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Abstract

We analyze high-resolution spectra of five carbon-enhanced metal-poor (CEMP) stars acquired
using Ultraviolet and Visual Echelle Spectrograph (UVES). Assuming local thermodynamic
equilibrium (LTE), we derive the abundances of extreme r-process elements such as Tb, Ho, Tm,
and Yb using TURBOSPECTRUM radiative transfer code with MARCS model atmospheres.
Four of the program stars have their atmospheric parameters adopted from our previous studies,
while for CS 22947-187, we determine the atmospheric parameters (7eir = 5200 K, logg = 1.5,
& =1.70km s~!, and [Fe/H] = —2.55) using the BACCHUS code in semi-automated mode.
These stars are already classified as CEMP-rs stars (i.e., carbon-enhanced metal-poor stars with
enrichment of elements from both slow and rapid neutron-capture processes), using our new
classification criteria for CEMP stars. The derived r-process abundances for our program stars
are similar to those for rI and rlI stars of similar metallicity.

Keywords: Nuclear reactions, nucleosynthesis, abundances — Stars: AGB and post-AGB —
binaries: spectroscopic

1. Introduction

Understanding the production of chemical elements by stellar nucleosynthesis and their
re-distribution in the Galaxy, the so-called galactic chemical evolution (GCE), is an impor-
tant topic in modern astronomy. Our understanding of the galactic abundance of the elements,
however, remains incomplete because of major uncertainties, such as the contribution from dif-
ferent nucleosynthetic processes. Furthermore, the origin of the peculiar abundance patterns
shown by specific stellar subgroups are still not well understood in many aspects. One ex-
ample concerns carbon-enhanced metal-poor (CEMP) stars showing enhancement of elements
both from the slow-neutron capture process (s-process) and the rapid neutron capture process
(r-process). They are also known as CEMP-rs stars. According to recent studies (Karinkuzhi
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et al., 2021a, 2020; Hampel et al., 2019, 2016), the intermediate neutron-capture process (i-
process) that occurs in low-metallicity, low-mass thermally pulsing Asymptotic Giant Branch
stars is most likely responsible for the peculiar abundance in CEMP-rs stars. Studies such as
these demonstrated a satisfactory match between measured abundances in CEMP-rs stars and
model predictions. However, detailed abundances of large samples of CEMP-rs stars at different
metallicities are required to gain a deep understanding of the i-process.

The detailed abundances of eleven CEMP-rs stars derived using the high-resolution HER-
MES spectra were presented in our previous study (Karinkuzhi et al., 2021a). The measured
abundances in these stars were satisfactorily explained by the i-process occurring in thermally
pulsing (TP)-AGB stars after proton ingestion during their first convective thermal pulse
(Choplin et al., 2021). However, the abundances of extreme r-process elements such as Tb,
Ho, Tm, and Yb were not considered in this study as they were not measurable since their sen-
sitive lines are beyond the HERMES wavelength limits. Nonetheless, it is important to identify
the role that the i-process plays in the production of extreme r-process elements in general, as
well as its contribution to the chemical enrichment of our galaxy. Studies such as these can
provide important constraints for galactic chemical evolution models.

2. Data and Analysis

The UVES spectra for our objects cover a wavelength of 3280 to 6835 A. The atmospheric
parameters, Tufr, logg, &, and [Fe/H] are derived using the BACCHUS code in semi-automated
mode as described in Karinkuzhi et al. (2018, 2021a,b). Abundances were derived by com-
paring the observed spectrum with the synthetic one generated with the TURBOSPECTRUM
radiative transfer code (Alvarez and Plez, 1998) using MARCS model atmospheres. The solar
abundances were adopted from Asplund et al. (2009). The line lists from Heiter et al. (2015) and
Heiter (2020) were used for deriving the individual elemental abundances. The Local Thermo-
dynamic Equilibrium (LTE) conditions were assumed for deriving the abundances, but non-LTE
(NLTE) corrections were applied when available. For all the elements except Ho, Tb, Tm, and
Yb, the derivation of the elemental abundances has already been discussed in Karinkuzhi et al.
(2021a). Here we describe only the extreme r-process elements.

2.1. r-process elements: Th, Ho, Tm, Yb

We measured the abundance of Tb, Ho, Tm, and Yb in all the program stars. They are
presented in Table 1. There are several lines available for the elements Tm and Ho in the
wavelength range of 3700 to 3900 A. They are listed in Table 2. This region is a bit noisy but
we could measure their abundance using two or three lines for Ho and Tm in all the stars except
for HD 196944, where Tm abundance is derived using a single Tm1I line. The Yb and Tb
abundances were derived using the lines at 3694.19 and 3845.63 A respectively. We present the
spectral synthesis of the Tm 11 line at 3795.76 A and theYb 11 line at 3694.19 A in Fig. 1 for two
program stars. The uncertainties in abundance were derived as discussed in Karinkuzhi et al.
(2018). The atmospheric parameters Tuf, log g, microturbulence &, and [Fe/H] are varied by
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Table 1: Elemental abundances. The values for log . € are taken
from Asplund et al. (2009) and : indicates the upper limit.

Z log.e loge oi(N) [X/Fe]+t o

CS 22947-187

Tb 65 0.30 —0.90 0.10(1) 1.35+045
Ho 67 0.48 —1.57 0.03(2) 0.50 = 0.09
Tm 69 0.10 —1.25 0.043) 1.20+0.09
Yb 70 0.84 —0.65 0.10(1) 1.06 £0.11
CS 22891-171

Tb 65 0.30 —-0.70 0.06(3) 1.50 +0.44
Ho 67 0.48 —0.98 0.04(4) 1.04 £0.08
Tm 69 0.10 —0.75 0.04(3) 1.65=+0.09
Yb 70 0.84 —-0.50 0.10(1) 1.16 £0.11
HD 187861

Tb 65 0.30 —1.00 0.10(2) 1.30£0.45
Ho 67 0.48 —-1.03 0.07(4) 1.09 £0.09
Tm 69 0.10 —0.95 0.05(2) 1.55+0.10
Yb 70 0.84 —0.60 0.10(1) 1.16 £0.11
HD 224959

Tb 65 0.30 —0.57 0.08(4) 1.49+0.44
Ho 67 0.48 —0.30 0.05(2) 1.58 +£0.09
Tm 69 0.10 —0.20 0.04(3) 2.06 £0.09
Yb 70 0.84 0.20 0.10(1) 1.72+0.11
HD 196944

Tb 65 0.30 —0.58: 0.05(2) 1.62+0.45
Ho 67 0.48 —2.00 0.102) 0.02 £0.11
Tm 69 0.10 —1.60 0.10(1) 0.80£0.13
Yb 70 0.84 —0.90 0.10(1) 0.76 £0.11
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Table 2: Lines used in the
abundance analysis.

/} Xlow lOg gf
(A) (eV)

Tb1r

3658.888 0.126 —4.083
3702.869 0.126 —1.671
3775268 0.790 —0.570
3845.633 0.790 0.252
3848.744 0.000 —0.317
3899.188 0.373 0.330
4002.566 0.641 0.100
4005.467 0.126 —0.020

Hol1

3453.123 0.079 —0.930
3456.020 0.000 —2.828
3484.816 0.079 —-0.636
3796.754 0.000 —1.722
3810.738 0.000 0.142
4045470 0.000 —-0.918
4152.586 0.079 —2.733

Tmi1r

3700.255 0.029 —0.380
3701.362 0.000 —0.540
3734.123 0.029 —-0.710
3795.759 0.029 —0.230

Yb1l
3694.192 0.000 —-0.300
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Figure 1: Spectral fitting of the Tm11 and Yb1I lines is shown for
two CEMP-rs stars, HD 196944 and CS22947—187 in the upper and
lower panels respectively. Red lines correspond to spectral syntheses
with the adopted Tm 11, YbII abundances of —1.6dex, —0.9dex for
HD196944, and —1.25dex, —0.7dex for CS22947-187 respectively.
Blue and green lines correspond to syntheses with abundances deviat-
ing by £0.3 dex from the adopted abundance. The black dashed line
represents the observed spectrum. The magenta line corresponds to the

synthesis with a null abundance for the corresponding element.
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Figure 2: Comparison of the r-process elemental abundance pattern in
our five CEMP-rs stars (red squares) with 47 r-process enriched stars
from the literature(blue squares).

100K, 0.5, 0.5kms~2, and 0.5 dex, respectively, and the corresponding change in abundances
are derived. The final uncertainties are then calculated using 0'[%( JFe] = 6)2( + Gge.

The 652( is calculated using the Eq. 2 from Johnson (2002) given by,

dloge > dloge > dloge >
G)%:Grzan'i‘( oT ) G%‘l‘(—alogg) Gl%)gg-i_( ag 2

The o7, Ologg. and o are the typical uncertainties on the atmospheric parameters, which are
estimated as oy = 50K, Ojog, = 0.2 dex, and O¢ = 0.05kms™!

3. Discussions and Conclusions

We derived the abundance of Tb, Ho, Tm, and Yb in five CEMP-rs stars. In Fig. 2, the
available abundances of r-process elements in our program stars were compared with those in r-
process enriched stars which include both rI and rlI stars. According to the figure, our program
stars exhibit similar abundances for these elements as r-process enriched stars who are similar
in metallicity indicating a comparatively higher contribution from i-process sites such as low-
mass low-metallicity AGB stars. But the final conclusion should be based on the comparison
with model predictions as well as the abundances of these elements in CEMP-s stars.
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