample studied comprised of 1 object in the
SMC [26], 5 in the LMC [26], and 14 objects in the Galaxy [25]. We note that one of the
14 Galactic objects (i.e., IRAS 17279-1119) was revealed to be in a binary system (see [25]).
These studies [25,26] revealed that none of these intrinsically enriched single post-AGB
stars are strong Pb producers-a stark contrast to theoretical predictions (see Section 4). The
single post-AGB stars: 1 SMC object, 5 LMC objects, and 13 Galactic objects; together with
their derived metallicities, [s/Fe], and upper limits for [Pb/hs] and [Pb/ls] are presented
in Table A1 of Appendix A.

By studying objects in the Magellanic Clouds and the Galaxy, we were able to study
the abundance behavior of Pb for a wide range of metallicities (−2.0< [Fe/H]<−0.5 dex).
This resulted in a very important result: for higher metallicities of about [Fe/H]>−0.7 dex,
the theoretical predictions from a suite of theoretical models (from [36–38]) are compatible
with the observationally derived upper limits of the Pb abundances (as shown in Figure 14
of [25]). However, there exists an increasing discrepancy towards lower metallicities (i.e.,
[Fe/H]<−0.7 dex) where the upper limits are systematically lower that the predicted
Pb abundances. For the benefit of the reader, we have reproduced Figure 14 of [25] in
Table A1 of Appendix A. It is critical to note that in the studies of [25,26], we were unable
to fully exploit the observational sample, initial mass estimates were only available for the
5 post-AGB stars in the Magellanic Clouds (where the distances, and hence luminosities
and initial masses are well constrained). Stellar evolution and nucleosynthesis is heavily
dependent on the initial mass. The lack of distances back in 2016, and hence luminosities
of the Galactic objects stymied the estimation of their initial masses.

In our recent study (Kamath et al., 2021, to-be-submitted) we have used the Gaia EDR3
parallaxes to derive accurate luminosities and initial mass estimates to the full sample
of single post-AGB stars in the Galaxy. These luminosities have opened a gateway to
fully exploit the current sample of Galactic post-AGB stars. In this paper, we present the
derived luminosities for all the Galactic objects considered (see Table A1 of Appendix A).
We note that the error bars on the derived luminosities (see Table A1) represent the errors
in the parallaxes which dominate the errors in the stellar parameters and photometric data
that were used in the derivation of the luminosities. We refer the readers to Kamath et
al., 2021, to-be-submitted, for full details on the procedure used to derive the luminosities
and associated error bars. We also note that for some objects the derived luminosities are
rather low and/or come with reasonable errors (see Object 1, 2, and 5 in Table A1). We are
investigating the reason for these low luminosities, but it is beyond the scope of this study.

In Figure 1 we show the derived upper limits of [Pb/hs] for the sample of 19 stars
(see Table A1) as a function of luminosity. Additionally, shown in the plot is the metallicity
of the individual objects via a color table. The plot reveals that there is no obvious effect
of luminosity (and hence initial mass) on the derived upper limits of the Pb abundances
in s-process enriched post-AGB stars. However, this needs to be investigated in detail
with dedicated AGB models tailored to individual objects. Additionally, our past studies
have shown: (i) a correlation between [s/Fe] and [hs/ls] indicating the connection between
strong neutron irradiations and the creation of heavy s-process elements, and (ii) the lack
of correlation between neutron irradiation and metallicity (see Figure 15 of [25]).
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As mentioned above, to fully understand these observational trends, comparisons
need to be made with tailored state-of-the-art AGB evolution and nucleosynthesis models.
With the new estimates of luminosities presented above, it is now finally possible to
systematically compare the derived abundance results for a range of elements (e.g., CNO,
Fe-peak, and s-process elements including derived upper limits for Pb) from post-AGB stars
spanning a range of initial masses (from 1 to∼3.5 M�) and metallicity environments (i.e.,
in the Galaxy, SMC, and SMC) with theoretical predictions, thus improving our knowledge
of the AGB nucleosynthesis and third dredge-up.
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Figure 1. [Pbup/hs] as a function of derived photospheric luminosities for the sample of post-AGB
stars considered in this study. The color bar represents the metallicity ([Fe/H]) of the objects. See
Section 3 for more details.

4. Current Theoretical Status

In our initial studies of Pb abundances of post-AGB stars [25,26,39], we compared
the observational derived upper limits of the Pb abundances for the individual objects
with dedicated stellar models of 1.5–2 M� with [Fe/H]≈−1.0. These models included:
STAREVOL [36,40], Mount Stromlo models (MSE [38] and references therein), and the
FRUITY models [41,42]. By and large, the models were based on a 13C-pocket arising from
diffusive overshooting at the base of the convective envelope during the third dredge-up.
However, these models have problems reproducing the observed low Pb abundances
in metal-poor stars. Additionally, these models also have problems in reproducing the
observed spread in [hs/ls] of post-AGB stars at a given metallicity. Moreover, the C/O
ratios and especially also the 12C/13C isotopic ratios are much higher than observed. These
discrepancies point to missing physical ingredients and alternative processes in theoretical
stellar models need to be investigated.
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Our detailed chemical abundance studies have inspired a wave of new dedicated
theoretical studies to investigate the Pb discrepancy. [4] explored modifications to the
current scenario for the s-process in AGB stars to account for the Pb deficiency derived for
the post-AGB stars in the Magellanic Clouds (i.e., Objects 14, 15, 16, and 17 of Table A1).
These objects are of low metallicity ([Fe/H]≈−1.2) and low initial mass (≈ 1–1.5 M�). The
authors tested different amounts and distributions of protons leading to the production
of the main neutron source within the 13C-pocket and proton ingestion scenarios. Two
13C-pockets produced by two different constant proton abundances (Yp) mixed into the
intershell (i.e., Yp = 0.7× 10−4 and Yp = 1.05× 10−4) were adopted to match the determined
Pb over-abundances. However, for these two cases, the full abundance patterns (especially
the derived abundances of the elements in between Eu and Pb) could not be reproduced.
Ref. [4] suggested that neutron-capture processes with neutron densities intermediate
between the s- and the r-processes may provide a solution to this problem.

The Advent of the i-Process

The i-process represents an intermediate neutron-capture process midway between
the s- and r-processes and mostly relies on the injection of protons in a convective helium-
burning region (see [43] and references therein). The astrophysical site of the i-process is
still debated, but theoretical studies (for e.g., [37,44]) using an AGB model with 1.5 M� at
[Fe/H] =−2.4 and with a network of ∼ 700 isotopes have shown that i-process nucleosyn-
thesis can take place during the early stages of the AGB phase, especially at low-metallicity
and in low-mass stars. There has been significant progress in investigating several other i-
process related astrophysical sites. For example, in the study by [45], the authors investigate
the i-process nucleosynthesis by post-processing Rapidly Accreting White Dwarfs (RAWDs)
models with −2.6< [Fe/H] < 0. Additionally, [19] explored i-process nucleosynthesis in
CEMP stars and post-AGB stars using one-dimensional, single-zone nuclear-reaction net-
work calculations at constant temperature and density, and with constant neutron densities.

Although the calculations presented in [19] do not exactly represent realistic stel-
lar environments, they provide a great initial insight into the mechanisms potentially
responsible for i-process in objects such as post-AGB stars. Since post-AGB stars are the
centerpieces of our study we summarize the results from [19], who investigate the low
derived upper limits of Pb abundances found in 7 post-AGB stars (Objects 4, 13, 14, 15,
16, 17, 19, Table A1). The objects chosen are of low-metallicity ([Fe/H]<−0.7) and low-
mass (≈ 1–1.5 M�). This is in accordance with the fact that the upper limits for the Pb
abundances of stars with [Fe/H]>−0.7 are compatible with predictions from appropriate
AGB models (see Section 3). Ref. [19] report that the full abundance patterns and upper Pb
limits of all 7 post-AGB stars can be fitted best by i-process calculations of neutron densities:
n = 1011 cm−3 and n = 1012 cm−3 and integrated neutron exposures (1.0≤ τ ≤ 1.3 mbarn−1

which translates to timescales in the range of 0.2 to 2.5 years). These values (of n and τ) sit
at the lower end of the tested neutron densities and integrated neutron exposures and are
lower than those required to reproduce the heavy element abundances (including Pb) for
the lower-metallicity CEMP-i stars.

Stellar models under realistic conditions are required, however, to better understand
the actual mechanisms responsible for i-process, including the ’where’ and ’when’ this
process occurs. It is critical to understand the true extent and behavior of the entire neutron-
capture process (i.e., s-process, i-process, and/or both) that occurs during the AGB and
possibly post-AGB (via late He-shell flashes) phases.

5. Conclusions

As the expected end product of the s-process chain, the Pb abundance is sensitive to
the different nucleosynthetic processes that occur during the AGB phase. Our chemical
abundance studies [25,46] showed that the predicted Pb abundances for s-process enriched
post-AGB stars, especially with [Fe/H]<−0.7 are too high, and difference between the
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observationally derived upper limits for the Pb abundance and the predictions increases
towards lower metallicities.

We note that in our observational studies [25,46], we do not consider non-LTE effects.
[47] carried out non-LTE calculations for the Pb I line at 4057.807 for the Sun and for a set of
stellar parameters characteristic of metal-poor stars in the range of −2.95< [Fe/H]<−0.7.
The study showed that non-LTE effects lead to systematically depleted total absorption
in the Pb I lines with ∆NLTE of the Pb I line at 4057.807 to be between 0.2 and 0.45 dex.
This resulted in positive abundance corrections with departures from LTE increasing with
decreasing metallicity. However, most of the stars considered in [47] were much cooler
and with a higher surface gravity than that of the post-AGB stars. Therefore, dedicated
non-LTE studies for post-AGB stars are critical to accurately investigate departures from
LTE, especially for the derived Pb upper limits.

From a theoretical point of view, recent studies have revealed the possibility of an
intermediate neutron-capture process, i.e., the i-process as a likely explanation for the
abundance pattern observed in post-AGB stars enriched with the expected s-process
elements. Other physical processes such as rotation, internal gravity wave mixing, and
mass-loss prior to or during the AGB phase could also have strong impacts on the synthesis
of elements, especially the neutron-capture elements.

Our current studies (see Section 3 and Kamath et al., 2021, to-be-submitted) present
an increased sample of post-AGB objects, with well constrained luminosities (and hence
initial masses) and metallicities, which show i-process abundance patterns, providing new
possibilities to systematically test the mechanisms that induce i-process nucleosynthesis.
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Appendix A

Table A1. Abundance ratios ([s/Fe], [Pbup/hs], [Pbup/ls]) and metallicities of the s-process rich
single stars considered in this study, together with their effective temperature, and photospheric
luminosities. See text for more details.

Object Name [Fe/H] [s/Fe] [Pbup/hs] [Pbup/ls] Teff(K) L/ L�

Galaxy

1 IRAS 05113+1347 −0.49 ± 0.15 1.54 ± 0.07 <−0.21 <0.11 5500 20004700
1000

2 IRAS 05341+0852 −0.54 ± 0.11 2.12 ± 0.05 <−0.14 <0.23 6750 300300
100

3 IRAS 06530-0213 −0.32 ± 0.11 1.94 ± 0.06 <0.69 <0.98 7375 47003500
2000

4 IRAS 07134+1005 −0.91 ± 0.20 1.63 ± 0.14 <0.38 <0.37 7250 5500600
500
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Table A1. Cont.

Object Name [Fe/H] [s/Fe] [Pbup/hs] [Pbup/ls] Teff(K) L/ L�

5 IRAS 07430+1115 −0.31 ± 0.15 1.47 ± 0.06 <−0.48 <−0.23 6000 2010
10

6 IRAS 08143-4406 −0.43 ± 0.11 1.65 ± 0.05 <0.32 <0.13 7000 45001000
600

7 IRAS 08281-4850 −0.26 ± 0.11 1.58 ± 0.09 <1.13 <1.14 7875 96007100
4000

8 IRAS 13245-5036 −0.30 ± 0.10 1.88 ± 0.09 <0.91 <1.38 9500 112005600
4100

9 IRAS 14325-6428 −0.56 ± 0.10 1.30 ± 0.14 <1.27 <1.35 8000 49002100
1100

10 IRAS 14429-4539 −0.18 ± 0.11 1.41 ± 0.08 <1.36 <1.54 9375 50009600
3400

11 IRAS 19500-1709 −0.59 ± 0.10 1.35 ± 0.21 <1.38 <1.35 8000 71001000
900

12 IRAS 22223+4327 −0.30 ± 0.11 1.03 ± 0.05 <0.94 <0.48 6500 5700400
500

13 IRAS 22272+5435 −0.77 ± 0.12 1.80 ± 0.05 <−0.18 <0.11 5750 77001700
1300

Small Magellanic Cloud

14 J004441.04-732136.4 −1.34 ± 0.32 2.70 ± 0.30 <0.00 <0.52 6250 7600200
200

Large Magellanic Cloud

15 J050632.10-714229.8 −1.22 ± 0.18 1.33 ± 0.30 <0.45 <0.10 6750 5400700
700

16 J052043.86-692341.0 −1.15 ± 0.20 1.82 ± 0.25 <−0.45 <−0.27 5750 87001000
1000

17 J053250.69-713925.8 −1.22 ± 0.19 1.99 ± 0.25 <−0.24 <0.19 5500 6500100
100

18 J051213.81-693537.1 −0.56 ± 0.15 1.61 ± 0.06 <0.37 <0.78 5875 6700200
200

19 J051848.86-700246.9 −1.03 ± 0.14 1.90 ± 0.07 <−0.19 <0.47 6000 6250200
200

The [Fe/H], [s/Fe], [Pbup/hs], [Pbup/ls], and Teff results are taken from [25]. The luminosities, derived using the
Gaia EDR3 parallaxes, are taken from Kamath et al., 2021, to-be-submitted. See Section 3 for more details.

Figure A1. Cont.
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Figure A1. A reproduction of Figure 14 from [25]. The figure shows the observed [Pbup/hs] (upper
panel) and the [Pbup/ls] (lower panel) versus [Fe/H] results of the sample of stars considered in [25].
The observed abundance upper limits are plotted together with the predictions of the STAREVOL
models [38], Mount Stromlo models [36], and FRUITY models [42]. The black horizontal lines
represent the [Fe/H] uncertainty of the displayed stars. See Section 3 and [25] for more details.
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