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ABSTRACT

Context. In recent years, the R-Process Alliance (RPA) has conducted a successful search for stars that are enhanced in elements
produced by the rapid neutron-capture (r-)process. In particular, the RPA has uncovered a number of stars that are strongly enriched
in light r-process elements, such as Sr, Y, and Zr. These so-called limited-r stars were investigated to explore the astrophysical
production site(s) of these elements.

Aims. We investigate the possible formation sites for light neutron-capture elements by deriving detailed abundances for neutron-
capture elements from high-resolution spectra with a high signal-to-noise ratio of three limited-r stars.

Methods. We conducted a kinematic analysis and a 1D local thermodynamic equilibrium spectroscopic abundance analysis of three
stars. Furthermore, we calculated the lanthanide mass fraction (Xp,) of our stars and of limited-r stars from the literature.

Results. We found that the abundance pattern of neutron-capture elements of limited-r stars behaves differently depending on their
[Ba/Eu] ratios, and we suggest that this should be taken into account in future investigations of their abundances. Furthermore, we
found that the X, of limited-r stars is lower than that of the kilonova AT2017gfo. The latter seems to be in the transition zone between
limited-r X1, and that of -1 and r-II stars. Finally, we found that unlike -I and r-II stars, the current sample of limited-r stars is largely

born in the Galaxy and is not accreted.
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1. Introduction

Since the pioneering work of Burbidge etal. (1957) and
Cameron (1957), astronomers have known that elements beyond
the iron peak are formed via the slow and rapid neutron-capture
processes (s-process and r-process, respectively). However, the
astrophysical site for the r-process is still highly debated. It has
been hypothesized that two types of r-processes or two dis-
tinct sites may exist, differing by the available neutron flux.
In the main r-process, all elements up to uranium can be pro-
duced, and in a neutron-starved, so-called limited r-process,
only the lighter elements can be formed (up to ~Ba) (Frebel
2018). This limited r-process, also referred to as the weak r-
process (Hansen et al. 2012) or the light-element primary pro-
cess (LEPP) (Travaglio et al. 2004), was introduced in order to
explain the observed abundance distribution of light r-process
elements (32 < Z < 56) in metal-poor stars, which differs from
the behavior of the heavier elements.

* Full Tables 4 and A.1 are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/688/A123

The r-process-enhanced (RPE) stars are divided into two
subcategories, namely r-I and r-II stars, for which +0.3 <
[Eu/Fe] < +0.7 and [Ba/Eu] < 0.0, and [Eu/Fe] >
+0.7 and [Ba/Eu] < 0.0, respectively (Christlieb et al. 2004;
Beers & Christlieb 2005; Holmbeck et al. 2020). Multiple stud-
ies have found that for the r-I and r-1I stars, a remarkable match
is seen between the abundances of the old metal-poor stars and
the Sun for elements between the second and third r-process
peaks (55 < Z < 73) (Sneden et al. 2008; Cowan et al. 2021).
However, this universality does not extend to the lighter ele-
ments, where a larger scatter is seen. In particular, some stars
display an enhancement in the light r-process elements com-
pared to the heavy elements, which is evident when scaled to the
Solar System r-process abundance pattern. These stars are char-
acterized by the following abundance ratios: [Eu/Fe] < +0.3,
[Sr/Ba] > +0.5 and [Sr/Eu] > 0.0, and they are called limited-r
(rim) stars (Frebel 2018).

The first star that was discovered to display this type of abun-
dance pattern in its neutron-capture elements was HD 122563
(Sneden & Parthasarathy 1983; Honda et al. 2006, 2007). This
star was found to exhibit an abundance pattern of neutron-
capture elements that gradually decreases with growing atomic
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number. This was unlike any abundance pattern seen before, and
it is dissimilar to the pattern seen in r-I and r-II stars. The main
question astronomers have tried to answer since the discovery
of this difference in r-process stars is whether the limited and
main r-process components are the results of different events,
or if they are the product of the same event for which different
initial conditions or locations dictate the extent of the range of
elements produced.

The community still speculates about the production sites
of the r-process elements, with the exception of neutron star
mergers (NSMs), which were confirmed as such after the
observation of the kilonova (KN) AT2017gfo, which was the
electromagnetic counterpart (Coulter et al. 2017) of the gravi-
tational event GW 170817 (Abbott et al. 2017a,b). Other candi-
date sites are collapsars (Siegel et al. 2019; Brauer et al. 2021),
which are fast-rotating massive stars that end their lives as
supernovae (SNe), magneto-rotational core-collapse supernovae
(MR-SNe) (Winteler et al. 2012), and quark deconfinement SNe
(Fischer et al. 2018, 2020). The two former sites can theoreti-
cally produce both the main and limited components of the r-
process, whereas the latter is a candidate for a limited r-process.
Specifically, Nishimura et al. (2017) found that core-collapse-
SNe that are driven by magneto-rotational instability can pro-
duce a variety of r-process patterns that range from the limited-r
to the solar r-process pattern, when neutrino heating and mag-
netic fields are similar.

To investigate the abundance signature of the limited-r
neutron-capture elements and to thereby constrain the possi-
ble production sites for these elements, the R-Process Alliance
(RPA) has included these stars in their search. The search
also aims to identify highly r-process-enhanced stars. Follow-
ing Frebel (2018), the RPA selected stars with [Eu/Fe] <
+0.3, [Sr/Ba] > +0.5 and [Sr/Eu] > 0.0 as rjy; in the first
four data releases, the RPA discovered 42 stars new ry, stars
(Hansen et al. 2018; Sakari et al. 2018; Ezzeddine et al. 2020;
Holmbeck et al. 2020). This paper reports the first detailed anal-
ysis of three of these ry, stars. The paper is organized as fol-
lows. In Sect. 2, we describe the observations of the stars, and
in Sect. 3, we report the stellar parameters and determine the
elemental abundances. The results are presented in Sect. 4. In
Sect. 5, we discuss the possible birthplace of the rjy, stars and
whether NSMs could be the production site for the elements
observed in the atmospheres of these stars.

2. Observations

Our sample stars listed in Table 1 were observed as part of
the RPA survey for RPE stars. First, snapshot spectra were
obtained (R ~ 30000 and a signal-to-noise ratio (S/N) ~30 at
4100 A; see Hansen et al. 2018 for details) and analyzed. Analy-
ses of the snapshot spectra of J20313531-3127319 (J2031) and
J21402305-1227035 (J2140) were published in Hansen et al.
(2018) and Holmbeck et al. (2020), respectively, while this paper
presents the first analysis of J00385967+2725516 (J0038). Fol-
lowing the analysis of the snapshot spectra, the three stars were
selected as portrait candidates. Higher-resolution portrait spec-
tra of J2031 and J2140 with a higher S/N were obtained with
the Magellan Inamori Kyocera Echelle (MIKE) spectrograph
(Bernstein et al. 2003) on the Magellan/Clay telescope at the Las
Campanas Observatory in Chile in April 2019, while the portrait
spectrum of JO038 was obtained with the TS23 echelle spectro-
graph (Tull et al. 1995) on the Harlan J. Smith 107 in (2.7 m)
telescope at McDonald Observatory in August 2020. The MIKE
spectra cover a wavelength range of 3350 A—5000 A in the blue
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and 4900 A—9500 A in the red. The observations were obtained
with a 0.7x5.0” slit and 2X2 binning, yielding a resolving power
of R ~ 37000 and R ~ 30000 in the blue and red, respectively.
The McDonald spectra cover a wavelength range from 3400 A
to 10900 Aand were obtained with the 1.8 slit and 1 X 1 bin-
ning. This yielded a resolving power of R ~ 35 000. A snippet of
all three spectra around 4500 A is shown in Fig. 1. As depicted,
the quality of our spectra is ideal for an accurate determina-
tion of the elemental abundances. The MIKE data were reduced
with the Carnegie Python (CarPy) MIKE pipeline (Kelson et al.
2000; Kelson 2003), and the McDonald data were reduced using
standard IRAF packages (Tody 1986, 1993), including correc-
tion for bias, flat field, and scattered light. Multiple spectra of
the same star from different nights were subsequently coad-
ded. Table 1 lists the stellar identification of the target (stellar
ID), right ascension (RA), and declination (Dec), while Table 2
lists the heliocentric Julian date (HID), exposure times, S/N per
pixel, and heliocentric radial velocities for the spectra. The helio-
centric radial velocities of the stars were determined via cross-
correlation of the object spectra with spectra of the standard
star HD 122563 (Vpeic = —26.13kms™!; Gaia Collaboration
2018) obtained with the same instruments. Thirty-five orders
were used for the cross-correlation of the McDonald spec-
trum, and fifty-five orders were used in the MIKE spectra. This
resulted in the mean radial velocities and standard deviations
listed in Table 2. The radial velocities of all three stars were
reported in the literature. For J2031 and J2140, our velocities are
consistent with previous measurements (J2031: —221.0km sl
Kunder et al. 2017, —222.5kms™'; Hansenetal. 2018, and
—221.1kms~!; Steinmetz et al. 2020. J2140: —133.0kms™!;
Beers et al. 2017, and —130.4 km s~'; Gaia Collaboration 2018).
For J0038, however, a velocity of —97.56 km s~! was reported
by Gaia Collaboration (2018), which is weaker in blueshift by
~20km s~ than what we find it to be. This suggests that this star
is part of a binary system. This assumption is supported by the
fact that JOO38 is included in the table of Gaia DR3 nonsingle
stars (NSSs) nss_twobody_orbit (Halbwachs et al. 2023).

3. Stellar parameters and abundance analysis

We used the software smhr' (Casey 2014; Ji et al. 2020) to nor-
malize and then merge the orders of the echelle spectra. Then,
we used it to fit Gaussians to measure the equivalent widths
(EW5s) of spectral absorption lines. Last, with smhr we derived
the respective abundances from the curve of growth or from
spectral synthesis via the 1D local thermodynamic equilibrium
(LTE) radiative transfer code MOOG (Sneden 1973; Sobeck et al.
2011, 2017 version?).

The stellar parameters of effective temperature (Teg), sur-
face gravity (logg), metallicity ([Fe/H]), and microturbu-
lence (¢) were determined following the procedure outlined in
Roederer et al. (2018b). The T.g for the stars was determined
photometrically, that is, from the colors listed in Table 1 using
the color-temperature relations of Casagrande et al. (2010). They
were dereddened using the Schlafly & Finkbeiner (2011) dust
maps and extinction coefficients from McCall (2004). Further-
more, the log g was calculated using the following fundamental
relation:

log(g/go) = log(M/Mo) + 410g (Tet/ Terr o) + 0.4(Mpo1 — Mpol0)
where My, = BC, + V +5S5logw +5-3.1E(B-V),

' https://github.com/andycasey/smhr
2 https://github.com/alexji/moogl7scat
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Table 1. Basic data for the sample stars.

: A&A, 688, A123 (2024)

Stellar ID RA Dec B \% J H K EMB-V) BC, w D
mag mag mag mag mag mag mag mas pc
2MASSJ00385967+2725516 00:39:00.2 +27:25:33.9 12.18 1144 9.87 9.40 935  0.04 —-037 0.78+0.02 1236*%
2MASSJ20313531-3127319 20:31:35.0 —31:27:24.3 14.36 13.57 11.94 11.47 11.37  0.08 -0.49 0.38+0.02 2365%7°,
2MASSJ21402305-1227035 21:40:23.3 —12:26:59.8 11.94 11.04 923 876 8.62  0.05 -0.51 0.34+0.03 2669+’

—185

References. The B and V magnitudes were taken from APASS (Henden et al. 2018), and the 2MASS JHK magnitudes were taken from
Cutri et al. (2003). E(B — V) was calculated using the dust maps from Schlafly & Finkbeiner (2011), the bolometric corrections, BC,, are based on
Casagrande & VandenBerg (2014), the distances, D, were taken from Bailer-Jones et al. (2018), and the parallaxes, @, from Gaia Collaboration

(2023).

— 0038

T

Fel:

w
o

N
wn

:Zr ]

Fel:

g
o

=
wn

Normalized flux

.
o

o
&)

— J2031

HE

— J2140

4460 4480

T

" 4500

" 4520 4540

A(A)

Fig. 1. Snippet of the spectra for our three stars. Stars are offset in the direction of the y-axis to avoid overlap.

Table 2. Observing log.

Table 3. Stellar parameters of the target stars.

Object HID  Exposure time S/N Vhelio Object Tet logg [Fe/H] &
(s) at4500A  (kms™") (K) (kms™")
J0038 2459087 5 x 1800 85 —117.5+0.2 JO038 5203 +79 2.45+0.09 -2.39+0.20 1.72+0.10
2459088 5 x 1800 -116.0+0.2 J2031 5218 £67 2.66+0.08 -2.28 +0.13 1.65+0.06
J2031 2458600 4 %900 87 -220.6+0.3 J2140 4855+64 1.44+0.12 -3.05+0.14 2.02+0.06
J2140 2458601 3 %900 197 -129.5+04

Notes. 'S/N of co-added spectra.

using Myoio = 4.75, log Tero = 3.7617, and logg, = 4.438,
and the parallaxes, @, listed in Table 1. Finally, EW measure-
ments of Fel and Fel lines were used to determine the metal-
licities and £. We adopted the [Fel/H] abundance as the model
metallicity, and the value of & ensures that the Fe I abundances
are independent of their respective reduced equivalent widths.
The [Fel/H] and [Fell/H] abundances agree to within 0.03 dex
for all three stars. The final stellar parameters for the stars,
along with the associated uncertainties, are listed in Table 3. In
Table 3, we list the combined systematic parameter uncertainties
(see Roederer et al. 2018b for details) and statistical uncertain-
ties arising from the scatter in individual Fe-line abundances.
Following the parameter determination, the elemental abun-
dances were derived via EW analysis and spectral synthesis. We
used a-enhanced ([a/Fe] = +0.4) ATLAS9 model atmospheres
(Castelli et al. 2003), and the solar abundances were taken from
Asplund et al. (2009). The line lists we used for the analy-
sis were generated from linemake® (Placco et al. 2021), and

3 https://github.com/vmplacco/linemake

they include isotopic and hyperfine structure broadening, where
applicable, for which we employed the r-process isotope ratios
from Sneden et al. (2008). Atomic data, EWs, and derived abun-
dances for individual lines are listed in Table 4. The final abun-
dances were determined as weighted averages of individual line
abundances following Ji et al. (2020). We also followed the pro-
cedure outlined in Ji et al. (2020) to determine the abundance
uncertainties by propagating through the stellar parameter uncer-
tainties (see Table A.1).

4. Results

The abundances of 30 elements, including 10 neutron-capture
elements, were determined for the three stars. The final abun-
dances and associated uncertainties are listed in Table 5. In
Table 6, we list the abundance ratios for the three stars associated
with the ry, abundance criteria. Figure 2 compares the derived
abundances for selected elements to those of normal Milky Way
(MW) halo stars (black circles) from Roederer et al. (2014) and
Fiim Stars (red stars) from the literature. The sample of literature
im Stars was compiled from the SAGA Database (Suda et al.
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Table 4. Sample of line information.

Stellar ID Species A x loggf EW ogw loge Ref
A) (V) (mA) (mA)
J003859 OI1 777194 9.15 037 2048 262 7.65 1
J003859 OI1 7774.17 9.15 0.22 773 1.62 724 1
J003859 OI1 7775.39 9.15 0.00 787 153 747 1
JO03859 Nal 5889.95 0.00 0.11 17038 293 421 1
J003859 Nal 5895.92 0.00 -0.19 158.03 0.78 436 1
JO03859 Mgl 4167.27 435 -0.74 6195 121 5.66 1
JO03859 Mgl 4702.99 433 -0.44 80.18 0.71 554 1
JO03859 Mgl 552840 4.35 -0.55 7994 0.72 5.68 2
JO03859 Mgl 5711.09 435 -1.84 1472 080 579 2
J003859 AlIl 3961.52 0.01 -0.33 121.84 140 335 1
J003859 Sil 5772.15 5.08 —-1.75 558 121 598 1
J003859 KI 766490 0.00 0.12 6509 0.89 337 1
J003859 KI 769896 0.00 -0.18 4582 088 333 1
References. (1) Kramidaetal. (2018a), (2) Pehlivan Rhodin et al.
(2017), (3) Yu & Derevianko (2018), (4) Lawleretal. (2013), (5)

Wood et al. (2013), (6) Pickering et al. (2001, 2002), (7) Sobeck et al.
(2007), (8) Lawler et al. (2017), (9) Den Hartog et al. (2014), (10)
O’Brian et al. (1991), (11) Belmonte et al. (2017), (12) Ruffoni et al.
(2014), (13) Meléndez & Barbuy (2009), (14) Den Hartog et al.
(2019), (15) Wood et al. (2014), (16) Roederer & Lawler (2012),
(17) Smith et al. (1998), (18) Lawler & Dakin (1989) using hfs from
Kurucz & Bell (1995), (19) Lawleretal. (2014), (20) Wood et al.
(2014), (21) Den Hartog et al. (2011), (22) Lawler et al. (2015), (23)
Kramida et al. (2018b), (24) Biémontet al. (2011), (25) Ljung et al.
(2006), (26) Kramida et al. (2018b) using HFS/IS from McWilliam
(1998), (27) Lawler et al. (2001a) using HFS from Ivans et al. (2006),
(28) Den Hartog et al. (2003) using HFS/IS from Roederer et al.
(2008), (29) Lawleretal. (2001b) using HFS/IS from Ivans et al.
(2006), (30) Wickliffe et al. (2000), (31) Lawler et al. (2008), (32)
Sneden et al. (2009), (33) Kramida & Ralchenko (1999) using hfs from
Kurucz & Bell (1995). The full table is available at the CDS.

2008, 2011, 2017; Yamada et al. 2013), selected so that they
fulfill the criteria of ryy, stars (see Table 6). We only included
stars that had measured abundances for all three elements (i.e.,
Sr, Ba and Eu) and excluded those for which only upper limits
were available. The abundances from the following studies are
included in Fig. 2: Barklem et al. (2005), Preston et al. (2006),
Francois et al. (2007), Laietal. (2008), Cohen et al. (2013),
Ishigaki et al. (2013), Hansen et al. (2018), Sakari et al. (2018),
Ezzeddine et al. (2020), Holmbeck et al. (2020).

4.1. Light elements Li to Zn

We derived the abundances of elements from Li to Zn using a
combination of EW and spectral synthesis analysis (see Table 4
for details of the individual lines). Figure 2 shows that the abun-
dances derived for JO038 and J2031 generally follow the trends
seen for other MW halo and ryy, stars for the elements displayed,
with the exception of O and K. On the other hand, J2140 gener-
ally exhibits higher abundances of the iron-peak elements Cr,
Mn, Co, Ni, Cu, and Zn, as well as for O and K, similar to J0038
and J2031. This star is also enhanced in N and Na, suggest-
ing that its chemical-enrichment history is different from typical
MW halo stars and from that of the two other stars in our sam-
ple. Figure 2 shows that J2140 stands out from all other stars in
their iron-peak and Na abundances. This is also very interesting
considering that the a-element abundances of J2140 follow the
trend of typical metal-poor MW halo stars, with the exception of
O, which is somewhat higher.
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In Fig. 3, we compare some spectral lines of Cr, Mn, Co, Ni,
and Zn from J2140 to those of two other stars with similar stel-
lar parameters in order to demonstrate the enhancement of these
elements in this star. The comparison stars are CS 29502-092
and CS 22948-066, with stellar parameters T = 4820 + 34K,
logg = 1.5+0.14, and [Fe/H] = -3.2 £ 0.15, and T = 4830 =
34K, logg = 1.55 £ 0.15, and [Fe/H] = -3.18 + 0.16, respec-
tively (Roederer et al. 2014). The absolute abundances of these
stars as reported by Roederer et al. (2014) are log €(CrI) = 2.19,
log eMnl) = 2.11, log e(Nil) = 3.21, log e(Col) = 1.73,
log €(ZnI) = 1.70 for CS 29502—-092, and log €(Cr]) = 1.82,
log eMnl) = 1.85, log e(Nil) = 2.86, log €(Col) = 1.67,
log €(ZnI) = 1.58 for CS 22948-066.

We used the nonlocal thermodynamic equilibrium (NLTE)
corrections from Bergemann et al. (2021) for OT and those from
Andrievsky et al. (2010) for K1 in order to assess whether the
overabundances of these elements for all three stars are merely
NLTE effects and not real enhancements. We repeated this for
Cr1, Mn1, and CoI only for J2140 using the NLTE corrections
from Bergemann & Cescutti (2010), Bergemann et al. (2019),
and from Bergemann et al. (2010) with collisional data from
Voronov et al. (2022), respectively. In the case of O1, the NLTE
corrections for JOO38 and J2031 are ~—0.03 dex, whereas no
correction arises for J2140. The NLTE corrections for K1 are
~—0.21 dex for J2140 and ~—0.27 dex for JO038 and J2031. Con-
cerning CrI, Mn1, and Co L, the NLTE corrections for J2140 are
~+0.55 dex, ~ + 0.4 dex, and ~ + 0.87 dex, respectively. Finally,
after applying the evolutionary correction from Placco et al.
(2014), J2140 has [C/Fe] = +1.05, which would classify it as
a carbon-enhanced metal-poor (CEMP) star (Beers & Christlieb
2005; Aoki et al. 2007; Carollo et al. 2011; Norris et al. 2013).

4.2. Neutron-capture elements

We derived abundances of ten neutron-capture elements, specif-
ically, Sr, Y, Zr, Ba, La, Nd, Eu, Dy, Er, and Yb, via spectral
synthesis. The syntheses of neutron-capture element absorption
features present in the spectra of the three stars are shown in
Fig. 4. As demonstrated in Fig. 4, the spectral synthesis tech-
nique we employed can reproduce very well the observed single
(Y m), blended (Zr11), and weak (Er11) lines. In Table 6, we list
the [Eu/Fe], [Sr/Ba], and [Sr/Eu] ratios for the stars, along with
the limits required for a ry, classification according to Frebel
(2018). Two of our stars, JO038 and J2140, fulfill the criteria of
rim stars; [Eu/Fe] < +0.3, [Sr/Ba] > +0.5 and [Sr/Eu] > 0.0,
while the [Eu/Fe] ratio of J2031 is too high and the [Sr/Eu]
ratio is too low, and it can be classified as an r-I star. A some-
what cooler spectroscopic Teg of 4894 K and lower gravity of
logg = 1.39 were derived in Hansen et al. (2018), likely result-
ing in the lower [Eu/Fe] abundances derived and in the subse-
quent rji, classification of this star. Its [Eu/Fe] = +0.3 abun-
dance also barely qualify it for the r-I class, and it may therefore
be useful for exploring the transition between the rj;,, and r-I
regime.

5. Discussion
5.1. r-process patterns for limited-r stars

The classical way to analyze the abundance patterns of RPE
stars is to compare them to the scaled abundance pattern of the
Solar System r-process because the pattern of heavy r-process
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2MASSJ00385967+2725516

2MASS J20313531-3127319

2MASS J21402305-1227035

Element N loge(X) [X/H] oxm [X/Fel oxre N loge(X) [X/H] oxm [X/Fel oxpe) N loge(X) [X/H] oxm  [X/Fel ox/re)
(dex) (dex) (dex) (dex) (dex) (dex)
Lil 1 +1.04 -0.01 0.10 +2.47 0.10 1 +1.16 +0.11 0.06 +2.48 0.06 - - - - - -
C-H 1 +650 -193 0.12 +0.55 0.11 1 +6.44 -1.99 0.06 +0.38 0.06 1 +588 -2.55 0.08 +0.58 0.07
Ceor +0.56(*) +0.39(*) +1.05(%)
N-H - - - - - - - - - - - - 1 +6.04 -179 0.14 +1.33 0.13
Ol 3 +746 -123 0.10 +1.25 0.12 2 +749 -120 0.04 +1.18 0.06 3 +7.00 -1.69 0.12 +1.44 0.13
Nal 2 +427 -197 0.17 +0.51 0.16 3 +431 -193 0.09 +0.44 0.09 2 +4.08 -2.15 0.13 +0.97 0.13
Mgl 4 +5.69 -191 0.08 +0.57 0.08 7 4565 -195 0.08 +0.42 0.08 8 +5.17 =243 0.07 +0.70 0.07
AlT 2 +336 -3.09 0.34 -0.61 0.33 3 4371 =274 042 -0.36 0.41 1 +2.82 -3.63 0.39 -0.50 0.38
Sil 2 4598 -1.53 0.08 +0.95 0.08 4 4566 -1.85 0.04 +0.53 0.05 3 4530 -2.21 0.06 +0.92 0.06
KI 2 +334 -1.69 0.10 +0.79 0.09 2 +346 -1.57 0.10 +0.81 0.10 1 +2.52  -2.51 0.05 +0.62 0.05
Cal 24 +4.42 -192 0.06 +0.56 0.06 28 +4.51 -1.83 0.04 +0.54 0.04 16 +3.72 -2.62 0.06 +0.51 0.06
ScII 8 +090 -2.25 0.07 +0.11 0.07 11 +094 -2.21 0.06 +0.08 0.06 12 +0.18 -297 0.09 +0.06 0.07
Til 16 +2.88 -2.08 0.08 +0.40 0.07 18 +299 -1.96 0.06 +0.42 0.06 19 +233 -2.62 0.07 +0.51 0.07
TiIT 25 4294 -2.01 0.05 +0.35 0.05 27 +3.08 -1.87 0.04 +0.42 0.05 30 +234 -2.61 0.06 +0.42 0.06
VI 2 +1.58 =235 0.05 +0.14 0.06 3 +1.59 -2.34 0.06 +0.03 0.06 2 +1.01 =292 0.05 +0.20 0.05
\'All 6 +1.79 -2.14 0.03 +0.22 0.04 8 +1.81 -2.12 0.03 +0.16 0.05 10 +1.17 -2.76 0.06 +0.27 0.06
Crl 8 +3.19 -245 0.08 +0.02 0.08 7 4330 -234 0.08 +0.03 0.08 11 +289 -2.75 0.08 +0.37 0.08
Crll 3 +3.21 -243 0.05 -0.07 0.06 3 +346 -2.18 0.06 +0.10 0.06 3 4296 -2.68 0.05 +0.35 0.04
Mn I 6 +2.68 =275 0.11 -0.27 0.11 7 4262 -281 0.11 -0.43 0.11 6 +232 -3.11 0.08 +0.02 0.09
Mn IT - - - - - - 5 +2.86 -257 0.10 -0.28 0.10 3 4232 -3.11 0.06 -0.08 0.06
Fel 149 +5.02 -248 0.04 +0.00 0.00 132 +5.12 -2.38 0.04 +0.00 0.00 120 +4.37 -3.13 0.04 +0.00 0.00
Fe Il 13 +5.14 -236 0.04 +000 000 10 +521 =229 0.05 +0.00 0.00 11 +447 -3.03 0.06 +0.00 0.00
Col 6 +2.69 -230 0.10 +0.18 0.10 17 +276 -2.23 0.06 +0.15 0.06 17 +230 -2.69 0.07 +0.44 0.07
Nil 15 +3.86 -2.36 0.04 +0.12 0.04 14 +394 -228 0.05 +0.09 0.06 19 +3.63 -259 0.04 +0.54 0.04
Cul - - - - - - - - - - - - 1 +122 =297 0.09 +0.16 0.09
Znl 2 4237 =219 0.07 +0.29 0.07 2 4250 -2.06 0.05 +0.31 0.05 3 4269 -1.87 0.08 +1.26 0.08
Srl - - - - - - - - - - - - 1 +1.01 -1.86 0.05 +1.27 0.05
Sr1I 2 +0.78 -2.09 0.11 +0.28 0.12 2 +0.73 -2.14 0.17 +0.15 0.15 3 +138 -149 0.06 +1.54 0.06
Y1I 11 -023 =244 0.06 -0.08 0.06 12 -035 -2.56 0.06 -0.27 0.06 17 -0.13 -234 0.04 +0.69 0.07
Zr 11 8 +0.60 -198 0.04 +0.38 0.05 9 4055 -2.04 0.04 +0.25 0.05 20 +054 -2.04 0.06 +0.99 0.06
Ball 5 =056 =274 0.10 -0.38 0.09 5 -043 -2.61 0.10 -0.32 0.08 5 -1.18 =336 0.13 -0.33 0.10
Lall 3 -1.28 -238 0.10 -0.02 0.10 2 -1.14 =224 0.10 +0.04 0.12 1 -1.77 -2.87 0.29 +0.16 0.25
Nd IT 2 —-0.84 -226 0.06 +0.10 0.06 2 -056 -1.98 0.09 +0.31 0.09 3 —1.55 =297 0.08 +0.06 0.06
Eu II 3 -1.74 -226 0.06 +0.10 0.06 3 —-147 -199 0.05 +0.30 0.05 2 =273 =325 0.07 -0.22 0.08
Dy I 2 -132 -242 0.13 -0.06 0.13 2 -094 -2.04 0.10 +0.25 0.10 - - - - - -
ErII 1 -1.18 -2.10 0.14 +0.26 0.14 2  -1.01 -193 0.11 +0.36 0.10 1 -1.88 -2.80 0.24 +0.24 0.20
Yb1I 1 -1.63 -247 023 -0.11 0.22 1 -1.20 -2.04 0.12 +0.24 0.10 1 =245 -329 0.18 -0.26 0.14

Notes. N denotes the number of absorption lines used for the elemental-abundance determination. ’C abundance after the evolutionary correction

from Placco et al. (2014).

Table 6. Limited-r classification criteria.

Object [Eu/Fe] [Sr/Ba] [Sr/Eu] [Ba/Eu]
Tlim <+0.3 >+0.5 >0.0 ‘.-

JO038 +0.10 +0.66 +0.18 -0.48
J2031 +0.30 +0.47 -0.15 -0.62
12140 -0.22 +1.87 +1.76 -0.11

elements (Ba to Hf) has many times been observed to exhibit a
universality consistent with the scaled residual r-process solar
pattern (Sneden et al. 2008; Cowan et al. 2021). However, as
described in Sect. 1, when scaling to Eu, this universality does
not extend to the light elements (32 < Z < 56), and it neither
seems to apply to ryy, stars such as HD 122563 (Honda et al.
2006, 2007). This suggests that a limited r-process or neutron-
poor r-process could be in operation.

Recently, this picture has been challenged by the RPA by
Roederer et al. (2022), who investigated the spread in the abun-

dances of eight stars from the literature with varying r-process
enrichment (—0.22 < [Eu/Fe] < +1.32). However, instead of
scaling the full pattern to Eu, as is usually done, Roederer et al.
(2022) scaled the light r-process elements (Se to Te) to Zr, and
only the elements from Ba and up, to Eu. The authors found
that even though the light r-process elements exhibit variations
compared to the heavy elements, they are not entirely decoupled.
Furthermore, by scaling to Zr, a universal pattern among the light
r-process elements Se, Sr, Y, Zr, Nb, Mo, and Te appeared. How-
ever, for some elements, Ru, Rh, Pd, and Ag, the star-to-star
scatter persisted. Roederer et al. (2023) investigated this scat-
ter further and found that in RPE stars, the abundances of Ru,
Rh, Pd, and Ag are correlated to those of heavy r-process ele-
ments with 63 < Z < 78. This is not observed for the neigh-
boring elements with 34 < Z < 42 and 48 < Z < 68. In
order to explain this finding, Roederer et al. (2023) proposed
that these correlations appear due to fission-fragment deposi-
tions. Specifically, the authors assembled metal-poor stars from
the literature with [Ba/Eu] < —0.3 to ensure that the r-process
was the main channel of heavy-element production. They then
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Fig. 2. Derived abundances for the three sample stars (blue, yellow, and green dots) compared to abundances of normal MW halo stars (black dots)
from Roederer et al. (2014) and from the literature ry;,, stars (red stars). The error bars of our three stars, when not visible, are the size of the dots.

constructed a pattern of the mean neutron-capture element abun-
dances of stars with [Eu/Fe] < +0.3, including the ryy,, star
HD 122563. This so-called baseline pattern is assumed to rep-
resent an r-process without fission. Roederer et al. (2023) found
that the r-process abundance variations in the other stars in
the sample that have [Eu/Fe] > +0.3 can be explained by the
coproduction of the r-process and fission-fragment depositions
of transuranic nuclei, and that this mechanism alters the pat-
tern not only around Ru— Ag, but also for the heavier elements
in the regions 64 < Z < 78. This coproduction of certain
light and heavy r-process elements was previously shown by
Vassh et al. (2020). Vassh et al. (2020) applied the fission yields
obtained with the finite-range liquid drop model (FRLDM)
(Mumpower et al. 2020) on neutron-rich merger ejecta simula-
tions and found that the late-time fission fragments are deposited
in the region around Ru—Ag, leading up and into the lanthanides.
This process influences the final abundance distribution in these
regions most. Lemaitre et al. (2021) also found that neutron-rich
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ejecta in NSMs produce fission fragments that contribute almost
entirely to the final abundances of nuclei with 100 < A < 180
(Ru to and including the lanthanides). However, when the ejecta
are less rich in neutrons and weak interactions are taken into
account, Lemaitre et al. (2021) found that the fission fragments
deposit in the region A = 140-180, namely the lanthanides.
Finally, it should be noted that the intermediate neutron-capture
process (i-process; Cowan & Rose 1977) could also contribute
to the abundances of the light neutron-capture elements with
32 < Z < 55 (Roederer et al. 2016).

Figure 5 compares the neutron-capture elemental abun-
dances of our three stars with the baseline pattern from
Roederer et al. (2023). In order to do this, we scaled the light
r-process elements to Zr and the heavy ones, that is, Z > 56, to
Ba. We find that the abundance pattern for the 7y, star JO038 (top
panel) agrees very well with the baseline pattern. This suggests
that this star could have been enriched by a similar r-process
as r-I and r-1I stars, but without fission-fragment deposition.
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Fig. 3. Comparison of spectral lines between J2140 and stars CS 29502—-092 and CS 22948—-066. We show the spectral lines of Zn1 at 4722.16 A
(top left panel), of Cor at 4118.77 A and 4121.32 A (top right panel), of NiI and CrI (bottom left panel) at 4604.99 A and 4648.65 A, and
4646.15 A and 4651.28 A, respectively, and of MnT at 4754.04 A (bottom right panel).
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Fig. 4. Comparison of the synthesis and observed spectra (black dots) for an Y 11 line in J2031 (left panel), a Zr1I line in JO038 (middle panel),
and an Er 11 line in J2140 (right panel). The blue line is the best-fit synthesis, the blue band shows the uncertainty, and the dotted line is a synthesis

without the given element.

The low [Ba/Eu] ratio for this star of —0.48 also agrees with
that of the stars Roederer et al. (2023) used to construct the
baseline pattern. J2031 (middle panel), which is an r-I star,
matches the baseline pattern reasonably well for the light ele-
ments (Sr, Y, Zr), but appears to be more enhanced in some
of the heavy elements. This suggests that it was enriched by
an r-process that experienced some fission cycling. However,
J2140 (bottom panel), which also fulfills the r;,, abundance cri-
teria (see Table 6), exhibits a somewhat higher Sr abundance
and a much lower Eu abundance than indicated from the base-
line pattern. This could suggest that the heavy elements present
in the atmosphere of this star are the products of different or
multiple nuclear processes. Since J2140 has [Ba/Eu] = -0.11,
some contribution from the s-process is likely present, for exam-
ple, from rotating massive stars (spin stars) (Meynet et al. 2006;
Frischknecht et al. 2015; Limongi & Chieffi 2018). In the mod-
els of Frischknecht et al. (2015), spin stars can produce ele-
ments up to Ba, which are ejected via stellar winds, while the
SN models of Limongi & Chieffi (2018) that include rotation
find that heavier elements up to Pb can be produced. In prin-

ciple, spin stars could also contribute to the Sr—Zr abundances
we find for JOO38 and J2031, but with their low [Ba/Eu] val-
ues (—0.48 and —0.62, respectively) and the good match to the
baseline pattern for Sr—Zr, an r-process is more likely. However,
the neutron-capture elements in the very old stars are proba-
bly formed through the r-process, as first suggested by Truran
(1981).

Based on this comparison, we suggest that in order to better
study the ryy, stars, [Ba/Eu] also need to be taken into account
to be able to distinguish between stars that follow the baseline
pattern and those that do not. In Fig. 6 we show the [Ba/Eu]
ratios as a function of [Fe/H] for our sample stars and the lit-
erature ry, stars. Even though [Ba/Eu] has not been a selec-
tion criterion for the categorization of ryy, stars so far, most
of them in the literature have [Ba/Eu] < —0.3. Based on the
good match between the abundance pattern of star JO038 and
the baseline pattern and the lack of it for star J2140, our under-
standing of the formation of these elements would be helped by
studying rjy stars in two regimes, that is [Ba/Eu] < —0.3 and
>-0.3.
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Fig. 5. Comparison to the baseline pattern. We plot the abundances of
neutron-capture elements for stars JO038, J2031, and J2140 and over-
plot the scaled baseline pattern (Roederer et al. 2023). The light ele-
ments (Z < 56) are scaled to Zr, while the heavy (Z > 56) elements are
scaled to Ba.

5.2. Lanthanide fractions

Since the ryy, stars are selected to exhibit higher abundances in
light r-process elements compared to the heavy ones, measuring
and comparing the ratio of the bulk of light and heavy elements
gives us some type of quantification of this overabundance,
which can be useful for identifying the nucleosynthetic chan-
nel that causes the abundance signature of these stars. Because
most of the heavy elements in RPE metal-poor stars that are easy
to measure belong to the lanthanides, it is straightforward to use
the lanthanide mass fraction of the stars in order to quantify the
ratio of light to heavy elements. The lanthanide fraction (Xi,) is
the ratio of the mass of the elements belonging to the lanthanides
to the mass of all other r-process elements.

The multimessenger observations of the gravitational wave
event of the NSM GW170817 and its KN is the only evidence
we have so far that r-process elements are being synthesized in
such an event (Kasen et al. 2017; Perego et al. 2017; Drout et al.
2017; Rosswog et al. 2018). In addition, the lanthanide fraction
of a KN is a measurable quantity because it directly affects the
duration and shape of the KN light curve as well as the shape
of its spectrum (Kasen et al. 2017). Jietal. (2019) computed
the X1, of r-process-dominated very metal-poor stars ([Fe/H] <
—2.3 and [Ba/Eu] < —0.4) and compared them to the Xi, of the
KN AT2017gfo. They found that if this KN is a typical repre-
sentative of an NSM, then these events cannot be the dominant
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Fig. 6. [Ba/Eu] abundance ratios of our sample of stars and of ryy, stars
in the literature. The markers are the same as in Fig. 2. The dotted black
line indicates [Ba/Eu] = —0.3.

r-process site because most r-I and r-II stars are richer in lan-
thanides than this specific KN.

We computed the X, of our stars, as well as those of the
rim Stars in the literature with abundances measured for Sr, Ba,
and Eu at least. To do this, we followed Ji et al. (2019) and used
the solar residual r-process abundances of Sneden et al. (2008).
The X1 ,’s are shown in Fig. 7. This result exhibits a clear sepa-
ration between ry;,, stars and the »-I and r-II star around the X,
value of the KN, which could suggest that the ratio of the light to
heavy elements produced in this KN lies in the transition region
from ryp, to r-1, -11 stars. This is expected because by design, the
selection criteria of ry;,, stars (Table 6) select stars with low lan-
thanide fractions. However, while the X, of AT2017gfo might
be a good match to ry, stars, the time delay of r-process ele-
ment enrichment by NSMs might cause a problem. Figure 6
shows that almost all discovered and analyzed ry, stars have
[Fe/H] < —2.0. This was previously discussed by Coté et al.
(2019) and Holmbeck et al. (2020). Thus, due to the time delay
in the onset of NSMs and the low metallicity of ryy, stars, if
they indeed bear the imprint of NSMs, they would need to have
been born in an environment where star formation is inefficient,
which in turn would allow the effects of this nucleosynthesis
channel to be conspicuous. Recently, however, Kobayashi et al.
(2023) showed that NSMs (including both neutron star (NS)-NS
and NS-black hole (BH) mergers) can reproduce the evolution-
ary relations of [Eu/Fe]—[Fe/H] and [Eu/O]-[O/H] in the solar
neighborhood when the delay-time distribution (DTD) between
onset of star formation and merger is metallicity dependent. An
alternative way to eliminate the problem of the time delay is
to consider MR-SNe or collapsars as a significant source of r-
process material in the early Universe. Ji et al. (2019) calculated
theoretical log X; , values for collapsar models from Siegel et al.
(2019) and MR-SN from Nishimura et al. (2015), finding values
ranging from —1.60 to —2.81 and —0.77 to —1.94, respectively,
which both overlap with the value derived for AT2017gfo. In
the future, more model calculations and larger stellar samples
from the RPA will help us to determine which sites are domi-
nant. Finally, we note that there might be a bias in the sample of
the ryy, stars discovered to date because they were discovered in
surveys aiming to find stars with [Fe/H] < —2.0.
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Fig. 7. Lanthanide fraction of our sample of stars and of the literature
Tim» 7-1, and r-1II stars. The symbols are the same as in Fig. 2). The
points are coral when [Ba/Eu] < —0.3 and gray when [Ba/Eu] > —0.3.
The dotted line is the lanthanide fraction of the KN of the neutron
star merger GW170817 (Kilpatrick et al. 2017; Chornock et al. 2017;
Tanaka et al. 2017; Tanvir et al. 2017; Troja et al. 2017). The error bar
shows the mean uncertainty of the [Sr/Ba] abundances and the derived
log Xy ,s.

5.3. Kinematics of limited-r stars

Previous studies have shown that a large fraction of r-II
stars were likely born in smaller satellite systems and were
accreted by the MW (Roederer et al. 2018a; Gudin et al. 2021;
Shank et al. 2023). To investigate whether this is also the case
for the ry, stars, we used Gaia DR3 radial velocities and
proper motions (Gaia Collaboration 2023) and distances from
Bailer-Jones et al. (2021) to study the kinematics of the rjy, stars
in our sample and in the literature. The orbits were then calcu-
lated with galpy* (Bovy 2015). In order to estimate the uncer-
tainties of the orbital parameters, we calculated 500 orbits for
each star while varying the proper motions and radial veloci-
ties by sampling them from a Gaussian distribution. The dis-
tributions had as mean the actual values of the proper motions
and radial velocities, while we used their uncertainties as sigma.
Figure 8 shows the Toomre diagram, where we plot Vigg ver-

2 2 . . . .
sus 4 / Ui g + Wisg: which are the velocities with respect to the

local standard of rest (LSR) in the Cartesian Galactic coordi-
nate frame. As shown, all three stars from our study have ret-
rograde orbits, suggesting they could have been accreted onto
the MW from satellite galaxies. However, ~65% of all the rjy,
stars are on prograde orbits. Moreover, 38% of the ry, stars
have v, < 220kms™!, suggesting they may be consistent with
disk stars. In addition, the rj;, stars considered from the per-
spective of their [Ba/Eu] abundance ratio also appear to be dif-
ferent in the two groups. Most of the stars with [Ba/Eu] >
—0.3 are on prograde orbits. These findings differ from the
findings of Roederer et al. (2018a) on the kinematics of 35
highly r-process-enhanced field stars (r-II for [Eu/Fe] > +0.7).

4 http://github.com/jobovy/galpy

500 T 0.0
1 : * Limited —r
] ! ® J2140
Tm 400_ Retrograde i Prograde L] Jgg;?
L
~ 300 5
Ngq ] ! —O3B
T 2007 b A 2
501,
N2 ] ° ! *
= 1001 !
] M
o) AN | — EN—
—-400 -200 0 200 400

Visr (kms™1)

Fig. 8. Toomre diagram for the ry;;,, stars. The velocities depicted were
calculated with respect to the LSR. The points are designated as in
Fig. 7. The dashed black line is Vi sg = —233.1kms~! (McMillan 2016),
and stars to the left of it are on retrograde orbits. The solid black line
designates the area in which all stars have v, < 220kms~!, where

Vot = VUZ + V2 + W2,

Roederer et al. (2018a) showed that most if not all of the r-II
stars were probably accreted by the MW from ultrafaint dwarf
galaxies or low-luminosity dwarf spheroidal galaxies. The study
of Roederer et al. (2018a) was extended to significantly larger
samples by Gudin et al. (2021) (466 r-I and r-1I stars) and
Shank et al. (2023) (1720 stars). These studies confirmed the
accreted nature of r-I and r-II stars. In particular, Shank et al.
(2023) reported that only 17% of the r-I stars and 8% of the
r-II stars have disk-like kinematics. With the use of an unsu-
pervised learning algorithm, Shank et al. (2023) identified 36
chemo-dynamically tagged groups (CDTGs), and ~1% of the
r-I and r-II stars in their sample were identified as belonging to
the metal-weak thick disk (MWTD), while ~2.1% were traced as
members of the splashed disk (SD). The SD is described as a part
of the MW primordial disk that was kinematically heated by the
Gaia-Sausage-Enceladus (GSE) merger event (Belokurov et al.
2018, 2020; Helmi et al. 2018; Di Matteo et al. 2019).

We further examined the ryy, stars that appear to be disk-
like, that is, their vy = VU2 + V2 + W2 < 220kms~!. Sev-
eral studies (e.g., Beers et al. 2014; Sestito et al. 2019, 2020;
Cordoni et al. 2020) used the maximum distance of the stars
from the Galactic plane, Zn,, to separate disk from halo
stars, often in combination with another orbital parameter.
Cordoni et al. (2020) used Z,.x and the eccentricity of the orbit,
e, in order to identify disk stars. Specifically, they considered
stars on prograde orbits with |Z,,x| < 3kpc and e < 0.75 to
belong to the thick disk. In Fig. 9 we plot e versus Zp,x of
the disk-like ryy, stars. Based on these criteria, it appears that
~39% of the disk-like 7y, stars belong to the MWTD, which is
~15% of all the identified ry;, stars (7 stars) to date. Another
route to identify disk stars was introduced by Haywood et al.
(2018), who studied stars with high transverse velocities (v; >
200kms™), and used a Zmax—Rmax plane, where Ry, is the
apocenter of the orbit projected on the Galactic plane, and dis-
crete wedges appeared. These wedges were also clearly visi-
ble in the distribution of the angles arctan(Zy.x /Rmax). Recently,
Hong et al. (2024) followed Haywood et al. (2018) and assigned
ranges to the inclination angle (/A) — IA = arctan(Zyax /Rmax) to
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Fig. 9. Eccentricity vs. Zy.x of the disk-like 7y, stars. The dotted black
line designates Z,,x = 3 kpc. Stars that have Z,.,x < 3kpc and e < 0.75
are very likely MWTD stars (Cordoni et al. 2020). The star with the
highest eccentricity, e > 0.9, also has the largest Z,,x > 30kpc.
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Fig. 10. Inclination angle vs. Z,,,« of the disk-like ry;,, stars. As in Fig. 9,
the dotted black line designates Z,.x = 3kpc. Stars that have Z,,x <
3kpec or 0.25 < IA < 0.65 are very likely thick-disk stars, and those
with /A < 0.25 are probably thin-disk members (Hong et al. 2024). The
IA is in radians.

distinguish thin- and thick-disk and halo stars. Specifically, they
identified stars on prograde orbits as being members of the disk if
|Zmax| < 3kpc, or IA < 0.65. The results following this selection
procedure are presented in Fig. 10. The use of the /A doubles
the percentage of rjiy, disk stars from ~15% to ~30% (14 stars).
Howeyver, 5 out of the 14 stars with these criteria are identified
as thin-disk stars (/A < 0.25), while the rest are attributed to the
MWTD 0.25 < IA < 0.65. The significant difference between
the ryiy, and r-1, r-1I stars from the aspect of disk membership still
remains, considering that even though Shank et al. (2023) found
17% of the r-I stars to have disk-like kinematics, only ~1% of
the r-I and r-1I stars could be chemo-dynamically traced back to
the MWTD.

Finally, as our three sample stars all have retrograde orbits,
which might indicate that they are accreted by the MW from a
satellite galaxy, we investigated their possible association with
known structures. The Gaia mission (Gaia Collaboration 2016)
has provided astrometric information for more than a billion
stars so far, enabling astronomers to unravel parts of the hier-
archical assembly history of the MW (Helmi 2020). In this con-
text, several accretion events have been identified. However, no
definitive way for selecting members of an accretion event exists
so far, in the sense that different kinematic or dynamic selection
criteria from different studies can favor different stars as mem-
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bers of the same event, with a significant overlap. Gudin et al.
(2021) found that 20% of the r-I and r-II stars are connected
to the GSE event, while Shank et al. (2023) reported that 9%
of their sample stars were associated with this event. We used
the dynamic selection criteria from Myeong et al. (2019) and
Feuillet et al. (2021) for the GSE and Sequoia (Myeong et al.
2019) accretion events. The dynamic criteria of Myeong et al.
(2019) are —0.07 < J4/Jior < 0.07 and 1.0 < (J; = Jg)/Jiot <
—0.3 for the GSE event and —-1.0 < Jy/Jix < —0.5 and
-1.0 < (J; = JR)/Jiot < 0.1 for the Sequoia event. Those from
Feuillet et al. (2021) are =500 < L, < 500 and 30 < /Jg < 55,
and —1.0 < Jg/Jior < 0.4 and —1.0 < (J; — Jg)/Jiot < 0.1 for
the GSE and Sequoia events, respectively. According to these
criteria, star J2140 was probably accreted during the Sequoia
accretion event. In total, two ry;, stars seem to be accreted from
Gaia Sequoia, while two to four others were accreted from GSE,
depending on the selection criteria. Cumulatively, we find 4-9%
for the ry, stars associated with the GSE, depending on the
dynamic criteria employed. The results are shown in Table A.2.

6. Summary

We studied a sample of three r-process stars that were observed
by the RPA and were classified as rj, stars. With the updated
stellar parameters used for this study, one of the stars, J2031,
is an r-I star, while the other two, JO038 and J2140, qualify as
rim stars. The abundances of non-neutron-capture elements for
JO038 and J2031 resemble those of normal MW halo stars, while
J2140 exhibits higher abundances of the iron-peak elements Cr,
Mn, Co, Ni, Cu, and Zn and is also enhanced in C, N and Na.
This suggests that it underwent a different chemical-enrichment
history than stars JO038, J2031, and other typical MW halo stars.

We compared the neutron-capture element abundance pat-
terns of our stars to the baseline pattern of Roederer et al. (2023).
For the two r,, stars we find that the pattern of J0038, which
has [Ba/Eu] < —0.3, agrees very well with the pattern, while
that of J2140, which has [Ba/Eu] > —0.3, does not. This implies
that ry,, stars with [Ba/Eu] < —0.3 have been enriched by an r-
process similar to that which enriched r-I and r-II stars, while
another or multiple nuclear processes caused the abundance pat-
tern seen in ryy, stars with [Ba/Eu] > —0.3. Furthermore, the
comparison of the r-I star, J2031, with the baseline pattern sug-
gests that the abundances of this star have been affected by
fission-fragment deposition.

Next, we calculated X7, of our stars, as well as those of the
Fim Stars in the literature. We compared it to that of the KN of
the NSM GW170817. We find that the Xi, of the KN is in the
transition region between rjp, stars and r-I, -1I stars. This could
suggest that NSMs such as GW170817 could be the r-process
site that causes the abundance signatures observed in rjy, stars.
However, because we do not know the time delay between NSMs
and the onset of star formation, it is important to assess whether
the rj;, stars could have been accreted onto the MW from an
environment with a low star-formation rate. To investigate this,
we studied the kinematics of the ry;, stars. We find that unlike
r-I and r-1I stars that were mostly accreted (Gudin et al. 2021),
65% of ryy stars are on prograde orbits, suggesting they were
probably born in situ. Furthermore, 38% of the ryy, stars present
disk-like kinematics, which conveys another distinct difference
between these and r-1, r-II stars, as reported by Shank et al.
(2023), who find that 17% of the r-I stars and 8% of the r-II stars
have such kinematics. Last, we find that 15% of the ry;, stars
are simultaneously on prograde orbits, have Z,x < 3 kpc, and
have e < 0.75, indicating that they belong to the MWTD, unlike
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the r-1, 7-1I stars, only ~1% of which were chemo-dynamically
attributed to the MWTD (Shank et al. 2023).

The discovery and detailed abundance analysis of more rijp,
stars is vital to further explore the kinematic signature of these
stars and assess the difference between those with [Ba/Eu] above
and below —0.3. The measurement of additional neutron-capture
elements for these stars will either reinforce the fact that the lat-
ter seems to have been enriched by an r-process similar to that
enriching r-I and r-1II stars or provide new insight. Future anal-
ysis of snapshot stellar spectra, already obtained by the RPA, is
expected to double the number of identified rp, stars.
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Appendix A: Additional tables.

We present a table showing the uncertainty arising in the abun-
dance estimation from the uncertainty in the stellar parameter
determination. Furthermore, a table contains information about
the likely accreted ryp, stars based on the dynamic selection crite-
ria from Myeong et al. (2019) and Feuillet et al. (2021). Last, we
include a table that lists the lanthanide fractions and the uncer-
tainties that were computed for the ry;p, stars.

Table A.l1. Uncertainties in the abundances determination due to the
uncertainties in stellar parameters for star JO038.

Table A.3. Lanthanide mass fractions of ry, stars.

Stellar ID Xia

O-X[d

(deX)

Element AT.s Alogg A¢é  A[M/H] O gys

(K) (dex) (kms™h (dex) (dex)
Lil 0.08 -0.00 0.01 0.01  0.07
C-H 0.16 -0.03 0.01 0.04 0.10
Ol -0.08 0.04 -0.01 -0.00 0.04
Nal 0.10 -0.03 -0.10 -0.00 0.16
Mgl 0.04 -0.01 -0.02 0.00 0.06
All 0.16 -0.03 -0.11 0.01 023
Sil 0.04 0.01 -0.02 -0.00 0.06
KI 0.06 -0.00 -0.03 0.00 0.08
Cal 0.04 0.00 0.01 0.00 0.04
Sc1l 0.02 0.03 -0.01 0.01 0.06
Til 0.08 -0.00 0.03 0.01 0.05
Till 0.03 0.03 0.04 0.02 0.03
VI 0.02 0.01 0.02 -0.01 0.02
VI -0.02 0.04 0.01 0.00 0.01
Crl 0.08 0.00 0.03 0.01  0.05
Crll -0.00 0.03 -0.01 0.00 0.03
Mn I 0.06 -0.00 -0.01 0.00 0.06
Fel 0.04 0.00 0.03 0.01  0.02
Fe 11 0.01 0.03 0.02 0.01 0.02
Col 0.05 0.01 -0.02 -0.01 0.08
Nil 0.04 0.00 0.03 0.00 0.02
Zn1 0.04 0.01 -0.01 0.00 0.06
Srll -0.10 -0.04 -0.19 -0.10 0.11
YII —-0.00 0.03 —-0.00 0.01 0.04
Zr 11 -0.02 0.04 0.01 0.00 0.02
Ball 0.03 0.03 -0.02 0.01 0.08
Lall 0.02 0.03 0.03 0.01  0.02
Nd II 0.02 0.02 0.01 0.02 0.03
Eu Il 0.02 0.03 0.02 0.01 0.03
Dy 1l 0.02 0.03 0.01 0.03 0.04
ErII 0.02 0.03 -0.07 -0.01 0.12
Yb II 0.06 0.02 -0.03 0.01 0.11

Notes. The full table for all three stars is available at the CDS.

Table A.2. Accreted ryy, stars based on dynamic selection criteria.

Stellar ID

GSE member Sequoia member

Criteria

J21402305-1227035  -2.95
J00385967+2725516  —2.38
J20313531-3127319  -2.17
J10344785-4823544  -2.52
J13085850-2712188  -2.43
J13335283-2623539  -2.51
J05384334-5147228  -2.46
J01094330-5907230  -2.45

J132604.5-152502 -2.50
J160642.3-163245 -2.56
J19594558-2549075  -2.46
J163931.1-052252 -2.65

J14533307-4428301  -2.50
J14435196-2106283  —2.68
J20560913-1331176  -2.54
J18121045-4934495  -2.66

J164551.2-042947 -2.76
J19534978-5940001  -2.61
J035509.3-063711 -2.64

J19202070-6627202  -2.76
J14164084-2422000 -2.81
J19345497-5751400  -2.64
J19494025-5424113  =2.77
J08025449-5224304  -2.93
J03563703-5838281  —2.87
J003052.7-100704 -2.97
J21370807-0927347  -3.00
J17285930-7427532 -3.01

J154755.2-083710 -3.20
CS 22186-023 -2.83
CS 22879-103 -2.29
CS 22891-209 -2.64
CS 22897-008 -3.27
CS 22937-072 —2.47
CS 22940-070 -2.37
CS 22956-114 -2.25
CS 30494-003 -2.30
CD-24 1782 -2.51
G026-001 -2.48
HD 13979 -2.13
HD 19445 -2.43
HD 26169 -2.38
HD 88609 -2.70
HD 122563 -2.71
HD 175606 -2.18
HD 184266 -2.09
HD 237846 -2.62
HE 1320-1339 -2.14

0.22
0.17
0.15
0.37
0.37
0.37
0.39
0.37
0.15
0.28
0.53
0.32
0.37
0.37
0.53
0.53
0.37
0.53
0.22
0.54
0.54
0.53
0.54
0.40
0.54
0.26
0.54
0.54
0.30
0.48
0.30
0.35
0.32
0.36
0.35
0.38
0.34
0.46
0.31
0.36
0.48
0.30
0.44
0.37
0.36
0.30
0.42
0.35

2MASSJI19534978-5940001

2MASSJI19345497-5751400
2MASSJ20560913-1331176
2MASSJ19202070-6627202
HD 184266
2MASSJ21402305-1227035

CD-24 1782

v —

ENENENEN

A N |

Myeong et al. (2019),
Feuillet et al. (2021)
Myeong et al. (2019)
Feuillet et al. (2021)
Feuillet et al. (2021)
Feuillet et al. (2021)
Myeong et al. (2019),
Feuillet et al. (2021)
Myeong et al. (2019),
Feuillet et al. (2021)
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