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Abstract

Context. Carbon-enhanced metal-poor (CEMP) stars ([C/Fe] > 0.7) are known to exist in large numbers at low metallicity in the Milky Way halo and are important tracers of early Galactic chemical evolution. However, very few stars of this kind have been identified in the classical dwarf spheroidal (dSph) galaxies, and detailed abundances, including neutron-capture element abundances, have only been reported for 13 stars.

Aims. We aim to derive detailed abundances of six CEMP stars identified in the Carina dSph and compare the abundances to CEMP stars in other dSph galaxies and the Milky Way halo. This is the largest sample of CEMP stars in a dSph galaxy analysed to date.

Methods. One-dimensional local thermodynamic equilibrium (LTE) elemental abundances are derived via equivalent width and spectral synthesis using high-resolution spectra of the six stars obtained with the MIKE spectrograph at Las Campanas Observatory.

Results. We derived abundances or upper limits for up to 27 elements from C to Os in the six stars. Our analysis reveals one of the stars to be a CEMP-no star with very low neutron-capture element abundances. In contrast, the other five stars all show enhancements in neutron-capture elements in addition to their carbon enhancement, classifying them as CEMP-s and -r/s stars. The six stars have similar α and iron-peak element abundances to other stars in Carina, except for the CEMP-no star, which shows enhancement in Na, Mg, and Si. We explored the absolute carbon abundances (A(C)) of CEMP stars in dSph galaxies and find similar behaviour to that seen for Milky Way halo CEMP stars, but highlight that CEMP-r/s stars primarily have very high A(C) values. We also compared the neutron-capture element abundances of the CEMP-r/s stars in our sample to recent i-process yields, which provide a good match to the derived abundances.
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1. Introduction
It has long been recognised that a substantial fraction of the metal-poor stars in the Milky Way (MW) halo show moderate to large enhancements in carbon. These stars, which have [C/Fe] > 0.7, are labelled carbon-enhanced metal-poor (CEMP) stars (Aoki et al. 2007; Beers & Christlieb 2005). Placco et al. (2014) found that 20% of halo stars with [Fe/H] < −2 are CEMP stars, with the fraction increasing with decreasing metallicity. This abundance signature is therefore prevalent in the early Universe, and these stars are important tools for studying early Galactic chemical evolution. The CEMP stars are divided into subcategories depending on their neutron-capture element abundances: CEMP-no stars, which show no enhancement in neutron-capture elements ([Ba/Fe] < 0.0), and the CEMP-r, -s, and -r/s stars, which in addition to carbon also show enhancements in rapid neutron capture (r-)process (CEMP-r: [Eu/Fe] > 1.0), slow neutron-capture (s-)process elements (CEMP-s: [Ba/Fe] > 1.0, [Ba/Eu] > 0.5), or a combination of both (CEMP-r/s: 0.0 < [Ba/Eu] < 0.5) (Beers & Christlieb 2005).
Radial-velocity monitoring of CEMP-no and CEMP-s stars has revealed that the majority of CEMP-s stars are part of binary systems, while the CEMP-no stars are mostly found to be single stars (Lucatello et al. 2005; Starkenburg et al. 2014; Hansen et al. 2016a,b). These results support the proposed formation scenario for the CEMP-s stars, namely that the peculiar abundance pattern of these stars is the result of mass transfer from a companion that has passed through the asymptotic giant branch (AGB) phase, thus producing C and s-process elements. However, the non-binary nature of the CEMP-no stars suggests they are likely second-generation stars with abundance patterns that are fingerprints of nucleosynthesis processes having taken place in the first generations of stars. Limited radial-velocity monitoring of CEMP-r/s stars suggests that these, like the CEMP-s stars, are also predominantly found in binary systems (Hansen et al. 2016b). The CEMP-no stars therefore provide essential information on the nucleosynthesis of the first stars to form in the Universe, while the CEMP-s and likely r/s stars can be used to gain information about neutron-capture processes in the early Universe as well as mass transfer across binary systems.
Although the abundances of CEMP stars in the MW halo have been the focus of multiple studies (e.g. Aoki et al. 2007; Norris et al. 2013; Hansen et al. 2019), initial spectroscopic exploration of the dSph galaxies has not revealed CEMP stars at similar rates to those found in the halo (Simon et al. 2015; Salvadori et al. 2015). This result is puzzling, as the MW halo is believed to be built via the accretion of surrounding, smaller satellite systems (Searle & Zinn 1978), a conclusion that is strongly supported by the numerous stellar streams discovered in the MW halo in recent large photometric surveys and, in particular, in the data from the Gaia satellite (e.g. Malhan & Ibata 2018; Li et al. 2019). One possible explanation for the apparent rarity of CEMP stars in dwarf galaxies could be the difference in metallicity selection. Many of the halo studies have targeted stars with [Fe/H] < −2.5, whereas relatively few stars in dSphs with [Fe/H] < −2.5 have been studied. Indeed a dedicated search at low metallicity has resulted in 22 CEMP stars being detected in Sculptor, uncovering a CEMP fraction at low metallicity similar to that of the MW halo (Chiti et al. 2018). However, similar dedicated searches for CEMP stars in other dSph galaxies are still lacking.
In addition to the low number of CEMP stars currently discovered in dSph galaxies, even fewer have been subject to high-resolution abundance studies. Therefore, very little is known about the CEMP populations in our dwarf galaxy neighbours, and whether or not they are similar to what we see in the MW halo remains unclear. This paper presents a detailed abundance analysis of six CEMP stars in the Carina dSph galaxy. This is the largest sample of CEMP stars analysed in a dSph galaxy to date. In Sect. 2, we present the observational data for the six stars. The abundance analysis is outlined in Sect. 3, and the results are presented in Sect. 4. Section 5 provides a discussion of our results, and a summary is given in Sect. 6.
2. Data
2.1. Observations
The sample stars were first observed as part of a larger search for metal-poor stars in Carina and other dSphs carried out with the IMACS spectrograph (Dressler et al. 2011) on the Magellan/Baade telescope at Las Campanas Observatory. In the first stage, low-resolution spectra of a total of approximately 1300 candidate Carina stars were obtained with four overlapping slit masks, similar to the process described by Chiti et al. (2018) for Sculptor. Spectroscopic targets were selected from the Carina photometric catalogues available at the Canadian Astronomy Data Centre1 (Stetson 2000, 2005), which are updated versions of the data originally published by Smecker-Hane et al. (1994). The IMACS spectra were taken through a narrow-band filter targeting the Ca K line to maximise the multiplexing advantage offered by the IMACS field of view. Stars with weak Ca K lines were selected for follow-up observations at medium spectral resolution with the MagE spectrograph (Marshall et al. 2008) on the Magellan/Clay telescope. The MagE spectra cover a wavelength range from 3100 Å to 1 micron and were obtained during four observing runs in 2012 February, 2012 December, 2013 February, and 2013 September using the [image: equation] or [image: equation] slits (depending on the seeing) and 1 × 1 binning, yielding a resolving power of R ∼ 4100.
Out of a total of 25 Carina stars observed with MagE, 8 exhibited strong C-H features, and we obtained high-resolution spectroscopy for 6 of those with the MIKE spectrograph (Bernstein et al. 2003) at the Magellan/Clay telescope over two runs in 2016 December and 2019 April. The spectra cover a wavelength range of 3350−5000 Å in the blue and 4900−9500 Å in the red and were obtained using a combination of the 1″ × 5″ and [image: equation] slits and 2 × 2 binning, yielding typical resolving powers of 35 000 in the blue and 28 000 in the red for the [image: equation] slit and 28 000 in the blue and 22 000 in the red for the [image: equation] slit. The data were reduced with the CarPy MIKE pipeline (Kelson 2003). Table 1 lists our targets (IDs from Fabrizio et al. 2016), total exposure times, and signal-to-noise ratios (S/Ns) of the reduced and co-added spectra. In addition, Fig. 1 shows a colour–magnitude diagram of Carina stars using photometry from Fabrizio et al. (2016) with pink star symbols marking the six stars analysed in this work. All photometry has been corrected for reddening using the dust maps from Schlafly & Finkbeiner (2011). Overplotted in red is a Dartmouth isochrone (Dotter et al. 2008) with [Fe/H] = −1.75, age = 12 Gyr, and [α/Fe] = 0.4, shifted to the distance of Carina using the distance moduli (m − M)V = 20.05 mag and (m − M)I = 19.98 mag from Mighell (1997), describing the intermediate red giant branch population identified in Fabrizio et al. (2016).
	[image: thumbnail]	Fig. 1. Colour–magnitude diagram for Carina. Black dots are stars identified in Fabrizio et al. (2016), and pink stars are the six stars analysed in this paper. Red curve shows a Dartmouth isochrone (Dotter et al. 2008) with [Fe/H] = −1.75, age = 12 Gyr, and [α/Fe] = 0.4, shifted to the distance of Carina using the distance moduli (m − M)V = 20.05 mag and (m − M)I = 19.98 mag from Mighell (1997).



Table 1. 
Observation log for MIKE data.

2.2. Radial velocities
The heliocentric radial velocities of our target stars were determined via cross-correlation of the spectra. The MIKE spectra were cross-correlated against the standard star HD 122563 (rvhel = −26.17 Gaia Collaboration 2018) employing 20 to 50 orders in each spectrum depending on the S/N.
We also measured velocities from the MagE spectra from cross-correlation with the spectrum of 75044 – which has the highest S/N – using between three and eight orders. The heliocentric radial velocity for 75044 was determined to be 225.7 ± 1.9 km s−1 using the IRAF task rvidlines, identifying lines of Na (5889, 5895), Mg (5183), and Ba (4934, 5853, 6141). Our final radial velocities are listed in Table 2, along with values from the literature. For the MIKE spectra, we list the standard deviation of radial velocities from the individual orders as the error, while for the MagE spectra, we list the 1.9 km s−1 velocity error on our template star and the standard deviation of radial velocities from the individual orders added in quadrature.
Table 2. 
Heliocentric radial velocities for the sample stars.

Inspection of Table 2 reveals that two of the stars, 130624 and 125696, exhibit clear radial-velocity variations consistent with being part of binary systems. We used a χ2 test of the probability p that each star’s velocity sequence from Table 2 is consistent with a constant velocity to show that p ≪ 0.05 for both stars. For 86357 and 40475, the measurements also suggest binary motion, but the uncertainties on some of the measurements are too large to reach firm conclusions. The χ2 probabilities for these stars are p = 0.27 and p = 0.07, respectively, and so further velocity measurements are needed. Finally, our measurements for 97508 (p = 0.51) and 75044 (p = 0.95) agree with literature values, suggesting no binary motion. However, for 75044, Susmitha et al. (2017) measured radial velocities differing by 30 km s−1 for two epochs for this star2. This star is therefore also likely part of a binary.
3. Stellar parameter determination and abundance analysis
We determined the effective temperatures (Teff) of the stars of our sample from V − I, V − J, V − H, V − K, and J − K colours using the empirical relations from Casagrande et al. (2010). V and I magnitudes are from Fabrizio et al. (2016), and 2MASS JHK magnitudes were taken from Cutri et al. (2003). We corrected all magnitudes for reddening using Schlafly & Finkbeiner (2011). The available photometry varies for the six stars. For 75044, 86357, and 130624, two or more colours were used, including the V − I index, and the final temperature was computed as an average of the individual temperatures. On the other hand, for 125696, 40475, and 97508, only the V − I index could be used. A summary of the photometry and temperature determinations for all stars is listed in Table A.1. B magnitudes are also available for the stars (Fabrizio et al. 2016). However, these are known to be affected by the strong CH bands in CEMP stars, and so we disregard the B − V colours when determining the temperatures of our stars. Following the determination of Teff, surface gravity (log g), metallicity ([Fe/H]), and microturbulence (ξ) were determined spectroscopically from equivalent width (EW) measurements of Fe I and Fe II lines. Atomic data and individual abundances for the Fe lines used in the analysis are listed in Table B.1. The final stellar parameters are presented in Table 3. For the one star where we have temperature estimates from multiple colours (see Table A.1), we find a standard deviation of 65 K. However, because fewer colours are used to determine the temperature for most of our stars, we estimate uncertainties on our stellar parameters of 150 K on Teff, 0.3 dex on log g, and 0.2 km s−1 on ξ. For the metallicity, the standard deviation of the Fe II line abundances is listed in Table 3. The stars 125696, 40475, and 97508 were also analysed by Koch et al. (2006) who find [Fe/H] = −2.33 ± 0.43, −2.66 ± 0.09, and −2.22 ± 0.10, respectively, which agree with the values derived in this work within uncertainties3.
Table 3. 
Stellar parameters of our target stars.

We derived abundances for the six stars in Carina via EW analysis and spectral synthesis using the analysis code SMHR4 to run the 2017 version of the 1D radiative transfer code MOOG5 (Sneden 1973; Sobeck et al. 2011), assuming local thermodynamical equilibrium (LTE). α-enhanced ([α/Fe]= + 0.4) ATLAS9 model atmospheres (Castelli et al. 2003) and line lists generated from linemake6 (Placco et al. 2021) updated with C−H lines from Masseron et al. (2014)7 were used as input, and solar abundances were taken from Asplund et al. (2009). The synthesis also includes isotopic and hyperfine structure broadening, where applicable, employing the s-process isotope ratios from Sneden et al. (2008). Table B.1 lists the atomic data for the lines used in the analysis, along with the measured EW and abundance of each line. To determine our final abundances and associated uncertainties, we followed the procedure outlined in Ji et al. (2020a), which computes a mean abundance weighted by the S/N of the individual lines analysed, and the uncertainty calculation includes both systematic and statistical uncertainties as well as co-variance terms between stellar parameters.
4. Results
We derive abundances for up to 14 light elements from C to Zn and 13 neutron-capture elements for our six Carina stars. Final abundances are listed in Tables 4 and 5, while Table 6 lists the abundance uncertainties due to stellar parameter uncertainties (ΔX) and the systematic uncertainties (sX) for each element in each star. sX is based on the line-to-line scatter in the abundances and is included to account for systematic uncertainties in, for example, the atomic data or continuum placement. Abundances for selected elements are plotted in Fig. 2 along with abundances reported in the literature for carbon-normal and CEMP stars in Carina and the MW halo. The abundances for Carina stars (green filled circles) are mainly from Norris et al. (2017), which includes a reanalysis of the data from Shetrone et al. (2003), Venn et al. (2012), and Lemasle et al. (2012). We have also included abundances for additional stars analysed by Koch et al. (2008) and Fabrizio et al. (2015). For the Carina CEMP stars, the data are taken from Abia et al. (2008) (cyan circles) and Susmitha et al. (2017) (yellow circles), while the MW halo carbon-normal (small grey circles) and CEMP (small black circles) star abundances are from Roederer et al. (2014). We note that Roederer et al. (2014) used spectroscopically derived effective temperatures leading to slightly lower metallicities being derived for the stars compared to photometric temperatures as used in this work. However, Roederer et al. (2014) provide homogeneous abundances for a large number of elements, including C, N, K, Zn, and Eu, which are interesting for comparison to the stars analysed here.
	[image: thumbnail]	Fig. 2. Abundances for the six stars analysed here (pink stars) compared to abundances for carbon-normal Carina stars (filled green circles), CEMP stars in Carina (yellow and cyan circles), carbon-normal MW halo stars (small grey circles), and CEMP MW halo stars (small black circles). All literature abundances have been converted to the Asplund et al. (2009) solar abundance scale, and all C abundances corrected for evolutionary effects following Placco et al. (2014).



Table 4. 
Abundance summary for stars 75044, 86357, and 130624.

Table 5. 
Abundance summary for Stars 125696, 40475, and 97508.

Table 6. 
Abundance uncertainties.

4.1. CNO abundances
Carbon abundances are derived via synthesis of the C−H G-band at 4300 Å and the C2 swan band at 5160 Å, when present. In 86357, the C−H band is saturated, and only the C2 band could be used. Generally, the C abundances are in good agreement between the two bands for the stars when both bands are present and not saturated. Synthesis of the C2 band for three of the sample stars with varying C abundances is shown in Fig. 3. An oxygen abundance could only be derived for one of the stars (40475: [O/Fe] = 2.12) from the 6300 Å feature. The star 40475 also exhibits large enhancements in other α-elements, such as Mg and Si, while this is not the case for the other stars in the sample. Therefore, when deriving C abundances for the rest of the stars, a standard oxygen enhancement for metal-poor stars of [O/Fe] = 0.4 was assumed. All of the stars are significantly enhanced in C and, as such, can be labelled CEMP stars. In Tables 4 and 5, we also list the C abundance corrected for stellar evolutionary effects, Ccorr, and these values are plotted in Fig. 2. The corrections were made following Placco et al. (2014) and using the C-H abundances for all stars, except for 86357, where the C2 abundance was used.
	[image: thumbnail]	Fig. 3. Synthesis of the C2 band in 86357 (top), 130624 (middle), and 125696 (bottom). Each panel shows the observed spectrum (solid black line) along with a synthesis without C (dotted line), the best-fit synthesis (solid teal line), and uncertainty on the best-fit synthesis (shaded region).



We also investigated the 12C/13C ratio of the stars by fitting 13C and 12C lines in a region around 4230 Å. We find that using a 12C/13C ratio of 4 gives a good fit to the spectral regions in all of the stars. This ratio is consistent with the equilibrium value for the CNO cycle, suggesting that the material in all of our stars has been well mixed, as is expected for cool red giants. This would equally apply if any of our binary stars were to have experienced mass transfer, as the companion star would also have had a well-mixed outer layer. After determining the C abundances of the stars, N abundances were derived from the C−N band at 4215 Å for five of the stars (excluding 97508, where the S/N was too low). All five stars exhibit an enhancement in N, which is often also found for halo CEMP stars (Hansen et al. 2015).
4.2. Light and iron-peak element abundances
We derived abundances for Na, Mg, Ca, Sc, Ti, Cr, Mn, and Ni for most of our stars, while a Co abundance could only be derived for one star (130624) and Zn for two stars (97508 and 86357). Our analysis provides the first abundances for K derived for any of the stars in Carina, which displays a spread similar to that of most other light-element abundances in Carina. We were not able to derive abundances for Al or V in any of our stars, as the lines were too heavily blended.
4.3. Neutron-capture element abundances
In addition to the C enrichment, all but one of the stars (40475) also display large enhancements in neutron-capture elements. In Table 7, we list the [Ba/Fe] and [Ba/Eu] ratios and the corresponding CEMP classification of the stars following Beers & Christlieb (2005). According to this classification, we find one CEMP-no star, three CEMP-s stars, and two CEMP-r/s stars. For the CEMP-no star, abundances of Sr, Y, and Ba are derived, while for the CEMP-s and CEMP-r/s stars, we derive abundance for the neutron-capture elements Y, Zr, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, and Dy; in some stars, we are also able to derive abundances for Sr, Tb, Lu, and Os.
Table 7. 
Classification of program stars according to Beers & Christlieb (2005).

5. Discussion
5.1. Comparison to abundances of stars in Carina
As shown in Fig. 2, the α and iron-peak element abundances we derive for our six sample stars are similar to those of the CEMP and other Carina stars from the literature. The one outlier is the CEMP-no star in our sample, 40475, which has high Mg and Si abundances and is discussed below. Abundances for Sr, Ba, and Eu have previously been derived for a number of stars in Carina. We therefore include panels for these elements in Fig. 2. From this, we see that the Ba abundance of the CEMP-no star 40475 is in good agreement with Ba abundances for other Carina stars at similar metallicity. Therefore, from this sample, the behaviour of dSph galaxy CEMP stars follows that of the MW halo CEMP stars, with α and iron-peak element abundances of CEMP-s and r/s stars being similar to other metal-poor stars (Norris et al. 2013; Hansen et al. 2015), while some CEMP-no stars also have distinct light-element abundance signatures.
5.2. CEMP stars in dSph galaxies
The first carbon or CH stars in dwarf galaxies were detected more than 40 years ago from low-resolution spectra and in prism surveys. For example, Cannon et al. (1981) obtained spectra of two of the brightest members of Carina, finding both to exhibit strong C2 bands, while Mould et al. (1982) discovered eight carbon stars in Carina (including the two from Cannon et al. 1981) in their prism survey. Later, Azzopardi et al. (1985, 1986) carried out an extensive prism survey for carbon stars in the dwarf spheroidals Sculptor, Carina, Leo I, Leo II, Draco, and Ursa Minor and presented a list of spectroscopically confirmed carbon stars in Azzopardi et al. (1986). High-resolution follow-up for detailed chemical analysis was not possible at the time and is still a challenge due to the faint nature of the stars. However, although the sample presented here constitutes the largest sample of CEMP stars in a dSph for which a detailed abundance analysis has been carried out, a few CEMP stars in other dSph galaxies have also been analysed previously, including stars discovered by Azzopardi et al. (1985). We searched the literature for stars with both C and neutron-capture element abundances reported. After correcting the reported C abundances for evolutionary effects following Placco et al. (2014), we find CEMP-no, s, and r/s stars in the following dSph galaxies: Carina, Draco, Sextans, Sagittarius, Sculptor, and Ursa Minor.
In Draco, the star 19219 analysed by Cohen & Huang (2009) qualifies as a CEMP star after C correction. These authors derive a Ba abundance of [Ba/Fe] = −0.55. Therefore, the star is a CEMP-no star. Cohen & Huang (2009) reported a radial velocity for the star of −295.7 km s−1, which is in very good agreement with the recent value of −296.5 ± 2.3 km s−1 reported by Massari et al. (2020), suggesting that the star is not in a close binary system.
One CEMP star, S15-19, located in Sextans, was analysed by (Honda et al. 2011), who found it to be Ba- but not Eu-enhanced, resulting in a CEMP-s label. These authors also found evidence of radial velocity variations, suggesting that the star belongs to a binary system. One CEMP star was also identified in Sagittarius by Sbordone et al. (2020). The authors found that star to have roughly equal enhancements of Ba and Eu, labelling it a CEMP-r/s star. Three consistent radial velocities are reported for the star by Sbordone et al. (2020), providing no evidence for binary motion.
In Sculptor, four CEMP stars have been analysed. First, a CEMP-no star, ET0097, was discovered by Skúladóttir et al. (2015). These authors find that the star has α and iron-peak abundances resembling those of other Sculptor stars but that it shows an enhancement in the light neutron-capture elements Sr and Y ([Sr/Fe] = 0.71 and [Y/Fe] = 0.34), leading the authors to suggest that it was polluted by a weak r-process. In a later study, the radial-velocity measurements for this star were explored, revealing a variation of > 7 km s−1 over a period of nine years, leading the authors to suggest that it is a binary (Skúladóttir et al. 2017). Salgado et al. (2016) analysed the star Scl-1013644 and found high C and Ba abundances, concluding that it is a CEMP-s star. However, the star was previously analysed by Geisler et al. (2005), who derived a similar Ba abundance to Salgado et al. (2016), but also derived an Eu abundance for the star resulting in [Ba/Eu] = 0.44. Hence, the star is actually a CEMP-r/s star. The other two CEMP stars in Sculptor have high Ba abundances and may be CEMP-s stars (Lardo et al. 2016). However, no Eu abundances have been derived for the stars, and therefore an r/s classification cannot be excluded. Multiple radial-velocity measurements have not been reported in the literature for any of these stars, rendering their binary nature unknown.
Abundances of neutron-capture elements have been derived for three CEMP stars in Ursa Minor. Two stars, UMiJI19 and UMi33533, were analysed by Cohen & Huang (2010), who also found the stars to have low Ba abundances ([Ba/Fe] = −1.16 and −0.99 respectively), resulting in a CEMP-no classification. Consistent radial velocities were reported for both of these stars by the Cohen & Huang (2010) study (−246.2 and −248.9 km s−1, respectively) as well as by Spencer et al. (2018) (−245.6 ± 0.3 and −249.4 ± 0.3 km s−1) and Pace et al. (2020) (−243.0 ± 2.2 and −250.2  ±  2.2 km s−1), suggesting that they are not binaries. In Ursa Minor, Kirby et al. (2015) also found the star Bel60017 to be a CEMP star, and Duggan et al. (2018) later derived a Ba abundance of [Ba/Fe] = 1.26 for the star. Therefore, the star is either a CEMP-s or r/s star. Three consistent radial velocity measurements are reported in the literature for this star (−250.0 ± 5.9 km s−1; Armandroff et al. 1995, −246.2 ± 2.1 km s−1; Kirby et al. 2010, and −248.4 ± 0.6 km s−1; Spencer et al. 2018), providing no evidence that the star is a binary.
Finally, abundances from high-resolution spectra have been reported for three CEMP stars in Carina prior to this study. Abia et al. (2008) analysed two carbon-rich stars, ALW-6 and ALW-7, identified by Azzopardi et al. (1986). Abundances for the two stars are plotted as cyan circles in Fig. 2. As can be seen, these stars exhibit very high Ba abundances compatible with the stars being CEMP-s stars. However, no abundance for Eu was derived, and therefore the stars could also be CEMP-r/s stars. Furthermore, the stars were identified as carbon-rich by Azzopardi et al. (1986), and C/O ratios of 5 and 7 were reported for the stars by Abia et al. (2008), but no [C/Fe] ratio has been derived for the stars. More recently, high-resolution spectra of two other stars, ALW-1 and ALW-8, from the Azzopardi et al. (1986) list were obtained by Susmitha et al. (2017), who analysed ALW-8, finding it to be a CEMP-no star. ALW-1 was not analysed because of its binary nature and low-S/N spectrum. Interestingly, the star rejected by Susmitha et al. (2017) is included in the sample analysed here, namely 75044. The abundances from Susmitha et al. (2017) for the CEMP-no star are plotted as a yellow circle in Fig. 2. These authors find that the star has α and iron-peak element abundances similar to other Carina stars, and similar to the CEMP-no star in Sculptor, they also find it has a small Y overabundance ([Y/Fe] = 0.29). Finally, Susmitha et al. (2017) do not find evidence of any radial velocity variation for this CEMP-no star.
The results of this literature search combined with the results of the analysis presented here, where we find one CEMP-no, three CEMP-s, and two CEMP-r/s stars in Carina, show us that CEMP stars are indeed present in dSph galaxies. With sufficiently large sample sizes, CEMP stars of the most common types are indeed detected8. Also, the CEMP stars in dSphs seem to have the same binary properties as the halo CEMP stars. However, CEMP stars, and in particular CEMP-no stars, are predominantly found at low metallicities ([Fe/H] < −2), a range that is still not fully explored in many dSph galaxies. Current samples of stars with multiple abundances derived in dSph galaxies primarily contain stars with [Fe/H] > −2.5 (e.g. Norris et al. 2017; Shetrone et al. 2003; Hill et al. 2019). In addition, although C abundances can be derived from medium or low-resolution spectra, high-resolution spectra are required to derive abundances for a number of neutron-capture elements, such as Eu, making it very resource-intensive to gather appropriate samples.
5.3. Carbon enhancement as a CEMP classifier
Studies of CEMP stars in the MW halo have revealed a strong relation between CEMP classifications and the level of carbon enhancement the stars exhibit. This was first noticed by Spite et al. (2013), who plotted the absolute C abundance of CEMP stars as a function of metallicity and discovered two plateaus: A high C plateau at A(C)∼8.25 primarily populated by CEMP-s stars and a low C plateau with A(C)∼6.5 with mostly CEMP-no stars. This work was extended by Yoon et al. (2016) to include a larger sample and to also account for the change in C abundance as a result of the evolutionary state of the star (Placco et al. 2014), confirming the initial finding.
In Fig. 4, we plot the absolute C abundance (A(C)) as a function of metallicity for our stars, CEMP stars in the halo (Yoon et al. 2016; Goswami et al. 2021; Karinkuzhi et al. 2021; Shejeelammal et al. 2021; Shejeelammal & Goswami 2021, 2022), and dSph CEMP stars from the literature. In addition to the stars listed in the previous section, we also include CEMP stars from dSph galaxies for which no neutron-capture element abundances have been derived. In summary, data from the following dSph galaxies are included: Canes Venatici I (Yoon et al. 2020), Carina (Susmitha et al. 2017), Draco (Cohen & Huang 2009; Kirby et al. 2015; Shetrone et al. 2013), Sagittarius (Sbordone et al. 2020), Sculptor (Skúladóttir et al. 2015; Salgado et al. 2016; Geisler et al. 2005; Lardo et al. 2016; Chiti et al. 2018), Sextans (Honda et al. 2011), and Ursa Minor (Kirby et al. 2015; Duggan et al. 2018; Cohen & Huang 2010). All abundances have been converted to the Asplund et al. (2009) solar scale, and C abundances have been corrected for evolutionary effects following Placco et al. (2014). CEMP-no stars are plotted as black symbols, CEMP-s stars in green, CEMP-r/s stars in cyan, and CEMP stars with no classification in grey. The high and low A(C) plateau values determined by Yoon et al. (2016) are shown as dashed lines. Looking at Fig. 4, the A(C) abundances of CEMP stars detected in dSph galaxies follow the trend seen in the halo with high A(C) values found in CEMP-s and CEMP-r/s stars at the higher metallicity range, and lower A(C) values found for the more metal-poor CEMP stars. Confirming the unclassified nature of the low A(C) stars found at low metallicity in for example Sculptor as CEMP-no stars would strengthen this picture. However, while A(C) can be used to separate most CEMP-no stars from the bulk CEMP sample, the CEMP-s and r/s stars seem to occupy the same A(C) range, though the CEMP-r/s stars tend to have A(C) > 7.5.
	[image: thumbnail]	Fig. 4. Absolute carbon abundance as a function of metallicity for CEMP halo stars (filled circles), along with CEMP stars in the galaxies Canes Venatici I (cross), Draco (diamonds), Carina (stars), Sculptor (squares), Sextans (downward pointing triangles), and Ursa Minor (upwards pointing triangles). CEMP-no stars are marked in black, CEMP-s stars in green, CEMP-r/s in cyan, and CEMP stars with no classification are marked in grey. Grey dashed lines indicate the high and low A(C) values as found by Yoon et al. (2016) while the ellipses mark their groups II and III. The left panel shows stars with high Ba abundances but no Eu abundances as CEMP-s stars, while these are removed from the panel on the right.



To construct Fig. 4, we used the classification criteria from Beers & Christlieb (2005), which require an Eu abundance to distinguish between CEMP-s and CEMP-r/s stars. However, for a large number of stars, no Eu abundance has been derived. This is true for 75 of the 131 stars labelled as CEMP-s stars in Yoon et al. (2016), which means the majority of the halo sample, and a couple of the stars from the dSph sample (two stars in Sculptor Lardo et al. 2016 and one in Ursa Minor Kirby et al. 2015; Duggan et al. 2018). We therefore split Fig. 4 into two panels. On the left-hand side, stars with a high Ba abundance but no Eu abundance are included as CEMP-s stars, while these are removed from the right-hand side plot. This exercise shows that the CEMP-r/s stars constitute a significant fraction of the stars with high A(C). In fact, ∼40% of the CEMP stars included in the plot with neutron-capture element enhancements are CEMP-r/s stars. Looking at the plot on the right-hand side of Fig. 4 also suggests that the CEMP-r/s stars generally have higher A(C) values than the CEMP-s stars with a broad transition region, which is likely a signature of the surface abundance patterns of their progenitors.
5.4. CEMP-no stars with high A(C) values
From Fig. 4, it is evident that the CEMP-no stars, both in the halo and in dSph galaxies, occupy a broad region of the A(C)–[Fe/H] diagram. This led Yoon et al. (2016) to separate the CEMP-no stars into two groups; group II with average low A(C) values and a clear dependence on [Fe/H] and group III with higher A(C) values but no dependence on [Fe/H]. These groups are marked with ellipses in Fig. 4 (adapted from Yoon et al. 2016). Following this grouping of the CEMP-no stars, further radial-velocity studies of CEMP stars found that not only do the CEMP-no and CEMP-s stars have different binary properties, but the two groups of CEMP-no stars also seem to have different binary properties. CEMP-no stars with high A(C) are more likely to be binaries than CEMP-no stars with low A(C) (Arentsen et al. 2019). The two CEMP-no stars in Carina and the one in Sculptor have high A(C) values, while the CEMP-no stars in Ursa Minor and Draco have lower A(C) values (see Fig. 4). The CEMP-no star detected in this work, 40475, is likely a binary, as is the CEMP-no star in Sculptor (Skúladóttir et al. 2017), which is consistent with their high A(C) values. However, radial velocity variations have not been detected for the other Carina CEMP-no star, and the Draco and Ursa Minor CEMP-no stars appear to be single as well (see Sect. 5.2), which is in line with their low A(C) values.
In a recent study, Yoon et al. (2019) explored the location of dSph CEMP-no stars in the A(C)–[Fe/H] diagram and found that the majority of the CEMP-no stars in dSph galaxies fall in group II. As can be seen in Fig. 4, this is consistent with our findings. Yoon et al. (2019) suggest this is due to the extended star formation and chemical evolution of the dSph galaxies resulting in a strong metallicity dependence for CEMP stars formed in these environments. These authors also suggest that this can explain the correlation between A(C), A(Na), and A(Mg) found for group II halo CEMP-no stars (Yoon et al. 2016). Our CEMP-no star exhibits very high Na, Mg, and Si abundances (see Fig. 2). This signature has been seen in several CEMP-no stars found in the MW halo (Yoon et al. 2016, and references therein) and in ultrafaint dwarf galaxies (Boötes I: Lai et al. 2011; Gilmore et al. 2013, Segue 1: Norris et al. 2010, Carina III: Ji et al. 2020b). However, for the MW stars, most of these are group III CEMP-no stars (with low A(C)). The signature has been suggested to be the result of extensive processing and mixing in a massive metal-free spinstar progenitor (Maeder & Meynet 2015). The other dSph CEMP-no stars do not display this signature, although the CEMP-no stars from Ursa Minor and Draco are enhanced in Al (Cohen & Huang 2009, 2010), a signature also seen in some of the most metal-poor halo CEMP-no stars (Norris et al. 2013).
One abundance signature most of the dSph CEMP-no stars do have in common is high [Sr/Ba] ratios. All except one of the dSph CEMP-no stars listed in Sect. 5.2 have [Sr/Ba] > 0.8 (or [Y/Ba] > 0.8, as not all stars have a Sr abundance reported in the literature) (Cohen & Huang 2010; Skúladóttir et al. 2015; Susmitha et al. 2017), with the exception being the CEMP-no star in Draco, which has [Sr/Ba] = −0.87 (Cohen & Huang 2009). This signature has also been discovered in halo CEMP-no stars by Hansen et al. (2019), who suggested CEMP-no stars could be identified based on their Sr to Ba ratio ([Sr/Ba] > 0.75. Following the notion of Yoon et al. (2019) that dSph CEMP-no stars mostly fall into group II, we looked at the [Sr/Ba] ratios of the group II CEMP-no stars from Yoon et al. (2016) and identified 18 that have [Sr/Ba] > 0.8. In the future, studies combining kinematic analysis with results from detailed abundances analysis, as done by Zepeda et al. (2023), will provide important information on the possible accretion history of these stars.
5.5. Classification of CEMP-r/s stars
According to the Beers & Christlieb (2005) classification, two of our sample stars, 130624 and 97508, qualify as CEMP-r/s stars, meaning they are potentially enhanced in a mixture of r- and s-process elements. The origin(s) of this type of abundance pattern of CEMP stars is still not well understood. First of all, how these stars should be classified remains a matter of debate. The original classification scheme from Beers & Christlieb (2005) is based on the Ba and Eu abundances of the stars (0.0 < [Ba/Eu] < 0.5), but other classification schemes have recently been suggested (see Goswami et al. 2021 for a detailed review).
A classification based on the [Sr/Ba] ratios of the CEMP stars was put forward by Hansen et al. (2019). Unfortunately, due to the absorption lines being saturated or heavily blended, we are only able to derive Sr abundances for three of our stars, 40475, 75044, and 130624. These objects have [Sr/Ba] = +1.12, −1.97, and −0.27, which results in CEMP-no, CEMP-r, and CEMP-s classifications, respectively. Other studies have pointed out that La is a more reliable measure for the s-process contribution in these stars, as more absorption lines of La than of Ba are available in the spectra, and due to the extreme Ba abundances, the Ba lines are often saturated (Karinkuzhi et al. 2021). In addition, the Ba abundances also suffer from non-LTE effects (Korotin et al. 2015). Thus, several studies have suggested using the [La/Eu] ratios of the stars to separate CEMP-s and r/s, where CEMP-r/s stars would have 0.0 < [La/Eu] < 0.5 − 0.7 (Frebel 2018; Goswami et al. 2021; Karinkuzhi et al. 2021) (the upper limit varies depending on the study). Goswami et al. (2021) also found that most CEMP-r/s stars have [Eu/Fe] > 1, while CEMP-s stars have [Eu/Fe] < 0.
Finally, Karinkuzhi et al. (2021) investigated a classification method based on the distance of the stellar neutron-capture element abundance pattern from the Solar system r-process abundance pattern. Stars enhanced in pure r-process material are known to exhibit a quite robust abundance pattern for the heavy neutron-capture elements, matching that of the scaled Solar System r-process abundance pattern (Sneden et al. 2008). Therefore, in principle, the more r-process dominated a star is, the closer its neutron-capture element abundance pattern will be to the scaled Solar System r-process abundance pattern. Karinkuzhi et al. (2021) calculates a distance to the scaled Solar r-process pattern, d, and finds the CEMP-r/s stars in their sample to have 0.5 ≤ d ≤ 0.8 while their CEMP-s stars all have d > 0.7. We determined [La/Eu] values and calculated d for our stars. The results and re-classifications are listed in Table 8. When calculating d, we exclude the light neutron-capture elements Sr, Y, and Zr as the abundances of these elements in r-process-enhanced stars have been found to display a larger scatter than abundance for elements heavier than Ba (Hansen et al. 2012; Ji et al. 2016) with respect to Eu, for example. For the stars in our sample, these two methods agree on the classification, and we end up with three CEMP-r/s stars in our sample (86357, 130624, and 125696) and two CEMP-s stars (75044 and 97508), which is slightly different from the Beers & Christlieb (2005) classification and highlights a likely notable contribution to the abundance patterns of these stars from a nucleosynthesis process with a higher neutron flux than the s-process.
Table 8. 
Classification of program stars following Karinkuzhi et al. (2021).

The uncertainties on the derived abundances clearly present a limitation to the classification. We estimated this uncertainty by generating 100 sets of ‘new’ abundances for the stars drawn from a Gaussian distribution in the range [X/Fe] ± σ[X/Fe] and re-calculating d with these new abundances. The result of this exercise is that d values for the three CEMP-r/s fluctuate in the range from 0.2 to 0.7, while the d values for the two CEMP-s stars lie in the range from 0.2 to 0.9. Therefore, while the d values vary a great deal, the CEMP-r/s stars still stay below (or just at) the d = 0.7 found to be the lower limit for CEMP-s stars in Karinkuzhi et al. (2021).
5.6. Origin of CEMP-r/s stars
Many attempts have been made to understand the origin(s) of the peculiar abundance pattern of the CEMP-r/s stars, steadily assuming that both the s- and the r-process indeed contribute to these unusual patterns. Most of the invoked scenarios involve various combinations of r- and s-process events, polluting the star or the gas it formed from; for example, forming a binary system from gas already polluted by an r-process event and then invoking mass transfer in the binary system to get the additional C and s-process enrichment (see Jonsell et al. 2006; Abate et al. 2016 for reviews). Sbordone et al. (2020) found that the latter scenario best explained the abundance pattern of the CEMP-r/s star in the Sagittarius dSph. However, so far, it has only been possible to match a combined r- and s-process pattern to the abundance pattern of one CEMP-r/s star in the MW halo (Gull et al. 2018), which the authors suggest should be relabelled as CEMP-r + s to reflect the actual contributions of both of these processes. Therefore, in recent years, the suggestion that a process with a neutron flux intermediate between the r- and s-process, the so-called i-process (Cowan & Rose 1977), could create this signature has gained ground (e.g. Hampel et al. 2016).
Currently, various processes in very metal-poor, low-mass AGB stars (Campbell & Lattanzio 2008; Cristallo et al. 2009; Campbell et al. 2010; Stancliffe et al. 2011; Choplin et al. 2021) and super-AGB stars (Doherty et al. 2015; Jones et al. 2016) are suggested as i-process sources. In addition, conditions required for the i-process have also been hypothesised in accreting white dwarfs (Denissenkov et al. 2019) and during the He shell burning phase of metal-free massive stars (Banerjee et al. 2018). Some of these suggested i-process sites imply that the CEMP-r/s stars were polluted via mass transfer in a binary system, while others do not. No dedicated radial-velocity monitoring campaign has been published for the CEMP-r/s stars. However, of the three CEMP-r/s stars included in Hansen et al. (2016b), all were found to exhibit radial-velocity variations consistent with belonging to binary systems. For the CEMP-r/s stars detected here, two (125696 and 130624) show clear radial-velocity variations. Therefore, it is likely that the observed signature is a result of binary mass transfer similar to that of the CEMP-s signature. This is largely in good agreement with i-process conditions being found in specific AGB stars, as mentioned above. In addition, Hampel et al. (2016) compared the abundance patterns of 20 CEMP-r/s stars to i-process model yields from thermally pulsing AGB stars. These authors found that the i-process yields successfully reproduced the neutron/capture abundance pattern of the CEMP-r/s stars, further supporting this scenario. However, this study did not include C abundances as a constraint. In the future, it would be interesting to see if the proposed sites of the i-process can also produce the high C enhancement seen in CEMP-r/s stars.
In Fig. 5, we compare the neutron-capture element abundance patterns of our CEMP-r/s stars to the most recent i-process yield available in the literature from Choplin et al. (2022) and the Solar r- and s-process abundance patterns from Sneden et al. (2008). The Solar s- and r-process patterns are scaled to the stellar Ba and Eu abundances, respectively, while the average difference between yields and stellar abundances from Ba to Dy was used to scale the i-process yields. The best fits were obtained using the yields from model M1.0z2.3 with initial mass 1 M⊙ and metallicity [Fe/H] = −2.3 for the stars 86357 and 125696, and yields from model M1.0z2.5 with initial mass 1 M⊙ and metallicity [Fe/H] = −2.5 for the star 130624. For all three stars, the i-process model yields are generally a good match to the stellar abundances in the element range from Ba to Dy, while some larger discrepancies are seen for the lighter elements Sr, Y, and Zr and for Lu in 86357. In comparison, neither the Solar s- nor r-process patterns display a good match to the stellar abundances. Choplin et al. (2022) also provides yields for C, which for the two models used in Fig. 5 is logϵ(C) = 9.26 (M1.0z2.5) and 9.29 (M1.0z2.3). Scaling these using the same scaling as for the neutron-capture elements, we find logϵ(C) = 7.24, 7.56, and 7.65 for 86357, 12569, and 130624, respectively, which are slightly lower than but almost within uncertainties of the C abundances we derive for the stars (logϵ(Ccorr) = 7.71 ± 0.49, 8.03 ± 0.38, and 7.80 ± 0.35, respectively).
	[image: thumbnail]	Fig. 5. Absolute logϵ (X) abundances for the three CEMP-r/s stars in our sample compared to scaled i-process yields from Choplin et al. (2022) and the scaled Solar r- and s-process patterns from Sneden et al. (2008). The bottom panel in each plot shows the residual for the match to the i-process yields. The Solar s- and r-process patterns are scaled to the stellar Ba and Eu abundances, respectively, while the average difference between yields and stellar abundances from Ba to Dy was used to scale the i-process yields.



6. Summary
We present detailed abundances for six CEMP stars in the Carina dSph galaxy. This is the largest sample of CEMP stars in any dSph for which detailed abundances have been derived. Our sample is comprised of one CEMP-no star, three (two) CEMP-s, and two (three) CEMP-r/s stars (depending on the classification criteria).
We find that the CEMP stars have similar α and iron-peak element abundances to the carbon-normal Carina stars, except for the CEMP-no star, which is highly enhanced in Na, Mg, and Si, a feature also seen in some halo CEMP-no stars. Plotting the absolute C abundance of CEMP stars in dSph galaxies as a function of [Fe/H] reveals a similar trend as that seen for halo CEMP stars with two A(C) groups, where the CEMP-s and r/s stars mostly occupy the higher plateau and the CEMP-no stars the lower plateau. However, we find that the CEMP-r/s stars primarily occupy the highest A(C) range with A(C) > 7.5, though with a notable overlap region between the CEMP-s and r/s stars. The considerable overlap in A(C) values for these two types of CEMP stars highlights the need to derive neutron-capture element abundances in order to identify the CEMP-r/s stars, which will lead to a better understanding of this abundances signature.
Finally, we match the neutron-capture element abundance pattern and C abundances of our CEMP-r/s stars (Karinkuzhi et al. 2021 classification) to i-process yield from metal-poor low-mass AGB models (Choplin et al. 2022), finding a good match for the elements in the range from Ba to Dy, which strengthens the hypothesis that CEMP-r/s stars show the signature of an intermediate neutron-capture process. However, the models have some trouble reproducing the observed abundances for the light elements and also produce slightly less C compared to the stellar abundances. Therefore, further work is needed to understand the nature of the full abundance pattern of these stars.


1 https://www.canfar.net/storage/list/STETSON/homogeneous/Carina/


2 Exact radial velocities are not listed in Susmitha et al. (2017).


3 We note that no radial velocities are presented in Koch et al. (2006), but the same data are used to determine the velocities presented in Fabrizio et al. (2016), which are included in Table 2.


4 https://github.com/andycasey/smhr


5 https://github.com/alexji/moog17scat


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


7 https://nextcloud.lupm.in2p3.fr/s/r8pXijD39YLzw5T?path=%2FCH


8 It should be noted that the rarer, CEMP-r type has not yet been detected in a dSph galaxy.
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Appendix A:  Photometry
Table A.1. 
Photometry and derived Teff for the six sample stars.


Appendix B:  Atomic data
Table B.1. 
Atomic data and abundances for individual lines analysed.
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	[image: thumbnail]	Fig. 1. Colour–magnitude diagram for Carina. Black dots are stars identified in Fabrizio et al. (2016), and pink stars are the six stars analysed in this paper. Red curve shows a Dartmouth isochrone (Dotter et al. 2008) with [Fe/H] = −1.75, age = 12 Gyr, and [α/Fe] = 0.4, shifted to the distance of Carina using the distance moduli (m − M)V = 20.05 mag and (m − M)I = 19.98 mag from Mighell (1997).
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	[image: thumbnail]	Fig. 2. Abundances for the six stars analysed here (pink stars) compared to abundances for carbon-normal Carina stars (filled green circles), CEMP stars in Carina (yellow and cyan circles), carbon-normal MW halo stars (small grey circles), and CEMP MW halo stars (small black circles). All literature abundances have been converted to the Asplund et al. (2009) solar abundance scale, and all C abundances corrected for evolutionary effects following Placco et al. (2014).
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	[image: thumbnail]	Fig. 4. Absolute carbon abundance as a function of metallicity for CEMP halo stars (filled circles), along with CEMP stars in the galaxies Canes Venatici I (cross), Draco (diamonds), Carina (stars), Sculptor (squares), Sextans (downward pointing triangles), and Ursa Minor (upwards pointing triangles). CEMP-no stars are marked in black, CEMP-s stars in green, CEMP-r/s in cyan, and CEMP stars with no classification are marked in grey. Grey dashed lines indicate the high and low A(C) values as found by Yoon et al. (2016) while the ellipses mark their groups II and III. The left panel shows stars with high Ba abundances but no Eu abundances as CEMP-s stars, while these are removed from the panel on the right.
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	[image: thumbnail]	Fig. 5. Absolute logϵ (X) abundances for the three CEMP-r/s stars in our sample compared to scaled i-process yields from Choplin et al. (2022) and the scaled Solar r- and s-process patterns from Sneden et al. (2008). The bottom panel in each plot shows the residual for the match to the i-process yields. The Solar s- and r-process patterns are scaled to the stellar Ba and Eu abundances, respectively, while the average difference between yields and stellar abundances from Ba to Dy was used to scale the i-process yields.
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        Colour–magnitude diagram for Carina. Black dots are stars identified in Fabrizio et al. (2016), and pink stars are the six stars analysed in this paper. Red curve shows a Dartmouth isochrone (Dotter et al. 2008) with [Fe/H] = −1.75, age = 12 Gyr, and [α/Fe] = 0.4, shifted to the distance of Carina using the distance moduli (m − M)V = 20.05 mag and (m − M)I = 19.98 mag from Mighell (1997).

      

    

  
    
      Table 1. 

      Observation log for MIKE data.

      
        


	Stellar ID
	RA
	Dec
	Total exp. time
	SN at 4500 Å
	SN at 6500 Å





	75044
	06 41 08.58
	−50 47 50.1
	3 h
	20
	50



	86357
	06 41 23.27
	−51 13 58.7
	4 h 20 min
	10
	25



	130624
	06 42 33.03
	−50 53 30.7
	3 h 20 min
	15
	25



	125696
	06 42 23.94
	−50 54 03.2
	2 h 10 min
	12
	22



	40475
	06 40 10.95
	−51 01 32.6
	5 h 15 min
	15
	30



	97508
	06 41 39.95
	−50 42 41.3
	1 h
	7
	12





      

    

  
    
      Table 2. 

      Heliocentric radial velocities for the sample stars.

      
        





	HJD
	Vhelio (err)
	Ref.
	HJD
	Vhelio (err)
	Ref.



	
	[km s−1]
	
	
	[km s−1]
	





	75044
	86357



	




	2454122.587
	222.2(5.7)
	1
	...
	235.6(11.6)
	3



	2456280.828
	225.7(1.9)
	2
	2456280.814
	225.1(2.1)
	2



	2457744.633
	225.5(1.1)
	2
	2457744.700
	227.6(1.3)
	2



	2458599.518
	225.5(1.0)
	2
	2457751.599
	229.5(1.2)
	2



	




	130624
	125696



	




	...
	210.2(1.6)
	3
	...
	212.3(8.1)
	3



	2454123.555
	208.2(6.6)
	1
	2454122.587
	214.3(8.1)
	1



	2455982.683
	211.7(3.8)
	2
	2456332.566
	221.8(2.8)
	2



	2457751.698
	218.5(0.7)
	2
	2457751.806
	228.0(0.8)
	2



	2457752.842
	219.8(1.0)
	2
	
	
	



	




	40475
	97508



	




	...
	238.4(10.3)
	3
	...
	231.8(14.2)
	3



	...
	231.9(1.6)
	4
	2456331.834
	229.5(2.2)
	2



	2456329.743
	233.6(2.0)
	2
	2457752.803
	232.3(1.0)
	2



	2457752.656
	236.2(0.7)
	2
	
	
	





      

      
References. (1) Walker et al. (2009); (2) This work; (3) Fabrizio et al. (2016); (4) Muñoz et al. (2006).



    

  
    
      Table 3. 

      Stellar parameters of our target stars.

      
        


	Stellar ID
	Teff
	log g
	[Fe/H]
	ξ



	
	(±150 K)
	(±0.3 dex)
	
	(±0.2 km s−1)





	75044
	4140
	0.56
	−2.63 ± 0.11
	2.68



	86357
	4329
	0.97
	−2.87 ± 0.28
	2.76



	130624
	4622
	0.03
	−2.02 ± 0.21
	2.14



	125696
	4868
	1.37
	−1.74 ± 0.22
	2.04



	40475
	4546
	1.16
	−2.73 ± 0.16
	2.38



	97508
	4866
	1.76
	−2.06 ± 0.21
	2.36
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        Abundances for the six stars analysed here (pink stars) compared to abundances for carbon-normal Carina stars (filled green circles), CEMP stars in Carina (yellow and cyan circles), carbon-normal MW halo stars (small grey circles), and CEMP MW halo stars (small black circles). All literature abundances have been converted to the Asplund et al. (2009) solar abundance scale, and all C abundances corrected for evolutionary effects following Placco et al. (2014).

      

    

  
    
      Table 4. 

      Abundance summary for stars 75044, 86357, and 130624.

      
        


	
	75044

	86357

	130624




	El.
	N
	logϵ (X)
	[X/H]
	σ[X/H]
	[X/Fe]
	σ[X/Fe]
	N
	logϵ (X)
	[X/H]
	σ[X/H]
	[X/Fe]
	σ[X/Fe]
	N
	logϵ (X)
	[X/H]
	σ[X/H]
	[X/Fe]
	σ[X/Fe]



	
	
	
	
	[dex]
	
	[dex]
	
	
	
	[dex]
	
	[dex]
	
	
	
	[dex]
	
	[dex]





	C–H
	1
	+6.89
	−1.54
	0.43
	+1.12
	0.42
	
	...
	...
	...
	...
	...
	1
	+7.59
	−0.84
	0.35
	+1.12
	0.34



	C2
	1
	+7.05
	−1.39
	0.34
	+1.27
	0.34
	1
	+7.46
	−0.97
	0.49
	+2.05
	0.37
	1
	+7.39
	−1.04
	0.17
	+0.92
	0.16



	Ccorr
	
	+7.31
	−1.12
	0.43
	+1.54
	0.42
	
	+7.71
	−0.72
	0.49
	+2.30
	0.37
	1
	+7.80
	−0.63
	0.35
	+1.33
	0.34



	C–N
	1
	+7.39
	−0.44
	0.63
	+2.21
	0.63
	1
	+7.85
	+0.02
	1.30
	+3.04
	1.06
	1
	+7.49
	−0.34
	0.50
	+1.62
	0.49



	O I
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	Na I
	3
	+4.53
	−1.71
	0.16
	+0.95
	0.18
	2
	+3.89
	−2.36
	0.77
	+0.66
	0.69
	2
	+4.62
	−1.63
	0.39
	+0.33
	0.37



	Mg I
	2
	+5.12
	−2.49
	0.39
	+0.17
	0.39
	2
	+5.36
	−2.25
	0.88
	+0.77
	0.70
	3
	+6.18
	−1.43
	0.19
	+0.53
	0.19



	Si I
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	K I
	1
	+2.98
	−2.05
	0.32
	+0.60
	0.30
	2
	+4.18
	−0.86
	0.72
	+2.16
	0.74
	1
	+3.29
	−1.74
	0.21
	+0.22
	0.21



	Ca I
	3
	+4.23
	−2.11
	0.28
	+0.55
	0.27
	5
	+4.15
	−2.20
	0.24
	+0.82
	0.51
	8
	+4.77
	−1.58
	0.09
	+0.38
	0.11



	Sc II
	3
	+0.29
	−2.86
	0.18
	−0.22
	0.23
	2
	+0.63
	−2.53
	0.36
	+0.35
	0.38
	3
	+0.50
	−2.65
	0.22
	−0.63
	0.23



	Ti I
	2
	+2.15
	−2.80
	0.36
	−0.15
	0.35
	2
	+1.86
	−3.10
	0.35
	−0.08
	0.53
	6
	+3.00
	−1.95
	0.14
	+0.01
	0.15



	Ti II
	8
	+2.44
	−2.52
	0.13
	+0.12
	0.15
	6
	+2.50
	−2.45
	0.30
	+0.42
	0.40
	10
	+2.81
	−2.14
	0.11
	−0.12
	0.20



	Cr I
	5
	+2.74
	−2.90
	0.16
	−0.24
	0.18
	
	...
	...
	...
	...
	...
	8
	+3.65
	−1.99
	0.16
	−0.03
	0.16



	Mn I
	2
	+2.36
	−3.07
	0.29
	−0.42
	0.28
	2
	+2.13
	−3.30
	0.67
	−0.28
	0.62
	3
	+2.78
	−2.65
	0.17
	−0.69
	0.18



	Fe I
	23
	+4.85
	−2.66
	0.11
	+0.00
	0.00
	12
	+4.48
	−3.02
	0.47
	+0.00
	0.00
	46
	+5.54
	−1.96
	0.08
	+0.00
	0.00



	Fe II
	3
	+4.87
	−2.63
	0.11
	+0.00
	0.00
	3
	+4.64
	−2.87
	0.28
	+0.00
	0.00
	5
	+5.48
	−2.02
	0.21
	+0.00
	0.00



	Co I
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	5
	+4.23
	−1.99
	0.14
	−0.04
	0.15



	Ni I
	3
	+3.49
	−2.73
	0.38
	−0.08
	0.38
	
	...
	...
	...
	...
	...
	2
	+2.69
	−2.30
	0.69
	−0.34
	0.68



	Zn I
	
	...
	...
	...
	...
	...
	1
	+2.41
	−2.15
	0.18
	+0.86
	0.46
	
	...
	...
	...
	...
	...



	Sr II
	1
	+0.71
	−2.16
	0.52
	+0.48
	0.51
	
	...
	...
	...
	...
	...
	2
	+1.10
	−1.77
	0.34
	+0.25
	0.33



	Y II
	10
	+0.77
	−1.44
	0.09
	+1.19
	0.12
	3
	+0.06
	−2.15
	0.38
	+0.72
	0.39
	11
	−0.16
	−2.37
	0.19
	−0.35
	0.18



	Zr II
	5
	+1.98
	−0.60
	0.15
	+2.03
	0.15
	
	...
	...
	...
	...
	...
	4
	+0.78
	−1.80
	0.23
	+0.22
	0.23



	Ba II
	3
	+1.99
	−0.19
	0.27
	+2.45
	0.26
	3
	+1.75
	−0.43
	0.87
	+2.43
	0.83
	4
	+1.05
	−1.13
	0.35
	+0.90
	0.26



	La II
	10
	+0.48
	−0.62
	0.06
	+2.01
	0.11
	14
	+0.53
	−0.57
	0.16
	+2.29
	0.30
	15
	−0.20
	−1.30
	0.08
	+0.72
	0.20



	Ce II
	13
	+0.92
	−0.66
	0.09
	+1.98
	0.13
	6
	+0.53
	−1.05
	0.32
	+1.82
	0.41
	15
	+0.37
	−1.21
	0.10
	+0.82
	0.20



	Pr II
	5
	+0.00
	−0.72
	0.15
	+1.92
	0.14
	3
	+0.18
	−0.55
	0.40
	+2.32
	0.44
	5
	−0.50
	−1.22
	0.20
	+0.80
	0.21



	Nd II
	16
	+0.89
	−0.53
	0.10
	+2.11
	0.13
	13
	+0.65
	−0.77
	0.15
	+2.09
	0.28
	13
	+0.27
	−1.15
	0.16
	+0.87
	0.18



	Sm II
	9
	+0.14
	−0.82
	0.10
	+1.81
	0.14
	6
	−0.19
	−1.15
	0.17
	+1.72
	0.30
	10
	−0.48
	−1.44
	0.13
	+0.58
	0.18



	Eu II
	2
	−0.70
	−1.22
	0.46
	+1.41
	0.45
	4
	−0.16
	−0.68
	0.18
	+2.18
	0.30
	2
	−1.06
	−1.58
	0.26
	+0.45
	0.29



	Gd II
	4
	+0.34
	−0.73
	0.11
	+1.90
	0.14
	3
	+0.29
	−0.78
	0.71
	+2.08
	0.70
	2
	+0.05
	−1.02
	0.29
	+1.00
	0.32



	Tb II
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	Dy II
	2
	+0.37
	−0.73
	0.69
	+1.90
	0.65
	
	...
	...
	...
	...
	...
	1
	−0.41
	−1.51
	0.37
	+0.51
	0.31



	Lu II
	1
	−0.61
	−0.71
	0.28
	+1.92
	0.24
	1
	−0.01
	−0.11
	0.42
	+2.75
	0.35
	
	...
	...
	...
	...
	...



	Os I
	1
	+0.06
	−1.34
	0.33
	+1.32
	0.33
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...





      

    

  
    
      Table 5. 

      Abundance summary for Stars 125696, 40475, and 97508.

      
        


	
	125696

	40475

	97508




	El.
	N
	logϵ (X)
	[X/H]
	σ[X/H]
	[X/Fe]
	σ[X/Fe]
	N
	logϵ (X)
	[X/H]
	σ[X/H]
	[X/Fe]
	σ[X/Fe]
	N
	logϵ (X)
	[X/H]
	σ[X/H]
	[X/Fe]
	σ[X/Fe]



	
	
	
	
	[dex]
	
	[dex]
	
	
	
	[dex]
	
	[dex]
	
	
	
	[dex]
	
	[dex]





	C–H
	1
	+7.91
	−0.52
	0.38
	+1.20
	0.35
	1
	+6.75
	−1.68
	0.30
	+1.11
	0.28
	1
	+7.12
	−1.31
	0.57
	+0.70
	0.47



	C2
	1
	+8.20
	−0.23
	0.19
	+1.49
	0.18
	1
	+7.14
	−1.29
	0.21
	+1.50
	0.19
	
	...
	...
	...
	...
	...



	Ccorr
	
	+8.03
	−0.40
	0.38
	+1.32
	0.35
	
	+7.17
	−1.26
	0.30
	+1.53
	0.28
	
	+7.29
	−1.14
	0.57
	+0.87
	0.47



	C–N
	1
	+8.38
	+0.55
	0.57
	+2.27
	0.54
	1
	+6.96
	−0.87
	0.49
	+1.92
	0.47
	
	...
	...
	...
	...
	...



	O I
	
	...
	...
	...
	...
	...
	4
	+8.02
	−0.67
	0.11
	+2.12
	0.15
	
	...
	...
	...
	...
	...



	Na I
	2
	+4.75
	−1.49
	0.41
	+0.23
	0.38
	4
	+4.56
	−1.68
	0.18
	+1.11
	0.18
	2
	+4.50
	−1.74
	0.42
	+0.27
	0.34



	Mg I
	4
	+5.80
	−1.80
	0.18
	−0.08
	0.20
	5
	+6.17
	−1.43
	0.15
	+1.36
	0.15
	3
	+5.43
	−2.17
	0.24
	−0.16
	0.23



	Si I
	
	...
	...
	...
	...
	...
	2
	+5.85
	−1.66
	0.13
	+1.13
	0.14
	
	...
	...
	...
	...
	...



	K I
	1
	+3.87
	−1.16
	0.25
	+0.56
	0.25
	1
	+2.70
	−2.33
	0.16
	+0.46
	0.16
	
	...
	...
	...
	...
	...



	Ca I
	12
	+5.05
	−1.29
	0.12
	+0.43
	0.16
	8
	+3.82
	−2.53
	0.14
	+0.26
	0.14
	6
	+4.39
	−1.95
	0.23
	+0.06
	0.26



	Sc II
	1
	+0.76
	−2.39
	0.24
	−0.64
	0.27
	4
	−0.05
	−3.20
	0.15
	−0.48
	0.15
	3
	+0.70
	−2.45
	0.34
	−0.39
	0.36



	Ti I
	5
	+3.31
	−1.64
	0.16
	+0.08
	0.20
	4
	+2.42
	−2.53
	0.27
	+0.26
	0.25
	
	...
	...
	...
	...
	...



	Ti II
	6
	+2.98
	−1.97
	0.12
	−0.23
	0.24
	7
	+2.45
	−2.50
	0.26
	+0.22
	0.18
	9
	+2.76
	−2.20
	0.25
	−0.13
	0.20



	Cr I
	6
	+4.12
	−1.52
	0.12
	+0.20
	0.17
	4
	+2.72
	−2.92
	0.22
	−0.13
	0.20
	4
	+3.57
	−2.07
	0.33
	−0.06
	0.34



	Mn I
	4
	+2.99
	−2.44
	0.18
	−0.72
	0.20
	3
	+1.74
	−3.69
	0.48
	−0.91
	0.46
	
	...
	...
	...
	...
	...



	Fe I
	30
	+5.78
	−1.72
	0.12
	+0.00
	0.00
	52
	+4.71
	−2.79
	0.09
	+0.00
	0.00
	24
	+5.49
	−2.01
	0.24
	+0.00
	0.00



	Fe II
	2
	+5.76
	−1.74
	0.24
	+0.00
	0.00
	5
	+4.77
	−2.73
	0.16
	+0.00
	0.00
	5
	+5.44
	−2.06
	0.21
	+0.00
	0.00



	Co I
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	Ni I
	
	...
	...
	...
	...
	...
	2
	+3.19
	−3.03
	0.26
	−0.24
	0.25
	3
	+4.33
	−1.89
	0.26
	+0.11
	0.24



	Zn I
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	1
	+2.67
	−1.89
	0.33
	+0.11
	0.38



	Sr II
	
	...
	...
	...
	...
	...
	1
	+0.08
	−2.79
	0.32
	−0.06
	0.32
	
	...
	...
	...
	...
	...



	Y II
	6
	+0.50
	−1.71
	0.15
	+0.03
	0.24
	2
	−0.74
	−2.95
	0.27
	−0.22
	0.23
	4
	+0.70
	−1.51
	0.32
	+0.55
	0.29



	Zr II
	4
	+1.58
	−1.00
	0.19
	+0.75
	0.23
	
	...
	...
	...
	...
	...
	3
	+0.96
	−1.62
	0.23
	+0.44
	0.25



	Ba II
	4
	+2.07
	−0.11
	0.26
	+1.63
	0.28
	4
	−1.73
	−3.91
	0.21
	−1.18
	0.15
	5
	+1.64
	−0.55
	0.36
	+1.52
	0.26



	La II
	14
	+0.60
	−0.50
	0.10
	+1.24
	0.25
	
	...
	...
	...
	...
	...
	8
	+0.70
	−0.40
	0.25
	+1.66
	0.23



	Ce II
	8
	+0.98
	−0.60
	0.10
	+1.15
	0.26
	
	...
	...
	...
	...
	...
	9
	+0.78
	−0.80
	0.15
	+1.27
	0.20



	Pr II
	5
	+0.36
	−0.36
	0.17
	+1.39
	0.28
	
	...
	...
	...
	...
	...
	3
	+0.18
	−0.54
	0.33
	+1.52
	0.25



	Nd II
	20
	+0.85
	−0.57
	0.13
	+1.18
	0.24
	
	...
	...
	...
	...
	...
	8
	+0.83
	−0.59
	0.21
	+1.47
	0.21



	Sm II
	9
	+0.45
	−0.51
	0.13
	+1.24
	0.25
	
	...
	...
	...
	...
	...
	7
	+0.29
	−0.67
	0.29
	+1.39
	0.22



	Eu II
	3
	−0.26
	−0.78
	0.12
	+0.96
	0.24
	
	...
	...
	...
	...
	...
	2
	−0.41
	−0.93
	0.38
	+1.13
	0.33



	Gd II
	1
	+0.74
	−0.33
	0.29
	+1.41
	0.40
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	Tb II
	1
	−0.43
	−0.73
	0.22
	+1.02
	0.26
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	Dy II
	1
	+0.57
	−0.54
	0.43
	+1.21
	0.37
	
	...
	...
	...
	...
	...
	1
	+0.86
	−0.24
	0.41
	+1.82
	0.40



	Lu II
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...



	Os I
	
	...
	...
	...
	...
	...
	
	...
	...
	...
	...
	...
	1
	+1.69
	+0.29
	0.60
	+2.30
	0.57





      

    

  
    
      Table 6. 

      Abundance uncertainties.

      
        


	Stellar ID
	El
	ΔTeff
	Δlog g
	Δξ
	Δ[M/H]
	sX



	
	
	[dex]
	[dex]
	[dex]
	[dex]
	[dex]





	75044
	C−H
	0.45
	−0.09
	−0.09
	0.10
	0.00



	75044
	C2
	0.36
	0.00
	0.00
	0.06
	0.00



	75044
	C−N
	0.62
	−0.04
	−0.02
	0.22
	0.00



	75044
	Na I
	0.15
	−0.06
	0.00
	−0.02
	0.08



	75044
	Mg I
	0.31
	−0.13
	−0.07
	−0.01
	0.42



	75044
	K I
	0.11
	0.04
	−0.08
	−0.18
	0.00



	75044
	Ca I
	0.04
	−0.00
	−0.11
	−0.20
	0.08



	75044
	Sc II
	−0.13
	0.06
	−0.06
	−0.09
	0.10



	75044
	Ti I
	0.37
	−0.06
	−0.01
	−0.05
	0.10



	75044
	Ti II
	−0.08
	0.05
	−0.05
	−0.00
	0.26



	75044
	Cr I
	0.02
	−0.03
	−0.02
	−0.04
	0.13



	75044
	Mn I
	0.29
	−0.06
	−0.03
	−0.04
	0.10



	75044
	Fe I
	0.07
	−0.06
	−0.01
	−0.02
	0.12



	75044
	Fe II
	−0.11
	0.11
	−0.06
	0.05
	0.01



	75044
	Ni I
	0.24
	−0.02
	−0.03
	0.00
	0.36



	75044
	Sr II
	0.03
	0.04
	−0.14
	0.02
	0.00



	75044
	Y II
	−0.06
	0.09
	0.00
	0.01
	0.03



	75044
	Zr II
	−0.02
	0.05
	−0.07
	0.02
	0.18



	75044
	Ba II
	0.17
	−0.08
	−0.12
	0.03
	0.16



	75044
	La II
	−0.09
	0.10
	−0.01
	−0.02
	0.00



	75044
	Ce II
	−0.07
	0.06
	−0.03
	−0.01
	0.15



	75044
	Pr II
	−0.02
	0.09
	−0.02
	0.04
	0.16



	75044
	Nd II
	−0.06
	0.08
	−0.02
	0.01
	0.13



	75044
	Sm II
	−0.08
	0.06
	−0.04
	−0.02
	0.18



	75044
	Eu II
	0.08
	0.07
	−0.02
	0.07
	0.43



	75044
	Gd II
	−0.09
	0.11
	0.00
	0.00
	0.07



	75044
	Dy II
	0.42
	0.03
	−0.12
	0.21
	0.36



	75044
	Lu II
	0.21
	0.08
	−0.00
	0.12
	0.00



	75044
	Os I
	0.10
	0.07
	−0.00
	−0.09
	0.00





      

      
Notes. The complete version of this table is available at the CDS. Results for one star are shown here to illustrate their form and content.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Synthesis of the C2 band in 86357 (top), 130624 (middle), and 125696 (bottom). Each panel shows the observed spectrum (solid black line) along with a synthesis without C (dotted line), the best-fit synthesis (solid teal line), and uncertainty on the best-fit synthesis (shaded region).

      

    

  
    
      Table 7. 

      Classification of program stars according to Beers & Christlieb (2005).

      
        


	Stellar ID
	[Ba/Fe]
	[Ba/Eu]
	CEMP type





	75044
	2.45
	1.04
	CEMP-s



	86357
	2.43
	0.61
	CEMP-s



	130624
	0.90
	0.45
	CEMP-r/s



	125696
	1.63
	0.67
	CEMP-s



	40475
	−1.18
	...
	CEMP-no



	97508
	1.52
	0.39
	CEMP-r/s





      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Absolute carbon abundance as a function of metallicity for CEMP halo stars (filled circles), along with CEMP stars in the galaxies Canes Venatici I (cross), Draco (diamonds), Carina (stars), Sculptor (squares), Sextans (downward pointing triangles), and Ursa Minor (upwards pointing triangles). CEMP-no stars are marked in black, CEMP-s stars in green, CEMP-r/s in cyan, and CEMP stars with no classification are marked in grey. Grey dashed lines indicate the high and low A(C) values as found by Yoon et al. (2016) while the ellipses mark their groups II and III. The left panel shows stars with high Ba abundances but no Eu abundances as CEMP-s stars, while these are removed from the panel on the right.

      

    

  
    
      Table 8. 

      Classification of program stars following Karinkuzhi et al. (2021).

      
        


	Stellar ID
	d
	[La/Eu]
	CEMP type





	75044
	0.72
	0.60
	CEMP-s



	86357
	0.30
	0.11
	CEMP-r/s



	130624
	0.59
	0.27
	CEMP-r/s



	125696
	0.54
	0.28
	CEMP-r/s



	97508
	0.73
	0.53
	CEMP-s





      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Absolute logϵ (X) abundances for the three CEMP-r/s stars in our sample compared to scaled i-process yields from Choplin et al. (2022) and the scaled Solar r- and s-process patterns from Sneden et al. (2008). The bottom panel in each plot shows the residual for the match to the i-process yields. The Solar s- and r-process patterns are scaled to the stellar Ba and Eu abundances, respectively, while the average difference between yields and stellar abundances from Ba to Dy was used to scale the i-process yields.

      

    

  
    
      Table A.1. 

      Photometry and derived Teff for the six sample stars.

      
        


	Stellar ID
	V
	I
	J
	H
	K
	Teff(V − I)
	Teff(V − J)
	Teff(V − H)
	Teff(V − K)
	Teff(J − K)





	75044
	17.708
	16.284
	15.235
	14.557
	14.295
	4139
	4140
	...
	...
	...



	86357
	18.524
	17.235
	16.270
	15.630
	15.510
	4332
	4347
	4238
	4308
	4419



	130624
	18.629
	17.476
	16.551
	16.039
	...
	4672
	4595
	4599
	...
	...



	125696
	18.814
	17.747
	...
	...
	...
	4868
	...
	...
	...
	...



	40475
	19.054
	17.885
	...
	...
	...
	4546
	...
	...
	...
	...



	97508
	19.013
	17.965
	...
	...
	...
	4866
	...
	...
	...
	...





      

      
References. V and I magnitudes are from Fabrizio et al. (2016) and 2MASS JHK magnitudes were taken from Cutri et al. (2003).



    

  
    
      Table B.1. 

      Atomic data and abundances for individual lines analysed.

      
        


	Stellar ID
	Species
	λ
	χ
	log gf
	EW
	σEW
	logϵ(X)
	Ref



	
	
	(Å)
	(eV)
	
	(mÅ)
	(mÅ)
	(dex)
	





	75044
	11.0
	5688.20
	2.10
	−0.41
	53.18
	6.77
	4.46
	1



	75044
	11.0
	5889.95
	0.00
	+0.11
	481.72
	10.48
	4.66
	1



	75044
	11.0
	5895.92
	0.00
	−0.19
	368.27
	8.08
	4.52
	1



	75044
	12.0
	5172.68
	2.71
	−0.36
	246.40
	12.37
	4.60
	2



	75044
	12.0
	5183.60
	2.72
	−0.17
	455.35
	13.94
	5.43
	2



	75044
	19.0
	7698.96
	0.00
	−0.18
	synth
	synth
	2.98
	1



	75044
	20.0
	6102.72
	1.88
	−0.81
	synth
	synth
	4.07
	3



	75044
	20.0
	6122.22
	1.89
	−0.33
	synth
	synth
	4.25
	3



	75044
	20.0
	6161.29
	2.52
	−1.35
	synth
	synth
	4.11
	3



	75044
	21.1
	4324.99
	0.60
	−0.44
	synth
	synth
	0.23
	4



	75044
	21.1
	4374.47
	0.62
	−0.46
	synth
	synth
	0.33
	4



	75044
	21.1
	4400.39
	0.61
	−0.54
	synth
	synth
	0.29
	4



	75044
	22.0
	4840.87
	0.90
	−0.43
	45.81
	5.04
	2.20
	5



	75044
	22.0
	5210.38
	0.05
	−0.82
	synth
	synth
	1.89
	5



	75044
	22.1
	4443.80
	1.08
	−0.71
	synth
	synth
	2.44
	6



	75044
	22.1
	4450.48
	1.08
	−1.52
	synth
	synth
	2.15
	6



	75044
	22.1
	4501.27
	1.12
	−0.77
	synth
	synth
	2.89
	6



	75044
	22.1
	4571.97
	1.57
	−0.31
	synth
	synth
	2.05
	6



	75044
	22.1
	5226.54
	1.57
	−1.26
	synth
	synth
	2.61
	7



	75044
	22.1
	5336.79
	1.58
	−1.60
	synth
	synth
	2.76
	6





      

      
Notes. The complete version of this table is available at the CDS. A subset is shown here to illustrate its form and content.

References. (1) Kramida et al. (2018); (2) Pehlivan Rhodin et al. (2017); (3) Yu & Derevianko (2018); (4) Lawler & Dakin (1989), using hfs from Kurucz & Bell (1995); (5) Lawler et al. (2013); (6) Wood et al. (2013); (7) Pickering et al. (2001), with corrections given in Pickering et al. (2002); (8) Sobeck et al. (2007); (9) Den Hartog et al. (2011) for both log(gf) value and hfs; (10) O’Brian et al. (1991); (11) Den Hartog et al. (2014); (12) Belmonte et al. (2017); (13) Ruffoni et al. (2014); (14) Den Hartog et al. (2019); (15) Meléndez & Barbuy (2009); (16) Lawler et al. (2015) for log(gf) values and HFS; (17) Wood et al. (2014); (18) Roederer et al. (2012); (19) Biémont et al. (2011); (20) Ljung et al. (2006); (21) Kramida et al. (2018), using HFS/IS from McWilliam (1998) when available; (22) Lawler et al. (2001a), using HFS from Ivans et al. (2006); (23) Lawler et al. (2009); (24) Li et al. (2007), using HFS from Sneden et al. (2009); (25) (Ivarsson et al. 2001), using HFS from Sneden et al. (2009); (26) Den Hartog et al. (2003), using HFS/IS from Roederer et al. (2008); (27) Lawler et al. (2006), using HFS/IS from Roederer et al. (2008); (28) Lawler et al. (2001b), using HFS/IS from Ivans et al. (2006); (29) Den Hartog et al. (2006); (30) Lawler et al. (2001c), using HFS from Lawler et al. (2001d); (31) Wickliffe et al. (2000); (32) Lawler et al. (2009) for log gf values and HFS; (33) Quinet et al. (2006).
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