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ABSTRACT

Context. Around half of the heavy elements in the Universe are formed through the slow neutron capture (s-) process, which takes
place in thermally pulsing asymptotic giant branch (AGB) stars with masses of 1-6 M. The nucleosynthetic imprint of the s-process
can be studied by observing the material on the surface of binary barium (Ba), carbon (C), CH, and carbon-enhanced metal-poor
(CEMP) stars.

Aims. We study the s-process by observing the luminous components of binary systems polluted by a previous AGB companion. Our
radial velocity (RV) monitoring program establishes an ongoing collection of binary stars exhibiting enrichment in s-process material
for the study of elemental abundances, the production of s-process material, and binary mass transfer.

Methods. From high-resolution optical spectra, we measured RVs for 350 stars and derived stellar parameters for approximately 150
stars using ATHOS. For a subsample of 24 chemically interesting stars, we refined our atmospheric parameters using ionization and
excitation balance with the Xiru program. We used the MOOG code to compute one-dimensional local thermodynamic equilibrium
(1D-LTE) abundances of carbon, magnesium, s-process elements (Sr, Y, Zr, Mo, Ba, La, Ce, Nd, Pb), and Eu to investigate neutron
capture events and stellar chemical composition. We estimated dynamical stellar masses via orbital optimization using Markov chain
Monte Carlo techniques in the ELC program, and we compared our results with low-mass AGB models in the FUIl-Network Reposi-
tory of Updated Isotopic Tables & Yields (FRUITY) database.

Results. In our abundance subsample, we find enhancements in s-process material in spectroscopic binaries, a signature of AGB mass
transfer. We add the element Mo to the abundance patterns, and for 12 stars we add Pb detections or upper limits, as these are not
known in the literature. Computed abundances are in general agreement with the literature. Comparing our abundances to dilution-
modified FRUITY yields, we find correlations in s-process enrichment and AGB mass, which are supported by dynamical modeling
from RVs.

Conclusions. From our high-resolution observations, we expand heavy element abundance patterns and highlight binarity in our
chemically interesting systems. We find trends in s-process element enhancement from AGB stars, and agreement between theoretical

and dynamically modeled masses. We investigate evolutionary stages for a small subset of our stars.

Key words. nuclear reactions, nucleosynthesis, abundances — stars: abundances — stars: AGB and post-AGB —
binaries: spectroscopic — stars: chemically peculiar — stars: low-mass

1. Introduction

Nucleosynthetic s-process events occur within the He inter-shell
region of low-mass thermally pulsing asymptotic giant branch
(AGB) stars (Burbidge et al. 1957). Protons are ingested into
the helium-burning zone, where 12 is converted to 3N, which
then decays to '*C, providing a strong neutron source via the
13C(a, n) reaction. The excess neutrons produced through this
channel lead to a succession of n-captures and S-decays. These
captures and decays cause the production of heavy elements up
to Pb.

The s-process material synthesized in the helium inter-shell
region is brought to the stellar surface by third dredge-up
events (TDUs) and violent convective motion in the enve-
lope (Gallino et al. 1998). This heavy-metal-enriched material is

* Corresponding author; dimoff@mpia.de

expelled from the AGB star by strong stellar winds during ther-
mal pulses, and can be accreted onto a binary companion.

The s-process signature in AGB stars is characterized by
comparing the abundances of the first (N ~ 50, including Sr, Y,
Zr) and second s-process peaks (N ~ 82, including Ba, La, Ce)
(Busso et al. 2001; Cseh et al. 2018). Stars of different mass will
produce different patterns of elements owing to their different
interior properties and AGB lifetimes.

Observationally, there are two ways of learning about
s-process nucleosynthesis. If one observes AGB stars (intrin-
sic S-stars) (Shetye et al. 2018, 2021) directly, the signature of
ongoing s-process nucleosynthesis can be seen in the stellar
atmosphere in the presence of heavy elements, such as Sr, Ba,
Tc, and Pb. The detection of Tc in the stellar spectrum indi-
cates ongoing s-process nucleosynthesis and is the most robust
method for identifying intrinsic S-stars; other machine learn-
ing methods have recently been proposed (Chen etal. 2019).
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For reviews on AGB stars, see Herwig (2005), Straniero et al.
(2006), Karakas & Lattanzio (2014), and Van Eck et al. (2022).
More evolved AGB stars display high carbon-to-oxygen ratios
(C/O > 1) and are known as carbon stars (Straniero et al. 2023).

Extrinsic systems have also been observed, where heavy ele-
ments produced by an AGB star have been transferred onto a less
evolved binary companion, which shows radial velocity (RV)
variation (Van Eck & Jorissen 1999). The binaries enriched by
an AGB star generally fall into two categories depending on
their metallicity and carbon enrichment: the metal-rich barium
(Ba) and CH stars (McClure et al. 1980; McClure 1983), and the
carbon-enhanced metal-poor -s (CEMP(-s)) stars. In these sys-
tems, the observed star has received s-process material from a
former AGB companion, which has since become a faint white
dwarf.

At higher metallicities [Fe/H] > —1, the AGB mass trans-
fer in binary systems can be followed by studying Ba or CH
stars (Cseh et al. 2018; Stancliffe 2021). Despite having known
about Ba stars for more than 50 years (Bidelman & Keenan
1951), they are perhaps the least well studied of the s-process
stars in terms of their element patterns. Recent works have sig-
nificantly improved upon previous efforts to study these stars
from a nucleosynthetic perspective: de Castro et al. (2016) and
Cseh et al. (2019) studied five elements (Y, Zr, La, Ce, and Nd)
in 182 and 169 Ba giants, respectively, and Roriz et al. (2021)
provide knowledge about a handful of elements (Sr, Nb, Mo,
Ru, La, Sm, and Eu) in 180 Ba giants; but this is not enough to
fully identify the patterns of elements produced by AGB stars.

At metallicities of [Fe/H] < -2, we trace the s-process in the
early Galaxy through the CEMP-s stars. The CEMP-s stars show
strong molecular C-N bands, are typically very old (>10 Gyr),
and are important for our understanding of the detailed composi-
tion of the early s-process (Hansen et al. 2019). The vast major-
ity of these stars are indeed binaries (Starkenburg et al. 2014;
Hansen et al. 2016b; Abate et al. 2018), and many reside in wide
binaries with long orbital periods of up to thousands of days. To
better understand the physics of the s-process, in this work we
present a comprehensive study of the heavy elements produced
by AGB stars.

Monitoring RVs over a long baseline in time (Hansen et al.
2016b) allows us to identify the binarity of Ba, CH, and CEMP-s
stars, as well as other chemically peculiar systems that may form
through similar processes. To date, most studies have either been
based on small samples (<15 stars) with a long baseline or larger
samples over a short period of time. Our approach improves
on previous methods in that we compute the abundances of 11
heavy elements and monitor the RVs for a large sample of 350
stars over a relatively long baseline of 4 years. Orbital param-
eters of binary star systems inform us about the masses of the
stars involved and about the way mass is transferred, which are
crucial aspects in binary stellar evolution modeling. Comparing
masses derived from chemical abundance patterns with masses
derived from orbital parameters, we have two independent meth-
ods with which to constrain the donor AGB star mass. Access to
the telescopes within the Chemical Elements as Tracers of the
Evolution of the Cosmos — Infrastructures for Trans-National
Access (ChHETEC-INFRA TNA)' network has been critical in
our investigation of nuclear astrophysics.

This paper is divided into five sections. Sample selection,
data acquisition and reduction, and analysis procedures are
detailed in Sect. 2. Outcomes and results are presented in Sect. 3.

! https://www.chetec-infra.eu/ta/
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A discussion on the implications of these results follows in
Sect. 4, and a summary of our findings is provided in Sect. 5.

2. Data
2.1. Sample selection

We source our targets from relevant catalogs of cool stars
by choosing those containing stellar classifications of inter-
est: AGB, Ba, CEMP-s, C, and CH type stars, including
both intrinsic and extrinsic S stars. The source catalogs we
have chosen include those of Stephenson (1984), Alksnis et al.
(2001), Escorzaetal. (2020), Yoon et al. (2016), Cotar et al.
(2019), Karinkuzhi et al. (2021b), and Cseh et al. (2018). We
supplement our focused target list with stars from large sur-
veys including the Apache Point Observatory Galactic Evolu-
tion Experiment (APOGEE), Gaia, GALactic Archaeology with
HERMES (GALAH), and Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) surveys, where we query
the databases based on metallicity, heavy element enrichment,
and binarity indicators (details below).

The APOGEE survey samples major populations of the
Milky Way with moderate resolution (R ~ 22500) and high
signal-to-noise ratio (S/N > 100) infrared (1.5—1.7 wm) spectra
(Majewski et al. 2017). The catalog includes stellar parameter
estimation, metallicities, and sparse heavy element abundances.
We query the Gaia DR3 (Gaia Collaboration 2023) database for
targets with more than 10 transits, radial velocity uncertainties
> 5kms~!, and astrometric reduced unit weight error (RUWE)
> 1.4 to increase the chances of selecting binaries. Gaia DR3
includes medium resolution RVS spectra (R ~ 11000) in the
near-infrared around the calcium triplet, providing selection cri-
teria based on indicators of enrichment in s-process material,
including Ce and Nd. We also select based on output from sec-
ondary data products like the The Final Luminosity Mass Age
Estimator (FLAME, Creevey & Lebreton 2022), a CU8/Apsis
software, including estimates of the masses, ages, and orbital
parameters of stars in Gaia DR3. The GALAH survey provides
a wealth of spectroscopic data for bright stars in the south-
ern hemisphere (Buder et al. 2019) in relatively high resolution
(R ~ 28000). Chemical compositions and orbital properties for
this sample are available for reference and comparison. GALAH
allows selection targets identified as Ba-enhanced, CEMP-s, or
other C-enhanced stars, and we select candidates in both con-
firmed and suspected binary systems. We select stars from the
LAMOST catalog (Cui et al. 2012) showing heavy element fea-
tures in their spectra (for example, Ba and Sr), are optically
bright enough for our network of telescopes, and display binary
star characteristics.

From these catalogs and surveys, we compile a sample of
350 targets (limited to stars brighter than ~13th magnitude), dis-
played on a Hertzsprung-Russell (HR) diagram in Fig. 1. Our
observational sample is a combination of warm to cool (spec-
tral types (A),F,G,K) dwarfs that exhibit s-process enrichment,
and giant stars either known to produce or exhibit the pres-
ence of s-process material (AGB, Ba, CEMP, C, CH). Many
of our targets are either in known binaries, or suspected to
be in binary systems based on Gaia DR3 parameters RUWE
and radial_velocity_error. This large sample of stars con-
structs our radial velocity database, each to be observed 6—8
times over the full range of ~4 years, depending on the number
of previous RV data points. A subset of these stars are selected
for high -S/N targeted observations to investigate their surface
chemical composition.
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Table 1. Awarded nights of observation for each instrument between

° 2021 and 2024.
= 1 . .
Instrument R Telescope size  Total nights
0 F . i VUES 37000 1.65m 39
=0 g ¢ OES 40000 2.00m 28
= ] ESpeRo 30000 2.00m 21
=9 b !".. - FIES 67000 2.65m 10
L 4 FEROS 48000 2.20m 35
=
1 F N Notes. This list also includes nights lost due to poor weather conditions,
target of opportunity (ToO) programmes, or other reasons.
6 F .
Astronomical Institute of the Czech Academy of Sci-

-
4000

O
8000 6000

Teﬁ

Fig. 1. Color—magnitude diagram for a representative group from our
sample using Gaia photometric data and parallax. The color gradient
follows temperature along the x-axis, with warmer objects in blue on
the left and cooler objects in red on the right. Our full sample is gener-
ally split between main sequence dwarfs and giants, with temperatures
ranging from 3500 to 8000 K.

2.2. Observations

Our observing strategy is effectively split in two: we obtain
high S/N (250 at around 4500 IOA) spectra to derive abundances
of heavy elements (within +0.2 dex) from stars with peculiar
abundances or in known binaries, and we collect snapshot spec-
tra of S/N > 15-20 suitable for precise RV measurements and
long-term monitoring of stars with peculiar abundances that may
reside in binary systems.

We make use of high-resolution (R > 30000 up to 67 000)
echelle spectrographs, available through the Trans-National
Access (TNA) as part of the ChETEC-INFRA framework, and
through the Max Planck Institute for Astronomy. These instru-
ments allow high precision RV measurements and precise abun-
dance calculations. Each of our observation facilities is briefly
described, with Table 1 summarizing the progress of the ongo-
ing observing program, and Fig. 2 displays our contributions to
the RV literature. The RV monitoring effort will be continued
through the lifetime of the ChETEC-INFRA network in 2025.
We perform RV monitoring from all five of our observatories.
The MPIA instruments are better equipped for high-S/N obser-
vations with larger telescope mirrors; our abundance subsample
mainly comes from these instruments, and we include the high-
est quality spectra from the TNA observatories.

Vilnius  University Moletai Astronomical Observatory
(MAO). The MAO at Vilnius University in Lithuania hosts a
1.65m Ritchey-Chretien telescope, with the fiber-fed Vilnius
University Echelle Spectrograph (VUES) at the Cassegrain focus
(Jurgenson et al. 2014, 2016). With a resolution of R = 37000
and a wavelength range of 4000—8800 A, VUES is an excel-
lent instrument to measure RVs with high precision. Estimated
velocity uncertainty with the VUES instrument is on the order of
0.8 kmy/s. This instrument is mostly used for RV monitoring, and
the highest S/N spectra are of abundance measurement quality.

ences (ASU) Ondrejov Astronomical Observatory. The Ondfe-
jov Observatory is part of the ASU, which operates the 2m Perek
telescope on which the Ondfejov Echelle Spectrograph (OES)
is mounted (Koubsky et al. 2004). The spectrograph is fed by a
thorium-argon calibration lamp and a flat field calibration lamp,
and has a spectral resolution power 4/A1 ~ 40000 in the Ha
region (6562 A) and a spectral coverage between 3753-9195 A.
This instrument is well-suited for RV measurements, and spectra
of high S/N can be used for chemical abundance estimations.

Bulgarian National Astronomical Observatory Rozhen.
The Echelle Spectrograph Rozhen (ESpeRo) (Bonev et al. 2017)
is a cross-dispersed fiber-fed instrument obtaining spectra from
3900 Ato 9000 A at high resolutions from R ~ 30 000-45 000.
Another ideal instrument for RV measurements, the average
RV uncertainty of our observations using ESpeRo is ~0.5 km/s.
Stacked observations from multiple exposures or long exposure
times result in higher S/N, and have been used to compute stellar
abundances.

Roque de los Muchachos Observatory, Instituto
Astrofisico de Canarias (IAC). Located on the island of
La Palma, in Canarias, Spain in accordance with the IAC,
the 2.65m Nordic Optical Telescope (NOT) is the home of
the high-resolution Flbre-fed Echelle Spectrograph (FIES).
The instrument is fully described in Telting et al. (2014). The
FIES instrument is a cross-dispersed high-resolution echelle
spectrograph mounted in an independent building for thermal
and mechanical stability. We use the highest resolution setting of
R ~ 67000 on the high-resolution 1.3 arcsecond fiber number 4.
The optical range is from 3700-8300 A, without gaps. Our
average RV uncertainty from FIES is on the order of 0.01 km/s.
We find FIES to be a consistent instrument and useful in our
abundance investigation.

La Silla Observatory, European Southern Observatory
(ESO). The Fibre-fed Extended Range Optical Spectrograph
(FEROS) (Kaufer & Pasquini 1998; Kaufer et al. 1999) is a tem-
perature and humidity controlled echellograph, mounted on the
MPG/ESO 2.2 m telescope at the La Silla Observatory in Chile.
With a resolution of R ~ 48000, the RV accuracy can be as
good as 21 m/s over a 2 month baseline. Our measured average
RV uncertainty from this instrument is of this order, ~0.02 km/s.
High-S/N  FEROS spectra are suitable to compute stellar
abundances.

From our compiled sample of observable stars, we have
observed 350 stars with an average of about four or five obser-
vations per star. We have focused our RV monitoring efforts on
stars showing heavy element enhancements, which are expected
to be in binaries, yet have few observed RVs in the literature.
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Fig. 2. Contributions of our RV monitoring program to the literature.
Each bin is one observed star, and the y-axis value is the total number
of RV data points for the given star. Blue data are the available literature
data, and orange data are those contributed by our monitoring program.

Our sample includes spectroscopically confirmed barium stars.
RV follow up is planned for stars where abundances have only
recently been measured. This paper represents the first results
of the RV monitoring program, as well as results from the first
abundance sub-sample. The full RV and abundance samples will
be analyzed and presented in future works. We note that not all
of the stars with measured RVs are included in this paper.

2.3. Data reduction

Because we collected data from multiple sources, data are
reduced in different ways corresponding to the instrument, each
briefly described here. The raw VUES spectroscopic data are
reduced using a spectroscopic reduction pipeline written in IDL.
The bias is first subtracted, spectral orders are traced using halo-
gen lamp (flat field) images, a flat correction is applied, and
the wavelengths are calibrated using Thorium-Argon lamp spec-
tra. Finally the science spectra are extracted along the traced
orders, and the dispersion solution is applied. Data from the
VUES instrument is provided to the end user in a pre-reduced
format, in 3D . fits files. For a final step in our data reduction,
we normalize the spectra by performing a blaze correction using
the flat field frame, and fitting the resulting continuum with a
polynomial.

Data from OES are reduced using the Ondiejov Echelle
Spectrograph REDuction (OESRED) semiautomatic reduction
pipeline (see Cabezas et al. (2023)), tailored to reduce 2D OES
spectra in IRAF. This pipeline includes wavelength and helio-
centric calibration and continuum normalization. The biases,
halogen lamp flat fields, and thorium-argon frames are combined
for their respective master images. The master bias is subtracted
from the master flat field and the science frames. The aper-
tures for the spectral orders in the master flat, lamp, and science
frames are determined by fitting high-order polynomials. Wave-
length calibration with the master lamp is done for each night of
observation. Flat correction effectively removes the blaze func-
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tion from all orders as well as fringing in the reddest orders.
Final normalization of the individual orders is done with high-
order splines (~10) in batches.

Raw CCD data from the ESpeRo spectrograph at the Rozhen
observatory is reduced by the observing staff following standard
spectral reduction procedures in IRAF, including bias subtrac-
tion, flat field correction, and wavelength calibration. The master
bias is removed from the master flat field and sciences frames.
Individual echelle orders are extracted from the master flat, the
best obtained stellar spectrum, or a standard (RV or photometric)
bright star that has been observed. The orders are extracted for
the stellar spectra, master flat, and thorium-argon (ThAr) images.
Science orders are divided by the flat field, and wavelengths are
calibrated using the ThAr lamps. A heliocentric correction is
applied to the spectra. We normalize the spectra via polynomial
fitting in IRAF.

Full spectral reduction for the data collected from FIES and
FEROS is performed using the Collection of Elemental Routines
for Echelle Spectra (CERES) pipeline (Brahm et al. 2017). We
use tools and routines within the code for CCD image reduction,
tracing of the echelle orders, optimal extraction of the wave-
length solution, and RV estimation. The CERES pipeline pro-
vides normalized optical spectra from the FEROS and FIES data,
and we merge the spectral orders for a complete 1D spectrum by
interpolating the overlapping spectral regions.

Echellogram spectra have a curved ‘blaze’ shape, where they
receive more flux in the middle of the chip compared to the
edges. To flatten and normalize the spectra from the TNA tele-
scopes, we divide the science apertures by the flat fields, and
fit the resulting spectra using splines of high order (~7—-10) to
ensure a continuum value of ~1. Normalization is required for
RV cross-correlation routines, stellar parameter estimation, and
accurate abundance determinations. Spectra from the ChETEC-
INFRA TNA telescopes can be noisy on edges of the orders,
there can be large regions of spectral overlap between orders, and
gaps between orders. Because of this, we do not merge orders for
these TNA instruments.

2.4. Stellar parameters

Stellar atmospheric parameters are necessary for generating
synthetic stellar atmospheres and computing abundances. To
homogenize our samples from different instruments, we use
ATHOS (A Tool for HOmogenizing Stellar spectra) from
Hanke et al. (2018), because it is a fast and automated code
needed for our sample size. The ATHOS code estimates effective
temperature Teg, surface gravity log g, and metallicity [Fe/H] by
associating flux ratios (FRs) around the Balmer lines Ha and HB
(4800 A and 6500 A), as well as iron features between 5000 and
5500 A. Spectral normalization is extremely important in mea-
suring flux ratios, and can have a strong effect on the resulting
parameter estimation.

The ATHOS program works on stellar spectra with resolu-
tion within the range R ~ 2000—67 000. ATHOS is a machine-
learning algorithm trained on chemically normal stars, operating
effectively within temperatures 4000—6500 K, surface gravities
from 1-5, and metallicities between ~—4.5 to ~+0.3 dex, cover-
ing spectral types F, G, and K. Uncertainties in the parameters
determined by ATHOS stem from statistical uncertainties within
the training set. The parameters are estimated in order: first tem-
perature, then surface gravity, and finally metallicity. If the esti-
mate of the temperature is highly uncertain, this will propagate
to the estimation of the surface gravity, which further compounds
into the estimate of the metallicity.



Dimoff, A. J., et al.: A&A, 691, A128 (2024)

ATHOS can quickly determine atmospheric parameters for a
large sample of stars, provided their parameters are within that of
the training set. Since the program depends on flux ratios from
a set of wavelength ranges, it suffers degeneracies when stars
are chemically peculiar or have appreciable rotational velocities
(Hanke et al. 2018).

In addition to estimating Teg, logg, and [Fe/H], we com-
pute the microturbulence parameter & using an empirical relation
from Mashonkina et al. (2017):

T
& = 0.14 — 0.08 [Fe/H] + 4.90 ( lgj) — 0.47 log(g).

ey

While this formula is designed to work with metal-poor giants,
we find it sufficient to estimate the microturbulence of our sam-
ple from ATHOS.

Our full observational sample slightly exceeds the parameter
limits of the ATHOS program, so we run ATHOS on a trimmed
sample of our 350 observed stars. The stars outside the quoted
ranges will be analyzed in a future paper. Not all of our spectra
are of high enough quality to estimate accurate parameters using
ATHOS; we estimate accurate parameters in a high-quality sub-
sample of about 150 stars, which can be seen in Fig. 3.

The Xiru code (Alencastro Puls 2023) is a program to
find spectroscopic parameters of a star (Tes, log(g), [M/H],
and microturbulent velocity &) from excitation/ionization bal-
ance given a set of equivalent widths of Fe I/II spectral lines.
ARES (Automatic Routine for Equivalent widths of Spectra)
(Sousa et al. 2015) is a tool for measuring equivalent widths of
spectral features. We use separate line lists for metal rich stars
(Alves-Brito et al. 2010; Koch et al. 2016) and metal poor stars
(Hansen et al. 2012b; Koch et al. 2016) with ARES to compute
equivalent widths of Fe I and II features in our observed stars.

Choosing a subset of our stars analyzed by ATHOS, we
refine the stellar parameters by using the Xiru program using Fe
I and II equivalent widths measured with ARES. A summary of
the parameters for our abundance-quality sub-sample is in Table
A.1, where the first line for each star has our Xiru parameters
and the second line has those from the literature, with references
in the last column.

Comparing many sets of atmospheric parameters, we must
make a choice in which ones we use to generate the compari-
son model atmosphere and perform the abundance analysis. We
perform a spectral fitting comparison for each set of atmospheric
parameters in temperature and pressure sensitive spectral regions
around HB, He, and the Mg triplet, where there are also Fe I
and Fe II lines, to determine the best fitting spectral model. The
parameters estimated with Xiru through ionization and excita-
tion balance consistently provide best fit models to the observed
spectra. Comments on atmospheric parameters are included in
the discussion in Sect. 4.

We use our stellar parameters determined using Xiru to gen-
erate synthetic spectra from the ATLAS9 Kurucz stellar atmo-
sphere models (Heiter et al. 2002; Castelli & Kurucz 2003). We
interpolate the model atmosphere grid between nearest points in
Teg, log(g), [Fe/H], and & space for custom fit models to our
stars.

To summarize our observational efforts, we measure RVs of
350 stars with 6-8 repeats to determine binary orbital parameters.
For these stars, we use ATHOS to estimate atmospheric parame-
ters where possible. To isolate our abundance measurement qual-
ity spectra, we make cuts on spectral S/N (>40 around A ~
4500 /ok) and ATHOS parameter uncertainties (AT.s < 300 K,
Alogg < 0.5, A[Fe/H] < 0.3 dex), and use Xiru on the high-
est quality subset. Within our sub-sample of 24 selected stars for

which we compute stellar abundances, the average uncertainties
in Teg, log g, and [Fe/H] are 89 K, 0.40, and 0.16 respectively.

In addition to high S/N, these 24 stars satisfy at least one
of our criteria of interest: they are chemically interesting stars
(Ba, C/CH, CEMP stars), or are flagged as chemically interest-
ing candidates (Sr or Ba candidates from LAMOST for example,
or exhibit high Ce enhancements in Gaia RVS spectra). They are
either in known binaries, or are known to be chemically interest-
ing and in suspected binaries based on Gaia RUWE parameter
or relatively high radial velocity errors. Some stars in the sample
are RS CVn stars, which are active F, G, or K stars known to be
in binaries and are worth investigating from the nucleosynthetic
perspective.

2.5. Stellar abundances

We compute one-dimensional local thermodynamic equilib-
rium (1D-LTE) abundances from spectral features using the
MOOG software (Sneden et al. 2012; Sneden 2023), with the
PyMOOGi? implementation from Adamow (2017). We use the
synth driver to compute abundances via synthetic spectra com-
parison for blends and hyper-fine split lines and the abfind
driver for equivalent width fitting in clean atomic lines. A
X-squared routine within synth indicates the best fit synthetic
spectrum to the localized observed spectrum.

Spectral lines of each element are selected from the National
Institute of Standards and Technology (NIST) database®, and
atomic data (excitation potentials and log(gf)) are taken from
linemake (Placco et al. 2021). We determine the total abun-
dance of an element by averaging the abundances measured from
each of the lines. A line list for our atomic species can be found
in Table E.1, with wavelengths, excitation potentials and oscilla-
tor strengths, constructed with data from linemake. NIST data
quality flags are included where available. Lines with hyper-fine
or isotopic splitting are marked accordingly, with (hfs).

2.6. Orbital parameter determination

We measure RVs from our observed spectra using the cross-
correlation method. For the TNA telescopes, we compare the
spectra order-by-order to a set of stellar templates of differ-
ent spectral types that have been manually shifted to the rest
frame. Given the large number of orders in the echellograms, this
provides a statistically robust method to compute the RV, and
uncertainties are estimated using the standard deviation across
the spectral orders. For FIES and FEROS, the CERES pipeline
performs a cross-correlation to compute RVs across the full
spectrum.

We model the orbits of our program stars using the ELC
code. The ELC program is a photodynamical modeling software
for binary stars (Orosz & Hauschildt 2000). The code is gen-
eral, and the orbits of a variety of binary systems can be directly
modeled, including eclipsing and RV variable systems. Further
details can be found in Orosz et al. (2019) and Dimoff & Orosz
(2023).

We collect available RV data and orbital parameters for our
targets from literature sources as well as The RAdial Veloc-
ity Experiment (RAVE, Steinmetz et al. 2006) and the 9th Cat-
alogue of Spectroscopic Binary Orbits (SB9, Pourbaix et al.
2004), including references therein. A representative list of input
parameters is presented in Table C.1 in the second line for each

2 https://github.com/madamow/pymoogi/
3 https://physics.nist.gov/
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star. With our RV time-series data and informed priors from the
literature, we use ELC to optimize and refine the orbital and
physical parameters of the binaries with a differential evolution
Markov chain Monte Carlo routine (Ter Braak 2006) to best fit
the input data.

In an eccentric orbit, the RV semi-amplitude of the primary
component K; can be measured from spectroscopic observations
(Marcy & Butler 1992; Mayor & Queloz 1995), and is expressed
as

(27rG)“3
K =22
P

M, sini 1
(M + Mo)? (1= )12

@)

where P is the orbital period of the binary, M; and M, are the
masses of the primary and secondary components, i is the orbital
inclination with respect to the observer, and e is the orbital
eccentricity. The same expression exists for the secondary com-
ponent, with the subscripts switched.

From a single-lined spectroscopic binary with one visible
component, the individual masses of the components cannot be
measured directly; instead masses are approximated through the
mass function via Kepler’s third law:

3

2 . ~Tr301 _ 232
(M]+M2)2smz 1.0385 x 107°K{(1 —e)'“P.  (3)

f@m) =

Both component masses and the inclination are degenerate, and
depend on one another to keep the mass function constant for the
system. The observable parameters K, e, and P allow computa-
tion of the mass function.

However, the masses of the binary components can be esti-
mated by constraining the inclination of the system and simul-
taneously solving for both masses. For non-eclipsing systems,
we set upper limits on the inclination i < 75°, and we esti-
mate a lower limit of i > 20° because we detect significant
RV variations. The inclination is further constrained by assum-
ing rotational synchronization of the stars with their orbit; that
is, they rotate in the plane of the orbit, at the same rate that the
stars orbit each other. Since our sample is assumed to be mostly
older stars typically with long periods and lower eccentricities,
we assume enough time has passed such that the rotational rate
of the star has synchronized with the orbit. The parallax angle IT
and semimajor axis a can be used to compute a relation between
the period and masses following Escorza et al. (2017):

M,

a 2/3
- =P 4
IT (M, + M)*3 ¥

With Gaia DR3 parallaxes and magnitudes we estimate stellar
luminosities and, using the relation L = 47R*T5., we can esti-
mate the radius of the luminous component. This allows esti-
mation of the luminous mass, which we use as input for the
ELC program. Where available, we use mass estimates from the
FLAME pipeline and mass information from references within
Table C.1 as informed priors for our orbital optimization. It is
noted that the estimated mass of evolved stars from the FLAME
pipeline generally are less accurate and have larger uncertainties.

From Jorissen et al. (2019), the average mass of a barium
giant is ~2.5 M., and varies between about 1.5-3.0 My; we
initialize our visible components using this mass range in our
higher metallicity systems. For low metallicity stars, we ini-
tialize with a mass of approximately 1M, where the average
mass of a CEMP star is about 0.8 M. If the unseen component
in the binary is indeed an AGB remnant, it should be a white
dwarf. From AGB stars between 0.85-7.5 Mg, initial mass, white
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dwarf remnant masses are typically 0.5 My < m < 1.1 Mg
(El-Badry et al. 2018), and we use this lower limit in our opti-
mization. We set an upper limit for the mass of white dwarfs
with the Chandrasekhar mass M, < 1.44 M, (Chandrasekhar
1931).

3. Results
3.1. Atmospheric parameters

High-resolution spectra allow for good estimation of atmo-
spheric parameters, an important step in determining the abun-
dances of elements on the surface of the star. After making the
cuts from our full sample of 350 stars, we arrive at a refined sam-
ple of about 150 stars. Surface gravities and effective tempera-
tures of our stars analyzed with ATHOS, overlaid with parame-
ters in our abundance sub-sample from Xiru, are displayed in a
Kiel diagram in the top panel Fig. 3, with metallicities in the bot-
tom panel. In Fig. 3, blue data points are known Ba stars, red data
points are C-enhanced stars, and green data points are “other”
stars, yet unclassified by their abundances or chemical peculiar-
ity. The open circles are the Xiru parameters for our abundance
sub-sample. Error bars in the figure are the average uncertainties
across our sample.

Typically, barium stars and CH stars have metallicities
between —1.0 < [Fe/H] < 0.0, where about 75% of our sam-
ple lies. About 25% of our sample is stars with lower metallic-
ity ([Fe/H] < —1), including CEMP-s stars. After trimming our
sample to the ATHOS range, the effective temperature range is
4100-6500 K, surface gravities range from 0.65-4.97 dex, and
metallicities range is —2.6 to +0.20 dex.

We find Xiru sometimes estimates higher temperatures and
metallicities compared to ATHOS and other studies when deter-
mining atmospheric parameters. This may be due to forcing
abundances of Fe I and Fe II to match; over-ionization of Fe II is
a known problem in cool giants, or NLTE effects at lower metal-
licities. Our sample of ATHOS stellar parameters for ~150 stars
is made available on the Milne-Center GitHub page®.

3.2. Abundances

We investigate signals of enrichment from AGB nucleosynthe-
sis through s-process abundance patterns. Here we present our
relative abundances and patterns for our sub-sample of 24 stars.
We construct atomic and molecular line lists using linemake
including the elements we want to measure, as well as potential
molecular contaminants in blended lines.

We compute abundances for the elements C, Mg, Fe, Sr, Y,
Zr, Mo, Ba, La, Ce, Nd, Eu, and Pb for our abundance subsam-
ple , or identify upper limits using synthetic spectral fitting. An
example of a synthetic spectrum fit for the star HE 0414—-0343
can be seen in Fig. 4, where black data points are the observed
spectrum, and multicolored solid lines are synthetic spectral fits.
The blue line is set with absolute abundances of loge = -5,
or effectively no contribution to provide a baseline to the fit. In
this blended line, carbon dominates the spectrum, but there is a
significant contribution from lanthanum. The carbon abundance
is first determined from the 5156 A Swan band. In the figure,
the green line is the best fit for La, with loge;, = 0.45. This
corresponds to a [La/Fe] ratio of 1.30, which we find compati-
ble with the heavy element abundances found by Hansen et al.

4 https://github.com/Milne-Centre/
Barium-Star-Repository/
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Fig. 3. Stars in our sample with estimated parameters from ATHOS in
solid data points and Xiru in open circles. Blue data points are known Ba
stars, red are carbon-enhanced stars, and green are “other” stars. Float-
ing error bars are for Xiru (black) and ATHOS (green). Cool giants are
in the upper right, and warm dwarfs are in the lower left. Top: Kiel
diagram, with ATHOS operational limits as the dashed gray box. BOT-
TOM: Metallicity vs temperature for this subsample, with ATHOS oper-
ational limits as the dashed gray box. Colors are the same as in the top
panel.

(2016a) considering differences in atmospheric parameters (see
Table B.1).

Abundances [X/Fe] for our sub-sample are compared to the
literature star-by-star in Table B.1, where the upper row for each
star is our derived abundances, and the lower row is that of
the literature, with references. Quoted uncertainties are the aver-
age statistical uncertainties between lines of the same element.
Abundances are plotted in Fig. 5, where red circles are carbon-
enhanced (CEMP-s/-no, CH) stars, blue squares are known bar-
ium stars, and green “x” symbols are “other” stars that remain
unclassified in terms of their heavy metal content or carbon
enrichment.

Across the subsample, our computed abundances typically
agree with the literature within the combined uncertainties,
and larger differences arise from scaling of stellar parameters,
mainly metallicity. However, some of our derived abundances do
not agree with the literature, particularly at higher metallicities
where [Fe/H] > —0.5; this could be due to NLTE effects, differ-

1.00
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0.50

Rel. Flux

0.25

Obs - Comp

5114.0 5114.5

Wavelength (A)

5115.0

Fig. 4. Synthetic fit to a carbon and lanthanum blend at 5114.5 A in the
CEMP-s star HE 0414—0343, with residuals.

ences in model atmosphere parameters temperature or surface
gravity, or higher spectral resolution (Placco et al. 2014a).

Abundance patterns for our sample are displayed in Fig. 6.
Stars are categorized by class: carbon-enhanced stars in the top
panel, barium stars in the middle panel, and “other” stars in
the bottom panel. We improve upon the patterns of all stars
in our sample by adding Mo and, on average, we improve on
existing abundance patterns by a factor of about 1.5 by adding
new elements to the patterns. Stars in the bottom panel that are
chemically interesting based on their carbon and heavy element
enhancements are HD 116514, TYC 2250-1047-1, HD 51273,
HD 276679, TYC 2866-338-1, and TYC 9244-8667-1.

Carbon. We derived the carbon abundance in our stars from
a synthetic spectrum analysis of the C, swan band at 5165 A and
the CH band at 4313 A. The steep change in flux and the sen-
sitivity of the C, band makes it a robust feature to precisely
determine the carbon abundance in our high-resolution spec-
tral data, and the CH band provides a verification check on the
carbon abundance. By selection bias in our sample of metal-
poor stars, we see enhancements in carbon at lower metallici-
ties. For eight stars in our sample (CD-62 1346, HD 135148,
HD 209621, TYC 1987-753-1, HE 0141-0343, BD+04 2466,
HD 276679, and HD 103545) we observe large enhancements
in [C/Fe] » +0.5 dex. Many other features in the spectra are
blended with molecular carbon lines, and understanding the car-
bon content ensures our atomic abundances are robust.

Magnesium. Magnesium abundances are computed by mea-
suring the equivalent widths of the Mg lines at 5528 and 5711 A.
These lines are weaker than the Mg b lines, and remain unsatu-
rated. The 5711 A line is weak, and in cases where [Mg/Fe] ~
0.0, is indistinguishable from the continuum, including at higher
metallicities. For our abundance sub-sample of stars, we find
[Mg/Fe] values close to the solar value at higher metallicity
([Fe/H] > —1) with some expected scatter. At lower metallicity,
our results are in agreement with Buder et al. (2019), following
a flat a-enhancement trend with some scatter.
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Fig. 5. Abundances for our sample of stars, sorted by element. Blue squares are Ba stars, red circles are carbon-enhanced (CEMP-s/-no or CH)
stars, and green “x” symbols are “other” or unclassified stars. Inverted arrows are upper limits on the abundance of [X/Fe].

Iron. We determine spectroscopic iron abundances using the
equivalent widths of Fe I and II lines determined by ARES
and ionization and excitation balance in Xiru. We also compute
Fe abundances from spectral synthesis in the region between
5180 and 5250 A, where many Fe I and II features exist.
We compare the two values from Xiru and MOOG in Fig.
7. Xiru metallicity estimates in our abundance sample are in
close agreement to the determined spectroscopic value. Lines of
Fe I and Fe II should display the same abundance in the stel-
lar spectrum; if the temperature or surface gravity is not well
constrained, there may be a disagreement between the abun-
dances in the two ionization states of iron. This effect is min-
imized when using ionization balance, for example in Xiru.
While discrepancies in Fe I and II could be due to NLTE
effects in some of the lines, particularly at lower metallici-
ties, this provides another check on the Xiru T.s and logg
estimates.
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s-Process. The abundances of Sr, Y, Zr, La, and Eu have
been previously derived for a large part of our sub-sample, and
we find our results in general agreement with the literature.
There is visible scatter in the s-process element abundances in
our sample, indicating different enrichment pathways in some of
our targets. Some stars show large enhancements in s-process
elements and are likely to have been enriched by an AGB com-
panion, where some have lower enhancements and are likely to
have been enriched by the parent molecular cloud.

We observe a tight grouping in the [Mo/Fe] abundance in our
abundance sub-sample in Fig. 5, with [Mo/Fe] generally between
0 and +1.0 dex, save for some upper limits. In Fig. 5, abundances
of the heavy s-process elements Ba, La, Ce, and Nd exhibit more
scatter in the metal-poor regime [Fe/H] < —1.0 (Francois et al.
2007; Hansen et al. 2012a, 2014).

The [Pb/Fe] space is more sparsely filled compared to other
elements, as not all of our stars had Pb detections. The Pb line
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Fig. 6. Abundance patterns for our sample of stars based on existing chemical classifications, for carbon-enhanced stars, Ba stars, and “other”
stars. Different populations are visible, particularly in the second s-process peak around Ba (Z=56).

at 4057 A is blended with carbon and magnesium molecular fea-
tures and can easily be washed out at lower S/N. For some of our
metal-poor stars and Ba stars, we observe large enhancements
in Pb, a key signature of the strong s-process in AGB stars. We
observe one star HD 103545 with a low Pb abundance, and note
that this star is a CEMP-no star, and the Pb abundance is only a
limit.

Table 2 displays the metallicity, carbon enrichment, and rela-
tive s-process enhancement for our abundance sample, organized
by nucleosynthetic classification (Ba, C-rich, unknown), and
ordered by decreasing metallicity. Contributions from light ([1s],
(St,Y,Zr,Mo)) and heavy ([hs], (Ba,La,Ce,Nd)) s-process
enrichment, and the ratio of heavy-to-light s-process ([hs/ls])
elements are shown. Stars with positive [hs/ls] are likely to have
been received this material from an AGB companion.

de Castro et al. (2016) provides a definition of a barium star
as [s/Fe] > +0.25 and [Fe/H] > —1, based on high-resolution
spectra. For simplicity we adopt this same definition; we confirm
the large s-process enhancements and Ba-star nature of TYC
2250-1074-1, and we add the stars TYC 8258-1189-1 and TYC
2866-338-1 to this category. We suggest HD 276679 is a CH
type star with large enhancements in carbon ([C/Fe] = 0.72) and
s-process elements ([s/Fe] = 0.79).

Europium. Computed abundances of the canonically 7-
process-produced element europium in Fig. 5 show a general
trend with little scatter, suggesting a more singular enrichment
channel for r-process material in our stars that are predomi-
nantly s-process enriched. Since this is the case, we assert that
our Mo enhancements are mainly from the s-process and not the
r-process. Lower metallicity stars show [Eu/Fe] abundances typ-
ical of r—I type stars.

Uncertainties in our abundances vary slightly between spec-
tral features and, on average, the atmospheric parameters con-
tribute an uncertainty of 0.15. With the average statistical
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Fig. 7. Comparison of [Fe/H] abundances between ionization and
excitation balance from Xiru and spectral synthesis abundances using
MOOG. There is good agreement between Xiru and MOOG, with only
two metal-poor stars slightly outlying from the 1-1 trend.

uncertainty in our lines 0.10, we arrive at a combined average
uncertainty of (o) = 0.25. Stellar atmospheric parameters can
have a significant effect on computed abundances from stellar
spectra. We perform a sensitivity study to determine the rela-
tive change in the abundance for a small change in each of the
atmospheric parameters. For example dlog €/9¢: by varying the
microturbulence & by +0.2 km/s can alter the abundances of Sr,
Ba, and La by 0.05 dex, and in specific cases (e.g., strong lines or
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Table 2. Ratios of s-process elements for each star in our abundance
subsample, organized by increasing metallicity.

Star [Fe/H] [C/Fe] [s/Fe] [1s] [hs] [hs/Is]
HD105671 0.10 0.01 0.12 0.13 0.09 -0.03
HD196673 0.00 -0.05 -0.10 -0.03 -0.16 -0.13
HD50264 -0.17 0.31 0.89 0.79 0.92 0.14
HRCMa -0.23 0.21 1.02 0.91 1.10 0.19
PVUMa -0.32 -0.13 0.37 0.25 0.49 0.24
HD104979 -0.35 -0.02 0.60 0.42 0.65 0.23
HD31487 -0.38 0.09 0.70 0.54 0.87 0.34
HD101581 -0.55 0.40 0.47 0.38 0.59 0.21
BD+412150 -0.48 0.37 1.00 0.73 1.29 0.56
CD-621346 -1.35 0.91 1.01 0.57 1.20 0.63
HD135148 —1.41 0.61 0.13 0.15 0.12 -0.03
HD209621 -1.60 1.46 1.55 1.19 1.77 0.58
TYC19877531 -1.80 1.30 1.27 1.03 1.30 0.28
HE04140343 -1.89 0.95 1.18 0.76 1.34 0.58
BD+042466 -1.93 0.90 0.89 0.48 1.09 0.60
HD103545 -2.02 0.57 0.24 0.57 0.04 -0.53
HD116514 -0.04 0.00 0.18 0.14 0.04 -0.10
TYC825811891 -0.08 -0.24 0.25 0.16 0.29 0.13
TYC225010471 -0.31 0.28 0.79 0.56 0.93 0.37
HD51273 -0.31 0.11 0.06 0.06 0.05 -0.01
HD33363 -0.35 -038 -0.17 -0.13 -022 -0.09
TYC28663381 -0.36 -0.02 0.70 0.34 0.99 0.65
BD-193868 -0.67 -0.06 0.14 0.16 0.12 -0.04
HD276679 -0.90 0.72 0.79 0.64 0.93 0.30

Notes. Total s-process [s/Fe], light s-process (“Is” (Sr, Y, Zr, Mo)) and
heavy s-process (‘“hs” (Ba, La, Ce, Nd)) enrichment are compared.

low surface temperatures) up to a maximum of 0.1 dex. We find
this acceptable, as it is within the combined uncertainties in our
abundance computations, and assume similar variations from the
microturbulence in other elements.

If the abundances of different ionization states of iron are
not compatible within the spectra (i.e., >0.3 dex separation), this
may be indicative of NLTE effects in some of the lines, or a
poorly fit atmospheric model. Broadening of spectral lines due
to stellar rotation makes it difficult to compute abundances of
weak lines. Spectral features will be blended together, effectively
washing out finer details, even at high resolution. At high reso-
lutions, we find rotation becomes an issue with rotational veloc-
ities vsini = 15 km/s. If the rotation velocity is not known, we
visually inspect the spectrum for rotational broadening effects.
To this end, we chose stars for our abundance sample that have
low, if measured, rotation velocities.

3.3. Orbital parameters

Combining our computed heliocentric RVs with available lit-
erature data, we optimize binary orbits to estimate orbital and
physical parameters of the star systems. Measured RVs from
our observations are electronically available on the Milne-Center
GitHub page’. We add low-error data points to stellar sys-
tems with our high-resolution snapshot spectra, with a typical
improvement on the order of a factor of 5-10 compared to pre-
vious RV uncertainties.

Systems enriched by a previous AGB companion typically
have long orbital periods and are old enough such that the AGB
has faded to a white dwarf, providing time for orbital circular-
ization. Most of our binary systems with abundance patterns
indicative of AGB mass transfer have low eccentricity orbits
and the orbital periods vary from a few hundred days to a few

5 https://github.com/Milne-Centre/
Barium-Star-Repository/
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Fig. 8. Phase-folded RV curves for CD-62 1346, HD 50264, and
HR Peg. We use available literature RV data (blue) in conjunction with
our own observations (orange). There are few points available in the lit-
erature for three stars, but with our additions we have a sufficient num-
ber to characterize their orbits and constrain component masses.

thousand days. Figure 8 displays phase-folded RV curves for
selected systems CD-62 1346, HD 50264, and HR Peg. Notably,
we estimate the orbit of CD-62 1346 for the first time, with our
data in good agreement with the existing literature data points
from CORrelation-RAdial-VELocities instrument (CORAVEL)
and South African Large Telescope High Resolution Spectro-
graph (SALT-HRS).
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The individual masses or the mass ratio are key outputs of
our study, along with the standard binary orbital parameters. We
note our masses are dependent on the assumption of the orbital
inclination. Individual component masses can be approximated
through the optimization, and are included in the table where
available. A sub-sample of orbital and physical parameters from
ELC are presented in Table C.1. The # Obs. column includes the
number of data points added to each system from our RV obser-
vations, and the # Lit. column reads the number of literature data
points collected and used in the orbital analysis. In HR CMa,
the parameters with an asterisk are fixed values for the model
fit. Here, M, refers to the visible component, and M, refers to
the companion, typically a white dwarf. Our mass estimates are
dependent on the inclination of the system, and we observe large
scatter across the subset.

4. Discussion

Pignatari et al. (2013) investigated the impact of '>C fusion in
massive stars, and the effect on the production of molybdenum.
Hansen et al. (2014) studied the nucleosynthetic origins of Mo
in a sample of 52 stars, and sought correlations between Mo and
other s- and r-process elements. Both groups found that Mo is
highly convolved with other elements, and receives contributions
from both the s- and r-processes. We find tighter correlations
between Mo and light s-elements, and more scatter when com-
paring to heavy s-elements.

We compare our stellar abundance distributions to each other
in [X/H] space to eliminate metallicity dependencies in Fig. 9,
and look for correlations in abundance space. Very tight rela-
tions with slope of one indicate co-production of the elements;
scatter in these relations or deviation from the slope-one line is
indicative of multiple nucleosynthetic production pathways. We
expect tight relations within the light and heavy s-process ele-
ment groups (for example Y and Sr, or Ba and La), and between
both light- and heavy s-elements.

We observe general correlations in all panels of 9; the ele-
ments we study are formed at least partially through the s-
process. The average of our Mo distribution (~0.57) is between
that of the heavy s-elements (~0.66) and the light s-elements
(~0.45). There exist correlations between Mo and Zr, and Mo
and La; one each of the light and heavy s-process elements,
although there is scatter at higher Mo/Zr/La abundances, which
also trend with decreasing metallicity. Hansen et al. (2014)
investigated the production of Mo in stars, and found multiple
pathways to increased Mo abundances. At higher [Fe/H], Mo
may be produced by the p-process, and at lower metallicities Mo
correlates directly with Sr and Zr, pointing towards contributions
from the early weak s-process. A corner plot of the canonical s-
process elements is available in Fig. G.1.

We find trends with scatter when comparing the heavy s-
elements Ce and Nd with the r-process element Eu in Fig. 9.
As Ce is mainly produced by the s-process (~80% s vs. ~20%
r); reduced scatter in the Eu vs Nd panel gives weight to the mul-
tiple formation pathways of Nd (~50% s vs. ~50% r), with Eu
being produced ~94% by the r-process.

We visually compare our abundances [X/Fe] to the galac-
tic nucleosynthesis analysis of Kobayashi et al. (2020), and
find similar trends. Our Mg abundances follow the same gen-
eral a-element trend with near-solar values at higher metallici-
ties and slight enhancements at lower metallicities. The heavy
element trends also follow, with increased scatter at lower
metallicities.

4.1. FRUITY models

We compare our abundance measurements to the FUIl-Network
Repository of Updated Isotopic Tables & Yields (FRUITY)
yields (Cristallo et al. 2011) to investigate the origins of our
observed abundance patterns. The FRUITY database contains
around 120 models that range in initial mass from 1.3-6 M,
metallicities from Z = 0.00002 to 0.03 ([Fe/H] = —2.85 to 0.32),
and initial rotational velocities of 0, 10, and 30 km/s. FRUITY
allows for the free creation of the '*C pocket by parameterization
of physical mixing processes through the thermal pulses. Since
the FRUITY models are of AGB surface abundances, this mate-
rial is diluted upon accretion onto a binary companion through
convective and thermohaline mixing processes. We approximate
the mixing of the stellar abundances and FRUITY abundances
using a prescription identical to den Hartogh et al. (2023). The
material accreted onto the stellar surface is diluted such that

X
[ﬂ] = log; [(1 = 6) x 10X/Feli 1 5 5 10IX/Felaon] )

where [X/Feli, is the initial abundance of element X, and
[X/Felags is the final surface abundance of the AGB model,
and ¢ is the dilution factor. Higher dilution factors imply the
observed stellar envelope is less mixed, and mostly composed
of AGB material. A dilution factor of zero (0) results in a flat
abundance profile, and no indication of heavy element enhance-
ment from an AGB star.

We find the model to best fit our observed stellar abundances
using a least-squared fitting method by comparing the abun-
dances measured in our sample to those produced by the model
AGB stars within a range of masses, metallicities, initial rotation
rates, 3C pocket formation, and dilution factors. For each star,
the abundance pattern and best fit model are displayed in Fig. 10,
organized by chemical composition and decreasing metallicity,
with the most metal rich stars in each group at the top of the
plot. Colors in Fig. 10 correspond to to stellar classification, as
in other figures in this work.

Most of the Ba, CH, and CEMP-s stars in our abundance sub-
sample find good fits to the FRUITY AGB yield models with s-
process signatures, visible in the two (or three) peaks around Sr
and Ba (and Pb where available). The weak Ba stars HD 105671
and HD 196673 show less pronounced peaks around Sr and Ba.
The CEMP-no stars HD 135148 and HD 103545 show flat abun-
dance patterns with an AGB mass of Magg = 6.0, indicating
that these stars have not been enriched by the s-process from a
reasonable AGB companion. Some of our stars are metal-poor,
where chemical enrichment processes at low metallicities may
operate differently than those that produced the solar abundance
pattern. The nucleosynthetic i-process is an alternative option to
explain discrepancies in these patterns.

The amount of material transferred from an AGB star
depends on the orbital separation, where closer binaries will
likely experience a higher mass-transfer efficiency. However,
if the orbital separation is too small, mass transfer will occur
through Roche-Lobe overflow (RLOF), which may result in
a different chemical enrichment signature; this scenario more
complex and out of the scope of this study. However, one star
in this work (HD 116514) may be the result of RLOF mass
transfer (see Appendix D.4). We identify 10 stars in our sam-
ple with longer orbital periods (>100 days) to model using the
STARS stellar evolution code in a follow-up paper, and 2 stars
with shorter orbital periods that may be RLOF systems.

While we have focused this study on s-process signatures of
low mass AGB stars, the s-process also occurs in rapidly rotating
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Fig. 9. Elemental comparison between light- and heavy s-process elements. We compare [X/H] abundances to eliminate metallicity dependencies

in the trends. Scatter in the trend indicates different formation pathways,

massive stars (Frischknecht et al. 2012). Rotation rates required
to induce internal mixing and the weak s-process in these mas-
sive stars are on the order of half of the critical rotation velocity.
These massive stars may have polluted the ISM in regions of the
galaxy where some of our stars have formed; these regions show
mild enhancements in [s/Fe] but do not fit well to FRUITY yields
with the large double-peaked signature indicative of AGB mass
transfer.

4.2. RV variability

To characterize binary orbits of stars in our sample, we use the
ELC program to model systems with sufficient RV data; gen-
erally six to eight data points if they are well spread across the
orbit. Collected RV data is generally of good quality, within ~0.5
km/s precision with ChETEC-INFRA instruments, and within
~0.05 km/s with FIES and FEROS on average.
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for example in [Eu/H] vs. [Nd/H].

To estimate average uncertainties in our radial velocity
measurements from with TNA telescopes, we use Eq. (1) in
Kabath et al. (2020):

orv =C X (S/N)' x A17% x RT3, (6)

where for the OES instrument, the wavelength range AA
5900 A, the resolution R ~ 50000, and an instrument-specific
constant C = 6.5 x 10'2. For a S/N of ~15, deemed adequate
for RV monitoring, an accuracy of ~500 m/s or 0.5 km/s can be
achieved. This expression is for a solar-like star, but we find
it adequate for our investigation of metal-poor stars and giants
alike. The standard deviations between spectral orders from the
TNA instruments are close to these values, and we find the
approximation acceptable.

Our measured RVs are in good agreement with literature
data, and systematic offsets have been corrected with obser-
vations RV standard stars and converting to HJD. Velocity
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variability for known binaries is within the expected ranges,
and this gives us confidence in observed variability in binary
candidates. Computed mass functions f(m) in Table C.1 are
generally sensible, and in good agreement with literature

values.
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The s-process enhanced stars TYC 8258-1189-1, TYC 2250-
1047-1, TYC 2866-338-1, HD 276679, and the CEMP-s star
TYC 1987-753-1 show promising abundance patterns (Fig. 6)
for s-process enrichment from an AGB companion, but do not
show appreciable RV variability with only a few time-series data
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Fig. 11. Estimated masses for AGB donor stars from FRUITY (black),
and dynamically derived visible (solid red) and white dwarf (dashed
red) masses from ELC.

points. We have scheduled follow up observations to character-
ize the binarity of these targets. We do not detect appreciable
radial velocity variation in the CEMP-no star HD 103545 or in
the mild Ba star HD 101581.

We find that stars with sufficient RV data in our abun-
dance sub-sample generally have eccentricities <0.15, even for
the longest period systems. This is expected for older systems,
where they have had enough time to circularize their orbits. This
is further evidence that Ba, CH, and CEMP-s stars obtain their
heavy element signatures from an AGB companion where the
system has had enough time to evolve the AGB to a white dwarf.

4.3. Stellar masses and ages

The masses of the AGBs that produced the s-process elements
should be roughly greater than or equal to the initial mass of the
observable star for evolutionary reasons, with some allowances
for accreted mass. The AGB masses from FRUITY are com-
pared to the mass estimates from the binary orbit modeling in
Fig. 11. As the AGB evolves and loses mass, the now faint
white dwarf should have a smaller mass than the visible star,
and should not be more massive than the Chandrasekhar mass
limit for white dwarfs, 1.44 M. In Fig. 11, we observe white
dwarf masses (myp or M, gold line) less than those of the ini-
tial AGB mass from FRUITY (dark red line), and also less than
those of the visible components (my;; or M, orange line). For
the stars HD 31487, PV UMa, HD 209621, BD+04 2466, and
HD 105671, the visible component is slightly more massive than
the AGB fit from FRUITY, although this is within the error bars
of the estimated visual mass.

With our estimated stellar masses and atmospheric param-
eters, we can approximate the age of our program stars.
Using PARSEC isochrones (Bressanetal. 2012; Chen et al.
2014, 2015; Tanget al. 2014; Marigo et al. 2017) for metal-
licities comparable to those in our abundance sub-sample, we
investigate the ages for eight of our best-fit stellar systems:
HD 50264, HR CMa, HD 104979, BD+41 2150, HD 31487,
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HD 209621, CD-62 1346, and BD+04 2466. We choose these
systems because they display strong s-process enhancement, and
show good agreement between AGB mass, dynamical mass,
and white dwarf masses from FRUITY and ELC. We initialize
our isochrones with an IMF from Kroupa et al. (2013), which
corrects for unresolved binaries. We compare our stars to the
isochrones based on our dynamical mass estimates from ELC,
Xiru estimates of effective temperature and surface gravity, and
extinction-corrected absolute G magnitudes (Gy) computed from
Gaia DR3 apparent G-magnitudes and parallaxes.

For a given metallicity, we determine on which isochrone
our star sits in Teg-mass space, log g-mass space, and Gy-mass
space, and compare these results to the standard HR diagram
of Teg—Gp space. We find the best matching isochrone point by
minimizing the distance between our data and the isochrones in
a least-squares fitting routine. Approximated ages of our sys-
tems can be found in Table 3. We find the ages determined
from our estimated masses to be in general agreement with those
determined in the HR-diagram space. However, for more metal
poor stars, we find a systematic offset of about 0.7 dex towards
younger ages when using our mass estimates; one would not
expect a metal poor star such as BD+04 2466 to be less than
10” years old. However, one would not expect a two-solar-mass
star to be older than about 1 Gyr, and for metal-poor stars we
find the ages determined from our dynamical mass estimates to
be more robust.

For these eight selected stars, stellar ages from the HR dia-
gram are over 10° years, with the oldest around 6.2 x 10° years.
The ages derived from mass estimates are between 3.3 x 10% and
3.5x 10° years. In Fig. 12 we plot our stars against isochrones in
the HR-Diagram parameter space (magnitude vs temperature),
organized by metallicity. The color bar represents the age of
the isochrones, scattered in the background ranging from 10% to
10'° years, with our stars plotted on top.

The star BD+04 2466 sits on the red giant branch, but the
low surface gravity of log g = 1.68 may suggest the possibility of
being an AGB star; uncertainties in the temperature overlap with
some of the asymptotic giant branch. CD-62 1346 lies between
the RGB and the red clump. The low surface gravity may indi-
cate advanced evolution from the RGB towards the horizontal
branch (HB). HD 104979 is likely on the RGB, or advancing
onto the HB in the HR diagram. The surface gravity logg = 2.08
does not suggest this star is an AGB star. BD+41 2150 is defini-
tively ascending the RGB, undergoing hydrogen shell fusion.
While we find a surface gravity of <2, the error bars are not
small and we do not suggest this star is an AGB. HD 31487 is
also on the RGB, in a similar evolutionary state as BD+41 2150.
HD 209621 sits in a similar place to HD 104979, somewhere
between the RGB and HB phases. The lower surface gravity of
logg = 1.64 indicates advanced evolution, and could soon initi-
ate He burning. HR CMa sits in the red clump region of the HR
diagram, possibly undergoing helium fusion in the core before
ascending the AGB - the lower surface gravity of logg = 1.98
indicates advanced RGB or HB evolution. HD 50264 is a dwarf
star with a high surface gravity log g = 4.24, and lies on the main
sequence at the bottom of the HR diagram.

In Fig. 13 we compare the estimated AGB donor mass
from FRUITY (red line) and the level of s-process enrichment
from our abundance analysis (green lines). With the excep-
tion of the mild Ba star PV UMa, we observe generally more
s-process material from low- and intermediate-mass AGB stars,
with masses between 2—3 M. The exception of PV UMa could
be the mild Ba nature of the star, but with a much closer orbital
separation and a much shorter orbital period, this may signal that
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Table 3. Stellar metallicities, masses, and estimated ages.

Star [Fe/H] oren; Mass (Mg) oy log(Agew) o(Agem) log(Agenr) o(Agenr)
HD 50264 -0.17 0.07 1.25 0.85 9.55 0.11 9.71 0.33
HR CMa -0.23 0.12 1.87 0.95 9.12 0.07 9.47 0.42
HD 104979 -0.35 0.10 2.99 1.10 9.36 0.16 9.50 0.33
HD 31487 -0.38 0.14 1.95 0.98 9.19 0.07 9.42 0.47
BD+41 2150 -0.48 0.18 1.69 0.94 9.19 0.08 9.42 0.47
CD-62 1346 -1.33 0.10 2.89 0.87 8.52 0.14 9.79 0.30
HD 209621 -1.60 0.40 2.30 1.10 8.63 0.49 9.45 0.36
BD+04 2466 —-1.93 0.30 2.40 0.92 8.49 0.51 9.55 0.33

Notes. Ages are estimated by fitting stellar parameters to PARSEC isochrones (Ageygr) or dynamical stellar mass estimates from ELC (Agey).
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Fig. 12. Isochrones for the best fit stars for which we have estimated dynamical masses in compatible mass and metallicity bins.
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Fig. 13. AGB donor mass (dark red) compared with observed s-process
enrichment (shades of green).

a combination of RLOF and common envelope evolution results
in an overall reduced accretion mass and therefore less mate-
rial transferred, compared to the wider binaries which are more
likely to have transferred overall more material via strong AGB
winds. In the extreme cases of magg ~ 5—6 Mg such as HD
105671 and HD 196673, we observe little s-process enrichment.

5. Conclusions

We observed spectroscopic binaries with high-resolution spec-
trographs to trace AGB nucleosynthesis patterns in the now-
visible extrinsic binary companions displaying enhancements
in s-process elements. Using atmospheric parameters estimated
with Xiru and interpolated ATLAS9 / Kurucz atmospheric mod-
els, we computed 1D-LTE photospheric abundances in a sample
of 24 stars with MOOG. Adding Mo to the abundance pattern is
useful for determining the initial AGB mass in binary systems
polluted with s-process material. We see similar trends between
both light and heavy s-process elements and Mo, and note cor-
relations in elemental abundances produced by the s-process.

By comparing our computed abundances to FRUITY model
AGB yields, we investigated systems that are likely to have been
polluted by AGB material, and estimated AGB initial masses.
We optimized binary orbits to further investigate the estimated
stellar masses of our sample with constraints on the mass from
the FRUITY models and the literature. We find general agree-
ment in the observed stellar masses, initial AGB masses, and
inferred white dwarf masses. For stars with good abundance fits
to the FRUITY models, we find a range of initial AGB masses
corresponding to enrichment in s-process material, and observe
a general trend between s-process enhancement and donor AGB
mass, where low- and intermediate-mass AGB stars produce
more [hs] material compared to higher mass AGB stars.

We note that BD+04 2466 could be approaching the AGB
phase with low surface gravity and an advanced position on the
HR diagram. PV UMa is a weak Ba star with a short period of
80 days, and HD 116514 has an even shorter period of 5 days.
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These two short-period systems could be the results of RLOF
accretion and common envelope evolution. We confirm the clas-
sification of TYC 2250-1047-1 as a Ba star based on its chemical
composition, and suggest adding the star HD 276679 to the Ba
star category, and TYC 8258-1189-1 to the mild Ba star category
based on their chemical composition. Our evolutionary analy-
sis reveals that HR CMa is a red-clump star potentially already
undergoing helium burning.

Using the ChETEC-INFRA TNA telescopes and the MPG
instruments FIES and FEROS, we continue to observe the RVs
of our sample and compute abundances for our chemically pecu-
liar stars. As spectra of the same targets are collected dur-
ing followup RV observations, the spectra will be co-added for
improved S/N, and an abundance analysis can be carried out for
the full sample.
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Appendix A: Stellar atmospheric parameters

Table A.1. Estimated atmospheric parameters for our abundance sample using Xiru, compared to literature values.

Star Teff or log(g) Tlogg [Fe/H] O [Fe/H] & O¢ Ref.
HD 105671 4700 200 450 0.25 0.10 0.25 1.19 0.28

4617 4.55 0.07 @)
HD 196673 4825 66 0.94 0.37 0.00 0.14 1.81 0.13

4914 2.50 0.12 2)
HD 50264 5972 45 4.24 0.12 -0.17 0.07 0.86 0.08

5900 4.60 -0.13 3)
HRCMa 5063 75 1.98 036 -0.23 0.12 1.82 0.14

4822 2.40 -0.23 @
PV UMa 5058 74 2.28 0.34 -0.32 0.13 2.00 0.13

5050 2.50 -0.13 2)
HD 104979 5007 53 2.08 0.20 -0.35 0.10 1.65 0.09

4933 2.68 -0.33 @))
HD 31487 4964 80 1.94 040 -0.38 024 2.08 0.13

4960 3.11 -0.04 ®)
HD 101581 5366 51 3.82 0.64 -0.55 0.29 3.18 0.12

4738 4.46 -0.52 @))
BD+41 2150 4828 84 1.73 0.51 -0.48 0.18 1.77 0.16

4707 2.16 -0.67 (6)
CD-621346 5318 78 140 028 -1.35 0.10 1.81 0.10

5300 1.70 -1.57 @)
HD 135148 4573 130 1.26 0.60 -1.41 0.24 1.95 0.21

4237 0.66 -1.89 Q)
HD 209621 4850 443 1.64 0.33 -1.60 0.40 2.06 045

4740 1.75 22.00 (8)
TYC 1987-753-1 6047 200 4.00 025 -1.80 0.25 098 0.20

6126 345 -2.09 (&)
HE 0414-0343 5204 118  2.00 0.62 -1.89 0.15 0.80 0.14

4863 125 .24 )
BD+04 2466 5021 220 1.68 0.15 -1.93 0.30 1.66 0.20

4991 1.43 -1.97 (1)
HD 103545 4960 121 1.51 0.79  -2.02 0.17 2.14 0.19

4807 1.70 -1.99 @)
HD 116514 6247 127  4.25 0.58 -0.04 0.17 293 0.18

5687 4.11 0.02 (10)
TYC 8258-1189-1 5158 63 2.64 0.23 -0.08 0.08 1.20 0.12

5171 277 -0.14 (11)
TYC 2250-1047-1 5853 97 3.55 0.56 -0.31 0.19 213 0.17

5335 3.71 -0.55 (12)
HD 51273 6412 103 3.46 043 -0.31 0.12 1.75 0.17

6249 3.87 -0.79 (13)
HD 33363 4947 61 2.07 0.42 -0.35 0.18 225 0.12

4660 2.92 -0.06 (14)
TYC 2866-338-1 4837 78 2.78 035 -0.51 0.13 1.86 0.12

4475 1.91 -0.60 6)
BD-193868 4402 95 1.55 045 -0.67 0.13 1.32 0.18

4451 1.39 -0.54 (15)
HD 276679 5934 115 3.18 0.50 -0.90 0.18 1.05 0.18

6467 412 131 (13)

References. (1) Soubiran et al. (2022) (2) Jorissen et al. (2019) (3) Purandardas et al. (2019) (4) Ting et al. (2019) (5) Karinkuzhi et al. (2018)
(6) Zhang et al. (2023) (7) Pereira et al. (2012) (8) Karinkuzhi et al. (2021a) (9) Limberg et al. (2021) (10) Jonsson et al. (2020) (11) Buder et al.
(2018) (12) Karinkuzhi et al. (2021b) (13) Gaia Collaboration (2023) (14) Guillout et al. (2009) (15) Steinmetz et al. (2020a)
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Appendix D: Discussion on individual stars
D.1. Ba stars

HD 105671 is metal rich, with [Fe/H] = 0.10, and was classi-
fied as mild barium dwarf by Jorissen et al. (2019). Using Xiru,
we estimate atmospheric parameters and our results are compat-
ible with those determined by Gaia, both photometrically and
spectroscopically. Our abundances are in good agreement with
Delgado Mena et al. (2019) and Soto & Jenkins (2018), and we
add Mo, La, Nd, Eu, and Pb to the pattern. Adding these ele-
ments helps constrain the mass of the AGB star that produced
the s-process elements, and provides a constraint on our orbital
modeling. This Ba star shows near-solar abundances in both s-
process peaks with some scatter. We add one RV data point to
the existing six in the literature. However, we were not able to
detect appreciable variability in the RVs and constrain the orbit.
Follow up observations will provide more RV data to character-
ize the binarity of this system.

HD 196673 is a mild Ba dwarf (McClure & Woodsworth
1990) recently studied by Jorissen et al. (2019), who derived
a metallicity of [Fe/H] = -0.12, closely matching our derived
metallicity using Xiru of [Fe/H] = 0.00 + 0.14. Effective tem-
peratures derived using Xiru are also in good agreement with
Jorissen et al. (2019), although our estimated surface gravity is
smaller at 0.94 compared to 2.40. As a result, we compute abun-
dances that are lower than those determined by Jorissen et al.
(2019). Abundances in this star are closer to solar values com-
pared to strong Ba stars in our sub-sample, and result in a
relatively flat profile in Fig. 10 with a dilution factor 6 = 0.4, sig-
nifying mixing in the companion. This type of profile is indica-
tive of a mild Ba star, like HD 105671, the near-solar abundances
could be a side effect of a comparatively noisier spectrum with
lower S/N ~ 30. Our derived orbital and physical parameters
are in good agreement with those from McClure & Woodsworth
(1990) and Jorissen et al. (2019), with a high eccentricity e ~ 0.6
and a long orbital period of ~ 7646 days. The visible component
has a relatively high mass of ~ 5M,, and the unseen compo-
nent has a mass within the Chandrasekhar limit, confirming the
likelihood of being a white dwarf left from an exhausted AGB
star. This star may have accreted material from its previous AGB
companion only during times around periastron, resulting in the
mild abundance pattern.

HD 50264 is a CH sub-giant star Pereira & Junqueira (2003)
with strong enhancements in s-process material ([s/Fe] = 0.83).
Stellar parameters estimated using Xiru are in good agreement
with those in Purandardas et al. (2019), with any differences
being covered by the relative uncertainties. We observe a strong
s-process signature in the computed abundance pattern. Our
comparison to the FRUITY yields suggests an AGB mass of 1.50
Mg, and a moderate dilution factor, meaning the AGB material
has been somewhat mixed. This star exists in a nearly circular
(e = 0) long period (~ 900 days) binary, and is a prototypical
example of a metal-rich ([Fe/H] = -0.17 + 0.07) star that has
been polluted by an AGB companion that has since become a
white dwarf.

HR CMa is a well-studied eclipsing Ba giant. With signifi-
cant enhancements in s-process material ([s/Fe] = 0.91) and con-
firmed binarity, this is a de facto Ba star. Atmospheric parameters
derived through ionization and excitation balance are similar to

that from the APOGEE survey infrared SED fitting, although our
temperature is about 100 K higher. Our abundances are slightly
lower than those measured by Karinkuzhi et al. (2018) by about
0.40 dex. We add Mo and Pb to the pattern, and we find a good
fit to the surface abundances with an AGB of initial mass 2.5 Mg
and a dilution factor of 0.4 (Eq. 5; Fig. 10), indicating signifi-
cant mixing. We add a few RV data points to further constrain
the orbit. We determine orbital parameters P and e in agree-
ment with the literature, while our derived masses are slightly
lower than previously estimated values. These are, however, still
compatible with the AGB accretion scenario for the observed s-
process enhancement.

PV UMa is a short-period, mild Ba star binary with mild
enhancements in s-process material ([s/Fe] = 0.37). We esti-
mate the metallicity using Xiru for [Fe/H] = -0.32 + 0.13,
slightly lower than previous estimates, but just outside of the
1o uncertainties. Our temperature of 5058 K is in excellent
agreement with the 5050 K from Jorissen et al. (2019), and our
surface gravity estimate from Xiru of 2.28 compares nicely to
the 2.5 from Jorissen et al. (2019). We find lower abundances
in the first and second s-peak elements, and we add Sr, Mo,
Nd, and Eu to the abundance pattern. The orbit of PV UMa
is lightly eccentric (e = 0.10) with a period of only 80 days,
quite short for a Ba star to have received its material via AGB
wind mass transfer. This system may have accreted material via
RLOF, and undergone common envelope evolution with the pre-
vious AGB star, resulting in the less-pronounced mild s-process
pattern.

HD 104979 is a mild Ba giant with enhancements in s-process
elements ([s/Fe] ~ 0.60). Our derived atmospheric parameters
from Xiru are in good agreement with the APOGEE survey
results. Jorissen et al. (2019) found larger enhancements in Y, Zr,
La, and Ce than this study by about 0.4 dex. These differences
can partially be attributed to the differences in computed metal-
licity. In our abundance analysis, we add the elements Mo and
Pb. Our abundance analysis suggests enhancement from a more
massive AGB star, around 4.0M,,. Jorissen et al. (2019) investi-
gated the binarity of this system, with a nearly circular e = 0.07
orbit and a long period of P = 18370 days. From our orbital
analysis, we derive similar orbital parameters e = 0.08,P =
19295, and estimate component masses M; = 1.65, M, = 0.75,
where the mass of the unseen companion is in agreement with
Jorissen et al. (2019).

HD 31487 is a Ba star with significant enhancements in heavy
elements, and we add Sr, Y, Mo, Ba, La, Ce, Nd, and Eu to the
abundance pattern. Our estimate of the metallicity using Xiru is
in relative agreement with Karinkuzhi et al. (2018), within com-
bined uncertainties in the two estimates, as well as the effective
temperature and surface gravity. Our computed Zr abundance is
lower than Karinkuzhi et al. (2018) by about 0.4 dex, and this
discrepancy can be directly attributed to the difference in metal-
licity. Through their orbital analysis, Escorza & De Rosa (2023)
found a high white dwarf mass of 1.59 + 0.22 M, correspond-
ing to a barium star mass of 3.4 + 0.2. In our optimization, we
determine a primary mass of 1.97+ Mg, more consistent with
the average barium star mass and close to the 1.5 Mg model
in our abundance analysis, and a white dwarf mass of 0.73+
Mgm, which is within the Chandrasekhar mass limit for white
dwarfs.
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HD 101581 1is a high proper motion star, and a Ba dwarf
(Jorissen et al. 2019) with metallicity ([Fe/H] = -0.55 = 0.29).
Parameters derived to characterize the atmosphere of this star
with Xiru are slightly discrepant from those provided by Gaia,
where our estimated 7, is higher, our surface gravity agrees
within the error bar, and the metallicity is in good agreement.
Our abundance analysis shows enhancements in magnesium and
we find larger enhancements in s-process elements ([s/Fe] =
0.47), compared with Luck (2018); see Table B.1. We add Pb
to the abundance pattern, and constrain the initial AGB mass
to about 1.3 Mg, with significant mixing (6 = 0.3). We con-
clude this is a mild Ba star with a less-pronounced light s-
element peak, similar to PV UMa. Jorissen et al. (2019) did not
detect variability in the RVs, but more RV data points will reveal
whether or not this star exists in an binary. Our orbital analysis
points towards a long period (= 750 days) in an eccentric orbit
(e = 0.24), but we find these results are not definitive. This star
will continue to be observed in our monitoring program to pro-
vide more constraints on the binary orbit.

D.2. CH stars

BD+41 2150 is a CH giant in a spectroscopic binary, as con-
firmed by Platais et al. (2003). We find our atmospheric parame-
ters in agreement with the analysis of the Gaia BP/RP spectra by
Zhang et al. (2023). This star is enhanced in s-process material,
as shown by Zamora et al. (2009) who measured an enhance-
ment of [s/Fe]=1.26. We find comparable enhancement, with
[s/Fe]=1.00. Zamora et al. (2009) concluded this star has been
polluted by an AGB companion, based on its abundance pattern,
and our analysis finds comparable results. We find a good match
in the abundances compared to a model of a 2.0 Mg progenitor
AGB star with a dilution factor of § = 0.3, indicative of signif-
icant mixing. Through orbital modeling, we find the period of
the binary to be just over 300 days with an orbital separation of
about 1.1 AU. Such a small orbit may be indicative of other mass
transfer scenarios, as opposed to only AGB wind mass-transfer.
Our estimated mass of the visible CH star is 1.69 My, It is likely
that the CH star in the system will share mass with its compan-
ion as it evolves up the RGB and onto the AGB, polluting the
now white dwarf with heavy elements. Escorza et al. (2020) dis-
cusses the orbital period and location in the HR diagram, and we
agree that this is an RGB star that will likely go into a Roche-
lobe overflow phase before helium burning.

CD-62 1346 is an evolved metal-poor giant star, and our
atmospheric parameters are in good agreement with those from
Pereira et al. (2012), despite a slightly warmer surface tem-
perature predicted by Xiru. A high proper-motion halo star,
Pereira et al. (2012) suggest using similar stars to constrain the
Galactic potential. A large Pb to Ce ratio means this is another
“lead” star, and in our abundance analysis we find abundances in
very good agreement, with [Pb/Ce] > 0.80. We add Sr, Mo, and
Eu to the abundance pattern. This star shows significant RV vari-
ation (Escorza et al. 2019), and we contribute a small number of
RV data points to the orbit. We perform an orbital analysis with
wide prior distribution on orbital and physical stellar parame-
ters. Our results indeed confirm the binary nature of this star,
and we estimate an orbital period of 357 days with an eccentric-
ity of e = 0.35. This is the first time the orbit for CD-62 1346
has been computed, but we note the large uncertainties on our
orbital parameter estimates in Table C.1. Upcoming follow-up
RV observations will help refine these orbital parameters.
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HD 209621 is a well-studied metal-poor CH star, also clas-
sified as CEMP-1/s star (Busso et al. 2001). Xiru derived stel-
lar parameters are similar to those by Karinkuzhi et al. (2021b),
with a slightly higher temperature and higher metallicity.
Our abundances are in good agreement with those found by
Goswami & Aoki (2010), and we add Mo to the abundance pat-
tern. We find [Zr/Y] approx 0.75, in support of the large [Zr/Y]
ratio found by Bisterzo et al. (2012) where only one Zr feature
was observed; we confirm this result with multiple Zr and Y
lines. From our orbital analysis, we find this star to be in a nearly
circular long period binary with an orbit of just over 400 days,
supporting the AGB mass transfer hypothesis. We find a good fit
to a 2.0 My AGB yield with moderate mixing (6 = 0.4) in our
comparison to the FRUITY database.

BD+04 2466 is a metal-poor ([Fe/H] = -1.93 + 0.30 CH star
(Pereira & Drake 2009) that shows large abundances of heavy
elements ([s/Fe] ~ 0.89) and displays characteristics of the mass-
transfer paradigm. Our parameters estimated using Xiru are in
good agreement with Gaia photometry and GALAH spectro-
scopic parameters. BD+04 2466 is a known ‘Pb star’ due to its
high [Pb/Ce] ratio. We find good agreement in our abundance
analysis compared to Bisterzo et al. (2011), who also detected
large enhancements in s-process material and low enhancements
in r-process elements like Eu. We add the elements Sr, Zr, and
Mo to the abundance pattern. We find a good fit to an initial
AGB mass of 2.0 My with a dilution factor of 0.2, indicating
significant mixing of the AGB material. Jorissen et al. (2005)
found this star to be in a wide binary system with a long period
of about 4600 days; in our orbital optimization we find com-
patible results (C.1, giving further support to the mass-transfer
hypothesis. From our orbital modeling, we estimate a mass of 2.4
solar masses for the visible component. There is good agreement
between the FRUITY models and our ELC dynamical estimate
of the mass. Our secondary mass is slightly larger than expected
from an initial 2.0 Mg mass AGB star, with a white dwarf mass
of 1.1 solar masses.

D.3. CEMP (-s/-no) stars

HD 135148 is a CEMP-no/r star that shows small enhance-
ments in s-process material ([s/Fe] ~ 0.22). We find a slightly
higher metallicity using Xiru ([Fe/H] = —1.41) compared to
previous studies; this result could be due to strong NLTE
effects in the ionization and excitation balance of the Fe II
lines in more metal-poor stars. Considering differences in atmo-
spheric parameters, our abundances are in decent agreement with
Simmerer et al. (2004). This star is a known binary system with
a long period, but the low s-process enhancement relative to
the r-process element Eu signals star is not likely to have been
enriched by a companion AGB star via mass transfer. This is
reflected in the flat fit to the FRUITY models and a very high
AGB mass of 6.0M,.

TYC 1987-753-1 is a CEMP-s star (Yoon et al. 2016), and we
add 8 elements (Sr, Y, Zr, Mo, La, Ce, Nd, and Pb) to the abun-
dance pattern first described by Allen et al. (2012). Using Xiru,
we find similar atmospheric parameters compared to the recent
study by Limberg et al. (2021). The low Eu abundance suggests
no significant enhancements in r-process material, supporting
the CEMP-s classification with little contributions from the r-
process, even from the parent molecular cloud. The abundances
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in the light s-process peak are somewhat scattered, but the sec-
ond peak and Pb are fit nicely by the FRUITY yields with an ini-
tial AGB mass of 2.0 M, and a dilution factor of 0.1, descriptive
of significant mixing within the observed star. We find discrep-
ancies in RV between our data and the Gaia DR2 and DR3 radial
velocities, hinting at a binary system, but we currently lack suf-
ficient time-series RV data to perform a full characterization of
the possible binary orbit.

HE 0414-0343 was determined to be a CEMP-s star by
Frebel et al. (2006), and Hansenetal. (2016a) found large
enhancements in C, N, Sr, and Ba, who also note the possibil-
ity of HE 0414-0343 being an AGB star. From Xiru, our atmo-
spheric parameters are not in full agreement with previous stud-
ies. The temperature estimated by Xiru is only 200 K higher
than previous studies, but our surface gravity and metallicity are
in decent agreement with photometric results from Gaia DR3.
Our surface gravity from Xiru logg = 2.13 + 0.62 could hint
towards an AGB star, provided the higher-than-usual uncertain-
ties, but we do not find this conclusive. We were unable to
detect Tc lines in absorption within the high S/N, high resolu-
tion spectrum, indicating that this star is not actively producing
its own heavy metals, but received its s-process material from a
former AGB companion. Hollek et al. (2015) found a low sur-
face gravity of logg = 1.25, and reports high carbon and s-
process enhancements. Our carbon enhancement of [C/Fe] =
0.95 is significant, and in agreement with Hansen et al. (2016a).
Our high-resolution observations confirm the large enhance-
ments in s-process material, and we add Mo to the pattern.
While our first s-peak element abundances are in relative agree-
ment with previous studies, the second s-peak elements are
slightly under-abundant compared to Hansen et al. (2016a). Our
FRUITY yield fits indicate an initial AGB mass of 1.5 Mg with
substantial mixing (6 = 0.1). This is in decent agreement with
the 1.3 Mg, estimation of Placco et al. (2013) and Hollek et al.
(2015). This star is a known spectroscopic binary exhibiting sig-
nificant variations in the observed RVs, indicating an unseen
binary companion (Hollek et al. 2015). However, with only a
few data points, we were unable to fully model the orbit of the
binary.

HD 103545 is a CEMP-no ([Fe/H]=-1.83 + 0.17) star
with lightly scattered heavy element abundance patterns
(Simmerer et al. 2004). This is a case where Xiru performed well
on a metal-poor, carbon-enhanced star, where our atmospheric
parameters are in good agreement to the APOGEE values,
described in Jonsson et al. (2020) and those in Limberg et al.
(2021). Similarly to Placco et al. (2014b), we do not find strong
enhancements in s-process elements for this star ([s/Fe] = -
0.12). The FRUITY models do not suggest that the surface
abundance pattern is similar to that of an AGB star, and pro-
vide a dilution factor of § = 0.1 with an initial AGB mass
of 6.0 Mg, similar to our analysis of HD 135148. Accord-
ing to Placco et al. (2014b), HD 103545 is a CEMP-no star
with a [Ba/Fe] < 0, a [Eu/Fe] = 0.46, and loge(C)=6.44
(Spite et al. 2013). This star and HD 135148 have similarly flat
abundance patterns, both separating from the rest of the C-
enhanced stars in the top panel of Fig. 6. We do not detect
significant RV variation in the system with only a few RV
data points, moving further away from any AGB mass-transfer
hypothesis.

D.4. “Other” stars

HD 116514 is a G type main-sequence star, and we observe
a small enhancement in s-process material ([s/Fe] = +0.18).
Atmospheric parameters determined by Xiru include a slightly
higher T,rr, ~6250 compared to ~5800 from Gaia and
APOGEE, where the logg and [Fe/H] are in good agreement.
HD 116514 displays a weak s-process profile in our comparison
to the FRUITY models, similar to that of the mild Ba stars HD
105671 and HD 196673. The low dilution factor indicates that
any AGB material that has been accreted has been significantly
mixed. Our orbital analysis shows this system is in a close orbit
with a period of only 5 days. This is too close for wind mass
transfer from an AGB companion where typical orbital periods
are on the order of 1000 days. However, this may be a result
of post common envelope evolution, further supported by the
nearly circular orbit. This evolutionary process would also eject
the envelope of the previous AGB star, effectively halting the s-
process nucleosynthesis and resulting in a diffuse nebular struc-
ture around the star. We suggest wide-angle infrared photometry
or interferometry be performed to investigate this potential neb-
ular structure.

TYC 8258-1189-1 is a giant star identified by the GALAH
survey as a chemically peculiar candidate. Our atmospheric
parameter from Xiru are in excellent agreement with those from
GALAH. This star displays a weak s-process profile in the com-
parison to the FRUITY yields, similar to that of the mild Ba stars
HD 105671 and HD 196673, with a higher AGB mass of 5.0 M.
A dilution factor of 6 = 0.6 suggests moderate mixing of mate-
rial accreted from an AGB companion. Compared to Buder et al.
(2021), we add the elements Sr, Nd, and a Pb upper limit to the
pattern. We find slightly lower enhancements in Ba compared
to the analysis of Buder et al. (2021), but the rest of our com-
puted abundances are in good agreement. Our FRUITY fit sug-
gests a higher mass AGB provided the material to produce the
mild s-process signature. We propose adding this star to the mild
Ba star category upon spectroscopic confirmation of the binary
orbit. We do not yet detect significant RV variations in our obser-
vations, but the Gaia DR3 RUWE parameter of 1.53 suggests a
binary system from astrometric orbital fitting. Planned follow-
up RV measurements will reveal the spectroscopic nature of this
orbit.

TYC 2250-1047-1 was identified as a Ba-rich candidate
in the LAMOST data set and shown by Karinkuzhi et al.
(2021b) to have strong s-process enhancement. Compared to
Karinkuzhi et al. (2021b), Xiru finds a higher temperature and
a slightly higher metallicity, likely a result of the ionization
and excitation balance. Our analysis confirms the heavy metal
enrichment ([s/Fe] ~ 0.79), and we add the elements Mo, Nd, Eu,
and Pb to the abundance pattern for this star. With our additions
to the abundance pattern, we find a good fit to the FRUITY yields
with an initial AGB mass of 2.0 Mg, with significant mixing. Our
Eu abundances is in good agreement with the FRUITY models
in our fit, although Karinkuzhi et al. (2023) suggest enrichment
could come from the i-process. Karinkuzhi et al. (2021b) hint at
the binary of the system from a variable RV; however with only
4 RV data points we cannot confidently fit an RV curve to the
data. With further observations planned in our RV monitoring
program, we will have sufficient data to characterize the binary
orbit.
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HD 51273 is a poorly studied high-proper motion G-type main
sequence dwarf. The stellar parameters from Xiru are in good
agreement with those from Gaia, although we estimate a higher
metallicity of [Fe/H] = -0.31 + 0.12 compared to -0.79 from
Gaia Collaboration (2023). We detect very mild enhancements s-
process elements ([s/Fe] = 0.06), but within uncertainties this is
not significantly high compared to solar. We add 10 elements (C,
Mg, Sr, Y, Zr, Mo, Ba, La, Ce, and Nd) to the abundance pattern.
Comparing to the FRUITY yields, we find our observations are
best fit by a 6.0 My AGB star with little mixing (6 = 0.7). In the
known mild Ba stars HD 105671 and HD 196673, we find sim-
ilar model fits and similar abundance patterns as in this unclas-
sified star HD 51273. Although similar to known mild barium
stars, we find the abundance pattern alone inconclusive in cate-
gorizing this star with other mild Ba stars. While we see signifi-
cant RV variation between observations of HD 51273, we do not
have enough data to characterize an orbit. While a Pb detection
would help solidify this conjecture, without a confirmed orbit
we hesitate to categorize this star as a Ba star, when it could be
lightly enriched via the ambient ISM upon its formation.

HD 33363 is a G or K-type subgiant or giant star with a low
metallicity, and is classified as an RS-CVn type star. Compar-
ing our stellar parameters from Xiru to those estimated by Gaia,
we find a higher temperature with a lower surface gravity and
metallicity. These differences may be due to the active nature of
this star. We find some scatter in the heavy element abundances,
and fits to the FRUITY database result in a purely flat abundance
pattern, and the dilution factor of 6 = 0.0 shows that this system
is not indicative of AGB mass transfer. Our orbital analysis was
ultimately inconclusive in constraining the binary orbit.

TYC 2866-338-1 is a chemically peculiar star with large
enhancements in s-process material [s/Fe]=0.70. Stellar param-
eters are in decent agreement with those derived using the Gaia
XP spectra, albeit with a slightly higher effective temperature
and surface gravity. Our computed abundances show good agree-
ment with yields from a 3.0 My AGB star - this is a promising
result, and we suggest this star be classified as a Ba star based
on the abundance pattern. The low dilution factor 6 = 0.3 sug-
gests significant mixing, but does not erase the observed strong
s-process abundance pattern. Our observed RV data shows sig-
nificant variations between observations, and differs from the
measured Gaia DR2 systemic velocity, hinting at binarity in the
system. However, we lack sufficient data to fully fit the orbit.
With our RV monitoring program, we will add more data points
to characterize the binary. With the confirmed orbit, we would
feel more comfortable classifying this star as a Ba giant.

BD-19 3868 is a spectroscopic binary confirmed by RAVE
Steinmetz et al. (2020b) and Gaia DR3, and we find good agree-
ment comparing atmospheric parameters derived by Xiru. Our
abundance analysis results in a lightly scattered, relatively flat
pattern with our [Fe/H] and [Mg/Fe] in agreement with the anal-
ysis performed by Steinmetz et al. (2020c). With small heavy
element enhancements where [s/Fe] = 0.14, and a Pb detec-
tion of approximately solar, we estimate a rather high mass
(Mugs = 6.0Mg) with a low dilution factor, meaning what mate-
rial may have been transferred from an AGB companion would
be heavily mixed. This abundance pattern is similar to that of the
mild Ba stars HD 105671 and HD 196673. With our few snap-
shot RV observations, we detect significant deviation from the
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systemic velocity, providing further evidence to the binarity of
this star, but lack enough data points to fully constrain the orbit.
Despite similar abundance patterns, we hesitate to claim that this
star has been mildly enriched by a previous AGB companion.

HD 276679 is a metal-poor ([Fe/H] = -0.90 + 0.18) multiple-
star, with the brightest component being an F-type subgiant star
(logg = 3.18). Using Xiru, we find a lower temperature, surface
gravity, and metallicity compared to Steinmetz et al. (2020a).
We find enhancements in carbon with [C/Fe]>0.7, and are able
to establish upper limits for Zr, Mo, Nd, and Eu. We find sig-
nificant enhancements in s-process elements Sr, Ba, La, and Ce.
Comparing our abundance pattern to the FRUITY shows a good
match with a 3.0 My model, and the overall pattern displays the
prominent double-peaked profile. With the high carbon abun-
dance and strong s-process pattern, we suggest this star may be
a CH star that has been enhanced from a previous AGB compan-
ion. There are too few RV data points to detect notable vari-
ability and characterize the necessary binary orbit to make a
full conclusion about the origin of the s-process signature, but
future observations will provide the necessary data for an orbital
analysis.

Appendix E: Line lists for abundances

Here we compile the line wavelengths, excitation potentials
and oscillator strengths of atomic lines used in this study to
compute the elemental abundances from spectral synthesis or
equivalent widths. In addition to this line list, we use Fe lines
from Alves-Brito et al. (2010), Koch et al. (2016) for metal rich
stars, and Hansen et al. (2012b), Koch et al. (2016) for metal
poor stars with ARES to compute equivalent widths of Fe I and
II features for the spectroscopic iron abundances.
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Table E.1. Wavelengths, excitation potentials, and oscillator strengths of atomic lines used in this study, sorted by element, with NIST data quality
flags.

Element / A Exc. Potential ~ Osc. Str.  NIST Flag | Element/ A Exc. Potential ~ Osc. Str.  NIST Flag

A eV A eV

Mg (12) Fe (26)

5528.405 (I) 4.343 -0.620 B+ 5191.455 () 3.038 -0.551 B

5711.088 (I) 4.343 -1.830 B+ 5194.942 (I) 1.557 2090 A
5198.711 (1) 2.223 2135 B

Sr (38) 5215.179 (1) 3.266 -0.871 B

4077.714 (II) 0.000 0.150 AA 5229.845 (I) 3.283 -0.967

4215.524 (II) 0.000 -0.170  AA 5232.940 (1) 2.940 -0.058 B+

4607.331 (I) 0.000 0.280 AA 5242.491 (I) 3.634 -0.967 B

4722.278 (I) 1.797 -0.130 B+ 5247.050 (I) 0.087 -4.946 A

4962.263 (1) 1.846 0.250 AA 5169.033 (1) 2.891 -1.250 C

5256.899 (I) 2.270 0.390 B+ 5197.577 (1) 3.230 -2.348  C
5234.625 (II) 3.221 -2.279

Zr (40)

4359.74 (1I) 1.236 -0.5100 Y (39)

4496.97 (II) 0.713 -0.8900 4374.933 (II) 0.408 0.160 A

4687.80 (I) 0.730 0.5500 4689.767 (I) 2.002 -0.170 A

4739.48 (I) 0.650 0.2300 4883.682 (II) 1.083 0.070 B

6127.44 (I) 0.154 -1.0600 5205.722 (II) 1.032 -0.340 B+
5503.464 (I) 1.965 0.370 A

Ba (56) 5509.894 (1I) 0.992 -1.010 B+

4554.033 (II) 0.000 -0.562 B (hfs)

5853.675 (II) 0.604 -1.914 B (hfs) Mo (42)

6141.713 (II) 0.704 -1.158 B (hfs) 5506.493 (I) 1.334 0.060 A+

6496.898 (II) 0.604 -1.111 B (hfs) 5533.031 (I) 1.334 -0.070 A+
5570.444 (1) 1.334 -0.340 A

Ce (58)

4628.161 (II) 0.516 0.140 B+ La (57)

5274.229 (1) 1.044 0.130 B+ 4920.98 (1I) 0.126 -0.580 B+

5330.556 (1) 0.869 -0400 B 4921.79 (1) 0.244 -0.450 B+

5353.524 (1) 0.879 0.090 B+ 5114.56 (11) 0.235 -1.999 B+ (hfs)
5122.99 (1) 0.321 -2.212 B+ (hfs)

Eu (63) 5301.98 (1) 0.403 -2.300 B+ (hfs)

4129.70 (I1) 0.000 0.109 (hfs) 5805.78 (1) 0.126 -2.940 B (hfs)

4594.03 (I) 0.000 0.680 B+

5577.14 (I) 1.667 0.000 B+ Nd (60)

6645.11 (II) 1.379 -0.517  (hfs) 4232.378 (II) -- -- B
4247.367 (II) 0.000 -0.210 B+

Pb (82) 5212.365 (II) 0.204 -0.960 B+

4057.807 (I) 1.319 -0.170  C+ 5361.474 (1) 0.680 -0.370

Notes. Oscillator strengths for lines that include hyper-fine splitting (hfs) are the total log(gf) from all contributing components. The ionization
state is identified by the roman numerals in the parentheses, where (I) is the ground state, and (II) is the first ionized state.

Appendix F: Abundance uncertainties

The average uncertainty in our abundance measurements is a ) dloge ? 2 dloge : 2
combination of the statistical scatter measurement between lines Tiot = Tran or ) 71rr * dlogg Tlogg™
and the uncertainties in the atmospheric parameters. Abundance 2 2
uncertainties are calculated for all elements using the method- (6log E) 2 (%) o+
ology described in Karinkuzhi et al. (2018, 2021b), following 3 ¢ " \o[Fe/H]) ~Fe/H
Eq. (2) from Johnson (2002) or Eq. (A20) from McWilliam et al. dloge) (dloge dloge\[dloge
(1995), where 0,4, is the statistical uncertainty in the line mea- 2(( oT )( )0' Tlogg T ( )(7) Ologge™t
surements, and o7 , Ologg, O[Fe/H]» and o are the uncertainties ’
on the atmospheric parameters: dloge) (dloge dloge)( dloge +
¢ or |75\ Ta1 )\orFesH) 720t

Ologe\( dloge o N dloge\[ Ologe -
dlogg\olFe/H]) "% "\ "ae )\oFe/H1)" )
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Appendix G: Correlations in abundance space
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Fig. G.1. Corner plot of s-process materials. We find correlations between s-process elements within the light and heavy peaks respectively, as
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well as between light and heavy s-elements. There are strong correlations between heavy s-elements and Eu.
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