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ABSTRACT

Context. Metal-poor components of dwarf galaxies around the Milky Way could be remnants of the building blocks of the Galactic
halo structure. Low-mass stars that are currently observed as metal-poor stars are expected to have formed in chemically homogeneous
clusters in the early phases of galaxy formation. They should have already disintegrated and should exhibit large scatter in abundance
ratios of some sets of elements (e.g., Sr/Ba) in the Milky Way field stars. However, chemical abundance ratios are expected to cluster in
very metal-poor stars in dwarf galaxies because the number of clusters formed in individual galaxies in the very early phase is expected
to be quite limited.

Aims. We examine the possible clustering of abundance ratios of Sr and Ba in the Sextans dwarf galaxy to test for the clustering star
formation scenario.

Methods. We investigate a total of 11 elements (C, Mg, Ca, Sc, Ti, Cr, Mn, Ni, Zn, Sr, Ba) in five stars in the Sextans dwarf galaxy.
Previous studies suggest that these have similar abundance ratios. In this study, we focus on the abundance ratio of Sr to Ba. The
observations are based on high-resolution spectroscopy (R =40 000) using the Subaru Telescope High Dispersion Spectrograph.
Results. The distribution of a/Fe abundance ratios of the Sextans dwarf galaxy stars is slightly lower than the average of the values
of stars in the Galactic halo. The Sr/Ba abundance ratios for the five metal-poor stars are in good agreement, and this clumping is
distinctive compared to the [Sr/Ba] spread seen in the metal-poor halo stars. We find that the probability of such clumping is very small
if the Sextans stars have distributions of Sr and Ba abundances similar to halo stars.

Conclusions. In the Sextans dwarf galaxy, five out of six of the extremely metal-poor stars for which abundance ratios are well studied
so far show clear clustering in abundance ratios including Sr/Ba. These observations tend to support the hypothesis that these stars
were formed from a cloud of homogeneous chemical composition.

Key words. nuclear reactions, nucleosynthesis, abundances — stars: abundances — galaxies: dwarf — galaxies: individual: Sextans

1. Introduction

According to the scenarios of structure formation, small galax-
ies like dwarf spheroidal galaxies have contributed to building
up the larger ones, including the Milky Way (e.g., Diemand
et al. 2007). Numerical studies such as that by Font et al. (2006)
suggest that the accreted substructures should be detectable kine-
matically and chemically, even billions of years after the Milky
Way first formed. Indeed, evidence in favor of this scenario is
found in the difference in stellar dynamics, showing that the
halo is separated into substructures (e.g., Helmi et al. 1999;
Starkenburg et al. 2009; Xue et al. 2011).

Another useful technique is the so-called chemical tagging,
which aims to assign stars to groups based on their chemistry
(e.g., Freeman & Bland-Hawthorn 2002). Low-mass stars that
are currently observed as metal-poor stars are expected to have
formed in chemically homogeneous clusters in the early phases
of the galaxy formation. The classification of stars into groups

* Study based on data collected with the Subaru Telescope, operated
by the National Astronomical Observatory of Japan.

Article published by EDP Sciences

with similar chemical composition is used to identify stars with a
common origin, possibly in the same cluster. Nevertheless, very
metal-poor stars ([Fe/H] < —2.5 dex) in the halo field exhibit a
smooth dispersion in abundance ratios suggesting that a large
number of such clusters have contributed to forming the halo
structure. However, in order to apply chemical tagging to the
Milky Way halo, a considerably large sample is required. There
is an intention to apply this technique to the stars of field halos
by large-scale spectroscopic follow-up of the Gaia sample (e.g.,
Hawkins & Wyse 2018).

On the other hand, the application of chemical tagging to the
metal-poor range of faint dwarf galaxies is expected to be more
straightforward. Faint dwarf galaxies contain very metal-poor
stars whose chemical abundances are useful for studying the
environment and the formation process of galaxies. Bland-
Hawthorn et al. (2010) performed a detailed investigation of the
formation of clusters with homogeneous chemical composition,
and found that a small number of very metal-poor stars do not
form smooth distributions but make clumps in the abundance
plane of [Fe/H] versus [X/Fe], including the neutron-capture
elements (e.g., [Ba/Fe]). This is in clear contrast to field halo
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Table 1. Object data.

Star RA Dec Exp.time S/N S/N Date Ref
J2000) J2000) (s) (4100A) (5180 A) uT)

S 10-14 10:13:34.70 —02:07:57.9 14200 14 56 2016 April 26 (1)

S 11-13  10:11:42.96 —02:03:50.4 14 400 21 74 2016 April 27 (1)

S 49 10:13:11.55 —01:43:01.8 14 400 14 62 2016 April 28  (2)

References. (1) Aoki et al. (2009a); (2) Shetrone et al. (2001).

stars, which would have also been born in clusters, but the
number of clusters is so large that their abundances are expected
to become dispersed, leading to a large and smooth distribution
in abundance ratios of elements. The clustering in elemental
abundances of metal-poor stars in dwarf galaxies is expected to
be useful for examination of the procedure of chemical tagging
and would help to constrain the formation scenario for the Milky
Way.

The Sextans dwarf spheroidal galaxy would be an ideal
galaxy for examination of chemical tagging. Aoki et al. (2009a)
show measurements of six metal-poor stars of the Sextans dwarf
galaxy with low magnesium (Mg), calcium (Ca), and barium
(Ba) abundance ratios. Karlsson et al. (2012) suggested the pos-
sibility that clustering with homogeneous chemical composition
is apparent in this dwarf galaxy from the observation of Sextans
metal-poor stars showing a clump in the [Mg/Fe] and [Fe/H]
plane around [Fe/H] ~ —2.8. However, the number of elements
studied so far for chemical tagging is still relatively small. Fur-
ther abundance measurement for metal-poor stars in the Sextans
dwarf galaxy would be an ideal way to examine the usefulness
of the chemical tagging method.

Chemical tagging is usually applied using abundance ratios
of a-elements and Fe-peak elements because a/Fe reflects the
timescale of the chemical evolution of the system (e.g., Tinsley
1979). However, the abundance differences between stars are not
very large (at most 0.5 dex). Abundance ratios of neutron-capture
elements (e.g., [St/Ba]) confer an advantage for chemical tag-
ging because they show large scatter in their abundance ratios,
and the differences can be clearly measured. For the Sextans
dwarf galaxy, chemical tagging using the abundance ratios of
neutron-capture elements appears to be possible according to
previous observations. There is a total of nine very metal-poor
stars (—3.0 <[Fe/H] < —-2.6) for which Ba abundance has been
measured in previous studies (two stars by Tafelmeyer et al. 2010,
six by Aoki et al. 2009a, and one by Shetrone et al. 2001). Seven
out of these very metal-poor stars show very good agreement
of [Ba/Fe] ~—1.2 dex. This clumping is remarkable, given the
large scatter of [Ba/Fe] seen in the field halo stars in the same
metallicity range. The two remaining stars, S 15-19 and S 12-28
(Aoki et al. 2009a), have an excess of Ba. Furthermore, S 15-19
([Ba/Fe] =0.5 dex) is considered to be an s-process enhanced star
(Honda et al. 2011). The similarity of the [Ba/Fe] in the remain-
ing stars could be a signature of low-mass star formation in the
same cluster, their Ba sharing the same origin.

Moreover, the Sr abundance of two of these stars was mea-
sured by Tafelmeyer et al. (2010) using the Very Large Telescope
(VLT). The abundance ratios [Sr/Ba] of the two stars are in
very good agreement, measuring 0.89 and 0.84 dex for S 24-
72 and S 11-04, respectively. The Milky Way halo stars show a
large and smooth dispersion of [Sr/Ba] (>2 dex) for field halo
stars of the same metallicity and in a similar [Ba/Fe] range.
We therefore expect that determination of the abundance of Sr
and subsequent determination of the [Sr/Ba] ratio provides the
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strongest constraint on the model of chemical clustering in dwarf
galaxies.

In Sect. 2, we describe the sample selection and the details
of spectroscopic observations. Section 3 gives the estimates of
the stellar parameters and the details of the chemical abundance
analysis. In Sect. 4, we present our results and discuss the derived
abundances. Finally, we summarize our study in Sect. 5.

2. Observation

Metal-poor stars in the Sextans dwarf spheroidal galaxy were
selected for our study to obtain high-resolution spectra of the
UV-blue range. We selected stars that have similar Ba abun-
dances according to previous studies by Aoki et al. (2009a) and
Shetrone et al. (2001). The selected stars have similar metallic-
ity to the two stars for which the Sr abundance was measured by
Tafelmeyer et al. (2010) ([Fe/H] ~ —2.8). We selected S 10-14 and
S 11-13 from Aoki et al. (2009a) and S 49 from Shetrone et al.
(2001), as they are the three brightest stars (V ~ 17.5) among the
target candidates.

The targets were observed from 2016 April 26 to 28 for the
first half of the night for all three days with the 8.2 m Subaru
Telescope High Dispersion Spectrograph (HDS, Noguchi et al.
2002). The wavelength coverage is from 3920 to 5604 A with
a resolving power of R=40000 (0.9 arcsec slit). The signal-
to-noise ratio (S/N) per resolution element (3.7 pixels) of the
spectrum is estimated from photon counts at 4100 and 5180 A.
Positions of objects, exposure time, S/N, and observed dates are
summarized in Table 1.

We reduced the raw data via a standard process using the
IRAF échelle package'. The effect of the sky background is sig-
nificant in spectra that were taken at the end of the observation
when the moon rose. We removed the sky background from the
spectra by extracting them from the region around the stellar
spectra on the slit. The individual spectra were then combined
after the wavelength calibration.

3. Chemical abundance analysis

Chemical abundances are determined based on model atmo-
spheres and spectral line data. We employ the ATLAS model
atmospheres with the revised opacity distribution function
(NEWODF) by Castelli & Kurucz (2003). We applied the one-
dimensional local thermodynamic equilibrium (LTE) spectral
synthesis code, which is based on the same assumptions as the
model atmosphere program of Tsuji (1978) and has been used in
previous studies (e.g., Aoki et al. 2009b). The line list is given in
Table A.1.

I IRAF is distributed by National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research
in Astronomy, Inc., with the cooperation of the National Science
Foundation.
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Table 2. Stellar parameter and comparison with previous studies.

Star TV [Fe/H] logg® £ AT A[Fe/H] Alogg A¢ 1% K Prev. study
(K) (dex) (dex) (kms™") (K) (dex) (dex) (kms™h)
S 10-14 4620 -2.82 1.02 2.52 0 -0.12  -0.18 +0.30 17.64 15.08 Aoki et al. (2009a)
S 11-13 4430 -2.82 0.86 2.28 +30 -0.02 +0.26 -0.12 1753 14.71 Aoki et al. (2009a)
S 49 4390 -3.06 0.86 2.56 +65 -021 +0.76  +0.06 17.52 14.67 Shetrone et al. (2001)
S 24-72 4340 -290 0.74 2.72 -90 +0.03 -0.01 +0.52 1735 14.42 Tafelmeyer et al. (2010)
S 11-04 4230 -2.85 0.62 2.85 -90 +0.09 +0.05 +0.65 1723 14.13 Tafelmeyer et al. (2010)
HD 88609 4550 -2.97 091 2.60 0 +0.09 -0.19 +0.08 8.62 6.01 Honda et al. (2007)

Notes. The difference is taken as our results minus other works. ("From V-K (Hernandez & Bonifacio 2009). ®Computed from standard relation

between absolute bolometric magnitude, temperature, and mass.

3.1. Stellar parameters

Among the stellar parameters, we estimate effective temperature
(Teg) from the color (V—K), adopting the K magnitude and V
magnitude from the SIMBAD astronomical database® (Wenger
et al. 2000) for the three target stars. We used V—K since the tem-
perature scales are less dependent on metallicity and molecular
absorption in giant stars. We estimated 7.t from the color—
temperature relation for giant stars by Herndndez & Bonifacio
(2009). Different extinction for foreground reddening was esti-
mated for different stars in the range 0.01 < E(B-V) <0.05. The
uncertainty of T due to photometry errors (about 0.1 mag) and
uncertainty of reddening (0.05 mag) is about 100 K. Includ-
ing the uncertainty of the T.g scale, we adopt 150 K as the
uncertainty that is applied to estimate abundance errors.

Surface gravity (log g) was determined using the follow-
ing relation with effective temperature, mass, and bolometric
magnitude:

IOg g« = IOg got 10g % +4 logh_" 0.4 (MBol* - MBO]O) > (l)
MO Teffo

where log go =4.44, Tego =5790K, and Mpoo =4.74 for solar
values and M, =0.8 M for the mass of the red giant branch
(RGB) stars are adopted. We calculated the absolute bolometric
magnitude (Mp,.) of the stars using the calibration for the bolo-
metric correction from Alonso et al. (1999). We assume 90 kpc
for the distance to the Sextans dwarf galaxy (Karachentsev &
Karachentseva 2004). We estimated the uncertainty of log g
adopting errors of stellar mass (10%), Teg (150 K), and My
(0.3 mag), resulting in 0.22 dex. We adopt 0.3 dex as the
uncertainty that is applied to estimate the abundance error.

We adjusted micro-turbulence (£) so that the Fe abundances
derived from individual lines do not show systematic differences
depending on the strength of the FeT lines. By changing &, the
trend appears in Fe abundance against the equivalent width. The
uncertainty of £ is estimated when this trend in the Fe abundance
becomes larger by 1 0.

Finally, we determined metallicity ([Fe/H]) from the final
averaged abundance of Fel. The errors are estimated from the
scatter of Fe abundances derived from individual Fe I lines.
Stellar parameters of the targets and their comparison with pre-
vious studies are summarized in Table 2. Some of the stellar
parameters are different from those found in previous studies,
which would affect the results of chemical abundances. The

2 SIMBAD Astronomical Database: http://simbad.u-strasbg.
fr/simbad/

difference in chemical abundance and possible effects of the
stellar parameters are discussed in the sections below.

We re-analyzed the spectrum of HD 88609 obtained by
Honda et al. (2007). This is a cool red giant with a similar metal-
licity to the stars of our Sextans sample, and was well studied
by previous works. The effective temperature for this object is
taken from Honda et al. (2007), and other parameters are derived
from the analysis of the high-resolution spectrum as done for the
Sextans sample. The stellar parameters of this star obtained here
are compared to those obtained by Honda et al. (2007) in Table 2.

3.2. Abundance measurements and error estimates

In our error estimates, we investigate the systematic difference
in chemical abundances that occurs with uncertainties of model
atmosphere parameters. The effects of changes of stellar param-
eters on the abundances are given in Table 3 for S 49. We
expect that the other stars from the sample show similar behav-
ior because they have similar stellar parameters, and we apply
these parameters for error estimates of all the stars of our sam-
ple. Table 3 shows differences in abundance measurements by
changing +150 K for T, £0.3 dex for log g, 0.3 dex for [Fe/H],
and +0.5 km™! for £. The abundance of elements increases when
a higher T, is assumed, while it decreases when a higher ¢ is
assumed. On the other hand, the effects of [Fe/H] and log g are
generally different for abundances of neutral and ionized species.
The abundances derived from neutral species are generally lower
when higher [Fe/H] and log g are adopted, while the opposite is
true for the ionized species. The exceptions to this rule are the
abundances derived from Zn1 and Sr 11 for changes of [Fe/H].

We measured the abundances of elements from magne-
sium (Mg) to barium (Ba) in the present study. Details of the
abundance measurements for individual species are given in
Sects. 3.3-3.5. The abundance of Sr is measured for the first
time in all three targets. For those elements with several absorp-
tion lines available in our spectra, the averaged abundances from
individual lines are taken as the final results. For those that have
only one or a few measurable lines, we applied the spectrum syn-
thesis technique. The effects of hyperfine splitting were taken
into account in the analysis of Ba assuming the r-process isotope
ratios (McWilliam 1998). To derive the [X/Fe] values, we used
the Solar-System abundances obtained by Asplund et al. (2009).
Abundance and equivalent width of individual lines are given in
Table A.1 and the final abundances adopted are summarized in
Table 4. In the following sections, we compare our abundances
to those found in previous studies (Aoki et al. 2009a; Shetrone
et al. 2001).
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Table 3. Abundance changes from changing stellar parameters for S 49.

A Teg A [Fe/H] Alog g A&
Species +150K -150K +0.3 -0.3 +0.3 -0.3 +0.5 -0.5
Mgl 0.15 -0.15 -0.02 0.03 -0.06 0.06 -0.04 0.06
Cal 0.09 -0.09 -0.01 0.02 -0.03 0.03 -0.03 0.06
ScIl 0.11 -0.10 -0.03 0.02 0.07 -0.06 -0.19 0.21
Til 0.18 -0.21 -0.01 0.00 -0.04 0.04 -0.02 0.04
Till 0.06 -0.08 0.01 0.00 0.07 -0.06 -0.13  0.19
Crl 0.17 -0.19 —-0.05 0.03 -0.09 0.10 -0.05 0.07
Mn I 0.18 -0.19 -0.18 0.16 -0.07 0.08 -0.07 0.07
Fel 0.20 -0.27 -0.04 0.02 -0.05 0.06 -0.13  0.19
Fe Il 0.00 -0.01 0.01 0.00 0.08 -0.07 -0.12  0.18
Nil 0.14 -0.14 0.00 0.04 -0.04 0.06 -0.05 0.09
Znl 0.04 -0.03 0.01 -0.01 0.06 -0.04 -0.01 0.03
Sr1I 0.13 -0.12 -0.09 0.07 0.03 -0.04 -0.20 0.24
Ball 0.13 -0.10 0.00 0.01 0.04 -0.02 -0.06 0.09

Notes. The difference is taken as the abundance measured after changing the stellar parameters minus our final abundance. For Mn, the abundance

difference from S 11-13 are taken.

Table 4. Elemental abundances.

Star Elem. Fel Fell C Mgl Cal Scll Til Till Crl Mnl Nil Znl  Srll YII Ball Eull
S 10-14  loge 468 438 569 485 365 005 <227 210 243 271 3.40 -1.00 <-0.96 -2.16
N 29 3 2 3 1 1 3 5 3 2 1 2 1 2
[X/Fe] .. 008 007 013 -028 <014 -0.03 -039 010 0.00 -1.05 <-035 -1.52
a/y(N) 0.06 005 ... 010 031 031 012 017 022 031 0.22 0.22
err 032 021 039 035 024 023 030 036 0.28 0.30
S 11-13  loge 468 484 534 493 370 012 216 217 230 215 334 225 -134 <-124 -2.30
N 55 4 2 3 3 4 3 14 4 1 1 1 1 1 2
[X/Fe] .e. ... =027 015 018 -021 0.03 0.04 -052 -046 -0.06 051 -139 <-0.63 -1.66
o/(N) 0.04 009 ... 011 005 0.04 005 005 007 029 029 029 029 0.21
err 031 021 024 017 018 020 017 036 034 041 034 0.29
S 49 log € 444 456 515 474 357 -0.02 <196 2.03 2.14 3.05 202 -1.08 =213 <-2.25
N 29 3 2 3 3 2 3 7 3 1 1 2 1 1
[X/Fe] ... ... =022 020 029 -011 <0.07 014 -0.44 -0.11 0.52 -0.89 -1.25 <0.29
o/+(N) 0.04 008 ... 012 0.03 017 0.08 0.0 024 024 017 0.24
err 031 022 023 024 0.21 0.18 030 038 0.24 0.32
S24-72 loge 460 445 640 488 354 011 1.85 228 241 222 335 209 -1.03 -2.04 <-2.60
N 45 3 2 3 4 2 4 5 3 3 1 1 1 3 1
[X/Fe] ... ... 087 018 010 -014 -020 023 =033 -031 003 043 -1.00 -132 <-0.22
o/v(N) 003 009 ... 0.05 007 014 007 004 006 005 020 020 020 0.12
err 036 019 024 022 018 020 016 0.21 026 035 0.26 0.23
S 11-04 loge 466 517 484 503 368 017 204 238 256 209 312 209 -0.62 -1.67 <-2.67
N 44 3 2 3 5 2 8 5 4 2 1 1 2 2 1
[X/Fe] e ... =074 028 019 -0.13 -0.06 028 -023 -049 -025 038 -0.64 -1.00 <-0.34
o/+(N) 002 001 ... 0025 005 0.1 0.04 0.04 0.01 0.11 015 015 0.11 0.11
err 033 018 023 019 017 020 015 023 023 033 020 0.23

The errors of derived abundances are estimated from the ran-
dom errors and those due to uncertainties of stellar parameters.
Random errors estimated for each species are o/ V/(NV), where o
is the standard deviation of abundances derived from individual
lines and N is the number of lines used (Table 4). For elements
that have only one or two available lines, the standard deviation
of Fe from individual Fe I lines is adopted. The error due to
uncertainties of stellar parameters is estimated for [X/Fe] values
for element X. Namely, the changes of [X/Fe] by changing stellar
parameters are calculated using the results given in Table 3. We
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also derive the error of [Sr/Ba] in the same manner. The random
errors and errors due to uncertainties of stellar parameters are
added in quadrature to derive the total errors in our analysis.

To verify the consistency of our analysis, we apply the
adopted stellar abundance analysis technique to the thoroughly
investigated star, HD 88609. There is no significant difference
between our measurement and those of previous studies of
HD 88609 (Honda et al. 2007).

For C abundances, we estimate the errors by spectrum syn-
thesis of the CH bands. We include the change of the abundance
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due to possible changes in continuum level, and the effect of
changing the T by +150 K.

3.3. Re-analysis of S 24-72 and S 11-04

Tafelmeyer et al. (2010) measured the chemical abundance
including Sr and Ba in S 24-72 and S 11-04. These latter authors
obtained their spectra with the high-dispersion spectrograph
UVES at VLT, and the abundance ratios of [Sr/Fe] and [Ba/Fe]
in the two stars show good agreement. To combine the available
data for these two stars with our results for S 10-14, S 11-13,
and S49, we apply our analysis procedure to the UVES spectra
of S 24-72 and S 11-04 provided by the ESO archive. The high-
resolution spectra used for this re-analysis were obtained from
Program ID 079.B-0672A and 081.B-0620A.

We normalized the data in the same manner as for HDS
data using IRAF, and applied the ATLAS/NEWODF models for
abundance measurements. The stellar parameters were also esti-
mated in the same manner; T.¢ from the (V — K), adopting the
K magnitude and V magnitude from Tafelmeyer et al. (2010).
Here, logg was calculated from the photometric relation and
[Fe/H] and & were derived from the standard LTE analysis of
Fe1 and Fe 11 lines. The T of our estimation is 90 K lower than
that of Tafelmeyer et al. (2010) for both stars. As we applied the
same calculation to derive log g as Tafelmeyer et al. (2010), the
difference in logg is very small. We also measured the chem-
ical abundance using the line list adopted for our three target
stars instead of using the line list adopted by Tafelmeyer et al.
(2010).

Tafelmeyer et al. (2010) used DAOSPEC? to normalize
their data, and used the MARCS* spherical model atmosphere.
Tafelmeyer et al. (2010) estimated the photometric temperature
from V-1, V-J, V- H, and V — K using the calibra-
tion of Ramirez & Meléndez (2005). Tafelmeyer et al. (2010)
also restricted the Fe lines to excitation potentials larger than
1.4 eV, because Fe lines with low excitation potential could be
affected by NLTE effects. Our estimated stellar parameters and
comparisons with Tafelmeyer et al. (2010) are summarized in
Table 2.

In the following sections, we compare the abundances of
individual elements with the abundances found by Tafelmeyer
et al. (2010), along with our three targets. Abundance and equiv-
alent width of individual lines of S 24-72 and S 11-04 are given
in Table A.2.

3.4. Elements up to neutron capture elements
3.4.1. Carbon

Carbon abundance is measured using spectrum synthesis of the
CH band at 4315 and 4324 A. We estimate the [O/Fe] =0, and
adopt the CH line list by Masseron et al. (2014). The C abun-
dance ratios of the three stars observed with Subaru are close
to solar abundance ratio or lower overall, and are comparable to
those of evolved stars with lower temperature and lower grav-
ity. The abundance ratio of S 11-04 is also low ([C/Fe] =-0.74),
and is comparable to what Tafelmeyer et al. (2010) measured
([C/Fe] =—-0.91). S 24-72 is the only C-enhanced star in our sam-
ple ([C/Fe] =0.87), and its enhancement is as also suggested by
Tafelmeyer et al. (2010) ([C/Fe] =0.49).

3 DAOSPEC was written by P. Stetson for the Dominion Astrophys-
ical Observatory of the Herzberg Institute of Astrophysics, National
Research Council, Canada.

4 http://marcs.astro.uu.se/

Count

0.0
5182.0 51825 5183.0 5183.5 5184.0 5184.5 5185.0

Wavelength [A]

Fig. 1. Observed Mg line of S 49 at 5183 A (dots). The red solid line
shows our synthetic spectra fitting. The blue dashed line shows the cal-
culated line using the stellar parameter and the equivalent width derived
by Shetrone et al. (2001).

3.4.2. a—elements

We measured Mg, Ca, and Sc as elements that represent the
a—elements. The Mg abundances were determined from one
to threge lines of 4571, 4702, 5183, and 5528 A. The line at
5172 A is not used because of the effect of the bad column
on the CCD. The abundances from individual lines show fairly
good agreement with each other. The line at 5183 A s the
only one commonly used by the two latter-mentioned studies and
ours. The equivalent widths of 5183 A we measured for S 10-14
and S 11-13 are very similar, with a difference of around +5 mA
from those obtained by Aoki et al. (2009a). Other lines com-
monly used for our measurement and that of Aoki et al. (2009a)
also have similar equivalent widths, with the largest difference
being ~15 mA for 4571 A in S 11-13. The [Mg/Fe] ratios of
S 10-14 and S 11-13 are ~0.20 dex larger than those reported
by Aoki et al. (2009a), but we still confirm the low [Mg/Fe]
ratios compared to the typical values for Galactic halo stars (e.g.,
~0.4 dex). On the other hand, Shetrone et al. (2001) report a
high [Mg/Fe]=0.41 for S 49 due to their large equivalent width,
while we obtain a relatively low abundance ratio for this star as
well ([Mg/Fe] =0.20). This large difference is partially explained
by the relatively large difference in the adopted stellar parame-
ters. According to the error estimates (Table 3), our abundance
could be lower than that of Shetrone et al. (2001) by —0.06 dex
due to the adopted parameter. Another possible reason for the
difference is the equivalent width that Shetrone et al. (2001) mea-
sured. The equivalent widths of our measurement for the 4702
and 5183 A lines are 48.5 and 1086.5 mA, while Shetrone et al.
(2001) measure 88 and 229.5 mA, respectively. Figure 1 shows
the observed Mg line of S 49 at 5183 A compared with a syn-
thetic spectrum corresponding to the equivalent width of ours
and that of Shetrone et al. (2001). We suspect that the measure-
ment of the equivalent width of the line used by Shetrone et al.
(2001) is an overestimate.

For S 24-72 and S 11-04, we used three lines (5172, 5183, and
5528 A) to derive the Mg abundances. Tafelmeyer et al. (2010)
also used the same lines, and our abundance ratios [Mg/Fe] agree
very well with their results. The [Mg/Fe] for the two stars also
agree with the [Mg/Fe] of the three targets observed with Subaru
HDS. The abundance ratios including other low-metallicity stars
in the Sextans dwarf galaxy and field halo stars are shown in
Fig. 2.
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by Aoki et al. (2009a) are depicted as circles.

The Ca abundances of the three stars observed with Sub-
aru are derived from one to three Ca I lines (4454, 4455, 5265,
5588 A), while in S 24-72 and S 11-04, we use three and five
lines, respectively, in 1> 5588 A. The abundance ratios com-
pared with other stars in the Sextans dwarf galaxy and halo stars
are shown in Fig. 2. There is no line in common with the previ-
ous studies since Aoki et al. (2009a) and Shetrone et al. (2001)
use lines in the longer wavelength range (>6000 A). [Ca/Fe] of
S 49 obtained by our analysis is higher than that of Shetrone
et al. (2001) ([Ca/Fe] =0.08 + 0.23). However, this could be due
to the lower Fe abundance derived by our study. The log e(Ca) is
similar to their result.

Aoki et al. (2009a) discussed in their paper that the stars
with low [Ca/Fe] ratios are found with low [Mg/Fe] values. Our
measurements of [Ca/Fe] and [Mg/Fe] reveal a similar trend,
although our [Mg/Fe] and [Ca/Fe] for S 10-14 and S-11-13 are
both slightly higher than those of Aoki et al. (2009a). Figure 3
shows this trend for the five stars that we measure in this work
along with the other stars measured by Aoki et al. (2009a). The
object with the highest Mg and Ca abundances is S15-19, which
is well separated from the others (Aoki et al. 2009a) and has
abundance ratios typically found in the Milky Way.
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The Sc abundances are determined from one to four lines of
4314, 4374, 4400, and 4415 A for the HDS targets. The abun-
dances from individual lines show relatively good agreement
with each other. Aoki et al. (2009a) only measured the Sc abun-
dance for S 11-13, using a line at 5526 A. This line is not
measurable in our data. The [Sc/Fe] ratio of the star is ~0.07 dex
smaller than that reported by Aoki et al. (2009a). Shetrone et al.
(2001) do not report on the Sc abundance of S 49. Therefore, this
study is the first to report the Sc abundance of S 10-14 and S 49.

For S 24-72 and S 11-04, we used 5031 and 5526 A to derive
the Sc abundances. Tafelmeyer et al. (2010) also used the same
lines. The equivalent widths agree very well with the result of
these latter authors. The difference in [Sc/Fe] ratio is around
0.06 dex, indicating that our results agree very well with theirs.

3.4.3. Fe group elements

The abundance of Ti is only obtained from species in the neutral
and first ionization stages. Only the upper limit of Ti abundance
is obtained for S 10-14 and S 49 from TiT lines. The abun-
dance ratios from Til and Till lines of S 11-13 are in good
agreement with each other. For S 49, the abundance ratio [Ti/Fe]
by Shetrone et al. (2001) is —0.29 + 0.15 dex, which is notably
lower than what we obtained, even considering the difference in
adopted stellar parameters. No TiI lines were measured that are
common to both our study and that of Shetrone et al. (2001).

In the study by Tafelmeyer et al. (2010), large differences
were seen in the first and second ionization stages for S 24-72
and S 11-04; these latter authors find that the ratio of [Ti/Fe] from
Ti1l lines is ~0.42 dex larger than that from TiI lines. Our mea-
surements for S 24-72 and S 11-04 also show similar differences
(Table 4).

The Cr1lines at 42054, 5345 and 5409 A are used for all three
targets, whereas 4289 A is also used for S 11-13. The abundance
ratios of [Cr/Fe] of the three stars are in good agreement with
each other. The Cr abundance of S 24-72 and S 11-04 was mea-
sured using three or four lines at 5256, 5208, 5345, and 5409 A.
The Cr abundances of all five stars are in good agreement with
those of previous studies, and we also note that the abundance
ratios are in good agreement with those of metal-poor red giant
stars in the Galactic halo.

The Mn abundance was measured using one or two lines at
4048, 5407, and 5420 A for S 10-14 and S 11-13. Aoki et al.
(2009a) do not report on Mn abundance. The Mn abundance
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Table 5. Abundance ratios of our work and comparison with previous studies.

Star [Sr/Fe] [Ba/Fe] [Sr/Ba] [Ba/H] A[Sr/Fe] A[Ba/Fe] A[Sr/Ba] Ref.
S 10-14 -1.05+0.28 -1.52+0.30 047+0.36 -4.34+0.23 -0.18 )
S 11-13 -139+033 -166+029 027+040 -448+0.21 -0.32 )
S 49 -0.89+024 -125+032 036+0.34 -4.31+0.25 -0.20 2)
S 24-72 -1.00+£0.26 -1.32+023 032+029 -422+0.13 -0.79 -0.22 -0.57 3)
S 11-04 -0.64+0.19 -1.00+£023 036+0.23 -3.85+0.12 -0.63 -0.15 -0.48 3)
HD 88609 -0.20+0.20 -1.03+0.22 0.83+0.22 -4.00=+0.09 -0.15 -0.22 0.07 “4)

Notes. The difference is taken as our results minus those of other works.

References. (1) Aoki et al. (2009a); (2) Shetrone et al. (2001); (3) Tafelmeyer et al. (2010); (4) Honda et al. (2007).

of S 49 cannot be measured in our study, while Shetrone et al.
(2001) measure its upper limit. The [Mn/Fe] ratio of S 10-14 is
higher than that of the other targets including S 24-72 and S 11-
04, but the ratio is still within the typical values for metal-poor
Galactic halo stars.

The Mn abundance of S 24-72 and S 11-04 was measured
using two to three lines at 4041, 4783, and 4823 A. The abun-
dances measured using individual lines are in good agreement
with each other. Tafelmeyer et al. (2010) only used the line at
4823 A, and the equivalent widths measured by these latter
authors agree well with our measurements. The [Mn/Fe] ratios
are also in good agreement.

The abundance of Ni was measured using a single NiI line
at 5476 A for all three targets. This was also done for S 11-
13 and S 49 by Aoki et al. (2009a) and Shetrone et al. (2001).
The abundance ratio [Ni/Fe] that we obtain is lower for both
stars compared to these two latter-mentioned studies. For S 49,
the difference is larger than the error. The equivalent width that
these latter two groups measured for 5476 A is 116 mA, which
is ~46 mA larger than ours. As mentioned for Mg, the equiva-
lent widths measured by Shetrone et al. (2001) are overall larger
than our measurements, and lead to larger abundances (except
for Ca; but the difference is within the error and could be due to
the difference in metallicity).

Using the same single line, we measured the abundance of
Ni for S 24-72 and S 11-04. Our [Ni/Fe] ratios are smaller
than those of Tafelmeyer et al. (2010) by —0.20 and —0.19 for
S 24-72 and S 11-04, respectively. Our equivalent widths mea-
sured for both stars are in good agreement. The difference in
[Ni/Fe] of S 24-72 can be explained by the difference in applied
stellar parameters. A relatively large difference is found in & and
T which results in a lower Ni abundance according to our error
estimate (Table 3).

We obtained the abundance of Zn for two targets, S 11-13
and S 49, with a single Zn1 line at 4810 A. This element was
not measured by Aoki et al. (2009a) and only an upper limit was
estimated for S 49 by Shetrone et al. (2001) using the same line.
The same line was used for S 24-72 and S 11-04 to obtain the Zn
abundance in the present study, whereas Tafelmeyer et al. (2010)
did not measure this element. Overall, the abundance ratios are
in good agreement with those of metal-poor red giant stars in the
Galactic halo.

3.5. Neutron-capture elements

We obtained Sr and Ba abundances for our targets in the Sextans
dwarf galaxy and comparison stars. We also estimated the upper
limits of Y and Eu. The results are given in Table 4. The upper

limits estimated for the two elements are not very meaningful
because of the limited quality of our spectra and the low abun-
dances expected for these elements from Sr and Ba abundances.
An overall summary of Sr and Ba abundances is given in Table 5.

We measured the abundance of Sr using the two Sr 11 lines at
4078 and 4216 A, which is the first time this has been achieved
for S10-14, S 11-13, and S 49. The loge(Sr) of the three stars are
in good agreement with each other. We used the same two lines
to obtain the Sr abundance of S 24-72 and S 11-04. The [Sr/Fe]
of S 24-72 is in good agreement with that of three of the stars in
the sample, while the [Sr/Fe] of S 11-04 is slightly higher than
the other four stars. The [Sr/Fe] values measured by Tafelmeyer
etal. (2010) for S 24-72 and S 11-04 are —0.21 +£0.35 and —0.01 +
0.40, respectively, which are considerably larger than what we
obtain for the same stars, even considering the difference in the
stellar parameters.

Figure 4 shows the Sr line for S 11-04 at 4215 A compared
with the synthetic spectra corresponding to the equivalent widths
of ours and of Tafelmeyer et al. (2010). The equivalent width that
we measure for Sr is not very different from that measured by
these latter authors, suggesting that the difference in the stellar
parameters could be the reason for the difference in abundance.

According to our error estimates (Table 3), the abundance of
Sr 11 is relatively sensitive to stellar parameters. The difference in
the value of the parameters between the two studies could result
in a difference in Sr abundance for S 24-72 of approximately
—0.34 dex according to our error estimates. Similarly, for S 11-
04, the relatively large difference in its parameters could change
the Sr abundance of S 11-04 by —0.40 dex. However, these dif-
ferences cannot fully explain the large difference between the
[Sr/Fe] that we obtain and that of Tafelmeyer et al. (2010), and a
0.4 dex difference remains.

It should be noted that the treatment of scattering in the opac-
ity calculations in the spectrum synthesis code is discussed in
Tafelmeyer et al. (2010) in detail. We presume that this is not the
reason for the discrepancy of Sr (and Ba) abundances because (1)
scattering is included in the opacity calculation in our analysis;
(2) no clear dependence of derived Fe abundances on the wave-
lengths of spectral lines is found in the analysis for HD 88609
(as shown in Fig. 5), in contrast to the dependence found by
Tafelmeyer et al. (2010), where these latter authors do not include
the effect of scattering; and (3) the Sr abundance derived by our
analysis is lower than those of Tafelmeyer et al. (2010), whereas
higher abundances are expected if the effect of scattering is not
included according to their inspection.

The Sr abundance derived for the comparison star HD 88609
in our analysis is in good agreement with those of Honda et al.
(2004, 2007). The differences between their results and ours are
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Fig. 5. Abundance of Fe1 derived from individual lines in HD 88609
as a function of wavelength. There is no trend of abundance with
wavelength, since scattering is taken into account in our model.

smaller than 0.1 dex. Hansen et al. (2012) obtained a higher Sr
abundance for this object by about 0.3 dex. This is at least par-
tially explained by the difference of microturbulent velocity: our
value is 0.7 kms™! larger than that of these latter authors, which
could result in an abundance that is lower by about 0.3 dex.
Although there remains a discrepancy between our results
for S24-72 and S11-04 and those of Tafelmeyer et al. (2010), we
expect that our results can be combined with those of the other
three stars to which the same analysis technique is applied. A
comparison of [Sr/Fe] in the red giant stars of the Galactic halo
is shown in Fig. 6. Sr is clearly under-abundant in these stars
in the Sextans dwarf galaxy compared to the average abundance
ratio of field stars. The possible offset between our results and
those of previous studies should be noted, taking into account
the discrepancy in derived Sr abundance between our analysis
and that of Tafelmeyer et al. (2010). Nevertheless, the possible
offset is at the level of 0.4 dex, which does not affect the above
result showing that Sr is under-abundant in the Sextans stars.
We obtained the abundance of Ba whilst taking the effect of
hyperfine splitting into consideration (McWilliam 1998). Aoki
et al. (2009a) measured the abundance of Ba from two lines at
4934 and 6141 A. These latter authors did not use the line at
4554 A because it is affected by a bad column on the CCD.
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Shetrone et al. (2001) measured the Ba abundance of S 49 from
two lines at 5853 and 6141 A without considering the effect of
hyperfine splitting. We measured the Ba abundance of S 24-72
and S 11-04 using 4934, 6141, and 6496 /OX, including the effect
of hyperfine splitting. The differences in [Ba/Fe] and [Sr/Ba]
abundance ratios between ours and previous studies are given in
Table 5. The [Ba/Fe] of S 24-72 and S 11-04 is compared with
other stars in the Sextans dwarf galaxy and halo stars in Fig. 6.
Ba is also under-abundant in these stars in the Sextans dwarf
galaxy.

Tafelmeyer et al. (2010) showed that S 24-72 and S 11-04
have similar [Sr/Ba] abundance ratios (~0.8 dex). Since we
obtained a lower Sr abundance, the Sr/Ba abundance ratio we
measure is lower than that of Tafelmeyer et al. (2010). We adopt
the result obtained by our analysis which was also applied to
the abundance measurements for S 10-14, S 11-13, and S 49
observed in the present work. The standard deviations for [St/Fe]
and [Ba/Fe] for the five Sextans stars analyzed here are 0.27
and 0.25 dex, respectively. These values are similar to the errors
estimated for [Sr/Fe] and [Ba/Fe], which are 0.26 and 0.27 dex,
on average, respectively. This indicates that we find no intrinsic
scatter in these abundance ratios for the five stars studied here.
The upper limit of the scatter would be comparable to the average
errors estimated. As for [Sr/Ba], the standard deviation of the five
Sextans stars is 0.07 dex, while the estimated error is 0.32 dex.
Clearly, no intrinsic scatter of the abundance ratios is found in
our results. The fact that the scatter of [Sr/Ba] is smaller than the
errors possibly indicates that the errors are overestimated in our
study, but we can still conclude that intrinsic scatter is not found.

As we point out in Sect. 1, abundance ratios of neutron-
capture elements (e.g., [St/Ba]) confer an advantage for chemical
tagging, because their abundance ratio could be sensitive to the
enrichment by preceding nucleosynthesis events, which results
in a large scatter in metal-poor stars in the Milky Way halo.
Figure 7 shows the relation between [Sr/Ba] and metallicity of
our five Sextans dwarf galaxy stars and the stars in the Milky
Way halo which show a large scatter. On the contrary, the five
Sextans dwarf galaxy stars show very good agreement in the
[Sr/Ba] ratio. In the following section, we discuss the possible
reasons for the clustering of [Sr/Ba].

4. Discussion
4.1. Clustering of abundance ratios

The abundance analysis for five extremely metal-poor stars in the
Sextans dwarf galaxy confirms the clustering of abundances of
Mg, Ca, and Ba as found by previous studies (Aoki et al. 2009a;
Tafelmeyer et al. 2010). Here we focus on the abundance ratios
of Sr and Ba, which could provide a new examination of the
clustering of chemical abundance ratios in this galaxy.

The blue stars in Fig. 6 are halo stars with —-3.22<
[Fe/H] < — 2.65, which covers the metallicities of the five Sex-
tans stars. The right panels of Fig. 6 show the distributions of
[Sr/Fe] and [Ba/Fe] for these halo stars. The regions correspond-
ing to the [Sr/Fe] and [Ba/Fe] values of the five Sextans stars are
shaded in blue.

Figure 7 shows that the five stars studied by the present
work have similar [Sr/Ba] ratios. This clumping is distinctive
compared to the [Sr/Ba] spread seen in the halo stars. The
blue symbols in Fig. 7 show 98 halo RGB stars that have
similar metallicity and [Ba/Fe] ratio to the five target stars
(—3.22 < [Fe/H] < —2.65 and —1.95 < [Ba/Fe] < —0.77), showing
a very wide spread of [Sr/Ba] from —0.6 up to 2.0. The stars
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are not uniformly spread, as can be seen in the histogram show-
ing the distribution of [Sr/Ba] of those 98 halo RGB stars, with
the peak around [St/Ba] ~0.9. Interestingly, our five stars do
not clump at the peak but at lower [Sr/Ba] regions. The five
stars lie in the range 0.2 < [Sr/Ba] < 0.6 (highlighted bars in the
histogram, Fig. 7). Within this range, there are 16 RGB halo
stars out of the selected 98 stars. If the five stars of our sam-
ple are assumed to have a similar distribution of [St/Ba] to
that of the field halo stars with similar [Ba/Fe], the probabil-
ity that the five Sextans metal-poor stars clump in the range of
0.2 <[St/Ba] <0.6 is (16/98)°"" =0.07%. If we adopt a wider
range, namely —0.2 <[S1/Ba] <0.8, the number of RGB stars
in the range is 44, and the probability estimated in the same
manner is 4.06%. This result indicates that the clustering of the
[Sr/Ba] abundance ratios of the five stars is significant, which is
not explained if the [Sr/Ba] distribution of halo stars is assumed.
Similar estimates of the probabilities that the five Sextans stars
clump in the ranges given above for [Sr/Fe] and [Ba/Fe] are as
low as 0.1%. It should be noted that the [Sr/Fe] and [Ba/Fe] val-
ues of very metal-poor stars in dwarf galaxies are relatively low

(0.2 < [Sr/Ba] <0.6) is shaded in blue, in
which we see clumping of [Sr/Ba] with our
five Sextans dwarf galaxy stars.

5 15
No. of Stars

in general, and therefore it might not be meaningful to calcu-
late the probability assuming the distribution of these abundance
ratios of halo stars. By contrast, the [Sr/Ba] values of very metal-
poor stars in dwarf galaxies show a wide distribution (see below).

The clustering of [St/Ba] could be evidence that the five
metal-poor stars in the Sextans dwarf galaxy were formed in an
environment of homogeneous chemical composition. Our result
does not prove that all the extremely metal-poor stars in this
galaxy were formed in an environment of homogenous com-
position since there is at least one other star studied by Aoki
et al. (2009a) with similar metallicity but with higher Mg and
Ba abundance (Figs. 2 and 7). There could be more than one
cluster in this dwarf galaxy, but this has not yet been confirmed.
However, the fact that a group of extremely metal-poor stars in
the Sextans dwarf galaxy share a similar [Sr/Ba] ratio at least
provides constraints on the numerical simulation of possible
hierarchical formation and merger history of the Sextans dwarf
galaxy.

Such clustering of chemical abundance ratios in very metal-
poor stars is predicted by models of dwarf galaxy formation (e.g.,
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Draco (Cohen & Huang 2009), Sculptor (Starkenburg et al. 2013;
Jablonka et al. 2015), and Ursa Minor (Kirby & Cohen 2012; Cohen
& Huang 2010), and stars in ultra faint dwarf galaxies are shown by tri-
angles for Reticulum II (Ji et al. 2016), Coma Berenices (Frebel et al.
2009), Leo IV (Simon et al. 2010), Triangulum II (Kirby et al. 2017),
Tucana II (Chiti et al. 2018), Horologium I (Nagasawa et al. 2018),
Bootes I (Ishigaki et al. 2014) and Ursa Major II (Frebel et al. 2009).
The asterisks show Milky Way halo stars. The stars in dwarf galaxies
and Milky Way halo stars shown here have [Fe/H] between —3.22 and
—-2.65.

Bland-Hawthorn et al. 2010), which is in clear contrast to the dis-
persion in field halo stars. The large and smooth distribution in
abundance ratios for elements in the field halo stars could be
the result of combining a large number of clusters. More sam-
ples of clustering in elemental abundances for metal-poor stars
in dwarf galaxies would provide a means to strongly constrain
the scenario for Milky Way formation.

4.2. Sr and Ba abundances in dwarf galaxies

Figure 8 shows the relation between [Sr/Ba] and [Ba/H] com-
pared with Milky Way halo stars with metallicity —3.22 <
[Fe/H] < -2.65 and stars in other previously studied dwarf
spheroidal galaxies in the same metallicity range (Table 6). As
mentioned by Tafelmeyer et al. (2010) and Frangois et al. (2007)
described a strong anti-correlation between [Sr/Ba] and [Ba/H].
In the Milky Way halo, [St/Ba] increases from a solar abundance
ratio to 1.0 + 0.4 dex as [Ba/H] decreases from —3 to —4 dex.
Below [Ba/H]=-5, there are fewer samples of stars to show
the trend, and other stars show lower abundance ratios. Some
objects in dwarf galaxies follow the anti-correlation trend, but
many others show lower [Sr/Ba] than the trend. We note that
within the same classical dwarf spheroidal galaxies, there is gen-
erally good agreement between stars in terms of [Ba/H], but the
number of stars studied for each galaxy is still too small. Our
measurements of Sr and Ba abundances for five stars in Sextans
are a first example of clustering of the abundance ratios including
neutron-capture elements.

The Milky Way halo stars in Fig. 8 show not only the strong
anti-correlation but also a branch with [Sr/Ba] ~ 0, which starts
to extend at [Ba/H] ~—4. This branch is also mentioned by
Mashonkina et al. (2017), who discussed the similarity of [Sr/Ba]
values of this branch and those found in extremely r-process-
enhanced metal-poor stars. Interestingly, we can see that stars in
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Table 6. [Sr/Ba] and [Ba/H] of stars in dwarf galaxies of Fig. 7.

Classical dwarf spheroidal galaxies

Star [Sr/Ba] [Ba/H] Ref.
Car-1087 -049 -388 (D)
Car-7002 -023 -3.84 (1)
19219 -0.87 -3.61 (2)
19629 -0.60 -342 (2
Scl_03_170 076 -3.68 (3)
Scl024_01 0.88 -3.15 (3
scl_03_059 0.08 -349 &
UMIJI19 099 -429 (9
UMi33533 124 —-4.14  (5)
UMi20103 049 -398 (6)
Ultra faint dwarf galaxies
Star [Sr/Ba] [Ba/H] Ref.
DES_J033454-540558  -1.10 -137 (7)
DES_J033447-540 525 -0.72 -1.83 (7
DES_J033523-540407 -0.62 -2.22 (7)
DES_J033537-540 401 -1.18 -133 (7
DES_J033607-540235 -0.28 -2.06 (7)
ComBer-S2 033 4380 (8)
LeolV-S1 043 -464 (9
40 0.86 =529 (10)
TuclI-06 -0.19 -420 (11)
TuclI-011 030 -4.82 (11)
Tucll-203 -0.10 -4.38 (11)
Tucll-033 -0.15 -4.13 (11)
DESJ025535-540 643 0.09 =393 (12)
Boo-094 -1.06 -428 (13)
UMall-S1 0.68 —-445 (8

References. (1) Venn et al. (2012); (2) Cohen & Huang (2009);
(3) Starkenburg et al. (2013); (4) Jablonka et al. (2015); (5) Cohen &
Huang (2010); (6) Kirby & Cohen (2012); (7) Ji et al. (2016); (8) Frebel
et al. (2009); (9) Simon et al. (2010); (10) Kirby et al. (2017); (11) Chiti
et al. (2018); (12) Nagasawa et al. (2018); (13) Ishigaki et al. (2014).

ultra-faint dwarf galaxies other than Reticulum II lie near this
branch. Reticulum II, an ultra-faint dwarf galaxy known to have
enriched r-process element abundance also shows clustering in
Fig. 8. In this figure, we selected those stars that have similar
metallicity to our sample stars. However, other stars in Reticu-
lum II that show a wide metallicity distribution show a small
dispersion of [Sr/Ba] (Ji et al. 2016). Given the wide metallicity
distribution, the homogeneity of neutron-capture element ratios
found in Reticulum II could be due to different mechanisms from
those that lead to the clustering found in dwarf spheroidal galax-
ies.This homogeneity could be due to a single r-process event
that has polluted the whole progenitor of the ultra-faint dwarf
galaxy.

The classical dwarf spheroidal stars, in general, have slightly
higher [Ba/H] than the majority of those in ultra-faint dwarf
galaxies. The stars with [Sr/Ba]>0.0 (except for the Sextans
dwarf galaxy stars) lie on top of the thick anti-correlation trend
of the Milky Way halo stars. On the other hand, classical dwarf
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spheroidal stars with negative [Sr/Ba] (two stars in Carina and
two in Draco) do not follow the anti-correlation trend and are
not found in the aforementioned branch. We note that within the
same dwarf galaxies, some stars have a similar Sr/Ba ratio, but
the number of stars studied is too small for a meaningful analysis
of clustering. On the other hand, Tucana II, an ultra faint dwarf
galaxy that has four stars in our range of [Fe/H] shows moderate
clustering in [Sr/Ba]. The majority of these stars are located in
the branch mentioned in the previous paragraph.

Overall, the stars in classical dwarf spheroidal galaxies do
not show the clear anti-correlation trend in [Sr/Ba] as a func-
tion of [Ba/H], which we see clearly in the Milky Way halo
stars. On the other hand, the abundance ratios of the ultra-faint
dwarf galaxy stars generally show an anti-correlation trend with
smaller inclination, from the lower part of the anti-correlation
on the Milky Way halo stars at higher [Ba/H] to the “branch” at
[Sr/Ba]~0 at lower [Ba/H].

5. Summary

We analyzed the high-resolution spectra of five metal-poor red
giants ([Fe/H] < —2.8) in the Sextans dwarf spheroidal galaxy.
Three of the stars were observed with Subaru HDS, while two
stars were taken from the VLT archive. The abundances of eight
chemical elements were measured. The abundance of Sr was
measured for the first time in the three targets observed with
Subaru.

We have confirmed that, in general, the a/Fe abundance
ratios of dwarf galaxies are slightly lower than the average for
stars in the Galactic halo. The abundance ratios of Mg, Ca, and
Ba for the five stars of our sample show good agreement with
one another.

The Sr/Ba abundance ratios of the five metal-poor stars are
also in good agreement with each other. The clumping is distinc-
tive compared to the [St/Ba] spread seen in the halo stars with
similar metallicity. The probability of such clumping of [St/Ba]
is very small if the [Sr/Ba] distribution of halo stars is assumed.
The clustering of [St/Ba] that we observe is good evidence that
these stars were formed in an environment of homogeneous
chemical composition.

Previous studies of other dwarf spheroidal galaxies, includ-
ing ultra-faint dwarf galaxies generally, reveal two general trends
for the Milky Way halo stars. One is the [Ba/H] versus [Sr/Ba]
anti-correlation trend, and the other is the branch of stars at
[Ba/H] approximately —4, with a flatter trend of [St/Ba]. Our
results provide constraints on the possible different nucleosyn-
thesis origins for Sr, which starts at [Ba/H] approximately —4.
Sextans dwarf galaxy stars lie at the start of the branch, which
could provide a hint to the formation and chemical origin of the
Sextans dwarf galaxy.

Our results also provide a constraint on the formation and
chemical evolution of the Sextans dwarf galaxy and provide
clues as to the roles of dwarf galaxies as building blocks for mak-
ing large structures. Further surveys of metal-poor stars in dwarf
spheroidal galaxies, along with their kinematic measurements,
will improve our understanding of the role of dwarf galaxies
in the evolution of the Milky way. After this work was com-
pleted, to further chemical abundance studies of the Sextans
dwarf galaxy were submitted (Theler et al. 2020; Lucchesi et al.

2020). This dwarf galaxy may be a particularly interesting future
target as a relatively large number of its very metal-poor stars
have been observed.
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Appendix A: Line data and equivalent widths

Table A.1. Line data and equivalent widths.

S10 - 14 S11-13 S 49

Elem. A LEP loggf loge EW log € EW log € EW

@A) (eV) (mA) (mA) (mA)
Mg1 457110  0.00  -5.69 4.98 551 5.03 772 479 670
Mgr1 470299 433 -0.44 e . o . 497 485
Mgr 5183.60 272  -0.24 464 1794 4.71 187.9 451 186.5
Mgr 552840 435 -0.50 4.92 425 5.05 56.2 .. .
Cal 445478 190 0.26 o . 3.63 874
Cal 445589 190 -0.53 3.61 359 . .
Cal 5265.56 252  -0.11 .. .. 3.69 254 3.57 21.5
Cal 5588.76  2.53 0.36 3.65 34.8 3.79 49.1 3.52 371
Scu 431410  0.62 0.10 0.12 112.0 0.05 102.7
Sc 437446 062 -0.42 .. .. 0.17 85.8 -0.09 768
Scu 4400.40  0.61 —-0.54 0.05 1421 0.00 81.7
Scu 441556  0.60  -0.67 .. .. 0.17 75.6 .. .
Ti1 453324  0.84 054 <221 <523 .72 39.2
Ti1 4656.47 000 -1.29 <2.58 <278 o .
Ti1 4981.73  0.85 0.57 .. .. 2.26 72.2 .. o
Ti1 4991.07 0.84 045 <2.02 <383 2.10 55.2 1.82 426
Ti1 5036.46  0.19 1.44 o . <233 <176
Ti1 5210.38  0.05 -0.82 2.13 423
Tin 402513  0.61 -2.11 2.07 72.2
Tin 4290.22  1.17 —-0.87 210 1020 . o
Tin 439584 124 -193 .. .. 2.05 38.1 206 415
Tin 4417.72 1.17 -1.19 2.16 91.5 2.45 105.7 1.74  75.0
Tin 444380 1.08  -0.71 1.97 1114 1.77 1104
Tin 4464.45  1.16 -1.81 2.20 60.6
Tin 446849 113 -0.63 2.05 116.2
Tin 453397 124  -0.77 e e 1.99 101.3 .. .
Tin 4563.77 122 -0.96 213 100.8 2.33 110.0 214 109.2
Tin 4571.97 157 =031 1.80 94.0 254 129.7 218 1211
Tin 5129.16  1.88  -1.34 .. .. 2.20 37.7 . o
Tin 518590 189  -14l1 2.32 35.6 212 29.2 227 395
Tin 522654 157 -1.23 2.09 58.5 2.16 68.7 209 689
Tin 5336.79 158  -1.60 .. .. 2.20 46.2 . o
Cr1 425433  0.00 -0.09 209 1115 2.18 120.8 1.97 1188
Cr1 4289.72  0.00 -0.36 e e 2.20 112.2 . o
Cr1 5345.80 1.00 -0.95 2.60 274 2.38 28.1 215 292
Cr1 5409.77 1.03  -0.67 2.60 41.8 2.43 443 230 385
Mn1i 404899 216 -0.13 e . 2.15 100.0
Mn1 540742 214 -1.74 2.73 27.7
Mn1 542036 214 -1.46 2.69 41.3
Fe1 413290 285 -1.01 4.66 41.3 o o
Fe 1 414342  3.05 -0.20 4.22 55.2
Fe1 4143.87 156  -0.51 .. .. 3.81 109.7
Fe1 415217 096  -3.23 5.11 72.5
Fe 1 4187.80 243  -0.55 4.69 97.3 o o
Fe1 4206.70  0.05 -3.96 4.87 92.7
Fe1 4216.18  0.00  -3.36 e . 4.54 108.9
Fe 1 423594 243 034 4.29 88.5 4.49 99.8
Fe1 425012 247 -041 4.15 79.2
Fe1 4250.79 156  -0.71 e . 446 1325 . o
Fe1 427115 245 -0.34 4.44 95.6 o o 409 882
Fe1 428240 218 -0.78 4.83 110.6
Fe1 429924 243  -0.38 4.48 98.7
Fe1 4337.05 1.56  -1.70 .. .. 4.73 101.4 . o
Fe1 437593 0.00 -3.02 4.03 93.1 456 .129.6 410 1159
Fe1 442731  0.05 292 4.58 1228 4.68 138.1
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Table A.1. continued.

S10-14 S11-13 S 49

Elem. A LEP loggf loge EwW log € EwW log € EwW

A) (V) (mA) (mA) (mA)
Fe1 444234 2.20 -1.26 4.56 76.6 o .
Fe1 444319  2.86 -1.04 4.48 38.1 4.33 335
Fe1 444772 2.22 -1.34 ce e 4.33 579 4.58 78.2
Fe1 4461.65  0.09 -3.21 4.27 91.3 4.65 1203
Fe1 4489.74  0.12 -3.97 5.00 87.7 5.04 100.7 co o
Fe1 449456  2.20 -1.14 4.87 98.0 4.25 73.6
Fe1 4528.61  2.18 -0.82 4.23 84.2 4.17 88.5
Fe1 4531.15 1.49 -2.16 5.04 1021 .. .
Fe1 4592.65 1.56 -2.45 e S 4.65 68.9
Fe1 4602.94 149 -2.21 4.54 65.0 .. .. 4.30 67.6
Fe1 4859.74  2.88 -0.76  4.84 69.9 4.42 51.6 417 405
Fe1 4871.32  2.87 -036  4.46 72.4 e . o o
Fe1 4872.14  2.88 -0.57 . e 4.64 74.9 4.47 71.4
Fe1 4890.76  2.88 -0.39 4.45 69.1 .. .
Fe1 489149  2.85 -0.11 4.1 67.5 e e 4.03 75.1
Fe1 491899  2.87 -034 438 68.8 4.34 721 4.30 76.7
Fe1 492477  2.28 -2.26 4.88 354
Fe1 4938.81  2.88 -1.08 ce S 4.67 47.6 o o
Fe1 4939.69  0.86 -3.34 5.13 82.5 4.84 717.8 4.88 87.6
Fe1 4966.09  3.33 -0.87 . S 4.88 39.3
Fe1 4994.13  0.92 -2.96 5.03 96.5 491 99.3 e e
Fe1 5012.07  0.86 -2.64  4.65 96.8 4.88 1183 455 110.2
Fe1 5041.07  0.96 -3.09 4.85 76.3 4.99 94.1 4.67 83.3
Fe1 504176 1.49 -2.20 4.69 88.8 456 895
Fe1 5049.82  2.28 -1.34 . e 4.54 707 4.38 66.9
Fe1 5051.64  0.92 -2.80  4.65 90.9 4.85 105.5 470 106.8
Fe1 5079.74  0.99 -3.22 ce S 4.96 83.0 e e
Fe1 5083.34  0.96 -296  4.96 89.8 4.91 97.3 4.63 89.6
Fe1 5098.70  2.18 -2.03 4.84 556
Fe1 512372 1.01 -3.07 e S 4.92 88.2 e e
Fe1 512736 0.92 -3.31 5.08 79.2 526 1009 476 794
Fe1 514293  0.96 -3.08 4.83 73.7 4.84 87.5 .. o
Fe1 5166.28  0.00 -4.20 ce ce 4.75 99.8
Fe1 519494  3.23 -2.22 4.37 72.2 4.05 57.6
Fe1 5216.27 1.61 -2.15 4.81 90.9 4.53 82.3
Fe1 521739 3.21 -1.07 ce ce 4.64 27.8
Fe1 5225.53 0.1 -4.79 . ce. 5.05 63.7
Fe1 5266.56  3.00 -0.88 4.68 71.2 .. .. o o
Fe1 5269.54  0.86 -1.32 428 163.2 412 164.7
Fe1 528179  3.04 -0.83 4.48 42.1
Fe1 5283.63 3.24 -0.52 . o 4.64 538
Fe1 532418  3.21 -0.10  4.49 66.4 4.62 80.8
Fe1 5328.04  0.92 -1.47 439 1576
Fe1 5328.53  1.56 -1.85 524 1351
Fe1 533993  3.27 -0.65 472  49.8
Fe1 5341.02 1.61 -1.95 474 997
Fe1 544692  0.99 -1.91 436 126.8 o o
Fe1 5455.61 1.01 -2.10 ce S 493 1472 4.54 1355
Fe1 549752 101 -2.85 4.89 92.1 o . o oo
Fe1 5501.47  0.96 -3.05 5.01 90.7 516  111.0 466  90.0
Fe1 5506.78  0.99 -2.80 .498 102.07 4.87 1071 459 995
Fe 1 5615.64  3.33 0.05 4.45 65.7 4.42 71.0 4.33 70.7
Fen 423317  2.58 -1.97 4.84 76.3 e e
Fe it 4416.83  2.78 -2.54 ce co 459 403
Fe 1t 4508.29  2.86 -2.44 . ce. 5.09 58.9 o ce
Fen 492393  2.89 -1.26 4.47 99.4 470 904 440 852
Fent 501845  2.89 -1.10  4.29 99.2 4.68 1044
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S10-14 S11-13 S 49
Elem. A LEP loggf loge EwW log € EwW log € EwW
A) (eV) (mA) (mA) (mA)
Fen 5276.00 320 -2.01 4.39 33.8 4.71 46.9 o o
Ni1 5476.90 1.83 -0.78 3.40 76.4 3.34 82.9 3.05 70.5
Zn1 4810.53  4.08 -0.17 o o 2.25 35.7 2.02 26.0
Sr1 4077.71  0.00 0.17 -1.08 1299 o oo -1.04 1619
Sr 1t 4215.52 0.00 -0.17 -092 1314 -1.34 1178 -0.80 146.8
Y 4398.01 0.13 -1.00 <-0.96 <253 <-1.24 <20.3
Bam  4554.03 0.00 0.14 -2.22 96.8 -2.35 97.0 o o
Ban 493410 0.00 -0.16 -2.09 88.0 -2.25 86.2 -2.18 1043
Eunr  4205.04 0.00 0.21 <-225 <534
Table A.2. Line data and equivalent widths of S 24-72 and S 11-04.
524 -T2 S11-04

Elem. A LEP loggf loge EW log € EW

A) (eV) (mA) (mA)

Mg1 5172.68 27 -045 479 2005 5.00 2494

Mg1 5183.60 2.72 -024 491 2374 5.06 293.8

Mg1 5528.40  4.35 -0.50 493 533 5.03 67.8

Car 5588.76  2.53 036  3.50 45.1 3.51 51.7

Car 5594.47 2.52 0.10 3.7 474

Car 6102.72 1.88 -0.77 o o 3.65 44.0

Car 6122.22 1.89 -032 373 74.1 3.72 84.5

Car 6162.17 1.90 -0.09 3.39 65.0 379 1083

Car 6439.07 2.53 039 353 533 o o

Sc 5031.02 1.36 -040 0.01 40.4 0.14 54.1

Sc 5526.79 .77 0.02 0.20 45.9 0.19 50.1

Ti1 4981.73 0.85 0.57 1.82 54.6 1.91 76.0

Ti1 4991.07 0.84 0.45 1.67 37.8 1.99 4.4

Ti1 4999.50  0.83 0.32 1.92 46.3 1.92 59.6

Ti1 5007.21 0.82 0.17 2.01 56.1

Ti1 5064.65  0.05 -0.94 1.98 49.6

Ti1 5173.74 0.00 -1.06 o o 212 571

Ti1 5192.97 0.02 -0.95 1.98 37.0 2.20 70.8

Ti1 5210.38 0.05 -0.82 o o 2.20 78.9

Tin 4443.80 1.08 -0.71 222 1420 S o

Tin 4798.53 1.08 -2.66 236 33.8 2.35 38.8

Tin 4865.61 1.12 =270 215 20.1 oo o

Tin 5129.16 1.88 -1.34 2.27 533

Tin 5154.07 1.57 -1.78 o o 2.40 61.1

Tin 5185.90 1.89 -1.41 2.37 49.7 243 59.5

Tin 5336.79 1.58 -1.60 233 63.3 2.46 80.4

Cri1 5206.04  0.94 002 252 1145 256 1357

Cri1 5208.42 094 0.17 o o 257 1470

Cri1 5345.80 1.00 -0.95 2.37 335 2.57 58.6

Cri1 5409.77 1.03 -0.67 233 471 2.56 78.3

Mn1 4041.35 211 0.28 212 49.0 o o

Mn1 4783.43 2.30 0.04 222 304 2.03 274

Mn1 482352 232 0.14 230 385 215 374

Fe1 4260.47 2.40 0.08 439 1342 o o

Fe1 4859.74  2.88 -0.76 439 58.8 o o

Fe1 4871.32 2.87 -036 451 93.7 452 106.4

Fe1 4872.14 2.88 -0.57 434 67.6 4.55 93.0

Fe1 4890.76  2.88 -039 446 88.1 470 1147

Fe1 4891.49 2.85 -0.11 422 92.8 458 1272

Fe1 4918.99 2.87 -034 427 80.2 4.66 117.0

Fe1 4920.50  2.83 0.07 433 1249
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Table A.2. continued.

S24 -172 S11-04

Elem. A LEP loggf log € EW log € EW

(A) (eV) (mA) (mA)
Fe1 4939.69 0.86 -3.34 496 102.5 . .
Fe1 4966.09 3.33  -0.87 . . 4.78 472
Fe1 499413 092  -2.96 4.52 94.4 461 1225
Fe1 5006.12 2.83  -0.61 442 76.0 4.57 97.8
Fe1 5012.07 0.86 -2.64 . . 473  160.6
Fe1 5041.07 096  -3.09 471 94.9 4.84 126.0
Fe1 5041.76 149  -2.20 4.52 94.6 441 105.2
Fe1 5049.82 228 -1.34 . .. 4.56 98.8
Fe1 5051.64 092 -2.80 450 104.7 464 1375
Fe1 5068.77 294  -1.04 . . 4.49 51.5
Fe1 5079.74 099  -3.22 4.72 84.6 481 1113
Fe1 5083.34 096  -2.96 4.57 95.2 456 1155
Fe1 5098.70  2.18 -2.03 4.67 54.6 4.69 68.7
Fe1 5123.72  1.01 -3.07 4.58 83.5 471 1139
Fe1 512736 092  -3.31 4.78 89.9 475 109.3
Fe1 514293 096  -3.08 477 101.3 . ..
Fe1 5150.84 099  -3.07 4.57 85.3 4.66 112.7
Fe1 5151.91 1.01 -3.31 . .. 4.71 94.5
Fe1 516628 0.00 —-4.20 479 116.3 4.88 1573
Fe1 5171.60 149  -1.79 471 1348 454 1458
Fe1 5191.46  3.04  -0.55 .. .. 4.56 84.4
Fe1 5194.94 323 -2.22 481 1165 480 136.4
Fe1 5202.34 218 -1.84 4.75 74.9 495 103.6
Fe1 5216.27  1.61 -2.15 477 106.0 494 1377
Fe1 5225.53 0.1 -4.79 5.14 88.3 4.82 88.6
Fe1 525496  0.11 —4.76 5.04 83.3 4.85 94.1
Fe1 5266.56 3.00 -0.39 4.65 94.5 . ..
Fe1 5324.18  3.21 -0.10 4.49 85.0 . ..
Fe1 533993 327  -0.65 4.55 46.3 4.70 66.0
Fe1 5341.02 1.6l -1.95 464 1127 . ..
Fe1 544692 099 -191 418 1415 444 1921
Fe1 5455.61  1.01 -2.10 4.62 156.5 469 195.0
Fe1 5497.52  1.01 -2.85 4.51 99.1 447 1187
Fe1 550147 096  -3.05 4.56 93.3 471 1285
Fe1 5506.78 099  -2.80 459 1105 4.63 1385
Fe1 5586.76 337  -0.10 . .. 4.51 85.5
Fe1 5615.64 3.33 0.05 4.31 74.4 454 1029
Fe1 6136.61 245 -1.40 4.56 74.7 4.60 92.7
Fe1 613769 259 -1.40 4.67 69.1 4.63 79.4
Fe1 6230.72 256  —1.28 4.77 89.6 4.64 95.0
Fe1 6252.56 240 -1.77 . . 4.78 84.2
Fe1 6393.60 243 -1.43 4.59 78.1 . ..
Fe1 6421.35 228 -2.03 4.81 64.5 . ..
Fe1 6430.85  2.18 -2.01 4.75 72.3 498 109.3
Fe1 649498 240 -1.24 4.37 80.4 446 104.8
Fe1 659291 273 -147 4.53 421
Fe 11 4178.86  2.58  -2.51 4.29 45.7 . ..
Feu 492393 289 -1.26 446 1152 518  117.6
Fe 11 501845 2.89 -1.10 . . 516 125.8
Fe 11 5276.00 320 -2.01 4.60 53.0 . ..
Fe 11 624755 389 -2.51 . .. 517 15.1
Nirt 547690 1.83  -0.78 3.35 99.6 312  100.4
Zn1 4810.53 4.08 -0.17 2.09 30.9 2.09 33.1
Sr1t 407771  0.00 0.17 -1.03 1515 -0.63 2183
Sr1t 421552 0.00 -0.17 . . -0.60 185.6
Bam 493410 0.00 -0.16 -2.17 85.7 .. ..
Baln 614173  0.70  -0.08 -2.00 35.0 -1.66 675
Bam 649691 0.60 -0.38 -1.95 28.5 -1.68 533
Eun  4205.04 0.00 021 <-2.60 <347 <-2.67 <36.8
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