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Abstract

Understanding the abundance pattern of metal-poor stars and the production of heavy elements through various
nucleosynthesis processes offers crucial insights into the chemical evolution of the Milky Way, revealing primary
sites and major sources of rapid neutron-capture process (r-process) material in the Universe. In this fifth data
release from the R-Process Alliance (RPA), we present the detailed chemical abundances of 41 faint (down to
V= 15.8) and extremely metal-poor (down to [Fe/H]=−3.3) halo stars selected from the RPA. We obtained
high-resolution spectra for these objects with the HORuS spectrograph on the Gran Telescopio Canarias. We
measure the abundances of light, α, Fe-peak, and neutron-capture elements. We report the discovery of five
carbon-enhanced metal-poor, one limited-r, three r-I, and four r-II stars, and six Mg-poor stars. We also identify
one star of a possible globular cluster origin at an extremely low metallicity at [Fe/H]=−3.0. This adds to the
growing evidence of a lower-limit metallicity floor for globular cluster abundances. We use the abundances of Fe-
peak elements and the α-elements to investigate the contributions from different nucleosynthesis channels in the
progenitor supernovae. We find the distribution of [Mg/Eu] as a function of [Fe/H] to have different enrichment
levels, indicating different possible pathways and sites of their production. We also reveal differences in the trends
of the neutron-capture element abundances of Sr, Ba, and Eu of various r-I and r-II stars from the RPA data
releases, which provide constraints on their nucleosynthesis sites and subsequent evolution.

Unified Astronomy Thesaurus concepts: Stellar abundances (1577); R-process (1324); Nucleosynthesis (1131);
Population II stars (1284); Milky Way stellar halo (1060); High resolution spectroscopy (2096); CEMP stars
(2105); Nuclear astrophysics (1129)
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1. Introduction

Following the Big Bang, the cosmic primordial gas was
composed of H and He, with traces of Li. The first stars that lit
up the Universe were free of metals, but after exploding as
supernovae, they introduced newly synthesized metals to their
local interstellar medium (ISM) (N. Christlieb et al. 2002;
T. C. Beers & N. Christlieb 2005; A. Frebel et al. 2013;
E. Caffau et al. 2013; M. Spite et al. 2013; P. Bonifacio et al.
2015; I. U. Roederer et al. 2016; I. Vanni et al. 2024). This
resulted in significant impacts on not only the evolution of their
local ISM, but also affected minihalos located relatively far
from their explosion sites (E. Caffau et al. 2011; I. U. Roederer

et al. 2014a; R. J. Cooke & P. Madau 2014). Recurring
supernovae events led to the gradual enrichment of the ISM
with time; subsequent generations of stars were formed from
gas clouds that included heavy elements from the previous
stellar generations.
Low-mass, metal-poor stars are among the oldest stellar

populations, and are still observable today in the halo of the
Milky Way (MW) (T. C. Beers et al. 1985, 1992; N. Christlieb
et al. 2002; P. S. Barklem et al. 2002; T. C. Beers & N. Chri-
stlieb 2005; J. G. Cohen et al. 2013; A. Frebel &
J. E. Norris 2015). These stars provide a unique opportunity
to look back in time to study the nucleosynthesis events that
took place in the early Galaxy. The atmospheres of very metal-
poor (VMP; [Fe/H]�−2.0) and extremely metal-poor (EMP;
[Fe/H]�−3.0)12 stars retain the abundance signatures of
Population III stars and the imprints of the nucleosynthesis
processes that occurred during the explosions and in stellar
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12 [A/B] = ( ) ( )-N N N Nlog logA B A B , where N is the number density of
atoms of a given element in the star (å) and the Sun (e), respectively.
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winds (T. C. Beers & N. Christlieb 2005; A. McWilliam et al.
2018). Although these low-mass, metal-poor stars trace
chemical evolution from the earliest times, their observed
abundance patterns reflect contributions from multiple stellar
generations rather than exclusively from the first stellar
generation’s yields and initial mass function (IMF). The
relative abundances of the elements measured in these stars,
which formed in different sites after different nucleosynthesis
processes had enriched the birth-gas clouds, hold the keys to
deciphering the physical events that occurred in the early MW
(A. Frebel 2014; C. Kobayashi et al. 2020; D. Lunney 2020;
A. Arcones & F.-K. Thielemann 2023). However atomic
diffusion and noncanonical stellar processes have a minimal
impact on low-metallicity stars due to their shallower outer
convection zones and reduced efficiency (M. Spite et al. 2005;
A. J. Korn et al. 2007; K. Lind et al. 2008) and hence we
assume that the low-mass ancient stars we observe today retain
Population III abundance signatures, as supported by consistent
spectroscopic observations and stellar evolution models.

The various elemental-production sites contribute to differ-
ent regions of the periodic table, and are often unrelated to each
other (G. Chiaki et al. 2012; J. A. Johnson et al. 2019;
I. U. Roederer et al. 2022). At the earliest epochs, the odd-Z
elements are produced in massive stars as well as core-collapse
supernovae (CCSNe); the α- and Fe-peak elements are
produced in several sites, such as hydrostatic and explosive
burning phases of CCSNe, hypernovae (HNe), and pair
instability supernovae (PISNe) (T. Nakamura et al. 1999;
A. Heger & S. E. Woosley 2002, 2010; K. Nomoto et al. 2013).
The predicted relative yields of the different elements produced
by these classes of progenitors differ from one another in a
number of ways. For instance, a strong odd/even effect
(A. Heger & S. E. Woosley 2002) is expected to be found,
along with low [Zn/Fe] ratios, in the ejecta of very massive
objects exploding as PISNe, which is less pronounced for the
case of CCSNe (R. Cayrel et al. 2001; J. G. Cohen et al. 2004;
R. Cayrel et al. 2004). Measuring accurate estimates from
VMP/EMP stars holds the key to understanding and disen-
tangling the nature of possible contributors to their overall
enrichment.

The production of the elements beyond the Fe peak primarily
occurs via three routes—the slow (s-), intermediate (i-), and
rapid (r-) neutron-capture processes. While the origin for the s-
process in asymptotic giant branch (AGB) stars is relatively
well understood (R. Gallino et al. 1998; M. Busso et al. 2001;
A. I. Karakas & M. Lugaro 2016; A. Frebel 2018), a number of
sites for the r-process, such as binary neutron star mergers
(NSMs; J. M. Lattimer & D. N. Schramm 1974), magnetor-
otationally driven jets (C. Winteler et al. 2012), or collapsar
disk winds (D. M. Siegel et al. 2019; K. Brauer et al. 2021)
have been proposed over the last few decades, but no
consensus has been reached thus far (B. Côté et al. 2019).
However, NSMs are the only sites to have observational
evidence for hosting the r-process so far. The i-process
(J. J. Cowan & W. K. Rose 1977; M. Hampel et al. 2016) is
more commonly associated with the early-AGB phase of low-
metallicity, low-mass stars, resulting from the ingestion of
protons in a convective helium-burning region (A. Choplin
et al. 2021, 2022). Furthermore, the rp process, particularly in
conjunction with photodisintegration, contributes to the synth-
esis of elements beyond Fe, elucidating the production

mechanism of rare proton-rich isotopes such as 92Mo (A. Arc-
ones & F.-K. Thielemann 2023).
The R-Process Alliance (RPA) collaboration aims to

significantly increase the number of observed r-process-
enhanced (RPE) stars through the detailed study of neutron-
capture elements, along with light, α-, and Fe-peak elements.
This comprehensive approach seeks to understand the forma-
tion sites of these stars and the processes that enriched their
birth-gas clouds. Additionally, this research will provide
insights and constraints on the production of these different
groups of elements. The primary motivation of the RPA is to
combine observations, theoretical advances, and results from
chemical evolution simulations to eventually produce a more
complete understanding of the origin of the RPE stellar
population in the MW. To this end four data releases have been
published (RPA-1: T. T. Hansen et al. 2018; RPA-2:
C. M. Sakari et al. 2018; RPA-3: R. Ezzeddine et al. 2020;
RPA-4: E. M. Holmbeck et al. 2020); these papers report
dozens of newly discovered RPE stars. The present study is the
fifth data release from the RPA (RPA-5) and has targeted the
fainter stars selected from the RPA sample for follow-up
spectroscopy with the 10.4 m Gran Telescopio Canarias (GTC).
Along with the key neutron-capture elements Sr, Ba, and Eu,
these papers utilize the abundances of all the observed elements
from C to Zn to understand the chemical evolution of the MW.
This paper is outlined as follows. Section 2 describes the

observations, data reduction, and radial-velocity measurements.
Section 3 presents determinations of the stellar parameters of
the sample using 1D local thermodynamic equilibrium (LTE)

stellar-atmosphere models, and the necessary corrections to the
adopted values. Section 4 presents the chemical abundances of
detected light, α-, Fe-peak, and neutron-capture elements for
the sample stars. Finally, we discuss our results and
conclusions in Sections 5 and 6, respectively.

2. Observations

2.1. Target Selection and Observations

The observing program was carried out as a part of the RPA
“snapshot” survey efforts, during which moderately high-
resolution (R∼ 30,000) spectra at intermediate signal-to-noise
ratios (SNR;∼ 30) are obtained in order to identify new RPE
stars. The target stars had been selected from various low-
(R∼ 1800) and medium- (R∼ 7500) resolution spectroscopic
surveys for metal-poor stars in the Galaxy, including the Large
Sky Area Multi-Object Fiber Spectroscopic Telescope
(G. Zhao et al. 2012) and the Radial Velocity Experiment
(M. Steinmetz et al. 2006) surveys, among others. The metal-
poor nature had been determined by V. M. Placco et al. (2018)
based on these medium-resolution spectra. Additional details
on the selection criteria are provided in V. M. Placco et al.
(2018, 2019) and T. T. Hansen et al. (2018); R. Ezzeddine et al.
(2020).
These targets were then observed at a spectral resolving

power of R∼ 25,000, using the High Optical Resolution
Spectrograph (HORuS; C. Allende Prieto 2021) on the 10.4 m
GTC located on La Palma, Canary Islands, Spain. Due to the
large aperture of the GTC and favorable observing conditions,
relatively fainter targets could be studied. In comparison to the
previous RPA samples (T. T. Hansen et al. 2018; C. M. Sakari
et al. 2018; R. Ezzeddine et al. 2020; E. M. Holmbeck et al.
2020) that studied stars with V< 14.2, the current stars extend
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to V= 15.8, as shown in Figure 1. Spectra for 45 metal-poor
stars were obtained as a part of the FILLER program on the
GTC in 2020. Data for four objects had to be discarded due to
poor quality, reducing the number of stars in this study to 41.
The exposure times varied between 600 s and 2000 s,
depending on the stellar magnitude and weather conditions.
The SNR ranges between 9 and 40 with a mean SNR of 26 at
5000Å. The low SNR in the blue region does not allow us to
calculate the precise abundances for a large number of neutron-
capture elements, but those for the key elements Sr, Ba, and Eu
could still be derived (or have meaningful upper limits
determined). The Two Micron All Sky Survey (2MASS) IDs,
R.A., decl., visual magnitudes (V ), near-infrared magnitudes
(J), exposure times, SNR at 5000Å, and radial velocities (RVs)
from Gaia (RVGaia) and our spectra (RVhelio) are listed in
Table 1.

2.2. Data Reduction and Radial Velocities

The spectra were reduced using the dedicated HORuS
pipeline chain13, which includes sky subtraction, tracing of
individual orders, wavelength calibration, and continuum
normalization. The individual extracted and normalized orders
were then merged to produce a final spectrum for each star. The
final spectra were analyzed using the Spectroscopy Made

Harder (SMHr) software (first described in
A. R. Casey 2014). The RVs were determined via SMHr
using cross correlation of prominent lines throughout the
spectra with those of well-studied standard stars of similar
evolutionary stages. Heliocentric RVs (RVhelio) were then
determined with the rvcorrect package in PYRAF. The final
derived values are listed in Table 1. For the majority of the stars
with available Gaia RVs, the values agree well (mean deviation
of 2 km s−1 and standard deviation of 5 km s−1). An RV
comparison is shown in Figure 2. In the top panel, heliocentric
velocities are compared to the Gaia RVs. Differences between

the two measurements are shown as a histogram in the bottom
panel. We note that two of the stars (2MASS J06114434
+1151292 and 2MASS J02462013-1518418) with renorma-
lized unit weight error (RUWE) of 1.2 from Gaia are expected
to be binaries; they exhibit large deviations in RV, on the order
of 15 km s−1. These two objects are not considered for
calculating the mean and standard deviations for the RVs
mentioned above, but are included in rest of the paper. There
are two additional candidates for binarity found in this study,
with RV variations larger than 1σ.

3. Stellar Atmospheric Parameters

Stellar atmospheric parameters for our sample stars (effective
temperature, Teff; surface gravity, glog ; metallicity, [Fe/H];
microturbulent velocity, ξt) were derived from measurements of
equivalent widths (EW) of Fe I and Fe II lines. The EWs of the
Fe lines were measured by fitting Gaussian line profiles to the
spectral absorption features using SMHr. The initial LTE stellar
atmospheric parameters were estimated from the abundances of
Fe I and Fe II lines, using the LTE radiative transfer code MOOG
(C. A. Sneden 1973), including Rayleigh scattering treatment
(following J. S. Sobeck et al. 2011).14 The 1D, LTE stellar
atmospheric ATLAS models employed are from F. Castelli &
R. L. Kurucz (2003), with a standard α-element enhancement
of [α/Fe]=+0.4.
Initial estimates for Teff were derived following the principle

of excitation equilibrium, by demanding that there be no trend
of Fe I line abundances with excitation potential. We also
enforced the principle of ionization equilibrium by varying

glog until we obtain the same abundances from both Fe I and
Fe II lines. The ξt was determined by ensuring that there be no
trends for Fe I abundances with reduced EWs. The [Fe/H]
values were determined from the mean of Fe I and Fe II lines,
after estimation of the LTE parameters for Teff, glog , and ξt.
We next revised the LTE spectroscopic stellar parameters, as

they are known to result in cooler temperatures and low
surface-gravity estimates, due to several reasons (imperfect
treatment of scattering, impact of approximations when
modeling the line formation, wavelength coverage, data
quality, and non-LTE effects), as discussed in A. Frebel et al.
(2013). The corrected Teff were determined following the
empirical calibration of the derived Teff to a photometric scale
as given by A. Frebel et al. (2013):

( ) ( )= ´ +T TFR13 0.9 LTE 670.eff corr eff

After deriving the corrected Teff, denoted as Teff(FR13corr),
we rederived glog , ξt, and [Fe/H]. The FR13 correction
resulted in warmer temperatures with higher glog and [Fe/H]
for the target stars. Estimates for the stellar parameters using
both LTE and FR13corr parameters are listed in Table 2. As
discussed in A. Frebel et al. (2013), R. Ezzeddine et al. (2017),
and R. Ezzeddine et al. (2020), the FR13corr parameters are
more reliable approximations of the stellar parameters. Hence,
going forward in this study, we adopt the FR13corr stellar
parameters to derive the abundances. The corresponding
systematic uncertainties are listed in Table 3.
The FR13corr metallicity distribution of our sample stars is

shown in Figure 3. The metallicity ranges from [Fe/H]=−3.2
to [Fe/H]=−0.2, with a peak at [Fe/H]=−2.8. The
metallicity distribution largely covers the same range of the

Figure 1. Distribution of the V magnitudes for the current sample of stars are
shown in the red histogram. The V magnitudes of the stars in this study lie
between 13.0 and 15.8, making it the faintest RPA sample of stars by more than
1 mag. The cumulative RPA samples (T. T. Hansen et al. 2018; C. M. Sakari
et al. 2018; R. Ezzeddine et al. 2020; E. M. Holmbeck et al. 2020) are shown in
the background (light-blue histogram).

13 https://github.com/callendeprieto/chain/releases/tag/RPA2024 14 https://github.com/alexji/moog17scat
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previously published RPA data releases, but it peaks at a
slightly lower metallicity. Figure 4 shows the distribution of
Teff and glog , color coded by [Fe/H], for our sample stars. The
data are overlaid by isochrones15 (P. Marigo et al. 2017) for
[Fe/H]=−2.4 and ages corresponding to 12 and 13 Gyr. From
inspection, the current sample includes stars on the main
sequence, main-sequence turnoff, subgiant branch, and
approaching the tip of the red giant branch.

4. Elemental Abundances

We could derive abundances, or at least meaningful upper
limits, for the light, α-, Fe-peak, and neutron-capture elements
for all the target stars, including C, O, Na, Mg, Al, Si, Ca, Sc,

Ti I, Ti II, V I, V II, Cr I, Cr II, Mn, Co, Ni, Cu, Zn, Sr, Ba, and
Eu, using MOOG in SMHr. We measured the EWs of the
absorption lines present in the spectra, and considered lines
having EW� 150 mÅ and reduced EWs (REWs)�−4.5
whenever possible, since they are on the linear part of the
curve of growth, and are relatively insensitive to the choice of
microturbulence.
Line lists, along with the isotopic and hyperfine structure for

relevant elements including the neutron-capture elements, are
obtained from the RPA standard line lists with updated gflog
values (I. U. Roederer et al. 2018), generated with line-

make
16

(V. M. Placco et al. 2021). Solar photospheric
abundances have been used for the elements discussed in this
study and are taken from M. Asplund et al. (2009).

Table 1

Observational Details of the Target Stars

Name R.A. Decl. V Mag. J Mag. Exp. Time SNR RVGaia RVhelio

(s) (km s−1) (km s−1)

2MASS J00125284+4726278 00:12:52.848 +47:26:27.84 13.85 11.72 1600 29 −80.1 −80.3
2MASS J01171437+2911580 01:17:14.371 +29:11:57.98 13.52 11.61 900 38 −136.3 −137.9
2MASS J01261714+2620558 01:26:17.139 +26:20:55.84 13.96 11.97 1200 11 −162.4 −171.4
2MASS J02462013−1518418a 02:46:20.130 −15:18:41.80 10.70 12.30 1400 34 278.5 259.3
2MASS J04051243+2141326 04:05:12.430 +21:41:32.64 13.51 11.53 1100 34 ... −310.9
2MASS J04464970+2124561 04:46:49.709 +21:24:56.02 15.22 13.21 2000 19 −59.1 −54.2
2MASS J05455436+4420133b 05:45:54.367 +44:20:13.34 13.42 10.88 1200 18 −67.1 −87.9
2MASS J06114434+1151292a 06:11:44.340 +11:51:29.20 ... 10.40 900 14 341.3 305.2
2MASS J06321853+3547202 06:32:18.530 +35:47:20.20 13.78 11.88 900 37 −81.9 −85.5
2MASS J07424682+3533180 07:42:46.822 +35:33:17.92 13.96 12.22 1200 23 216.3 216.2
2MASS J07532819+2350207 07:53:28.198 +23:50:20.66 13.78 12.00 900 29 353.4 353.4
2MASS J08011752+4530033 08:01:17.505 +45:30:03.42 13.26 11.57 900 48 47.2 51.2
2MASS J08203890+3619470 08:20:38.911 +36:19:47.02 15.81 13.64 1800 13 ... −64.5
2MASS J08471988+3209297 08:47:19.885 +32:09:29.77 13.70 11.37 900 14 −21.7 −22.5
2MASS J09092839+1704521 09:09:28.395 +17:04:52.17 14.88 13.42 1800 18 123.1 123.8
2MASS J09143307+2351544 09:14:33.076 +23:51:54.40 13.22 11.26 900 39 −48.3 −46.1
2MASS J09185208+5107215 09:18:52.082 +51:07:21.37 13.09 11.45 600 40 −53.4 −48.2
2MASS J09261148+1802142 09:26:11.477 +18:02:14.44 14.60 12.49 1500 29 199.5 198.9
2MASS J09563630+5953170 09:56:36.309 +59:53:17.06 13.36 10.99 900 20 −285.9 −285.6
2MASS J10122279+2716094 10:12:22.792 +27:16:09.43 15.19 13.52 1800 18 ... 34.2
2MASS J10542923+2056561 10:54:29.231 +20:56:55.91 14.20 12.41 1200 09 88.3 89.4
2MASS J11052721+3305150 11:05:27.221 +33:05:15.08 13.77 12.18 900 34 −205.2 −205.9
2MASS J12131230+2506598 12:13:12.305 +25:06:59.87 13.82 12.17 900 22 −91.1 −88.8
2MASS J12334194+1952177 12:33:41.935 +19:52:17.59 13.00 10.89 600 37 68.5 68.7
2MASS J12445815+5820391 12:44:58.178 +58:20:39.13 13.76 11.72 900 18 −67.5 −67.9
2MASS J13281307+5503080 13:28:13.077 +55:03:07.99 13.48 12.34 800 11 −0.5 2.9
2MASS J13525684+2243314 13:52:56.851 +22:43:31.55 13.59 11.31 900 16 5.1 6.7
2MASS J13545109+3820077 13:54:51.097 +38:20:07.81 13.74 11.88 900 22 141.4 130.2
2MASS J14245543+2707241 14:24:55.435 +27:07:24.18 15.29 13.74 2000 17 ... 19.7
2MASS J14445238+4038527 14:44:52.377 +40:38:52.72 13.03 10.93 600 12 −104.5 −112.3
2MASS J15442141+5735135b 15:44:21.414 +57:35:13.51 13.97 12.10 1200 17 −143.5 −129.6
2MASS J16374570+3230413 16:37:45.696 +32:30:41.20 13.41 11.83 900 22 −234.4 −227.2
2MASS J16380702+4059136 16:38:07.029 +40:59:13.68 14.01 12.56 1800 26 −25.3 −15.4
2MASS J16393877+3616077 16:39:38.767 +36:16:07.66 13.13 11.58 900 24 −116.2 −108.2
2MASS J16451495+4357120 16:45:14.952 +43:57:12.05 13.10 11.26 600 19 −84.1 −77.0
2MASS J17041197+1626552 17:04:11.974 +16:26:55.20 13.93 11.86 900 18 −176.6 −171.0
2MASS J17045729+3720576 17:04:57.300 +37:20:57.62 14.12 12.02 1200 19 −152.1 −148.0
2MASS J17125701+4432051 17:12:57.021 +44:32:05.16 13.42 11.34 900 24 −123.7 −121.2
2MASS J21463220+2456393 21:46:32.210 +24:56:39.42 15.29 13.46 1800 12 ... −309.3
2MASS J22175058+2104371 22:17:50.588 +21:04:37.19 13.39 11.30 1200 29 ... −114.6
2MASS J22424551+2720245 22:42:45.505 +27:20:24.54 13.14 11.29 1800 40 ... −392.2

Notes.
a Indicates likely binary star, based on the reported RUWE from Gaia.
b Indicates potential binary star, based on deviations in RV of more than 1σ between the Gaia RVs and our determination.

15 http://stev.oapd.inaf.it/cgi-bin/cmd 16 https://github.com/vmplacco/linemake
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The trends for all the elements from C to Zn, and example
spectral syntheses of the key lines, are shown in Figures 5–11.
We also compare our results with those of metal-poor stars
from JINABASE (A. Abohalima & A. Frebel 2018), including
I. U. Roederer et al. (2014b) and D. Yong et al. (2013), as well
as previous RPA data releases from T. T. Hansen et al. (2018),
C. M. Sakari et al. (2018), R. Ezzeddine et al. (2020), and
E. M. Holmbeck et al. (2020), as shown with gray-filled circles.

4.1. Carbon

Carbon is an important element in studies of metal-poor
stars, as it can be synthesized via multiple pathways in massive
stars (Y. C. Liang et al. 2001; R. Farmer et al. 2021) and early
supernovae (P. Bonifacio et al. 2015; C. Chan et al. 2020), with
implications for our understanding of the early Galaxy. Carbon
is also produced by low- and intermediate-mass AGB stars
(M. Lugaro et al. 2003; A. I. Karakas & M. Lugaro 2016).
Overall, it plays a key role in classifying the various stellar
populations. Abundances for carbon in our sample stars were
estimated by fitting the molecular CH G-band at 4315Å via
spectrum synthesis, as shown in Figure 5 for one C-normal star
and one carbon-enhanced metal-poor (CEMP; [C/Fe]�+0.7;
T. C. Beers & N. Christlieb 2005; W. Aoki et al. 2007) star.
The intensity of the molecular band is impacted by the assumed
oxygen abundance, which in turn affects the amount of carbon
that is locked into CO. Due to limitations in the available
spectra, accurately determining the oxygen abundance is not
feasible. We adopted [O/Fe]=+0.60 for the stars, consistent
with observations of Milky Way halo stars with similar
metallicities as discussed in A. M. Amarsi et al. (2019) and
Á. Skúladóttir et al. (2024). This assumption is supported by
empirical observations of metal-poor stars in the Galactic halo
and globular clusters, where [O/Fe] ratios range from +0.40 to
+0.80, with +0.60 as a representative average (J. P. Fulbright
& J. A. Johnson 2003; I. Ramírez et al. 2012). Consistent [O/
Fe] ratios across various stellar populations reinforce our use of
a uniform [O/Fe] ratio. Sensitivity tests show minimal impact
from minor deviations around +0.60 on derived abundance
patterns.

The range of C abundance ratios for the sample stars varies
from [C/Fe]=−0.60 to [C/Fe]=+1.50, as seen in Figure 6.
The C abundances are listed in Table 4. Since the majority of
the stars are red giants, corrections to the measured carbon
abundances due to evolutionary effects have been computed
following V. M. Placco et al. (2014), and incorporated in the
reported abundances. Six stars are CEMP stars and they are
among the most metal-poor stars in the sample. We also
note the extremely low C abundance of the r-II star
2MASS J17045729+3720576, with [C/Fe]�−1.2 and
[Fe/H]=−2.45, making it an interesting target for follow-
up studies.

4.2. Light Elements

The odd-Z elements sodium and aluminum are mostly
synthesized during hydrogen burning in the Ne–Na cycle
(S. Cristallo et al. 2015), and via hydrostatic carbon and neon
burning in massive stars (K. Nomoto et al. 2013). In this study,
the Na abundances are derived from the Na I doublet D1 and
D2 at 5895Å and 5889Å. Non-LTE (NLTE) corrections for
Na have been computed by S. M. Andrievsky et al. (2007) and
K. Lind et al. (2011), and are around −0.10 dex, but they can
increase to −0.20 dex depending on the logg values for a given
metallicity regime. The abundances for Na are corrected by
−0.15 dex to account for the well-known NLTE effects. The
final Na distribution is shown in Figure 7. The LTE abundances
are listed in Table 6. The NLTE corrections are based on the
average values for the given metallicity of the stars and slight
deviations do not affect the final results.
Al abundances are estimated from the Al I resonance lines at

3961Å. Due to the poor SNR of the fainter stars, we could only
measure Al for 16 out of the 41 stars. The 1D NLTE
corrections were calculated from the calculations provided by
T. Nordlander & K. Lind (2017). We applied the corrections
based on each star’s Teff and glog , ranging from +0.5 dex for
stars at the base of the RGB to +1.1 dex for the coolest giants.
The LTE abundances are listed in Table 6. We employed
spectral synthesis for CEMP stars to account for blending of the
Al line with CH.
Among the light elements, we find a large scatter for Al, as

shown in the bottom panel of Figure 7. The Na and Al
abundances have been corrected for NLTE in this figure. The
scatter can partly be attributed to the larger uncertainties due to
the poor SNR in the blue region of the spectra. Both Na and Al
appear to follow the general trend found for metal-poor stars,
with Na showing a larger scatter while Al is mostly subsolar
toward the metal-poor end.

4.3. The α-elements

The α-elements are produced in both the pre-explosive and
explosive phases of CCSNe via several processes, such as
carbon, oxygen, and neon burning (A. Heger & S. E. Woos-
ley 2002; K. Nomoto et al. 2013). Transitions of oxygen are
very limited in the optical domain. The forbidden [O I] lines at
6300Å and 6363Å are largely dependent on gravity, and tend
to be very weak, particularly in metal-poor stars. We attempted
to measure the 6300Å feature in our spectra, but because it is
severely blended with telluric lines and suffers from consider-
able blends with Ni (C. Allende Prieto et al. 2001), no
detections were achieved.

Figure 2. Top panel: Heliocentric radial velocities for our sample stars
compared to the Gaia RVs. The black line is the one-to-one line. The diamond
symbols indicate potential binaries. Lower panel: differences between the two
quantities.
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Other α-elements—Mg, Si, Ca, and Ti—could be measured
for the program stars. For Mg, we refrained from using the
transitions at 5172Å and 5183Å, as they were too strong for a
reliable abundance estimation based on the EWs. We employed
the reliable, clean Mg lines at 4167Å, 4702Å, and 5528Å,
which provide consistent estimates of Mg for the majority of
the stars. For Si, we could not use the most prominent transition
of Si at 3905Å in many of the target stars due to the poor SNR,
and thus employed the other weaker transition at 4102Å
wherever we could detect it in the spectra. Calcium is another
very important indicator of α-element abundances, and we
could detect several transitions of Ca in the spectra for all the
stars. We did not use the resonance line at 4216Å, as it leads to
systematically lower Ca abundances (A. M. Matas Pinto et al.
2021). We could detect several clean features of Ti I and Ti II
for all the stars in this study; the derived abundances are listed
in Table 6.

Abundances for the α-elements are shown in Figure 8. The
metal-poor stars exhibit an elevated 〈[Mg/Fe]〉=+0.35, as
expected for halo stars (L. I. Mashonkina et al. 2019).
However, the CEMP star 2MASS J22175058+2104371 has
an overabundance of [Mg/Fe]=+0.86; this has also been
previously observed in other CEMP stars (W. Aoki et al. 2002).
For the metal-poor stars, their [Si/Fe] ratios show the usual
enhancement of [α/Fe]∼+0.4, albeit with large scatter. There
appears a gradual decrease with increasing [Fe/H] ([Fe/
H]�−1.0), marking the beginning of contributions from Type
Ia supernovae. The overall scatter tends to decrease with
increasing metallicity. The derived Ca abundance ratios varied
between [Ca/Fe]= 0.0 and +0.70. The mean 〈[Ca/Fe]〉=
+0.36 for the sample stars is consistent with the typical halo α-
enhancement of [α/Fe]=+0.40. The mean Ti abundances of
〈[Ti/Fe]〉=+0.34 follows the α-enhancement ratios of other
halo stars. However, Ti abundances show comparably little
scatter across the entire metallicity range of the program stars.

Table 2

Stellar Atmospheric Parameters of the Target Stars

LTE LTEcorr

Star ID Teff glog ξt [Fe/H] Teff glog ξt [Fe/H] σ[Fe I/H] NFe I NFe II

(K) (km s−1) (K) (km s−1) (dex)

2MASS J00125284+4726278 4400 0.03 1.91 −2.68 4630 0.82 2.01 −2.50 0.23 77 11
2MASS J01171437+2911580 4414 0.12 1.70 −2.72 4643 0.88 1.58 −2.60 0.21 92 14
2MASS J01261714+2620558 4875 2.74 1.21 −0.93 5057 3.28 1.33 −0.76 0.17 53 8
2MASS J02462013−1518418 4700 0.99 1.83 −3.10 4900 1.45 1.95 −2.90 0.13 83 10
2MASS J04051243+2141326 5396 1.60 2.03 −2.80 5526 1.91 1.88 −2.67 0.18 45 10
2MASS J04464970+2124561 5889 3.37 2.12 −1.96 5970 3.49 2.03 −1.88 0.24 57 10
2MASS J05455436+4420133 4358 0.41 1.54 −2.91 4592 1.24 1.66 −2.68 0.23 77 12
2MASS J06114434+1151292 4270 0.02 1.58 −2.95 4513 0.78 1.69 −2.72 0.18 71 9
2MASS J06321853+3547202 4877 1.45 0.90 −2.95 5059 1.80 1.06 −2.80 0.18 79 7
2MASS J07424682+3533180 4705 1.36 0.95 −2.90 4904 1.70 1.09 −2.79 0.15 60 7
2MASS J07532819+2350207 5276 2.10 0.71 −2.85 5418 2.30 0.92 −2.88 0.20 36 3
2MASS J08011752+4530033 4780 1.59 1.19 −3.02 4972 1.95 1.32 −2.90 0.19 89 10
2MASS J08203890+3619470 4327 0.66 1.48 −2.69 4564 1.46 1.54 −2.51 0.26 50 7
2MASS J08471988+3209297 4403 1.06 2.23 −2.47 4633 1.59 2.09 −2.30 0.21 54 7
2MASS J09092839+1704521 4709 1.63 1.10 −2.41 4914 2.15 1.24 −2.30 0.11 46 4
2MASS J09143307+2351544 4311 0.55 1.40 −3.45 4550 1.15 1.51 −3.25 0.21 71 12
2MASS J09185208+5107215 4890 1.00 1.44 −3.18 5071 1.39 1.57 −3.11 0.20 67 7
2MASS J09261148+1802142 4324 0.67 1.84 −2.97 4562 1.20 1.71 −2.70 0.25 73 7
2MASS J09563630+5953170 4205 0.65 2.85 −2.53 4454 1.15 2.77 −2.22 0.21 54 3
2MASS J10122279+2716094 4484 0.75 1.31 −2.52 4706 1.32 1.43 −2.46 0.24 70 11
2MASS J10542923+2056561 5029 3.22 1.08 −0.71 5196 3.58 3.12 −0.55 0.19 45 6
2MASS J11052721+3305150 5121 2.24 1.17 −3.12 5279 2.48 1.03 −3.00 0.24 54 4
2MASS J12131230+2506598 4605 0.70 1.40 −2.98 4814 0.95 1.57 −2.90 0.26 47 8
2MASS J12334194+1952177 4140 0.08 1.38 −3.10 4396 0.58 1.44 −3.00 0.26 75 8
2MASS J12445815+5820391 4173 0.10 1.57 −2.93 4425 0.90 1.63 −2.85 0.18 63 7
2MASS J13281307+5503080 5700 3.92 0.49 −0.19 5800 4.13 3.81 −0.14 0.18 41 5
2MASS J13525684+2243314 4503 1.37 1.91 −2.70 4723 1.95 1.52 −2.55 0.19 50 4
2MASS J13545109+3820077 4410 0.25 2.24 −2.83 4639 0.85 2.11 −2.70 0.14 61 7
2MASS J14245543+2707241 5900 3.72 3.02 −1.74 5980 3.95 2.87 −1.70 0.22 32 4
2MASS J14445238+4038527 4729 1.79 3.39 −2.56 4926 2.20 1.81 −2.45 0.23 34 3
2MASS J15442141+5735135 4404 0.26 1.80 −2.88 4550 1.15 1.71 −2.75 0.21 78 9
2MASS J16374570+3230413 4995 1.48 1.57 −2.57 5165 1.76 1.61 −2.45 0.22 82 11
2MASS J16380702+4059136 5138 2.90 1.02 −2.63 5294 3.25 2.74 −2.50 0.27 51 7
2MASS J16393877+3616077 5751 2.45 0.66 −1.93 5846 2.61 2.33 −1.95 0.26 47 6
2MASS J16451495+4357120 4598 0.98 2.16 −2.88 4808 1.40 1.04 −2.71 0.18 61 8
2MASS J17041197+1626552 4728 0.97 3.46 −2.79 4925 1.50 1.13 −2.66 0.21 46 8
2MASS J17045729+3720576 4628 2.10 2.12 −2.54 4835 2.55 2.01 −2.45 0.29 38 8
2MASS J17125701+4432051 4320 0.17 1.94 −2.87 4558 0.78 2.11 −2.70 0.17 77 8
2MASS J21463220+2456393 5786 2.80 2.00 −1.05 5685 2.98 1.85 −1.10 0.18 44 5
2MASS J22175058+2104371 5020 1.47 0.89 −3.16 5188 1.66 0.95 −3.07 0.28 43 7
2MASS J22424551+2720245 4798 1.56 1.12 −3.45 4988 1.98 1.12 −3.30 0.18 68 7

6

The Astrophysical Journal Supplement Series, 274:39 (24pp), 2024 October Bandyopadhyay et al.



Among the VMP/EMP stars, 2MASS J16380702+4059136
exhibits a slightly subsolar [Mg/Fe]=−0.03, a difference of
0.38 dex from the mean value. For several stars, the Mg
abundances are at the solar levels which is also significantly
lower than the usual α-enhanced halo stars. We selected the
VMP/EMP stars with lower Mg but normal Ca abundances
and marked them in blue in Figure 8. These are interesting
candidates for dedicated studies to understand the nature of the
progenitor supernovae.

4.4. Fe-peak Elements

The vast majority of the Fe-peak elements found in metal-
poor stars are synthesized by the incomplete (e.g., Cr and Mn)
and complete (e.g., Co and Ni) combustion of silicon in Type II
supernovae (T. Nakamura et al. 1999; P. E. Nissen et al. 2023).
However, Type Ia supernovae can also contribute the Fe-peak

elements, particularly in the case of stars at the metal-rich end
of the present sample. The derived LTE abundances for all the
detected Fe-peak elements are listed in Table 7, and the
distribution is shown in Figure 9; the derived abundances have
not been corrected for NLTE effects. The expected range of
corrections are provided as a reference for the reader. Hyperfine
structure was taken into account for the Fe-peak elements Sc,
V, Mn, and Co as necessary, and spectral synthesis was used to
derive the abundances for those lines.
Among the Fe-peak elements, Sc is produced by supernovae

of varying mass ranges. Sc production in CCSNe peaks for
progenitors around 20Me (2.0× 10−5Me), varying from
1.0× 10−5Me at 15Me to 1.2× 10−5Me at 30Me, influen-
cing the chemical evolution of its natal subhalo, which also
depends on the IMF and star formation history (S. E. Woosley
& T. A. Weaver 1995; K. Nomoto et al. 2013). Scandium
abundances were derived from multiple lines, with the
transition at 4254Å being the most prominent. The distribu-
tions of Fe-peak element abundances is shown in Figure 9. The
derived Sc abundances of the sample stars exhibit a large
scatter, indicating that the parent gas cloud had contributions
from a wide range of supernovae masses (A. Chieffi &
M. Limongi 2002). However, the trend for the [Sc/Fe] ratio
stays mostly constant, with a slight increase toward the metal-
rich end of our sample. It was difficult to obtain clean V II lines
in the spectra, although we could detect V I lines for many of
the stars. The V I lines are known to be strongly affected by
NLTE effects (M. Bergemann & G. Cescutti 2010). The [V/
Fe] ratio exhibits a large scatter, which decreases as metallicity
increases, until around [Fe/H]=−2.0, after which it flat-
tens out.
Multiple Cr I lines could be detected in the spectra, including

the stronger ones at 4646Å and 5206Å. Derived abundances
are known to suffer from large NLTE effects (M. Bergemann &
G. Cescutti 2010). We could also measure Cr II lines in some of
the evolved stars. A mean difference of 0.25 dex was obtained
between the Cr I and Cr II lines in the current sample, consistent
with previous studies (e.g., P. Bonifacio et al. 2009;
J. J. Cowan et al. 2020; C. Sneden et al. 2023). The [Cr/Fe]
ratio displays a very tight correlation with [Fe/H]; it slightly
increases with increasing [Fe/H] at the lowest metallicities, and
then remains roughly constant above [Fe/H]=−2.0. The Mn
abundances for most stars were derived by employing the
resonance Mn triplet at 4030Å and an additional line at
4823Å. Other weaker features are taken into account only
when the SNR is too low in the 4030Å region to measure
meaningful abundances. However, these lines are prone to 3D
and NLTE corrections ranging from 0.3 to 0.6 dex, as reported
by M. Bergemann et al. (2019). We could not detect any Mn II
lines in the spectra. The [Mn/Fe] ratio also exhibits a large
dispersion, with a slight increase in [Mn/Fe] with increasing
metallicity. These trends for Cr and Mn have been reported for
other samples of metal-poor stars (R. Cayrel et al. 2004;
D. K. Lai et al. 2008; A. Bandyopadhyay et al. 2018;
C. Sneden et al. 2023). They may indicate deeper mass cuts in
the progenitor supernovae, and a dependence of a neutron
excess on metallicity (A. Heger & S. E. Woosley 2010;
K. Nomoto et al. 2013).
Abundances for Co were mostly derived from the features at

3995Å and 4121Å; we have been able to at least measure
upper limits for the sample stars. The [Co/Fe] ratios in our
sample stars exhibit a large dispersion, accompanied by a slight

Figure 3. Metallicity distribution of our sample of stars, shown as the red
histogram. Stars from all other previous RPA data releases are shown in the
background (light-blue) histogram. The current sample spans a metallicity
range of −3.3 � [Fe/H] � −0.2, with a peak at [Fe/H] = −2.8.

Figure 4. The HR diagram showing the sample stars color coded by
metallicity, as indicated by the color bar. The stellar evolutionary tracks
correspond to ages of 12 (blue-dotted lines) and 13 Gyr (green-dotted lines) for
a metallicity of [Fe/H] = −2.3.
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decrease with increasing metallicity. Cobalt is particularly
overproduced relative to Fe in short-lived massive stars during
the explosion. Ni is expected to track the Fe content. The mean

abundance ratio for Ni is 〈[Ni/Fe]〉=+0.10 for the sample.
The observed scatter for Ni is significantly less pronounced
than for the other Fe-peak elements. The [Ni/Fe] ratio for our
sample stars maintains a tight correlation with [Fe/H], which
hardly varies over the entire metallicity range. This might be
expected, as Ni and Fe are synthesized in the same region, and
hence it is very difficult to change the ratio (C. Kobayashi et al.
2020). However, we find that the EMP star 2MASS J07532819
+2350207 has a very high ratio of [Ni/Fe]=+0.86,
accompanied by elevated Co and Zn abundances. Copper
abundances could be derived for very few stars in our sample
using the 5105.5Å line. While typically classified as a Fe-peak
element, it is noteworthy that significant quantities of Cu can
also be synthesized through the weak s-process (M. Pignatari
et al. 2010; N. Nishimura et al. 2017). The sample size is
insufficient to derive a significant trend for Cu with metallicity.
The [Cu/Fe] ratio varies between +0.5 and −0.5 for the metal-
poor stars in the sample, consistent with previous studies. Zinc
is produced in the deepest layers of CCSNe, and is enhanced
for HNe with higher explosion energy (C. Kobayashi et al.
2020). Zn is an important element to constrain the mass range
of the progenitor supernovae, and could be detected in the
majority of our sample stars. We have employed the only two
useful lines of Zn at 4722Å and 4810Å for determining the
abundances. The [Zn/Fe] ratios tend to decrease with
increasing metallicity. This is also expected, as the yields of
Zn decrease for less-massive supernovae at higher metallicities.

Figure 5. Example spectral synthesis for the region of the molecular CH G-band. The red line shows the best-fit synthetic spectrum to the data (black dots). The blue
and green lines mark deviations by ±0.25 dex. The black line corresponds to the absence of carbon.

Figure 6. Distribution of carbon, as a function of metallicity, [Fe/H]. The red
stars denote the abundances of the stars in this study. The sample of stars from
JINABASE (A. Abohalima & A. Frebel 2018), including D. Yong et al.
(2013), I. U. Roederer et al. (2014b), C. M. Sakari et al. (2018), T. T. Hansen
et al. (2018), R. Ezzeddine et al. (2020), and E. M. Holmbeck et al. (2020), are
shown with gray dots. The blue-dashed line indicates the level above which
stars are considered to be CEMP stars. The Mg-poor VMP stars, and the
globular cluster escapee are marked in blue and green, respectively. Typical
error bars are indicated at the bottom right in the panel.
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Figure 7. Distribution of the odd-Z light elements Na and Al, as a function of metallicity, [Fe/H]. The red stars denote the LTE abundances of the stars in this study;
filled downward-black triangles represent the derived upper limits. The individual elements are marked on the panels. The sample of stars from JINABASE
(A. Abohalima & A. Frebel 2018), including D. Yong et al. (2013), I. U. Roederer et al. (2014b), C. M. Sakari et al. (2018), and R. Ezzeddine et al. (2020), are shown
with gray dots. The Mg-poor VMP stars, and the globular cluster escapee are marked in blue and green, respectively. Typical error bars are indicated at the bottom
right in each panel.

Figure 8. Distribution of the α-elements Mg, Si, Ca, and Ti, as a function of metallicity, [Fe/H]. The symbols and sources of literature data are the same as in
Figure 7. Typical error bars are indicated at the bottom right in each panel.
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4.5. Neutron-capture Elements

Among the neutron-capture elements, we could derive the
abundances and meaningful upper limits for Sr, Ba, and Eu, as
described below. Example syntheses of Sr, Ba, and Eu for r-I, r-II,
and other EMP stars are shown in Figure 10. Best fits to key lines
are shown with red lines. Deviations of ±0.20 dex are marked by
the blue and green lines. The black lines indicate the absence of a
given element. Based on the resulting abundances, we classify the
objects as limited-r r-I, r-II, or EMP/VMP stars.

4.5.1. Strontium

Strontium has a complex nucleosynthesis history, but is
largely contributed by the r-process at low metallicities. The
contribution from the s-process (M. Lugaro et al. 2012;
A. I. Karakas & M. Lugaro 2016) rises as the metallicity
increases (e.g most of the solar abundance of Sr comes from the
s-process (N. Prantzos et al. 2020)). For the r-process origin of
Sr, it is hypothesized to be produced during the explosion

phase of magnetorotationally driven supernovae as well as in
NSMs (M. Reichert et al. 2021; A. Perego et al. 2022). Indeed,
it was the first neutron-capture element to have been detected in
the NSM GW170817 (B. P. Abbott et al. 2017; D. Watson
et al. 2019; N. Domoto et al. 2022). Strontium can also be
produced via the s-process in intermediate-mass AGB stars and
weak s-process in massive stars (M. Pignatari et al. 2010;
B. J. Norfolk et al. 2019). The abundances of Sr for our sample
stars are derived by fitting the 4077Å resonance line and the
strong 4215Å line, wherever possible, with spectrum synth-
esis. For a few stars, we noticed saturation of the 4077Å
feature or blending of the 4215Å line. In those cases, the lines
were not employed to derive the final abundances for those
stars. The Sr abundances for our sample stars are listed in
Table 4.

4.5.2. Barium

Barium is one of the most widely studied species among the
neutron-capture elements. It is produced by both the s-process

Figure 9. Distribution of the Fe-peak elements formed by incomplete Si burning, as a function of metallicity, [Fe/H]. The symbols are the same as in Figure 6. Typical
error bars are indicated at the bottom right in each panel.
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in AGB stars via thermal pulsations as in the case for Sr
(M. Lugaro et al. 2012; S. Cristallo et al. 2015; A. I. Karakas &
M. Lugaro 2016; J. W. den Hartogh et al. 2023) and the r-
process via explosive events (G. E. Duggan et al. 2018;
G. Cescutti et al. 2021; J. J. Cowan et al. 2021). It can also be
produced in the i-process (A. Choplin et al. 2021) and possible
weak s-process in rotating massive stars (U. Frischknecht et al.
2015; A. I. Karakas & M. Lugaro 2016). However, the r-
process is expected to be the dominant contributor at the lowest
metallicities, with increasing contributions from the s-process
with increasing metallicity (J. Simmerer et al. 2004; L. Magrini
et al. 2018) over cosmic times. Barium abundances have been
derived for our sample stars by spectrum fitting of three
prominent features at 4554Å, 4934Å, and 6141Å. The 4934Å
feature is more difficult to analyze, as it yields larger
uncertainties due to significant Fe blends in the line wings
(A. J. Gallagher et al. 2010). As a result, this line is discarded
whenever the derived abundances deviate strongly from the
other two features. The r-process isotope ratios from C. Sneden
et al. (2008) were adopted for the spectral analysis. NLTE
effects have been studied by S. A. Korotin et al. (2018), and are
usually less than 0.1 dex for the line at 4554Å at the given
metallicity. However, for most of the stars, we note a good
convergence of the derived Ba abundances from all three
features. The final measured values are listed in Table 4.

4.5.3. Europium

At low metallicities, Eu is exclusively produced by the r-
process, and NSMs are expected to be one of the primary sites
for production of Eu (B. Côté et al. 2018; M. Cain et al. 2018;
E. M. Holmbeck & J. J. Andrews 2024). Even at solar
metallicities, the majority of Eu is produced by the r-process
(I. Bartos & S. Márka 2019; H. Schatz et al. 2022). We derived
the abundances using spectral synthesis of the line at 4129Å,
which is the strongest Eu line in the observed wavelength
range. We also detected a weaker line at 4205Å in a few stars,
but most of the final abundances listed in Table 4 are based on
the feature at 4129Å. However, due to the low SNR of the
spectra, this line could not be measured for all of the stars;
meaningful upper limits could be obtained in these cases.
The trends for the neutron-capture elements, and the [Sr/Ba]

ratio, as functions of metallicity, are shown in Figure 11. They
exhibit similarities in the individual trends with metallicity. The
majority of our sample stars exhibit subsolar Sr and Ba
abundances at low metallicities, which slightly increases and
stabilizes around [Sr/Fe, Ba/Fe]= 0.0 at metallicities higher
than [Fe/H]=−2.0.
The levels of Eu used to define the r-I (+0.3< [Eu/

Fe]�+0.7) and r-II ([Eu/Fe]>+0.7) stars by E. M. Holmb-
eck et al. (2020) are shown with dashed lines in the figure. The

Figure 10. Example spectral syntheses for lines of key r-process elements Sr, Ba, and Eu for 2MASS J02462013−1518418, 2MASS J06321853+3547202, and
2MASS J09143307+231544, which are r-II, r-I, and EMP stars, respectively. The red line indicates the best-fit synthetic spectrum; blue and green lines mark
deviations by ±0.20 dex. The black line corresponds to the absence of the given element.
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r-I and r-II stars are also defined to have [Ba/Eu]< 0, which
applies for most of the current sample of stars with enhanced
Eu, as shown in Table 4. However, we also note the presence of

several interlopers with s-process or r/s-process dominance,
identified by [Ba/Eu]> 0 in the sample.

4.6. Uncertainties

Abundance uncertainties can be attributed to two primary
sources: the SNRs of the observed spectra and associated quality
of the line fit, and the uncertainties in the derived stellar
parameters. To assess the impact of the SNR, we employ
Equation (6) from R. Cayrel (1988) to estimate the associated
uncertainties in our abundance determinations as outlined in
A. Bandyopadhyay et al. (2022). The computed uncertainties
based on the SNR are on the lower side, typically less than
0.1 dex. The stellar parameters are known to suffer from
systematic uncertainties, which are computed as outlined in
A. P. Ji et al. (2016) and R. Ezzeddine et al. (2020). These
uncertainties are estimated for variations of 150 K in Teff,
0.25 dex in logg, and 0.2 km s−1 in microturbulent velocity.
Additionally, we calculate the uncertainties in metallicity
([Fe/H]) based on the standard deviations in the abundances of
Fe I and Fe II lines. As an example, these systematic uncertainties
for 2MASS J02462013−1518418 are provided in Table 3. The
uncertainties are combined in quadrature to determine the total
systematic uncertainty in the abundance measurements.

Figure 11. Distribution of the neutron-capture element abundances for Sr, Ba, and Eu, and the ratio [Sr/Ba], as a function of metallicity, [Fe/H]. The symbols are the
same as in Figure 6. The error bars are indicated at the bottom right in each panel. The red- and blue-dashed lines represent the limit for the r-II stars at [Eu/
Fe] = +0.7, and r-I stars at [Eu/Fe] = +0.3, respectively.

Table 3

Example Systematic Uncertainties for 2MASS J02462013−1518418

Element ΔTeff Δ glog Δνmicr Total
(dex) (dex) (dex) (dex)

CH (syn) +0.19 −0.07 −0.02 0.20
Na I +0.14 −0.05 −0.07 0.16
Mg I +0.11 −0.07 −0.02 0.13
Al I +0.15 −0.09 −0.09 0.20
Si I +0.11 −0.03 −0.04 0.12
Ca I +0.13 −0.04 −0.07 0.15
Sc II (syn) +0.10 +0.05 −0.06 0.13
Ti I +0.19 −0.02 −0.03 0.19
Ti II +0.08 +0.06 −0.05 0.11
V II +0.09 +0.04 −0.06 0.12
Cr I +0.19 −0.03 −0.08 0.21
Mn I +0.28 −0.04 −0.04 0.29
Co I (syn) +0.20 −0.07 −0.03 0.21
Ni I +0.16 −0.05 −0.08 0.19
Sr II (syn) +0.18 +0.08 −0.09 0.22
Ba II (syn) +0.17 +0.09 −0.10 0.22
Eu II (syn) +0.13 +0.11 +0.06 0.18
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Table 4

Select Abundances and Classification of Program Stars

Star Name [Fe/H] [C/Fe]a Δ[C/Fe]corr
b [Mg/Fe] [Sr/Fe] [Ba/Fe] [Eu/Fe] [Ba/Eu] Classification

2MASS J00125284+4726278 −2.50 −0.52 0.76 +0.38 −0.07 ± 0.17 −0.33 ± 0.16 ... ... VMP
2MASS J01171437+2911580 −2.60 −1.02 0.77 +0.49 −0.05 ± 0.19 −0.28 ± 0.21 −0.61 ± 0.18 +0.33 VMP
2MASS J01261714+2620558 −0.76 −0.50 0.02 −0.24 +0.27 ± 0.16 0.00 ± 0.16 +0.23 ± 0.18 −0.23 MP
2MASS J02462013−1518418 −2.90 +0.10 0.42 +0.47 +0.30 ± 0.18 +0.79 ± 0.20 +1.10 ± 0.24 −0.31 r-II
2MASS J04051243+2141326 −2.67 +0.16 0.35 +0.39 +0.18 ± 0.22 +0.19 ± 0.17 +0.70 ± 0.24 −0.51 r-I
2MASS J04464970+2124561 −1.88 +1.04 0.00 −0.13 −0.83 ± 0.16 +1.70 ± 0.22 <+0.55 ... Mg-poor, CEMP-s
2MASS J05455436+4420133 −2.68 −0.94 0.76 +0.27 −1.10 ± 0.25 −0.65 ± 0.26 ... ... VMP
2MASS J06114434+1151292 −2.72 −0.98 0.76 +0.17 −0.80 ± 0.21 −0.60 ± 0.22 +0.03 ± 0.18 −0.63 Mg-poor, VMP
2MASS J06321853+3547202 −2.80 −0.39 0.53 +0.29 −0.93 ± 0.25 −1.37 ± 0.22 +0.46 ± 0.19 −1.83 r-I, VMP
2MASS J07424682+3533180 −2.79 −0.30 0.54 +0.33 −0.36 ± 0.16 +0.29 ± 0.16 <+0.19 ... VMP
2MASS J07532819+2350207 −2.88 +0.23 0.01 +0.04 <−0.64 <−1.11 <−0.54 ... Mg-poor, VMP
2MASS J08011752+4530033 −2.98 −0.01 0.33 +0.43 −0.11 ± 0.16 −0.13 ± 0.20 +0.35 ± 0.16 −0.48 r-I, EMP
2MASS J08203890+3619470 −2.51 −1.28 0.77 +0.21 −0.52 ± 0.22 +0.12 ± 0.23 −0.15 ± 0.127 +0.27 VMP
2MASS J08471988+3209297 −2.30 −1.04 0.75 +0.07 +0.41 ± 0.16 +0.61 ± 0.16 −0.23 ± 0.17 +0.84 Mg-poor, VMP
2MASS J09092839+1704521 −2.30 −0.47 0.39 +0.37 −0.01 ± 0.17 −0.49 ± 0.19 ... ... VMP
2MASS J09143307+2351544 −3.25 −0.75 0.72 +0.43 +0.17 ± 0.20 −0.91 ± 0.16 −0.06 ± 0.22 −0.85 Limited-r, EMP
2MASS J09185208+5107215 −3.11 +0.31 0.71 +0.32 −0.19 ± 0.21 −1.12 ± 0.24 <+0.65 ... CEMP-no
2MASS J09261148+1802142 −2.70 −0.71 0.76 +0.37 −0.96 ± 0.15 −0.79 ± 0.16 <−0.04 ... VMP
2MASS J09563630+5953170 −2.22 −1.01 0.78 +0.22 ... −0.36 ± 0.16 −0.53 ± 0.16 +0.17 VMP
2MASS J10122279+2716094 −2.46 −0.56 0.77 +0.39 −0.24 ± 0.19 −0.28 ± 0.18 −0.07 ± 0.16 −0.21 VMP
2MASS J10542923+2056561 −0.55 −0.43 0.02 −0.34 +0.20 ± 0.21 +0.15 ± 0.22 +1.38 ± 0.19 −1.23 r-II, MP
2MASS J11052721+3305150 −3.00 −0.21 0.00 +0.33 −1.03 ± 0.18 −0.30 ± 0.16 <−0.27 ... EMP, GCE
2MASS J12131230+2506598 −2.90 −0.67 0.75 +0.40 +0.27 ± 0.19 −0.38 ± 0.26 ... ... EMP
2MASS J12334194+1952177 −3.00 −0.89 0.75 +0.63 ... −2.05 ± 0.22 <−0.31 ... EMP
2MASS J12445815+5820391 −2.84 −0.98 0.76 +0.38 −0.42 ± 0.23 +0.55 ± 0.21 +0.32 ± 0.17 +0.23 VMP
2MASS J13281307+5503080 −0.14 −0.22 0.00 −0.04 <−0.81 +0.46 ± 0.16 <+0.39 ... MP
2MASS J13525684+2243314 −2.55 −1.09 0.55 +0.40 ... −1.34 ± 0.20 ... ... VMP
2MASS J13545109+3820077 −2.70 −0.55 0.76 +0.58 −0.80 ± 0.16 −0.17 ± 0.22 −0.36 ± 0.26 +0.19 VMP
2MASS J14245543+2707241 −1.70 +0.51 0.00 −0.26 ... −0.17 ± 0.19 <−0.04 ... Mg-poor, VMP
2MASS J14445238+4038527 −2.45 −0.16 0.20 +0.29 ... −0.44 ± 0.18 <+0.29 ... VMP
2MASS J15442141+5735135 −2.75 −0.30 0.75 +0.35 −0.97 ± 0.22 −0.70 ± 0.16 +0.04 ± 0.26 −0.74 VMP
2MASS J16374570+3230413 −2.45 −0.26 0.48 +0.28 −0.57 ± 0.16 −0.61 ± 0.17 ... ... VMP
2MASS J16380702+4059136 −2.50 −0.42 0.01 −0.10 +0.86 ± 0.16 +1.27 ± 0.19 +1.62 ± 0.16 −0.35 r-II, Mg-poor
2MASS J16393877+3616077 −1.95 −0.07 0.01 −0.25 +0.54 ± 0.17 +0.11 ± 0.15 ... ... MP
2MASS J16451495+4357120 −2.71 −0.03 0.74 +0.28 ... −1.13 ± 0.16 −0.21 ± 0.16 −0.92 CEMP-no
2MASS J17041197+1626552 −2.66 +0.03 0.73 +0.28 ... −0.31 ± 0.22 +0.62 ± 0.16 −0.93 CEMP-no
2MASS J17045729+3720576 −2.45 −1.20 0.01 +0.25 −0.85 ± 0.18 +0.34 ± 0.16 +0.80 ± 0.19 −0.46 r-II, VMP
2MASS J17125701+4432051 −2.70 −0.78 0.76 +0.29 −0.14 ± 0.16 −0.60 ± 0.22 −0.06 ± 0.21 −0.54 VMP
2MASS J21463220+2456393 −1.05 −0.04 0.02 +0.10 −0.07 ± 0.20 +0.46 ± 0.23 +0.30 ± 0.16 +0.16 MP
2MASS J22175058+2104371 −3.07 +1.09 0.38 +0.86 ... <−0.96 <+0.55 ... Mg-rich, CEMP-no
2MASS J22424551+2720245 −3.30 −0.37 0.27 +0.24 ... <−1.58 ... ... EMP

Notes.
a Indicates derived abundance before correction.
b Indicates correction for evolutionary effects from V. M. Placco et al. (2014). This value should be added to the “as observed” [C/Fe] value in order to obtain the corrected [C/Fe] abundance.
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Table 5

Atomic Line Properties, Equivalent Widths, Absolute Abundances (before Corrections), and Measurement Uncertainties of the Target Stars

Star ID Species λ χ gflog EW EW Error A(X)

(Å) (eV) (mÅ) (mÅ)

2MASS J22424551+2720245 Na I 5889.950 0.000 0.110 67.01 0.40 2.452
2MASS J22424551+2720245 Na I 5895.920 0.000 −0.190 50.84 0.35 2.452
2MASS J22424551+2720245 Mg I 4167.270 4.350 −0.740 14.32 0.21 4.627
2MASS J22424551+2720245 Mg I 4702.990 4.330 −0.440 28.11 0.42 4.650
2MASS J22424551+2720245 MgI 5528.400 4.350 −0.550 18.05 0.34 4.509
2MASS J22424551+2720245 Al I 3961.520 0.010 −0.330 57.53 0.45 1.967
2MASS J22424551+2720245 Si I 5948.540 5.080 −1.230 18.55 0.47 5.947
2MASS J22424551+2720245 Ca I 4283.010 1.890 −0.200 25.47 0.50 3.457
2MASS J22424551+2720245 Ca I 4434.960 1.890 −0.060 27.07 0.37 3.345
2MASS J22424551+2720245 Ca I 4435.690 1.890 −0.550 5.65 0.18 3.005
2MASS J22424551+2720245 Ca I 4454.780 1.900 0.260 31.93 0.30 3.148
2MASS J22424551+2720245 Ca I 5588.760 2.520 0.300 16.64 0.48 3.342
2MASS J22424551+2720245 Ca I 5601.290 2.530 −0.570 2.12 0.12 3.236
2MASS J22424551+2720245 Ca I 6122.220 1.890 −0.330 20.01 0.73 3.351
2MASS J22424551+2720245 Ca I 6162.170 1.900 −0.110 32.62 0.32 3.453
2MASS J22424551+2720245 Ca I 6439.070 2.520 0.330 17.76 0.48 3.322
2MASS J22424551+2720245 Sc II 4246.820 0.320 0.240 77.72 0.31 0.248
2MASS J22424551+2720245 Sc II 4320.730 0.600 −0.250 33.88 0.44 −0.178
2MASS J22424551+2720245 Sc II 4324.980 0.590 −0.440 47.90 0.30 0.322
2MASS J22424551+2720245 Sc II 4400.390 0.600 −0.540 49.13 0.52 0.452
2MASS J22424551+2720245 Sc II 4670.410 1.360 −0.580 4.76 0.13 −0.074
2MASS J22424551+2720245 Sc II 5031.010 1.360 −0.400 16.40 0.35 0.328
2MASS J22424551+2720245 Sc II 5526.790 1.770 0.020 8.85 0.31 0.031
2MASS J22424551+2720245 Ti I 4512.730 0.840 −0.400 1.55 0.15 1.663
2MASS J22424551+2720245 Ti I 4548.760 0.830 −0.280 7.07 0.15 2.219
2MASS J22424551+2720245 Ti I 4681.910 0.050 −1.010 8.70 0.24 2.151
2MASS J22424551+2720245 Ti I 4981.730 0.840 0.570 28.81 0.55 2.120
2MASS J22424551+2720245 Ti I 4991.070 0.840 0.450 13.21 0.37 1.781
2MASS J22424551+2720245 Ti II 4337.910 1.080 −0.960 50.82 0.30 1.878
2MASS J22424551+2720245 Ti II 4399.770 1.240 −1.200 37.10 0.28 1.960
2MASS J22424551+2720245 Ti II 4417.710 1.170 −1.190 28.99 0.22 1.680
2MASS J22424551+2720245 Ti II 4444.550 1.120 −2.200 8.98 0.18 1.971
2MASS J22424551+2720245 Ti II 4450.480 1.080 −1.520 22.96 0.35 1.751
2MASS J22424551+2720245 Ti II 4501.270 1.120 −0.770 58.79 0.29 1.926
2MASS J22424551+2720245 Ti II 4571.970 1.570 −0.310 53.76 0.31 1.835
2MASS J22424551+2720245 Ti II 4708.660 1.240 −2.350 3.61 0.17 1.811
2MASS J22424551+2720245 Ti II 5129.160 1.890 −1.340 4.08 0.16 1.569
2MASS J22424551+2720245 Ti II 5188.690 1.580 −1.050 18.96 0.19 1.683
2MASS J22424551+2720245 V I 4389.980 0.280 0.220 15.38 0.22 1.491
2MASS J22424551+2720245 V II 3997.110 1.480 −1.200 12.33 0.16 1.481
2MASS J22424551+2720245 V II 4023.380 1.800 −0.610 19.71 0.17 1.511
2MASS J22424551+2720245 Cr I 4274.800 0.000 −0.220 49.17 0.21 1.709
2MASS J22424551+2720245 Cr I 5206.040 0.940 0.020 25.91 0.31 1.889
2MASS J22424551+2720245 Cr I 5298.280 0.980 −1.140 7.53 0.27 2.417
2MASS J22424551+2720245 Cr I 5345.800 1.000 −0.950 7.59 0.28 2.252
2MASS J22424551+2720245 Cr II 4588.200 4.070 −0.650 4.47 0.20 2.503
2MASS J22424551+2720245 Mn I 4030.750 0.000 −0.500 36.00 0.26 0.990
2MASS J22424551+2720245 Mn I 4033.060 0.000 −0.650 40.95 0.26 1.262
2MASS J22424551+2720245 Mn I 4034.480 0.000 −0.840 38.42 0.42 1.388
2MASS J22424551+2720245 Fe I 4132.060 1.610 −0.680 67.70 0.32 4.142
2MASS J22424551+2720245 Fe I 4143.870 1.560 −0.510 82.33 0.27 4.398
2MASS J22424551+2720245 Fe I 4181.760 2.830 −0.370 22.61 0.18 3.923
2MASS J22424551+2720245 Fe I 4187.040 2.450 −0.560 39.55 0.27 4.110
2MASS J22424551+2720245 Fe I 4187.800 2.420 −0.510 35.70 0.27 3.933
2MASS J22424551+2720245 Fe I 4191.430 2.470 −0.670 28.48 0.32 3.970
2MASS J22424551+2720245 Fe I 4216.180 0.000 −3.360 40.93 0.25 4.151
2MASS J22424551+2720245 Fe I 4238.810 3.400 −0.230 23.13 0.57 4.426
2MASS J22424551+2720245 Fe I 4250.120 2.470 −0.380 41.46 0.30 3.993
2MASS J22424551+2720245 Fe I 4250.790 1.560 −0.710 75.47 0.28 4.353
2MASS J22424551+2720245 Fe I 4260.470 2.400 0.080 68.83 0.30 4.215
2MASS J22424551+2720245 Fe I 4271.150 2.450 −0.340 41.63 0.27 3.932
2MASS J22424551+2720245 Fe I 4282.400 2.180 −0.780 40.96 0.39 4.063
2MASS J22424551+2720245 Fe I 4352.730 2.220 −1.290 19.63 0.32 4.055
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Table 5

(Continued)

Star ID Species λ χ gflog EW EW Error A(X)

(Å) (eV) (mÅ) (mÅ)

2MASS J22424551+2720245 Fe I 4415.120 1.610 −0.620 81.94 0.31 4.473
2MASS J22424551+2720245 Fe I 4427.310 0.050 −2.920 68.85 0.28 4.592
2MASS J22424551+2720245 Fe I 4430.610 2.220 −1.730 21.92 0.60 4.553
2MASS J22424551+2720245 Fe I 4442.340 2.200 −1.230 28.73 0.29 4.208
2MASS J22424551+2720245 Fe I 4447.720 2.220 −1.360 16.17 0.47 4.004
2MASS J22424551+2720245 Fe I 4461.650 0.090 −3.190 60.69 0.35 4.609
2MASS J22424551+2720245 Fe I 4466.550 2.830 −0.600 20.99 0.29 4.082
2MASS J22424551+2720245 Fe I 4489.740 0.120 −3.900 24.04 0.25 4.377
2MASS J22424551+2720245 Fe I 4494.560 2.200 −1.140 26.07 0.30 4.046
2MASS J22424551+2720245 Fe I 4531.150 1.480 −2.100 22.62 0.34 4.094
2MASS J22424551+2720245 Fe I 4592.650 1.560 −2.460 16.33 0.29 4.350
2MASS J22424551+2720245 Fe I 4602.940 1.490 −2.210 26.03 0.54 4.302
2MASS J22424551+2720245 Fe I 4733.590 1.490 −2.990 4.61 0.17 4.160
2MASS J22424551+2720245 Fe I 4736.770 3.210 −0.670 7.44 0.20 4.010
2MASS J22424551+2720245 Fe I 4871.320 2.870 −0.340 36.12 0.37 4.219
2MASS J22424551+2720245 Fe I 4872.140 2.880 −0.570 27.81 0.40 4.260
2MASS J22424551+2720245 Fe I 4882.140 3.420 −1.480 4.50 0.19 4.809
2MASS J22424551+2720245 Fe I 4890.760 2.880 −0.380 21.89 0.36 3.914
2MASS J22424551+2720245 Fe I 4891.490 2.850 −0.110 38.02 0.26 4.009
2MASS J22424551+2720245 Fe I 4910.020 3.400 −1.280 3.75 0.13 4.502
2MASS J22424551+2720245 Fe I 4918.990 2.860 −0.340 26.40 0.23 3.969
2MASS J22424551+2720245 Fe I 4920.500 2.830 0.070 51.78 0.36 4.138
2MASS J22424551+2720245 Fe I 4938.810 2.880 −1.080 9.99 0.37 4.182
2MASS J22424551+2720245 Fe I 4939.690 0.860 −3.250 21.77 0.62 4.477
2MASS J22424551+2720245 Fe I 4994.130 0.920 −2.970 22.47 0.37 4.281
2MASS J22424551+2720245 Fe I 5001.860 3.880 −0.010 8.26 0.16 4.132
2MASS J22424551+2720245 Fe I 5005.710 3.880 −0.120 18.38 0.41 4.665
2MASS J22424551+2720245 Fe I 5006.120 2.830 −0.620 19.32 0.32 4.015
2MASS J22424551+2720245 Fe I 5051.630 0.920 −2.760 31.13 0.34 4.285
2MASS J22424551+2720245 Fe I 5123.720 1.010 −3.060 13.41 0.26 4.172
2MASS J22424551+2720245 Fe I 5127.360 0.920 −3.250 21.15 0.67 4.515
2MASS J22424551+2720245 Fe I 5131.470 2.220 −2.520 4.11 0.14 4.441
2MASS J22424551+2720245 Fe I 5150.840 0.990 −3.040 15.21 0.30 4.196
2MASS J22424551+2720245 Fe I 5151.910 1.010 −3.320 7.88 0.28 4.164
2MASS J22424551+2720245 Fe I 5166.280 0.000 −4.120 21.03 0.47 4.315
2MASS J22424551+2720245 Fe I 5202.340 2.180 −1.870 7.09 0.24 3.998
2MASS J22424551+2720245 Fe I 5215.180 3.270 −0.860 14.37 0.75 4.573
2MASS J22424551+2720245 Fe I 5216.270 1.610 −2.080 20.28 0.38 4.105
2MASS J22424551+2720245 Fe I 5217.390 3.210 −1.070 8.88 0.20 4.470
2MASS J22424551+2720245 Fe I 5232.940 2.940 −0.060 32.69 0.38 3.915
2MASS J22424551+2720245 Fe I 5266.560 3.000 −0.380 18.17 0.34 3.916
2MASS J22424551+2720245 Fe I 5281.790 3.040 −0.830 10.45 0.26 4.116
2MASS J22424551+2720245 Fe I 5283.620 3.240 −0.450 14.66 0.28 4.138
2MASS J22424551+2720245 Fe I 5341.020 1.610 −1.950 25.10 0.37 4.099
2MASS J22424551+2720245 Fe I 5371.490 0.960 −1.640 90.69 0.33 4.869
2MASS J22424551+2720245 Fe I 5397.130 0.920 −1.980 69.21 0.41 4.486
2MASS J22424551+2720245 Fe I 5405.770 0.990 −1.850 79.74 0.37 4.771
2MASS J22424551+2720245 Fe I 5415.200 4.390 0.640 14.07 0.54 4.303
2MASS J22424551+2720245 Fe I 5497.520 1.010 −2.820 24.65 0.35 4.258
2MASS J22424551+2720245 Fe I 5501.470 0.960 −3.050 24.65 0.43 4.430
2MASS J22424551+2720245 Fe I 5506.780 0.990 −2.790 29.47 0.32 4.324
2MASS J22424551+2720245 Fe I 5586.760 3.370 −0.110 21.58 1.21 4.150
2MASS J22424551+2720245 Fe I 5662.520 4.180 −0.410 7.40 0.26 4.786
2MASS J22424551+2720245 Fe II 4178.860 2.580 −2.510 16.20 0.25 4.182
2MASS J22424551+2720245 Fe II 4515.340 2.840 −2.600 10.21 0.14 4.294
2MASS J22424551+2720245 Fe II 4555.890 2.830 −2.400 19.87 0.42 4.442
2MASS J22424551+2720245 Fe II 4583.830 2.810 −1.940 34.39 0.49 4.333
2MASS J22424551+2720245 Fe II 4620.520 2.830 −3.210 2.02 0.14 4.130
2MASS J22424551+2720245 Fe II 5234.630 3.220 −2.180 7.00 0.20 4.076
2MASS J22424551+2720245 Fe II 5276.000 3.200 −2.010 11.41 0.40 4.122
2MASS J22424551+2720245 Co I 4118.770 1.050 −0.480 42.41 0.59 2.394
2MASS J22424551+2720245 Co I 4121.320 0.920 −0.330 24.83 0.25 1.643
2MASS J22424551+2720245 Ni I 4604.990 3.480 −0.240 5.51 0.19 3.440
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4.7. Comparison with Previous RPA Studies

To further test the accuracy of our derived abundances, we
compare the abundances of one star, 2MASS J02462013-
1518418, with those derived previously by T. T. Hansen et al.
(2018) and C. M. Sakari et al. (2018). Figure 12 shows the
comparison. T. T. Hansen et al. (2018) derived abundances for
the elements C, Sr, Ba, and Eu, while for C. M. Sakari et al.
(2018), we were able to compare our abundances with the α-
and Fe-peak elements in common. Our abundances of most
elements agree within reported uncertainties (see Section 4.6).
However, we notice larger deviations for Si from the
abundances derived by C. M. Sakari et al. (2018), which is
due to using different lines in the spectrum.

5. Results and Discussion

5.1. Classification of the Observed Stars

Following the abundance analysis, our sample of stars have
been classified following the standard schemes, as described in
T. C. Beers & N. Christlieb (2005) and E. M. Holmbeck et al.
(2020). The classifications are based on the derived abundances
for the key elements, and are shown in Table 4. For
classification, Mg abundances are adopted as an indicator of
the α-element abundances, while Sr, Ba, and Eu are important
neutron-capture elements that are widely used to study the RPE
stars. Accordingly, the current sample comprises one limited-r
star, three r-I stars, four r-II stars, five CEMP stars, six Mg-
poor stars, and 23 VMP/EMP stars. We note that 2MASS
J16380702+4059136 is an r-II star with a low Mg abundance;
hence it falls under both classes.

5.2. The α- and Fe-peak Elements: Tracing the Sample Stars’
Supernovae Progenitors

Iron-peak elements at low metallicities are primarily
produced through nucleosynthesis processes involving both
complete and incomplete Si burning in CCSNe. The left panel
in Figure 13 shows the distribution of [Mn/Fe] versus [Cr/Fe],
which are formed via incomplete Si burning in CCSNe.
Following A. Heger & S. E. Woosley (2002), Y.-Z. Qian &
G. J. Wasserburg (2002), A. Heger & S. E. Woosley (2010),
K. Nomoto et al. (2013), and C. Kobayashi et al. (2020), very
massive stars (80<M/Me< 240) belonging to Population III
explode as PISNe, which should not produce a correlation
between [Mn/Fe] and [Cr/Fe]. However, our results show a
correlation between these two ratios, albeit with variability
among stars from the literature and our current sample. The

globular cluster (GC) escapee marked in green stands out as a
clear outlier to the trend. The Pearson correlation coefficient
between [Cr/Fe] and [Mn/Fe] is 0.407, indicating a moderate,
positive correlation. The presence of this correlation suggests
that PISNe are unlikely to be the dominant progenitors of these
stars. Therefore, based on this relationship, CCSNe associated
with moderately high-mass stars (M/Me< 80) are likely the
primary contributors to the ISM during the formation epoch of
these stars. Below, we further investigate the role of CCSNe
using the α-elements.
As detailed in Section 4.3, we present findings on several

stars exhibiting low Mg levels alongside either normal or
enhanced abundances of other α-elements such as Ca, Si, and
Ti. At low metallicities, α-elements are produced during
hydrostatic burning and explosive nucleosynthesis phase of
CCSNe. While O and Mg arise during hydrostatic burning in
massive stars (M/Me> 35), Ca, Si, and Ti originate during
explosive burning in slightly less-massive stars (M/Me< 25)
(C. Kobayashi et al. 2020; A. Mucciarelli et al. 2023). Thus, we
divide the α-elements into the two groups.
The right panel in Figure 13 illustrates the distribution of our

sample stars, color coded by [Fe/H], alongside the extensively
studied samples from D. Yong et al. (2013) and I. U. Roederer
et al. (2014b) in the Δα= [(Ca/Fe+ Si/Fe+ Ti/Fe)/
3−Mg/Fe] versus [Mg/Fe] plane. Notably, the stars demon-
strate a discernible trend, with Δα decreasing as [Mg/Fe]
increases, which is also noted for the data from the literature.
The upward trend observed inΔα toward lower [Mg/Fe] could
signify a likely increasing contribution from Type Ia super-
novae at higher metallicities as evidenced by the prevalence of
metal-rich stars shown in blue toward the upper-left region.
However, it is important to consider that the decreasing trend
observed at lower overall α-element abundances may not be
solely attributed to an increase in SN Ia material. There is a
possibility that higher mass CCSNe also contribute to the gas
from which these stars form, especially in dwarf galaxy
environments characterized by lower star formation rates and a
bottom-heavy initial mass function (A. McWilliam et al. 2018).
Conversely, stars with higher [Mg/Fe] ratios (>+0.4) suggest
increased contributions from massive CCSNe, with potential
contributions from HNe (C. Kobayashi et al. 2020). For
reference, we also show predicted yields for CCSNe progeni-
tors of 15 and 25Me for Z= 0, based on the yields provided by
A. Heger & S. E. Woosley (2010), and M. Limongi &
A. Chieffi (2012) as discussed by K. Nomoto et al. (2013). The
[Mg/Fe] values tend to increase while Δα tends to decrease
with increasing mass for CCSNe models. However, the

Table 5

(Continued)

Star ID Species λ χ gflog EW EW Error A(X)

(Å) (eV) (mÅ) (mÅ)

2MASS J22424551+2720245 Ni I 4714.420 3.380 0.250 12.55 0.27 3.239
2MASS J22424551+2720245 Ni I 5081.110 3.850 0.300 10.10 0.34 3.581
2MASS J22424551+2720245 Ni I 5084.080 3.680 0.030 7.29 0.15 3.501
2MASS J22424551+2720245 Ni I 5476.900 1.830 −0.780 21.27 0.60 2.772
2MASS J22424551+2720245 Zn I 4810.540 4.080 −0.150 2.83 0.24 1.311

Note. The line list for one star is shown here.

(This table is available in its entirety in machine-readable form in the online article.)
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Table 6

Light Element Abundances

Star ID [Na I/H] [Mg I/H] [Al I/H] [SiI/H] [Ca I/H] [Sc II/H] [Ti I/H] [Ti II/H]

2MASS J00125284+4726278 −2.12 ± 0.18 −2.14 ± 0.33 −3.81 ± 0.25 ... −2.05 ± 0.29 −2.43 ± 0.23 −2.39 ± 0.22 −2.30 ± 0.26
2MASS J01171437+2911580 −1.96 ± 0.16 −2.07 ± 0.21 −3.98 ± 0.15 −1.77 ± 0.20 −2.07 ± 0.19 −2.49 ± 0.23 −2.39 ± 0.17 −2.17 ± 0.19
2MASS J01261714+2620558 −1.36 ± 0.18 −0.99 ± 0.20 −2.33 ± 0.20 −0.10 ± 0.47 −0.55 ± 0.21 0.21 ± 0.23 −0.61 ± 0.35 −0.12 ± 0.44
2MASS J02462013−1518418 −2.55 ± 0.25 −2.44 ± 0.15 −4.13 ± 0.35 0.19 ± 0.26 −2.56 ± 0.14 −2.92 ± 0.18 −2.63 ± 0.16 −2.64 ± 0.28
2MASS J04051243+2141326 −2.47 ± 0.14 −2.27 ± 0.12 3.78 ± 0.25 ... −1.92 ± 0.35 −2.64 ± 0.28 −2.07 ± 0.12 −2.44 ± 0.28
2MASS J04464970+2124561 −1.67 ± 0.11 −2.04 ± 0.20 ... −1.40 ± 0.15 −1.30 ± 0.29 −1.35 ± 0.17 −1.43 ± 0.27 −1.26 ± 0.32
2MASS J05455436+4420133 −2.43 ± 0.13 −2.41 ± 0.25 ... ... −2.53 ± 0.19 −2.94 ± 0.34 −2.62 ± 0.18 −2.46 ± 0.35
2MASS J06114434+1151292 −2.43 ± 0.14 −2.60 ± 0.44 ... −1.26 ± 0.28 −2.27 ± 0.17 −2.89 ± 0.14 −2.64 ± 0.16 −2.67 ± 0.32
2MASS J06321853+3547202 −2.16 ± 0.10 −2.45 ± 0.12 −4.33 ± 0.17 −1.68 ± 0.12 −2.43 ± 0.15 −2.75 ± 0.17 −2.36 ± 0.24 −2.36 ± 0.29
2MASS J07424682+3533180 −2.03 ± 0.17 −2.38 ± 0.14 −4.04 ± 0.15 −1.35 ± 0.22 −2.19 ± 0.29 −2.59 ± 0.30 −2.40 ± 0.16 −2.29 ± 0.12
2MASS J07532819+2350207 −3.00 ± 0.10 −2.70 ± 0.20 −3.59 ± 0.15 −1.52 ± 0.22 −2.21 ± 0.25 −2.21 ± 0.28 −2.01 ± 0.28 −2.62 ± 0.36
2MASS J08011752+4530033 −2.48 ± 0.12 −2.44 ± 0.19 −4.34 ± 0.18 −2.36 ± 0.30 −2.32 ± 0.24 −2.97 ± 0.18 −2.51 ± 0.21 −2.50 ± 0.18
2MASS J08203890+3619470 −2.03 ± 0.13 −2.30 ± 0.15 ... ... −2.39 ± 0.44 −2.15 ± 0.20 −2.34 ± 0.19 −2.35 ± 0.21
2MASS J08471988+3209297 −1.37 ± 0.15 −2.16 ± 0.22 ... −1.39 ± 0.19 −1.80 ± 0.23 −2.07 ± 0.16 −1.79 ± 0.35 −1.51 ± 0.24
2MASS J09092839+1704521 −1.79 ± 0.13 −1.89 ± 0.27 −4.74 ± 0.25 −1.65 ± 0.16 −1.66 ± 0.25 −1.89 ± 0.34 −2.07 ± 0.29 −1.91 ± 0.23
2MASS J09143307+2351544 −2.76 ± 0.11 −2.82 ± 0.30 −3.42 ± 0.14 −2.81 ± 0.60 −2.78 ± 0.27 −3.31 ± 0.14 −3.09 ± 0.40 −2.81 ± 0.29
2MASS J09185208+5107215 −2.98 ± 0.08 −2.45 ± 0.32 −2.48 ± 0.15 −2.12 ± 0.10 −2.41 ± 0.27 −3.13 ± 0.15 −2.68 ± 0.30 −2.94 ± 0.24
2MASS J09261148+1802142 −2.38 ± 0.14 −2.35 ± 0.12 ... −1.48 ± 0.16 −2.25 ± 0.27 ... −2.46 ± 0.30 −2.25 ± 0.30
2MASS J09563630+5953170 −1.69 ± 0.13 −1.99 ± 0.14 ... −1.52 ± 0.10 −1.90 ± 0.29 −1.84 ± 0.15 −1.53 ± 0.28 −1.70 ± 0.25
2MASS J10122279+2716094 ... −1.99 ± 0.18 −2.02 ± 0.10 −1.43 ± 0.10 −1.66 ± 0.27 −2.22 ± 0.17 −2.21 ± 0.13 −2.23 ± 0.22
2MASS J10542923+2056561 −0.76 ± 0.12 −0.89 ± 0.13 ... −0.32 ± 0.16 −0.23 ± 0.18 0.31 ± 0.13 −0.07 ± 0.24 0.20 ± 0.18
2MASS J11052721+3305150 −2.40 ± 0.40 −2.63 ± 0.14 −2.90 ± 0.15 ... −2.46 ± 0.23 −2.56 ± 0.17 −2.17 ± 0.17 −2.20 ± 0.24
2MASS J12131230+2506598 −1.83 ± 0.17 −2.38 ± 0.18 ... ... −2.05 ± 0.50 −1.93 ± 0.28 −2.51 ± 0.17 −2.54 ± 0.19
2MASS J12334194+1952177 −2.77 ± 0.18 −2.26 ± 0.11 ... −1.78 ± 0.16 −2.67 ± 0.33 −2.52 ± 0.16 −2.75 ± 0.18 −2.34 ± 0.29
2MASS J12445815+5820391 −2.68 ± 0.23 −2.38 ± 0.22 −3.63 ± 0.22 −2.46 ± 0.15 −2.29 ± 0.20 −2.48 ± 0.21 −2.86 ± 0.20 −2.41 ± 0.20
2MASS J13281307+5503080 0.22 ± 0.17 −0.17 ± 0.25 ... 0.52 ± 0.34 0.26 ± 0.23 0.85 ± 0.26 0.15 ± 0.22 0.31 ± 0.17
2MASS J13525684+2243314 −3.32 ± 0.43 −2.12 ± 0.14 −4.95 ± 0.16 −1.22 ± 0.15 −2.01 ± 0.25 −1.96 ± 0.17 −2.32 ± 0.33 −2.17 ± 0.34
2MASS J13545109+3820077 −2.01 ± 0.10 −2.10 ± 0.21 −4.05 ± 0.15 ... −2.07 ± 0.25 −2.73 ± 0.21 −2.33 ± 0.25 −2.49 ± 0.32
2MASS J14245543+2707241 −0.48 ± 0.11 −1.96 ± 0.21 ... 0.15 ± 0.21 −1.74 ± 0.30 −1.15 ± 0.33 −1.09 ± 0.27 −1.40 ± 0.26
2MASS J14445238+4038527 −2.44 ± 0.26 −2.09 ± 0.18 ... −1.35 ± 0.20 −1.98 ± 0.36 −1.91 ± 0.20 −2.06 ± 0.21 −1.92 ± 0.40
2MASS J15442141+5735135 −1.76 ± 0.32 −2.36 ± 0.22 −5.19 ± 0.25 ... −2.31 ± 0.38 −3.00 ± 0.34 −2.62 ± 0.34 −2.59 ± 0.41
2MASS J16374570+3230413 −1.83 ± 0.16 −2.16 ± 0.13 −3.11 ± 0.18 −1.28 ± 0.10 −2.05 ± 0.29 −2.24 ± 0.29 −2.09 ± 0.29 −2.22 ± 0.21
2MASS J16380702+4059136 −1.94 ± 0.14 −2.58 ± 0.25 −4.44 ± 0.19 ... −2.00 ± 0.26 −2.37 ± 0.15 −2.10 ± 0.26 −2.09 ± 0.40
2MASS J16393877+3616077 −1.26 ± 0.14 −2.17 ± 0.18 ... −1.24 ± 0.14 −1.54 ± 0.33 −1.45 ± 0.41 −1.58 ± 0.20 −1.41 ± 0.30
2MASS J16451495+4357120 −2.20 ± 0.11 −2.42 ± 0.20 ... −2.30 ± 0.15 −2.50 ± 0.25 −3.49 ± 0.14 −2.66 ± 0.24 −2.82 ± 0.27
2MASS J17041197+1626552 −2.50 ± 0.24 −2.38 ± 0.16 −4.49 ± 0.25 −1.82 ± 0.30 −1.99 ± 0.30 −2.31 ± 0.13 −2.16 ± 0.25 −2.05 ± 0.20
2MASS J17045729+3720576 −2.50 ± 0.51 −2.16 ± 0.09 ... −1.70 ± 0.21 −2.34 ± 0.23 −2.01 ± 0.02 −2.07 ± 0.25 −1.74 ± 0.31
2MASS J17125701+4432051 −2.45 ± 0.13 −2.32 ± 0.20 ... −1.77 ± 0.13 −2.29 ± 0.24 −2.62 ± 0.15 −2.41 ± 0.16 −2.48 ± 0.25
2MASS J21463220+2456393 −0.97 ± 0.24 −0.94 ± 0.04 ... ... −0.47 ± 0.34 −0.67 ± 0.18 −0.29 ± 0.42 −0.56 ± 0.33
2MASS J22175058+2104371 −1.32 ± 0.24 −2.12 ± 0.07 ... ... −2.37 ± 0.32 −2.89 ± 0.32 −2.13 ± 0.37 −2.70 ± 0.37
2MASS J22424551+2720245 −3.79 ± 0.15 −3.00 ± 0.16 −4.48 ± 0.15 ... −3.04 ± 0.14 −2.99 ± 0.22 −2.96 ± 0.22 −3.14 ± 0.13
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Table 7

Fe-Peak Element Abundances

Star ID [V I/H] [V II/H] [Cr I/H] [Cr II/H] [Mn I/H] [Co I/H] [Ni I/H] [Cu/H] [Zn I/H]

2MASS J00125284+4726278 −1.75 ± 0.11 ... −2.73 ± 0.23 −2.68 ± 0.16 −2.92 ± 0.28 −2.38 ± 0.25 ... −2.46 ± 0.17
2MASS J01171437+2911580 −2.97 ± 0.10 ... −2.66 ± 0.22 −2.52 ± 0.15 −2.97 ± 0.32 −2.53 ± 0.21 −2.64 ± 0.16 ... −2.53 ± 0.14
2MASS J01261714+2620558 −0.51 ± 0.15 −0.31 ± 0.12 −0.62 ± 0.38 −0.31 ± 0.50 −0.80 ± 0.36 −0.66 ± 0.52 −1.07 ± 0.41 −0.24 ± 0.10 −0.46 ± 0.16
2MASS J02462013−1518418 ... −2.22 ± 0.15 −3.30 ± 0.28 ... −3.35 ± 0.32 −3.21 ± 0.13 −2.76 ± 0.17 ... −2.65 ± 0.16
2MASS J04051243+2141326 −1.35 ± 0.10 ... −3.14 ± 0.17 −2.18 ± 0.26 −3.13 ± 0.25 −2.45 ± 0.14 −2.01 ± 0.17 ... −2.14 ± 0.18
2MASS J04464970+2124561 ... ... −2.14 ± 0.28 −1.82 ± 0.17 −1.65 ± 0.12 −1.92 ± 0.14 −1.67 ± 0.24 ... −1.19 ± 0.15
2MASS J05455436+4420133 −2.78 ± 0.18 −2.61 ± 0.23 −2.89 ± 0.24 −2.32 ± 0.15 −3.18 ± 0.18 ... −2.75 ± 0.22 ... ...
2MASS J06114434+1151292 ... ... −3.00 ± 0.19 −2.63 ± 0.14 −3.51 ± 0.17 −3.10 ± 0.28 −2.50 ± 0.21 ... −2.50 ± 0.13
2MASS J06321853+3547202 −2.74 ± 0.12 ... −2.84 ± 0.17 ... −3.53 ± 0.18 −2.15 ± 0.14 −2.86 ± 0.18 ... ...
2MASS J07424682+3533180 −2.35 ± 0.10 ... −2.65 ± 0.43 −1.91 ± 0.30 −2.80 ± 0.42 −1.80 ± 0.15 −2.60 ± 0.13 ... −2.57 ± 0.14
2MASS J07532819+2350207 −0.95 ± 0.14 −1.61 ± 0.11 −2.89 ± 0.30 ... −2.61 ± 0.45 −2.28 ± 0.12 −1.88 ± 0.14 ... −1.99 ± 0.11
2MASS J08011752+4530033 −2.48 ± 0.10 −2.64 ± 0.19 −3.09 ± 0.19 ... −3.28 ± 0.19 −2.45 ± 0.22 −2.70 ± 0.18 ... −2.64 ± 0.30
2MASS J08203890+3619470 −3.19 ± 0.10 ... −3.06 ± 0.32 ... −3.38 ± 0.10 −2.62 ± 0.10 −2.42 ± 0.20 −2.94 ± 0.10 −1.41 ± 0.10
2MASS J08471988+3209297 ... ... −2.20 ± 0.17 −1.86 ± 0.17 −2.43 ± 0.37 ... −2.27 ± 0.34 ... ...
2MASS J09092839+1704521 −2.12 ± 0.14 ... −2.44 ± 0.19 ... −3.04 ± 0.42 −2.13 ± 0.36 −2.21 ± 0.11 ... −2.55 ± 0.12
2MASS J09143307+2351544 −3.16 ± 0.10 ... −3.52 ± 0.30 −2.66 ± 0.20 −3.82 ± 0.42 −3.48 ± 0.21 −2.95 ± 0.16 ... ...
2MASS J09185208+5107215 −2.91 ± 0.11 −2.63 ± 0.36 −2.79 ± 0.34 ... −3.66 ± 0.30 −1.95 ± 0.37 −2.67 ± 0.30 −2.72 ± 0.10 −2.50 ± 0.23
2MASS J09261148+1802142 −3.20 ± 0.15 ... −2.78 ± 0.13 −2.50 ± 0.36 −2.27 ± 0.21 −1.63 ± 0.15 −2.57 ± 0.18 ... −2.47 ± 0.10
2MASS J09563630+5953170 −2.36 ± 0.19 −2.20 ± 0.15 −1.96 ± 0.15 −2.08 ± 0.25 −2.44 ± 0.32 −2.07 ± 1.04 −2.04 ± 0.19 −2.45 ± 0.19 −2.14 ± 0.14
2MASS J10122279+2716094 −1.99 ± 0.10 ... −2.44 ± 0.30 −2.43 ± 0.20 −3.05 ± 0.53 −2.31 ± 0.18 −2.49 ± 0.18 ... 2.65 ± 0.10
2MASS J10542923+2056561 −0.70 ± 0.13 ... −0.36 ± 0.18 −2.33 ± 0.15 −0.03 ± 0.32 −0.43 ± 0.53 −0.53 ± 0.12 0.52 ± 0.10 −0.35 ± 0.20
2MASS J11052721+3305150 ... −2.09 ± 0.11 −3.31 ± 0.18 ... −2.93 ± 0.28 −2.62 ± 0.10 −2.41 ± 0.20 ... −1.98 ± 0.14
2MASS J12131230+2506598 −2.51 ± 0.10 ... −3.49 ± 0.18 ... −3.31 ± 0.20 −1.02 ± 0.15 −2.55 ± 0.27 ... −2.46 ± 0.16
2MASS J12334194+1952177 −2.70 ± 0.33 ... −3.31 ± 0.39 ... −3.86 ± 0.16 −3.01 ± 0.22 −2.84 ± 0.25 ... −2.38 ± 0.29
2MASS J12445815+5820391 ... ... −3.04 ± 0.26 −2.08 ± 0.19 −2.74 ± 0.18 ... −2.60 ± 0.16 ... −2.31 ± 0.12
2MASS J13281307+5503080 1.11 ± 0.10 ... 0.10 ± 0.21 0.21 ± 0.49 0.03 ± 0.23 0.48 ± 0.10 −0.10 ± 0.21 1.13 ± 0.10 0.29 ± 0.17
2MASS J13525684+2243314 −2.00 ± 0.15 ... −2.59 ± 0.30 −2.02 ± 0.20 −3.56 ± 0.22 −2.14 ± 0.62 −2.49 ± 0.13 −3.11 ± 0.15 −2.40 ± 0.12
2MASS J13545109+3820077 −3.03 ± 0.12 ... −2.79 ± 0.35 −2.51 ± 0.21 −3.02 ± 0.17 −3.05 ± 0.10 −2.27 ± 0.31 ... −2.40 ± 0.11
2MASS J14245543+2707241 −1.12 ± 0.10 ... −1.16 ± 0.14 −1.25 ± 0.13 −1.65 ± 0.28 −1.17 ± 0.14 −1.37 ± 0.18 ... ...
2MASS J14445238+4038527 ... ... −2.51 ± 0.25 ... ... −2.43 ± 0.17 ... ...
2MASS J15442141+5735135 −2.56 ± 0.18 ... −2.72 ± 0.34 ... −3.53 ± 0.33 −2.42 ± 0.17 −2.72 ± 0.17 ... −2.18 ± 0.21
2MASS J16374570+3230413 ... −2.46 ± 0.13 −2.77 ± 0.28 −2.41 ± 0.10 −2.83 ± 0.13 −1.58 ± 0.14 −2.26 ± 0.16 −2.58 ± 0.10 −2.32 ± 0.12
2MASS J16380702+4059136 −1.37 ± 0.15 −1.43 ± 0.18 −2.56 ± 0.14 −2.09 ± 0.13 −2.45 ± 0.10 −1.68 ± 0.15 −2.60 ± 0.17 ... −2.00 ± 0.12
2MASS J16393877+3616077 ... ... −1.85 ± 0.30 ... −2.05 ± 0.11 −2.34 ± 0.20 −2.11 ± 0.14 ... −1.65 ± 0.27
2MASS J16451495+4357120 ... ... −2.58 ± 0.22 −2.28 ± 0.11 −2.66 ± 0.36 −3.34 ± 0.12 −2.48 ± 0.19 ... −2.31 ± 0.39
2MASS J17041197+1626552 ... −2.20 ± 0.15 −2.61 ± 0.24 −2.10 ± 0.17 −2.70 ± 0.19 −3.06 ± 0.17 −2.32 ± 0.32 −2.43 ± 0.14 −2.29 ± 0.11
2MASS J17045729+3720576 ... ... −2.69 ± 0.36 ... −2.13 ± 0.16 −2.14 ± 0.17 −2.39 ± 0.18 ... ...
2MASS J17125701+4432051 −1.87 ± 0.14 ... −2.95 ± 0.21 −2.60 ± 0.24 −3.50 ± 0.27 −3.16 ± 0.11 −2.44 ± 0.22 ... −2.41 ± 0.14
2MASS J21463220+2456393 −1.21 ± 0.10 ... −0.74 ± 0.27 −1.12 ± 0.29 −0.68 ± 0.28 −1.05 ± 0.10 −1.03 ± 0.27 ... −1.12 ± 0.12
2MASS J22175058+2104371 −2.16 ± 0.10 −2.12 ± 0.32 −3.27 ± 0.17 −2.88 ± 0.10 −2.96 ± 0.30 −2.81 ± 0.08 −2.83 ± 0.19 ... ...
2MASS J22424551+2720245 −2.44 ± 0.10 −2.43 ± 0.03 −3.57 ± 0.28 −3.14 ± 0.10 −4.22 ± 0.17 −2.97 ± 0.38 −2.91 ± 0.29 ... −3.25 ± 0.14

18

T
h
e
A
st
r
o
p
h
y
sic

a
l
Jo
u
r
n
a
l
S
u
p
p
l
e
m
e
n
t
S
e
r
ie
s,
274:39

(24pp
),
2024

O
ctober

B
andyopadhyay

et
al.



integrated stellar yields across the IMF for a given metallicity
are crucial in determining the chemical evolution of the Galaxy.
Hence, we have also incorporated models of Type II supernova
with contribution from HNe taken from K. Nomoto et al.
(2013), weighted by the Salpeter IMF for a mass range of
0.07–50Me, for different metallicities, represented by color-
coded filled squares. As seen in the figure, they are found to
have lower Δα with relatively higher [Mg/Fe]. Consequently,
we infer that the stars manifesting larger disparities between the
two groups of α-elements could be more likely to be born from
gas enriched by massive CCSNe and HNe (for Δα<−0.2) or
Type Ia supernovae (for Δα>+0.4).

5.3. Sites and Evolution of the r-process

The variation of [Mg/Eu] with metallicity can indicate the
relative evolution of the two different astrophysical processes
with time (J. P. Naiman et al. 2018; A. Bandyopadhyay et al.
2024) as they are dependent on the environment and can also
be used to identify accretion history (S. Monty et al. 2024). The
left panel in Figure 14 shows the distribution of [Mg/Eu], as a
function of [Fe/H], for different categories of stars (r-I, r-II,
and non-RPE), accompanied by a histogram showing the

distribution of [Mg/Eu] for these stars. The non-RPE halo stars
from the literature are shown by gray dots, while the r-I and r-II
stars from C. M. Sakari et al. (2018) and R. Ezzeddine et al.
(2020) are shown in cyan-filled and magenta-filled diamonds,
respectively. The stars from this study are shown with red-filled
stars.
We can see differences between the r-I and r-II stars in the

figure. The r-I stars exhibit a tight correlation around [Mg/
Eu]= 0 over the given metallicity range, whereas the scatter is
visibly much larger for r-II stars. A large part of the scatter
comes from the stars having different birth environments, with
different chemical-enrichment histories. The larger scatter in
[Mg/Eu] for the r-II stars can also be attributed to the initial
definition of r-II stars (defined by [Eu/Fe]>+ 0.7; E. M. Hol-
mbeck et al. 2020), while (by definition) the r-I stars only cover
a 0.4 dex range in [Eu/Fe].
A decrease in the [Mg/Eu] ratios for both subsets of stars

with increasing [Fe/H] is noted, and shown by the linear
regression fits in the left panel of Figure 14. As discussed in
S. Wanajo et al. (2021), such trends at low metallicity can
provide valuable constraints on the timescale of r-process
enrichment. The distribution of the non-RPE halo stars (gray

Figure 12. Comparison of the derived abundances for 2MASS J02462013-1518418 from this study marked in red, and compared to the derived abundances from
T. T. Hansen et al. (2018) and C. M. Sakari et al. (2018) in green and blue, respectively.

Figure 13. Left panel: Distribution of [Mn/Fe] vs. [Cr/Fe] for our sample stars and stars from the literature, including I. U. Roederer et al. (2014b), R. Ezzeddine et al.
(2020), and D. Yong et al. (2013), shown as a density plot. The darker colors indicate a higher density of points in the parameter space; lighter colors indicate a lower
density of points. The symbols are the same as in previous figures. Right panel: Trend for Δα = (([Ca/Fe] + [Si/Fe] + [Ti/Fe])/3 − [Mg/Fe]), as a function of
[Mg/Fe]. Our sample stars are color coded by metallicity (see color bar at right). The sample of metal-poor halo stars from JINAbase (A. Abohalima &
A. Frebel 2018), which includes I. U. Roederer et al. (2014b), R. Ezzeddine et al. (2020), and D. Yong et al. (2013), are shown with gray dots. The theoretical yields of
CCSNe and HNe are from K. Nomoto et al. (2013).
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circles) peak at [Mg/Eu]=+0.3, as seen in the histogram,
while the the r-I stars peak at [Mg/Eu]= 0.0, and the r-II stars
peak at [Mg/Eu]=−0.65, which is expected based on their
definitions. The large scatter and trends could be indicative of
multiple production sites and regimes (e.g., the high and low
[Mg/Eu] peaks as seen in the associated histogram) for these
elements in the early Galaxy, which requires further investiga-
tions with simulations and chemical evolution models. Hence,
the r-process production for the r-II stars, at least as deduced
from this work, as well as from other RPA studies, appears to
be distinct from the non-RPE counterparts; the origin of Eu in
r-II stars is unlikely to be CCSNe, as signified by low [Mg/
Eu]. More data are required, in particular for the r-II stars at
[Fe/H]�−3.0, to draw a more firm conclusion.

In order to probe deeper into the origin of the different
neutron-capture elements discussed above, the right panel in
Figure 14 plots the distribution of [(Sr+Ba)/H], as a function
of [Eu/H],17 thus removing the dependence on the metallicity.
Any correlation (or lack thereof) between [(Sr+Ba)/H] versus
[Eu/H] is useful to derive constraints on the origins of these
elements, as they are potentially produced in different
astrophysical sites under different conditions (T. Tsujimoto &
T. Shigeyama 2014; A. Bandyopadhyay et al. 2020a;
V. M. Placco et al. 2020; M. K. Mardini et al. 2023). From
inspection, the combined abundances of Sr and Ba correlate
positively with Eu. However, the r-I and r-II stars exhibit a
slight offset, which increases as a function of [Eu/H]. The
yields for the main r-process due to Galactic NSMs is taken
from E. M. Holmbeck & J. J. Andrews (2024), shown with a
black-solid line, which is very similar to the trend we find r-II
stars to have. However, most of the r-I and r-II stars lie within
1σ of the median yields region shaded in gray. The separation
between the r-I and r-II stars sets in around [Eu/H]=−3.0 and
increases with increasing [Eu/H], as indicated by the
regression fits to the data. This could suggest an actual

nucleosynthesis difference between the two subpopulations
instead of dilution with metallicity.
The higher [(Sr+Ba)/H] abundances in r-I stars, compared

with those of the r-II stars, may also indicate different enrichment
histories for these subsets of RPE stars. However, we also note
that the correlation between [(Sr+Ba)/H] versus [Eu/H] is not
necessarily produced with common astrophysical sites, as they
could also be produced continuously from different sites in the
Milky Way as discussed in Y. Hirai et al. (2019). The deviation of
the trends for r-I stars from Galactic NSMs might indicate other
sources of r-process enrichment in the early Galaxy.

5.4. Likely Globular Cluster Escapees in the Sample

The GCs and the halo field populations exhibit similar trends
in the abundances of α-, Fe-peak, and neutron-capture elements
(R. Gratton et al. 2004; B. J. Pritzl et al. 2005; R. G. Gratton
et al. 2012; K. Lind et al. 2015; A. Bandyopadhyay et al.
2020b). However, many stars in GCs exhibit certain unique
abundance ratios for the light elements, which are usually not
found in halo stars (J. Norris & K. C. Freeman 1979;
R. P. Kraft et al. 1979; F. D’Antona et al. 2019, and numerous
studies since). These chemical anomalies are thought to emerge
as a result of self-pollution within the GCs (see N. Bastian &
C. Lardo 2018 for a review). The light elements (Na, Mg, and
Al, along with C) could be measured for the majority of the
stars in this study. We find a handful of stars with peculiarities
in their individual light-element abundances. For classification
as a potential GC escapee based on the chemical abundances,
stars are expected to show signatures of elevated Na, Al, N, and
(slightly) depleted Mg, C, and O abundances (see Figure 15).
Based on abundances alone, stars with such signatures are
likely to be GC escapees, i.e., stars that were born in a GC but
may have escaped the tidal radius either due to evaporation or
dissolution of their parent cluster over dynamical timescales.
Such objects have been discovered in the halo in a number of
studies (S. L. Martell & E. K. Grebel 2010; D. Carollo et al.
2013; K. Lind et al. 2015; S. L. Martell et al. 2016; R. P. Sch-
iavon et al. 2017; C. M. Sakari et al. 2018; A. Bandyopadhyay
et al. 2020b; J. G. Fernández-Trincado et al. 2021).

Figure 14. Left panel: Distribution of [Mg/Eu] as a function of [Fe/H] for r-I, r-II and non-RPE stars. The red stars are the non-RPE stars from this study, the r-I and
r-II stars are taken from C. M. Sakari et al. (2018), T. T. Hansen et al. (2018), R. Ezzeddine et al. (2020), and E. M. Holmbeck et al. (2020), and the gray-filled circles
are the stars from A. Abohalima & A. Frebel (2018). The r-I and r-II stars from this study are marked in the corresponding color. The histogram at the right compares
the distributions of [Mg/Eu] from these sources over all metallicities. Right panel: The positive correlation of [(Sr+Ba)/H], as a function of [Eu/H]. The black-solid
line indicates the yields for the main r-process from NSMs.

17 Here,

[( ) ] ( ) [( ) ]( ) ( )+ = + - + Sr Ba H log 10 10 Sr Ba H ,log Sr log Ba


[( ) ] ( )( ) ( )+ = + Sr Ba H log 10 10 .log Sr log Ba
  
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One of our stars, 2MASS J11052721+3305150, with a
metallicity of [Fe/H]=−3.00, strongly exhibits these antic-
orrelations, with LTE abundances of [Al/Fe]=+0.10, [Na/
Fe]=+0.55, [Mg/Fe]=+0.32, and [C/Fe]=−0.21. The LTE
abundances of this star are shown in Figure 15, along with those
of the halo and GC populations from T. Suda et al. (2008) and
E. Carretta et al. (2009), as described in A. Bandyopadhyay et al.
(2020b). C abundances for this star are corrected for stellar
evolutionary effects based on the calculations by V. M. Placco
et al. (2014). This star falls distinctly closer to the GC population,
despite its low Fe content compared to typical GCs. Such
anomalies in the lighter elements could be attributed to signatures
of advanced hydrogen burning in the star-forming clouds that
result from the mixing of the ejecta of a progenitor population
with the undiluted ISM. We also note that there are two other stars
closer to the GC population, based on their Na and Al
abundances, but their higher [Mg/Fe] and [C/Fe] does not allow
us to associate them uniquely with GCs. 2MASS J11052721
+3305150 could be among the most metal-poor GC escapees that
have been reported to date. Stars of GC origin but with [Fe/H]
much lower than the metallicity floor of GCs have also been
reported in studies by I. U. Roederer & O. Y. Gnedin (2019),
N. F. Martin et al. (2022), and F. Sestito et al. (2022). As shown in
the left panel of Figure 13, this star also does not follow the Mn–
Cr correlation; it may also have received contributions from more
massive supernovae. It is not possible to dynamically constrain the
host GC for this star, as GCs at such low metallicities might no
longer exist in the Galaxy. We also note the derived upper limit of
[Eu/Fe]<−0.27 is lower than that of GC stars, which may also
indicate a lack of r-process enrichment at such low metallicities in
GCs. We also note that determination of O abundances could
conclusively associate the abundances of such objects with
second-generation GC stars. Similar discoveries in the future will
place better constraints on the metallicity floor and formation
timescales of Galactic GCs.

5.5. CEMP Stars in the Sample

Of the five CEMP stars in our sample, four are CEMP-no
(carbon-enhanced stars without enhancements of neutron-
capture elements), and one is a CEMP-s star (carbon-enhanced

stars with enhancements of s-process elements). At very and
extremely low metallicities, the CEMP-no stars dominate the
halo population (D. Carollo et al. 2014; J. Yoon et al.
2016, 2018; Y. S. Lee et al. 2019), and hence are extremely
important for understanding the nature of their progenitors and
early supernovae (A. Bandyopadhyay et al. 2018; Á. Skúladó-
ttir et al. 2024). The origin of carbon in CEMP-no stars has so
far been shown to be to be intrinsic to the birth cloud of the
stars, that is, not associated with mass transfer from a binary
companion (E. Starkenburg et al. 2014; T. T. Hansen et al.
2016a, 2016b).
The Yoon–Beers Diagram (J. Yoon et al. 2016) shown in the

left panel of Figure 16 indicates that the CEMP-no stars occupy
the regions marked as Group II and Group III, while the Group
I stars are predominantly of the CEMP-s type. The stars in this
study are marked in red. The CEMP-no stars fall closer to the
lower C band, and three of them are bona fide Group II stars,
which are commonly associated with mixing and fallback
supernovae progenitors (K. Nomoto et al. 2013; A. Maeder
et al. 2015; J. Yoon et al. 2016). However, one star (2MASS
J22175058+2104371) can be associated with either the Group
II or Group III populations based on its position in the figure.
Stars belonging to Group III are rare, and 2MASS J22175058
+2104371 presents an opportunity for a dedicated study to
derive the abundances for other key elements including N and
O, to understand the elevated C levels and uncover more details
about its nucleosynthesis history and the formation channels. It
would also be important to probe into the binary nature of the
CEMP stars (A. Susmitha et al. 2021) with multiepoch
observations.
The right panel of Figure 16 shows the distribution of the

absolute abundances of Na and Mg for the Group II and Group
III stars, marked with black and blue, respectively, as functions
of [Fe/H] and A(C). The Na and Mg abundances in Group II
stars scale with both metallicity and carbon abundances,
whereas the Group III stars exhibit no clear trends. Three stars
in this study marked in red fall among the Group II population,
while 2MASS J22175058+2104371 occupies a distinct
position, and could not be associated with certainty into one
of the groups.

Figure 15. Left panel: Distribution of the LTE abundances for Al and Na for stars in the halo and GCs. The black dots mark the halo stars obtained from T. Suda et al.
(2008), including E. Carretta et al. (2009) and A. Bandyopadhyay et al. (2020b), and the blue triangles denote the GC stars from E. Carretta et al. (2009). The stars
from this study are shown in red; the likely GC escapee 2MASS J11052721+3305150 is marked with a green-filled star while other potential GC escapees from
I. U. Roederer & O. Y. Gnedin (2019) are marked in green-filled diamonds. Right panel: the position of 2MASS J11052721+3305150 is compared to bona fide GC
stars from several clusters in the anticorrelated Na–O plane; based on the O upper limit, it is seen to fall along the GC population.
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6. Summary and Conclusions

This study focuses on faint (down to V= 15.8) VMP/EMP
stars (down to [Fe/H]=−3.30) stars from the RPA, observed
with the HORuS spectrograph on the GTC. Detailed chemical
abundances of light, α-, Fe-peak, and neutron-capture ele-
ments, along with upper limits whenever feasible, for 41 stars
are reported, shedding light on the origin, evolution, and
chemical-enrichment history of these stars.

This paper highlights the discovery of one limited-r, three r-
I, four r-II, and five CEMP stars, each with implications for
subsequent dedicated follow-up studies with higher-resolution
and higher-SNR spectra. The identification of a star possibly of
a GC origin at an extremely low metallicity ([Fe/H]=−3.0)
could invigorate a reevaluation of the metallicity floor for GCs.
We also report the discovery of six new Mg-poor stars, and
results for 23 new VMP/EMP stars.

The elemental abundance ratios of our sample of stars are
compared to literature values, including the results from
homogeneous studies by D. Yong et al. (2013), I. U. Roederer
et al. (2014b), T. T. Hansen et al. (2018), C. M. Sakari et al.
(2018), R. Ezzeddine et al. (2020), and E. M. Holmbeck et al.
(2020). Despite a larger scatter, similar trends for various
abundance ratios with metallicity were found. Using the
presence of a moderate correlation between Cr and Mn, we
demonstrate a lack of significant contribution from PISNe to
the early star-forming gas. Instead, this indicates a prevalence
of slightly less-massive CCSNe as dominant contributors of
elements in the very early Universe.

In Section 5.2, we presented findings on stars with low Mg
levels alongside solar-level or enhanced abundances of other α-
elements such as Ca, Si, and Ti. These groups elements are
primarily produced by CCSNe during hydrostatic (Mg, O) and
explosive nucleosynthesis (Ca, Si and Ti). We categorize the α-
elements into these two groups accordingly to investigate the
discrepancy. Our analysis suggests that stars showing sig-
nificant differences in α-element abundances may originate

from gas enriched by massive CCSNe and HNe (for
Δα<−0.2) or from Type Ia supernovae (for Δα>+0.4).
Our exploration of the sites and evolution of r-process

elements in Section 5.3 reveals distinct trends in [Mg/Eu]
relative to [Fe/H]. Both stellar subpopulations exhibit a
decreasing trend in [Mg/Eu] as [Fe/H] increases. While r-I
stars show a tight correlation around [Mg/Eu]= 0, r-II stars
exhibit a larger scatter and a more pronounced decrease with
increasing [Fe/H]. These findings suggest multiple production
regimes of these elements in the early Galaxy, indicating a
decoupling of r-process production from CCSNe, particularly
for r-II stars. We also find a positive correlation between [(Sr
+Ba)]/H and [Eu/H], which suggests a shared site for the
enrichment of r-process elements in the early Galaxy, despite
there being a slight offset between the trends for r-I and r-II
stars. The yields for Galactic NSMs are found to be similar to
the r-II stars and are slightly deviated for the r-I stars.
This paper identifies a star potentially escaping from a GC,

based on its light-element abundance ratios, offering insights
into the metallicity thresholds and formation timescales of
Galactic GCs. This paper also identifies five new CEMP stars,
which are important for understanding the nature of the
progenitor population and early supernovae.
Upcoming work from the RPA, based on a homogeneous

analysis of ∼2000 RPE and non-RPE stars, will provide further
statistical evidence that should verify our current results, as
well as place constraints on the origin(s) of RPE stars by
probing the contributions from various nucleosynthesis chan-
nels in the early Galaxy.
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