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ABSTRACT

We present atmospheric parameters and abundances for chemical elements from carbon to barium in metal-poor stars in
Segue 1 (seven stars), Coma Berenices (three stars), and Triangulum II (one star) ultrafaint dwarf galaxies (UFDs). The effective
temperatures rely on new photometric observations in the visible and infra-red bands, obtained with the 2.5 m telescope of the SAI
MSU Caucasian observatory. Abundances of up to fourteen chemical elements were derived under the non-local thermodynamic
equilibrium (NLTE) line formation, and LTE abundances were obtained for up to five more elements. For the first time, we
present abundance of oxygen in Seg 1 S1 and S4, silicon in ComaBer S2 and Tri It S40, potassium in Seg 1 S1—S6 and ComaBer
S1—S3, and barium in Seg 1 S7. Three stars in Segue 1, two stars in Coma Berenices, and Triangulum 11 star have very low
[Na/Mg] of —1.08 to —1.67 dex, which is usually attributed in the literature to an odd—even effect produced by nucleosynthesis
in massive metal-free stars. We interpret this chemical property as a footprint of first stars, which is not blurred due to a small
number of nucleosynthesis events that contributed to chemical abundance patterns of the sample stars. Our NLTE abundances
of Sr and Ba in Coma Berenices, Segue 1, and Triangulum II report on lower [Sr/Ba] abundance ratio in the UFDs compared to
that in classical dwarf spheroidal galaxies and the Milky Way halo. However, in UFDs, just as in massive galaxies, [Sr/Ba] is
not constant and it can be higher than the pure r-process ratio. We suggest a hypothesis of Sr production in metal-poor binaries
at the earliest epoch of galactic evolution.

Key words: stars: abundances —stars: atmospheres — Local Group.

1 INTRODUCTION

Ultrafaint dwarf galaxies (UFDs) are the least luminous, oldest,
most dark matter-dominated, most metal-poor, and least chemically
evolved stellar systems known (for a review see Tolstoy, Hill & Tosi
2009; Simon 2019). From analyses of colour-magnitude diagrams
and spectra, it is known that some faint dwarf galaxies formed their
stars within a short period, less than 1 Gyr (Okamoto et al. 2008,
2012; Frebel & Bromm 2012; Frebel, Simon & Kirby 2014; Venn
et al. 2017). Short star formation time-scale together with a low
stellar mass result in a small number of nucleosynthesis events that
contributed to chemical composition of long-lived stars observed
today in faint dwarf galaxies (see for example, Frebel et al. 2014).
The observed abundance patterns in individual stars contain
information about properties of nucleosynthesis events and their
progenitors and the efficiency of gas mixing at the early epoch of
galactic formation. The more enrichment events a system encounters,
the more blurred the signature of an individual event becomes.
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Unusual chemical element abundance ratios found in some metal-
poor stars are interpreted as evidence of individual nucleosynthesis
episodes. Nearby dwarf galaxies are the best places to find such stars.
For example, Koch et al. (2008b) reported the chemical composition
of two stars in the Hercules Dwarf Spheroidal Galaxy (dSph) with
high ratio of hydrostatic to explosive «-element abundance ratios,
[Mg/Ca]' = 0.94 and 0.58 dex and [O/Ca] = 1.25 and <0.70 dex,
respectively. A similar chemical feature, [Mg/Ca] = 0.61, was found
in S119 in Draco dSph (Fulbright, Rich & Castro 2004). However, for
this star, Shetrone, Bolte & Stetson (1998) found a normal [Ca/Mg]
ratio of 0.12. Hansen et al. (2020b) found [Mg/Ca] = 0.3 in a star in
Grus I UFD. We note the large errors of 0.20 and 0.26 dex for Mg
and Ca abundances, respectively, found by Hansen et al. (2020b). In
the Milky Way (MW) halo, there are stars with high [Mg/Ca] > 0.5
(for example, Depagne et al. 2002; Cohen et al. 2008; Frebel et al.
2008; Norris et al. 2013; Keller et al. 2014). Thus, similar chemical
abundance peculiarities could be found in stars in different galaxies.

'We use a standard designation, [X/Y] = log(Nx/Ny). — log(Nx/Ny)o,
where Nx and Ny are total number densities of element X and Y, respectively.
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Some dwarf galaxies may have individual endemic chemical
peculiarities. For example, in Hor 1 UFD stars, Nagasawa et al. (2018)
found surprisingly low [a/Fe] 2~ 0 in contrast to typical [a/Fe] ~ 0.3
found in the literature in the majority of metal-poor (MP) stars in the
MW and dwarf galaxies. Ret11, Tuc 111, and Grull UFDs are known
for their stars enhanced in r-process elements (Ji et al. 2016b; Hansen
et al. 2017, 2020b) in contrast to the extremely low neutron-capture
(n-capture) element abundances found in stars in other UFDs (see
for example, Mashonkina et al. 2017b; Ji et al. 2019).

There are stars with normal chemical composition in dwarf
galaxies as well. For example, in Booll UFD, Koch & Rich (2014)
and Ji et al. (2016a) found no chemical peculiarities and abundance
patterns to be similar to the normal MW halo stars for all elements
except low neutron-capture element abundances.

Chemical properties of stars in different galaxies depend on the
formation history of their host galaxies. To understand how different
or similar the first stars in different UFDs were and how well the
gas in a given UFD was mixed, it is necessary to perform a careful
homogeneous abundance determination in stars in different UFDs.
In the present analysis, we selected stars in the smallest UFDs
known to date with individual high-resolution spectra available in
the archives. The selected UFDs, namely, Segue 1, Triangulum 11,
and Coma Berenices meet the criteria of Frebel & Bromm (2012)
and could be recognized as surviving first galaxies.

Segue 1 (Seg 1) with My = —1.5 and half-light radius 7, = 30 pc
(Martin, de Jong & Rix 2008; Geha et al. 2009; Simon et al. 2011) is
one of the smallest and faintest known UFDs, that first was thought
to be a globular cluster (Belokurov et al. 2007; Niederste-Ostholt
et al. 2009). Using high-resolution spectra, Frebel et al. (2014,
hereafter F14) and Norris et al. (2010, hereafter N10) determined
the chemical composition of Segue 1 stars. Stars in Seg 1 span a
wide metallicity range of —3.78 < [Fe/H] < —1.42 and show high
[o/Fe], indicating enrichment only from massive stars. This result is
in line with medium resolution observations of Vargas et al. (2013,
hereafter V13).

Triangulum 11 (Tri1) has My = —1.8 and ry, = 34 pc (Laevens
etal. 2015; Martin etal. 2016; Kirby etal. 2017), which is very similar
to Seg 1. From low-resolution observations of 13 Trill members,
Kirby et al. (2017, hereafter K17) found that their metallicities range
from —2.86 to —1.40. The two brightest stars in Tri Il were studied
with high-resolution spectra (Kirby et al. 2017; Venn et al. 2017; Ji
et al. 2019). Tri1r S40 with [Fe/H] = —2.9 shows normal [a/Fe] of
0.3, while low [Na/Fe] from —1.1 (Kirby et al. 2017) to —0.8 (Ji
etal. 2019), high [K/Fe] of 0.8, and high [Ni/Fe] of 0.5. Another star,
S46, with [Fe/H] >~ —2 shows low [«/Fe] < 0. The quality of S46
observed spectrum does not enable iron-peak element abundances
measurements to reconcile whether low [a/Fe] is caused by a prompt
type 1Ia supernova (SN) enrichment or the stochastic sampling of a
few massive SNell (Venn et al. 2017; Ji et al. 2019). It is worth
noting that S46 is likely not a member of TriII, since its membership
probability p = 0.04 found by McConnachie & Venn (2020) is low.

Coma Berenices (ComaBer) has My = —4.1, ri, = 70 pc (Be-
lokurov et al. 2007; Martin et al. 2008), and is thus larger than
Seg 1 and Tri1l. Chemical composition of the three brightest stars
with V >~ 18 mag was determined by Frebel et al. (2010, hereafter
F10) from analyses of high-resolution spectra. F10 found that the
metallicity spans —2.88 < [Fe/H] < —2.31, and that the most metal-
rich star shows slightly lower [«/Fe] abundance ratio compared to
more metal-poor stars. F10 concluded that more observations of stars
with [Fe/H] > —2 are required to understand whether the higher iron
abundance of this star could be due to an onset of iron production in
SN 1a or stochastic mixing of few massive SNeII. V13 increased the
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statistics and determined [Fe/H] and [«/Fe] of ten stars using medium
resolution spectra. Stars in the V13 stellar sample have metallicities
in the range —3.38 < [Fe/H] < —2.12 and various [«/Fe] ratios: low
[a/Fe] 2~ 0 in two stars with [Fe/H] > —2.4 and high [«a/Fe] ~ 0.3 to
0.9 dex in eight stars with [Fe/H] < —2.4. V13 concluded that low
[a/Fe] ratios in two stars with the highest [Fe/H] is caused by the
production of iron in SN Ia.

In this study, we revisit existing data on the stars in Segue 1,
Triangulum 11, and Coma Berenices UFDs and determine accurate
stellar parameters and chemical abundances, using new multiband
photometric observations and accurate line formation calculations,
taking into account deviations from the local thermodynamic equi-
librium (LTE), i.e. using the NLTE approach.

This study is performed within a project on a homogeneous NLTE
abundance analysis of stars in the Galactic dwarf satellites. The stud-
ies by Mashonkina et al. (2017a, hereafter M17a) and Mashonkina
etal. (2017b, hereafter M17b), where accurate stellar parameters and
the NLTE abundances were presented for 59 very metal-poor (VMP,
—4 < [Fe/H] < —2) stars in seven dwarf spheroidal galaxies (dSphs)
and in the MW halo, gave rise to the project. Further, the stellar
sample was complemented by Pakhomov et al. (2019a, hereafter
P19). This paper employs the same method of stellar parameter and
the NLTE abundance determinations as in M17a, M17b, and P19.

Photometric observations and data reduction are described in
Section 2. We outline the method of stellar parameter determination
in Section 3. The derived stellar abundances and the methods
are presented in Section 4. The discussion of the results and our
conclusions are given in Sections 5 and 6, respectively.

2 PHOTOMETRIC OBSERVATIONS AND DATA
REDUCTION

Photometric observations were carried out with Moscow State
University Sternberg Astronomical Institute (SAI MSU) Caucasian
Mountain Observatory (CMO) 2.5 m telescope in 2017 February to
April, on nights with stable extinction, which was monitored by the
astroclimate site monitor of CMO (Kornilov et al. 2014).

For observations in the BVRclc bands, we used an NBI 4k x
4k camera produced by Niels Bohr Institute, Copenhagen. The
preliminary reduction procedure comprises bias subtraction, non-
linearity and flat-field correction. Magnitudes were derived with the
source extractor package (Bertin & Arnouts 1996) taking into account
aperture corrections. Coordinates of the objects were derived with
the astrometry package (Lang et al. 2010). Extinction measurements
and photometric calibrations were made using the Landolt standards
(Landolt & Clem 2013), observed on the same nights. The equations
of the transformation to the standard photometric system were
derived earlier using Landolt standards (Clem & Landolt 2013).

The JHK photometric data were obtained with the ASTRONIR-
CAM camera (Nadjip et al. 2017) in dithering mode. Depending
on the seeing and exposure time, 30 to 60 frames, 30s each, were
observed with each filter. Non-linearity, dark current, and flat-field
corrections were taken into account. Photometry was carried out in
the MKO system, with a further transformation to 2MASS according
to equations from Leggett et al. (2006). GSPC P264-F star from the
list of MKO photometric system standards (Leggett et al. 2006) was
adopted as the main standard to which bright enough stars in the
field were referred and served as reference stars for each investigated
object. The derived magnitudes are listed in Table 1. An error of each
magnitude is within several hundredths.

In addition to Coma Berenices and Segue 1 stars, we observed
four stars investigated by Mashonkina et al. (2017a), namely three
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Table 1. Photometric magnitudes obtained with the 2.5 m telescope of CMO of SAI MSU together with literature data.

Stellar abundances in Seg 1, ComaBer, and Tri 11

1185

Star RA DEC B v R, I, J H K

Coma Berenices:

Sl 1226 43.44 +235702.6 18.920 18.164 17.678 17.197  16.514+0.010 15996 4+ 0.020  15.955 4 0.020
S2 12 26 55.45 +2356 09.5 18.854 18.099 17.608 17.115 16407 +£0.020  15.885+0.030  15.834 & 0.030
S3 12 26 56.66 +235611.8 18.375 17.572 17.058 16552 15818 £0.020 152724 0.020  15.213 4 0.020
Segue 1:

S1 10 07 10.07 +16 06 23.9 - 18.96! - - 17.4154+0.009 16931 +£0.010  16.813 +0.013
S2 10 07 02.46 +155055.2 - 18.22! - - 16.691 +0.010 16247 +0.013  16.136 & 0.019
S3 10 07 42.71 +16 01 06.8 - 18.39! - - 16913 +0.017 16451 +£0.038  16.397 & 0.017
S4 1007 14.6 +16 01 54.5 - 18.58! - - - - -

S5 10 06 52.3 +160235.8 - 18.64! - - - - -

S6 10 06 39.3 +16 00 08.9 - 19.26! - - - - -

S7 1008 14.4 +160501.2 - 17.73! - - 16.0562 15.6162 15.5422
Ursa Major II:

S1 08 49 53.41 +630821.6 - 18.20! - - 16383+ 0.017 159124+ 0.013  15.860 & 0.029
S2 08 52 33.50 +63 05 00.9 - 17.74! - 15.8054+0.011 153034+ 0.007  15.186 4 0.016
S3 08 52 59.02 +63 05 54.4 - 16.85! - - 14744 £ 0.010  14.139 +£0.009  14.024 £ 0.014
Leolv:

S1 113255.99 —003027.8 - 19.22! - - 17.193 £ 0.010  16.616 +0.009  16.494 & 0.009
Trilr:

S40 02 13 16.55 +361045.8 - 17.25% - - 15.44% 14.992 14.77%

Note. 'V magnitudes calculated from the gri magnitudes (SDSS Photometric Catalogue, Release 7; Adelman-McCarthy et al. 2008) and transformation of Jordi,
Grebel & Ammon (2006). 2Data from Cutri et al. (2003, 2MASS). 3Data from Lasker et al. (2008, GSC-II). The errors for individual magnitudes in the visible

(BVRclc) bands are within several hundredths.

stars in Ursa Major 1 (UMa11) UFD and one star in Leo 1v UFD, for
which available literature infrared (IR) magnitudes are either of low
accuracy or missing. In total, the observations in the infrared JHK
bands were performed for ComBer S1-S3, Seg 1 S1-S3, UMau S1-
S3,and Leo 1v S1 stars, while the observations in the visible (BVRclc)
bands were performed only for three stars in Coma Berenices. For the
remaining sample stars, the literature photometric data are accurate
enough and were used for T, determination. For example, the errors
in gri magnitudes for Seg 1 S1, S2, and S3 are within 0.011 dex,
which translates in errors in 7. smaller than 20 K for any of these
stars, colour, and calibration.

3 STELLAR PARAMETERS

3.1 Effective temperature

Effective temperatures (T.) were calculated from the V—K and
V—J colours using colour-7,; relation from Alonso, Arribas &
Martinez-Roger (1999) and Ramirez & Meléndez (2005, hereafter
RMOS5). Employing the Schlegel, Finkbeiner & Davis (1998) maps,
we adopted an extinction of Eg y = 0.018, 0.030, and 0.080 for
ComaBer, Seg 1, and Tri 11, respectively. The effective temperatures
derived from different colours and calibrations are presented in
Table 2. The new photometric observations significantly improve
the accuracy of T.i determination. For example, for ComaBer S1,
the data from SDSS (Adelman-McCarthy et al. 2008) and 2MASS
(Skrutskie et al. 2006) surveys result in 7(V—K) = 4954 K and
T(V—-J) = 5222K, while the magnitudes obtained in our study
provide consistent 7(V—K) = 4915K and 7T(V—J) = 4904 K. For
each of the Coma Berenices stars, the differences in T, between
(V—=K) and (V—J) colours are within 12 K.

For the other stars, V magnitudes were calculated using the
gri magnitudes from the SDSS Photometric Catalogue, Release 7
(Adelman-McCarthy et al. 2008) and transformation from Jordi et al.

Table 2. Effective temperatures from different colours and calibrations
of Alonso et al. (1999, A99) and Ramirez & Meléndez (2005, RMO5).

Star T(V-K) T(V-K) T(V—J)  Final ref.!
A99 RMO5  RMO5
ComaBer S1 4910 4915 4904 4900 TS
ComaBer S2 4862 4887 4898 4875 TS
ComaBer S3 4755 4783 4796 4785 TS
Segl S1 5029 4990 5082 5030 TS
Segl S2 5123 5112 5168 5130 TS
Segl S3 5244 5228 5265 5250 TS
Segl S7% 5014 4997 4983 5000 TS
Tri 11 S40? 4807 4839 4930 4900 TS
UMa1 S1 5041 5019 4968 5000 TS
UMa1i S2 4800 4794 4814 4780 Ml7a
UMai S3 4528 4569 4603 4560 Ml17a
Leolv S1 4442 4490 4520 4530 Ml7a

Notes. Indicates the reference for the adopted value of Tef, this study
(TS) or Mashonkina et al. (2017a, M17a).
2Based on photometry from the literature.

(2006). For S1, S2, and S3 in Seg 1 UFD, perfect agreement was
found between our T and those determined by Simon et al. (2011,
hereafter SGM11). For each star, the difference in T.; between this
study and SGM11 is within 25 K. In addition to the Seg 1 S1, S2,
and S3 stars, for which accurate photometry was obtained in this
study, we also study several carbon-rich stars, namely, Seg 1 S4,
S5, S6 stars from F14 and SGM11, and the S7 star from Norris
et al. (2010). Taking into account that this study and SGM11 provide
similar photometric temperatures for Segue 1 S1, S2, and S3, we
adopted effective temperatures from SGM11 for the S4, S5, S6 stars.
For S7, we adopted T = 5000 K, which is between 7(V—K) =
5014 K and T(V—J) = 4983 K and consistent with T.; = 4960 K
from Norris et al. (2010).

MNRAS 504, 1183-1200 (2021)
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For Tri1t S40, our T determinations are based on photometry
from the literature, see Table 1 for references. Using the RMOS
calibration, we calculated 7(V—K) = 4839 K and T(V—J) = 4930K
and finally adopted T = 4900 K.

For each of UMall and Leo1v stars, (V—K) and (V—J) colours
with the RMOS5 calibration and (V—K) colour with A99 and RMO05
calibrations provide consistent within 50 K effective temperatures.
The difference between the mean photometric temperature and
those of M17a does not exceed 50K for any star. The exception
is UMa1t S1, where our average Teg is 150 K higher compared to
that of M17a. For this star, we revised the atmospheric parameters
by adopting T = 5000 K and surface gravity of log g = 2.10 and
recalculated abundances as described in Section 4.

3.2 Surface gravity

Surface gravities (logg) were calculated using the well-known
relation between log g, apparent magnitude, bolometric correction,
distance, T, and the star’s mass, adopted as 0.8 M. For ComaBer
and Seg 1, we adopted distances of d =44 and 23 kpc from Belokurov
et al. (2007), and d = 30kpc from Laevens et al. (2015) for TriL.
Bolometric corrections were taken from Casagrande & VandenBerg
(2014).

3.3 Microturbulent velocity

Microturbulent velocities (§;) were determined from lines of iron
and titanium, by reducing the slope of the relation between element
NLTE abundance from different lines and their equivalent widths.

3.4 Ionization equilibrium

Using photometric T and distance-based log g, we checked Fe1—-
Fe1r, Ti1-Ti1, and Ca1-Call ionization equilibria in NLTE and LTE.
See Section 4 for the method of abundance determination. The
determined T, logg, &, [Fe/H], and NLTE and LTE abundance
differences from lines of neutral and ionized species (A = log &;
— log &) are presented in Table 3. In NLTE the abundance difference
between the two ionization stages is within the abundance uncertain-
ties. The abundance error is calculated as the dispersion in the single
line measurements around the mean o = \/ (x —x)?/(N —1),
where N is a total number of lines. For Ay_yj, the error is calculated as
\/o} + o},, where o} and o}, are the dispersions in abundance from
neutral and ionized species, respectively. In Seg 1 S5 and S6 lines
of Fe1l and TiTI are not detected, which does not allow us to check
Fe 1-Fe 11 and Ti I--Ti IT ionization balance. The quality of spectra near
the Call IR triplet lines is poor due to fringes and does not allow us
to carry out an accurate abundance determination. However, for the
Ca1l IR triplet lines in S5 and S6, we found a reasonable agreement
between observed spectra and theoretical spectra calculated with
calcium NLTE abundances from Cal lines. Thus, our spectroscopic
NLTE analysis supports atmospheric parameters as determined from
photometry and distances.

3.5 Isochrones

As a sanity check, we compared the positions of the stars on Tef—
log g diagram with 12 Gyr isochrones with [Fe/H] = —3.5, —2.3,
and —1.5 from the grid of Yi, Demarque & Kim (2004). To calculate
metallicities of the isochrones, we adopted solar metal-to-hydrogen
ratio Zg = 0.0224 (Grevesse, Noels & Sauval 1996), and [«/Fe] =
0.6. The stars sit reasonably well on the isochrones in line with their

MNRAS 504, 1183-1200 (2021)

age and stellar parameters (Fig. 1). For comparison, we plotted in
Fig. 1 data from M17a and P19.

3.6 Comparison with the literature

Coma Berenices. Using spectroscopic method based on the LTE
analyses of the Fe excitation and Fe I-Fe 11 ionization balance, F10
derived T, /log g =4700/1.3, 4600/1.4, and 4600/1.0 for S1, S2, and
S3 stars, respectively. Our 7.5 and log g values are higher by up to
200K and 0.7 dex, respectively (Fig. 2), and this is understandable.
Spectroscopic temperatures determined from the Fe I lines appear to
be systematically lower compared with photometric T, by 70 to
270 K depending on T, as shown by Frebel et al. (2013), and LTE
leads to systematically lower surface gravity determined from lines
of Fel and Fe 11 (see for example Mashonkina et al. 2011).

Segue 1. For S1, S2, and S3 stars, the adopted effective tem-
peratures are consistent with those of Frebel et al. (2014) and the
difference in T, between the two studies is within 50 K. Frebel et al.
(2014) corrected their spectroscopic e With an empirical relation
between photometric and spectroscopic temperatures, as determined
by Frebel et al. (2013). For Seg 1 S1, S2, and S3, the differences
in surface gravities log g (TS) — log g (F14) = 0.36, 0.14, and 0.20,
respectively. Lower log g in F14 can be explained by application of
LTE analysis of Fe1and Fe 11 lines for log g determination. Seg 1 S4,
S5, and S6 stars are a different case. Photometric temperatures of
SGM11 adopted in this study are 293 K and 214 K lower and 470 K
higher, respectively, compared to those of F14. For S4, S5, and S6,
the difference logg (TS) — logg (F14) = —0.68, —0.45, and 0.73,
respectively, and it is mainly caused by differences in Tg.

For Seg 1 S7, its Ty is well fixed. We adopted T = 5000 K, which
is consistent with photometric 7(V—K) = 4997K and T(V-J) =
4983 K values derived with the RMOS5 calibration and T = 4960 K
from Norris et al. (2010). We adopted the distance based logg =
2.40, which is 0.5 dex higher compared to that of Norris et al. (2010),
derived from isochrones.

Triangulum11. For Trill S40, our Tx/logg = 4900/1.87 are in
agreement with 4800/1.80 derived by Venn et al. (2017), using
similar methods. Parameter determinations based on FeT and Fe1l
line analysis in LTE results in lower 7. and logg of 4720/1.35
and 4816/1.64, found by Ji et al. (2019) and Kirby et al. (2017),
respectively.

4 CHEMICAL ABUNDANCES

4.1 Spectral observations

For ComaBer S1, S2, S3, Tri 11 S40, and Seg 1 S3, observed spectra
(R = 34000) are taken from the archive of the Keck telescope”
(Program ID C168Hr, C222Hr, and C332Hr). Norris et al. (2010)
observed Seg 1 S7 with UVES/VLT, and we took its spectrum
from the ESO archive (Programme ID 383.B-0093(A)). For the
remaining Seg 1 stars, we use spectra taken with MIKE/Magellan
spectrograph/telescope and reduced in the original study of Frebel
et al. (2014).

4.2 Method of calculation

For our sample stars, element abundances are determined using
the synthetic spectrum method by fitting line profiles to high-

Zhttps://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAlogin
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Table 3. Atmospheric parameters and NLTE and LTE abundance difference between neutral and ionized species.
Star Teft log g [Fe/H] I Fel-Fen Tir-Tin Car-Cal
(K) SGC (kms~") LTE NLTE LTE NLTE LTE NLTE
Coma Berenices:
S1 4900 2.00 -2.12 2.1 -0.20 £ 0.23 0.03 +£ 023 -0.14 £ 023 -0.01 £ 026 -0.10 £ 0.16 0.00 £ 0.20
S2 4875 1.95 -2.52 1.8 -0.26 £ 0.19 -0.07 £ 0.19 -0.02 + 0.30 0.17 £ 0.30  -0.10 &£ 0.20  0.00 £ 0.20
S3 4785 1.70 -2.39 1.7 -0.14 £ 0.18 0.05 + 0.18 -0.30 &£ 0.18 -0.10 £ 0.19 -0.03 £ 0.10  0.01 £ 0.10
Segue 1:
S1 5030 291 -1.71 1.6 0.02 + 0.31 0.04 + 0.31 -0.35 &+ 0.33 -0.30 £+ 0.33 - -
S2 5130 2.64 -2.38 1.8 0.06 + 0.27 0.13 £ 0.27 -0.15 £+ 0.18 0.02 + 0.21 - -
S3 5250 2.75 -2.29 1.6 -0.09 £ 021 -0.01 £ 0.21 0.00 + 0.25 0.20 + 0.29 - -
S4 5100 2.77 -1.69 1.5 0.13 + 0.32 0.15 +£ 032 -0.12 £ 0.18 -0.01 £ 0.21 - -
S5 5270 2.85 -3.56 1.6 - - - - - -
S6 5640 3.23 -3.19 1.7 - - - - - -
S7 5000 2.40 -3.48 1.3 -0.18 £ 0.22 -0.03 £ 0.22 - - - -
Triangulum I1:
S40 4900 1.87 -2.77 1.9 -0.13 £ 0.17 0.00 + 0.17 -0.05 £ 0.10 0.23 + 0.12 - -
= L I B L B A X
OF = [Fe/H] = -3.5 / o 400 + .
— [Fe/H] =-2.3 ! oo 4 +t * ]
n X o
= 0 'S © RO
-~ [Fe/H]=-15 . ®
= —200F % -
1 --— [Fe/H] = -3.5, [C/Fe] = 2.5 ‘ ool X |
o . /1
This study P =~ 10
py = x + +
% Seg 1 ;4 Coosfk % A+ " *
ComBer 4 0 4 X
o tTri I i £ oof—6—= b &6 S
8> 2l M17+P19 o | 3 -05f Trill: A K17 [JV17 A J19 " N
- e Scl < 10 Segl: ® F14 (O SGM11  Com: 4 F10
Sex -35 -3.0 -25 -2.0 -1.5
¢ Fnx [Fe/H]
o UMi
4 Bool X Figure 2. Comparison of the derived Tefr and log g with the literature data.
3F v UMall g — See Section 3.6 for details.
% Leo IV Ed
. Halo //' Table 4. NLTE and LTE abundances from individual lines of the sample
P v stars.
- R
DT . N R R
Species A E, log gf EW lo lo
6500 6000 5500 5000 4500 pecies : o ge 3 SENLTE 108 €LTE
T K (A) eV) (mA)
effs
Segl S1:
Nal 5889.95  0.00 0.11 190.8 3.88 4.19
Figure 1. Investigated stars with 12 Gyr isochrones from Yi et al. (2004). The Nal 5895.92 0.00 —0.19 1717 3.90 4.30

revised stellar parameters for the UMa1r S1 star are linked with the previous
ones with a dash. Data from M17a and P19 are shown for comparison.
The large cross indicates log g and T error bars of 0.2dex and 150K,
respectively.

resolution observed spectra. Theoretical spectra were calculated
using the SYNTHV_NLTE code (Tsymbal, Ryabchikova & Sitnova
2019) integrated to the IDL BINMAG code by O. Kochukhov.® This
technique allows us to obtain the best fit to the observed spectrum
with the NLTE effects taken into account via pre-calculated departure
coefficients for a given model atmosphere.

The coupled radiative transfer and statistical equilibrium equations
were solved with a revised version of the DETAIL code (Butler &

3http://www.astro.uu.se/~oleg/download.html

Note. This table is available in its entirety in a machine-readable form in the
online journal. A portion is shown here for guidance regarding its form and
content.

Giddings 1985). The update was presented by Mashonkina et al.
(2011).

We used classical plane-parallel model atmospheres interpolated
for a given T, logg, and [Fe/H] from the MARCS model grid
(Gustafsson et al. 2008).

The full list of the investigated lines is presented in Table 4
along with gf-values, excitation energies of the lower levels, and
the derived NLTE and LTE abundances for the sample stars. The
line list for synthetic spectrum calculation was extracted from the
Vienna Atomic Line Database (VALD; Ryabchikova et al. 2015).
The isotopic splitting is taken into account for the Call resonance
and IR triplet lines and Ball lines. For the lines of Sci, VI,

MNRAS 504, 1183-1200 (2021)
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Table 5. Model atoms for the NLTE calculations performed in this study.

Species Reference H1 collisions
Ol Sitnova & Mashonkina (2018) BVMI19
Nal Alexeeva, Pakhomov & Mashonkina (2014) BBDI10
Mgl Mashonkina (2013) BBS12
All Baumueller & Gehren (1996) B13

Sil Mashonkina (2020) BYB14
KI Neretina et al. (2020) YVBI19
Cal-II Mashonkina, Korn & Przybilla (2007) BVY17-BVG18
Ti I-1T Sitnova, Mashonkina & Ryabchikova (2016) SYB20
Fe I-1I Mashonkina et al. (2011) Su =0.5
Sr 1l Belyakova & Mashonkina (1997) Sy =0.01

Ball Mashonkina, Gehren & Bikmaev (1999) BY18

Note. BVM19 = Belyaev et al. (2019), BBD10 = Barklem et al. (2010),
BBS12 = Barklem et al. (2012), B13 = Belyaev (2013), BYB14 = Belyaev,
Yakovleva & Barklem (2014), YBV19 = Yakovleva, Voronov & Belyaev
(2019), BVY17 = Belyaev et al. (2017), BVG18 = Belyaev, Voronov &
Gadéa (2018), SYB20 = Sitnovaetal. (2020), BY 18 =Belyaev & Yakovleva
(2018), Sy is a scaling coefficient to the Drawin (1968) formula.

Mn1, Col, and Ball we take into account their hyperfine splitting
(HES) structure, using the HFS data implemented to the VALD
data base by Pakhomov, Ryabchikova & Piskunov (2019b). To
determine barium abundances, we assume the r-process isotopic ratio
Ba'®® : Ba'?” : Ba'®® = 0.26:0.20:0.54 from Arlandini et al. (1999).

4.3 NLTE effects

Abundances of O, Na, Mg, Al, Si, Ca, Ti, Fe, Sr, and Ba were
determined using the NLTE line formation calculations with com-
prehensive model atoms developed and tested in our earlier studies.
For mechanisms of the departures from LTE and the details of the
NLTE calculations for the above chemical elements, see references in
Table 5. Here we briefly describe the impact of NLTE on abundance
determinations.

In atmospheres of cool metal-poor giants, NLTE may lead to
significant changes in abundances and abundance ratios compared
to LTE. For Mg1, Al1, Cal, Til, and Fel, NLTE leads to higher
abundances, up to 0.2 dex, depending on species, atmospheric pa-
rameters, and adopted spectral lines. For O1, Nal, and K1, NLTE
leads to lower abundances, up to 0.5dex in our sample stars. For
Srit and Ball in the sample stars, NLTE leads to nearly 0.1 dex
higher average abundance. For Si1, Fe 11, and Ti11, NLTE effects are
negligible.

Our [Fe/H] is based on Fe 11 lines, thus shifts in [El/Fe] abundance
ratios due to NLTE are dominated by NLTE effects for a given
element. The largest shift is found for [Na/Mg] abundance ratios,
since, for Nal and Mg1, NLTE leads to changes of different signs.
For more details on the impact of NLTE on abundances of the above
chemical elements in the atmospheres of VMP giants see fig. 1 in
Mashonkina et al. (2017b).

For C, Sc, V, Cr, Mn, Ni, Co, and Zn, we determined LTE abun-
dances and applied the NLTE abundance corrections (differences
between NLTE and LTE abundances from individual lines, Ani g =
log enrte — log erg) from the literature, where available.

Carbon abundances were derived from molecular CH bands in the
blue spectral region at 4300-4400 A. NLTE calculations for lines of
CH molecules, as well as for other molecules in stellar atmospheres
are not available. Alexeeva & Mashonkina (2015) showed that
the LTE abundances from CH lines are consistent with the NLTE
abundance from CI lines in a sample of cool metal-poor stars,

MNRAS 504, 1183-1200 (2021)

when using classical model atmospheres. We thus adopted the LTE
abundances from CH lines.

We determined scandium abundances from lines of ScIl. In
atmospheres of cool stars, ScII is a majority species, and minor
NLTE abundance corrections could be expected. NLTE calculations
for Sc1I in the atmospheres of cool dwarf stars were presented by
Zhang, Gehren & Zhao (2008) and Zhao et al. (2016). At metallicity
below [Fe/H] >~ —1, the NLTE abundance corrections for ScII lines
are slightly positive and are less than 0.05 dex. The NLTE eftects for
Sc 11 were thus ignored.

Zinc abundances were determined from only one line, Zn14810 A.
To account for deviations from LTE, we applied the NLTE abundance
corrections from Takeda et al. (2005). For very metal-poor (VMP)
giants, Anprg for Znl 4810 A ranges from —0.02 to 0.12dex
depending on T, log g, and EW. We applied Axprg = 0.05 dex,
which corresponds to lines with EW ~ 20 mA, as observed in our
sample stars.

NLTE calculations for neutral species with ionization energy
below 8eV, such as Til (Bergemann 2011), Cr1 (Bergemann &
Cescutti 2010), Mn I (Bergemann & Gehren 2008), Fe 1 (Mashonkina
etal. 2011), and Co1 (Bergemann, Pickering & Gehren 2010) report
an overionization, which leads to weakened lines and positive NLTE
abundance corrections.

To determine the NLTE abundance from lines of Cr1, we adopted
abundance corrections calculated with the model atom of Bergemann
& Cescutti (2010) and available at the MPIA website.* For the sample
stars, NLTE abundance corrections for Cr1 lines vary from 0.20 to
0.45 dex depending on the line and stellar parameters.

Our manganese abundances or upper limits rely on the subordinate
Mn1 4783 and 4823 A lines. For all sample stars, we applied
the same NLTE abundance corrections of 0.3 dex as calculated by
Bergemann et al. (2019) for model atmosphere with Te/log g/[Fe/H]
= 4500/1.5/-2.

For V1, Co1, and Ni I, the literature data on NLTE effects are either
missing or poor and cannot be applied for abundance correction.
NLTE calculations for V 1 have never been performed. The statistical
equilibrium calculations for Nil in the solar atmosphere were
presented by Bruls (1993) and Vieytes & Fontenla (2013), however,
they did not study NLTE effects on atmospheres with different
parameters and the impact of NLTE on abundance determination.
NLTE calculations for Co1-11 were performed by Bergemann et al.
(2010). In cool MP stars, they found large positive NLTE abundance
corrections of up to 0.8 dex. For Co1 4121 A in our sample stars,
Ancre ranges from 0.41 to 0.75 dex according to the data from the
MPIA website. Observations of MP stars argue for overestimated
NLTE effects in Bergemann et al. (2010). For example, in a halo giant
HD 122563 with well-determined stellar parameters, we found LTE
abundance difference between lines of neutral and ionized species of
log £(Co14110,4121 A)—log £(Co13501 A) = —0.08 dex (Table 6).
The NLTE calculations of Bergemann et al. (2010) predict Axprg
= 0.72dex and 0.69 dex for Co1 4110 A and 4121 A, respectively,
while minor Anptg for Colr 3501 A, and thus do not allow us to
fulfil an ionization balance. To make these estimates for HD 122563,
we adopted T, = 4600K, logg = 1.4, [Fe/H] = —2.55, and &§,=
1.6kms~! as in Mashonkina et al. (2019).

For V1, Col, and NiI, we applied an empirical strategy to account
for deviations from LTE. For a sample of VMP giants, Mashonkina
et al. (2017b) found [Ni1I/Fe1] ~ 0, when abundances from NiI and
FeT are taken in LTE. This argues for similar values for the NLTE

“http://nlte.mpia.de/gui-siuAC_secE.php
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Table 6. LTE abundances of selected chemical species in HD 122563. Table 7. The derived element abundances in the sample stars.
Species  SclI Vi Vi Col Col Nil Zn1 Sp. logen M log erTE log eNLTE [E/H] [El/Fe]
[El/Fe] 0.05 -0.52 0.00 -0.09 0.02 -0.18 -0.07
o 0.03 007  0.06 0.10 Segue 1 51
Niines 3 1 3 3 1 9 1 CH 8.39 1 6.79 (0.10) - -1.60 0.11
gffom L19 L4 WI4 LIS R9S  WLI4 W68 01 873 1 833(010)  817(0.10) 056 LIS
F88 Nart 6.33 2 4.39 (0.04) 4.04 (0.04) -2.29 -0.58
Mg1 7.58 2 6.34 (0.01) 6.33(0.15) -1.25 0.47
Note. We adopted [Fe/H] = —2.55 from NLTE analyses of Mashonkina All 6.47 1 4.12 (0.10) 431(0.10) -2.16 _0.45
et al. (2019). L19 — Lawler et al. (2019), L14 — Lawler et al. (2014), W14 Si1 7.52 3 6.36 (0.12) 6.32(0.11) -1.20 0.51
— Wood et al. (2014b), L15 — Lawler, Sneden & Cowan (2015), R98 — K1 512 1 4.62 (0.10) 4.02 (0.10) -1.10 0.61
Raassen, Pickering & Uylings (1998), WL14 — Wood et al. (2014a), F88 — Cal 6.36 16 5.26 (0.14) 5.24(0.15) -1.12 0.60
Fuhr, Martin & Wiese (1988), W68 — Warner (1968). Scll 3.10 4 1.76 (0.24) 1.76 (0.24) -1.34 037
Ti1 490 7 333(023) 3.36(024) -1.54 0.17
abundance corrections for both NiI and Fel. To account for NLTE Tin 4.90 23 3.68 (0.24) 3.66(0.25) -1.24 0.47
effects for Nil, V1, and Col, we provide the final abundance ratios Vi 4.00 2 2.28 (0.05) - -1.72 -0.03
as [El/FeT] rg. We note that for NiT and Co1, this strategy provides Cr1 5.65 7 3.70(0.15)  4.33(0.16) -1.32 0.39
realistic results, while it underestimates NLTE effects for V1. For Mn1 5.37 3 3.29(0.04) 3.59(0.04) -1.78  —0.07
example, in HD 122563, VI— V11 = —0.52 dex in LTE (Table 6), E:l ;gg fj gg; ngg; 233 ngg; ‘}gz ggg
while Fel — Fell = —0.25 dex as determined in Mashonkina et al. Col 492 5 300015 - 192 0.3
(2019). Nil 6.23 12 4.61 (0.28) - -1.62 0.07
Zn1 4.62 1 2.55(0.10) 2.60 (0.10) -2.02 -0.31
4.4 Stellar abundances Segue 1 S2
. CH 8.39 1 6.09 (0.10) - -2.30 0.08
The LTE and NLTE (where available) abundances of up to 18 Nal 6.33 2 3.94 (0.26) 3.42(025) -2.91 053
chemical elements for the sample stars are presented in Tables 4 and Mgl 7.58 3 5.82(0.06) 5.89(0.16) —1.69 0.70
7.1In the Appendix, we show standard [El/Fe] versus [Fe/H] diagrams, All 6.47 1 2.78 (0.10) 3.13(0.10) -3.34 ~0.96
where our results for Coma Berenices, Segue 1, and Triangulum It Si1 7.52 2 6.08 (0.12)  6.07(0.11) -1.45 0.93
are plotted together with those from M17b and P19 for the MW halo, K1 5.12 1 3.73(0.10)  3.37(0.10) -1.75 0.63
classical dSphs Sculptor, Ursa Minor, Fornax, and Sextans, and the Cal 636 12 443(0.12)  4.49(0.13) -1.87 0.51
UFDs Boétes I, UMaT1, and Leo1v. Sf:ll 3.10 3 1.15 (0.08) 1.15(0.08) -1.95 0.43
Element abundance patterns in the range from O to Zn are T%I 4.90 5 285(0.11) - 299(0.13) 191 S
displayed in Fig. 3 for individual stars in Seg 1, Tri 11, and ComaBer Tin 49020 3000019 2.97(0.16) 193 045
R L. . VI 4.00 1 1.42 (0.10) - -2.58 -0.26
UFDs. For comparison, we indicate the [El/Fe] elemental ratios, Cr1 565 7 3.05 (0.20) 373(0.17) -1.92 046

which are typical for the MW halo in the —4 < [Fe/H] < —2 Mn1 537 2 255(0.10) 2.85(0.10) -2.52 014

regime, as derived in the literature. They are based on the NLTE Fel 750 74 518 (0.24)  5.25(0.24) -2.25 0.13
abundances from M17b (Na, Mg, Al, Si, Ca, Ti), Zhao et al. (2016, Fell 7.50 11 5.12(0.13)  5.12(0.13) -2.38 0.00
K, Sc), Bergemann & Cescutti (2010, Cr), and Bergemann & Gehren Col 4.92 3 2.36 (0.19) - -2.56 -0.24
(2008, Mn). Based on our LTE analysis of V1I lines in HD 122563 Nil 6.23 2 3.68(0.22) - 255  -0.23
(Table 6), we adopted [V/Fe] = 0 for the MW halo. This is in line Segue 1 S3
with a comprehensive LTE study of vanadium abundance in 255 halo CH 8.39 1 599 (0.10) - 240  -0.11
stars performed by Ou et al. (2020). For [Ni/Fe], we took [Nil/FeI] Nal 6.33 2 3.66 (0.06) 3.28(0.02) -3.05 -0.76
= 0, as obtained by M17b. Abundances of Co and Zn grow towards Mgi 7.58 2 5.47 (0.02) 5.52(0.02) -2.06 0.23
lower metallicity in the MW halo (see for example Cayrel et al. 2004, All 6.47 1 3.49(0.10)  3.81(0.10) -2.66  -0.37
Takeda et al. 2005; Yong et al. 2013). Therefore, for each of [Co/Fe] Sit 7.52 1 5.78(0.10)  5.78(0.10) -1.74 0.55
and [Zn/Fe], we indicate in Fig. 3 two values of 0 and 0.5, which K1 5.12 1 390(0.10)  3.63(0.10) -1.49 0.80
correspond to [Fe/H] ~—2 and ~—4, respectively. Cal 6.36 12 4.53(013) 4610149 -1.75 0.54
Abundance ratios of the neutron-capture elements, represented b S 3.10 3 0.98 (0.02)  0.98(0.02) -2.12 0.17
R . p . K - Tep y Ti1 4.90 6 3.01 (0.10) 3.18(0.12) -1.72 0.57
Sr and Ba, are discussed in more detail in Section 5.3. Tim 490 18 301(023)  298(026) 192 037
Cri1 5.65 6 3.11 (0.15) 3.82(0.15) -1.83 0.46
Mn1 5.37 2 2.77 (0.12) 3.07 (0.12) -2.30 0.00
4.4.1 Segue 1 UFD Fel 750 63 512(0.18)  5.20(0.18) -230  —-0.01
Carbon. Seg 1 S1, S2, and S3 stars have normal nearly solar [C/Fe], Feu 7.50 12 521(0.10)  5.21(0.10) -2.29 0.00
. Co1 4.92 1 2.64 (0.10) - -2.28 0.10
ranging from —0.11 to 0.08. Seg 1 S4 has [C/Fe] = 0.74 and Nit 6.23 I 3.84(0.10) - 239 001
gained this carbon enhancement from its companion. S5 has carbon Ball 213 1 ~150(0.10) —130(0.10) —3.43 _1.14

enhancement [C/Fe] of 1dex. The strength of CH lines decreases

steeply with increasing 7. and they become weak in S6 with T, = Segue 1 54, CEMP-s star

5640 K. We estimated [C/Fe] <1 dex for this star. A very high [C/Fe] cH 8.39 ! 7:440.10) - 095 0.74
= 2.30 was found in S7. Our results are in agreement with earlier or 8.73 2 798009 7.83(0.07) 090 0.79
A : _g . Nat 6.33 2 5.01 (0.16) 4.68 (0.10) -1.65 0.04
dete.rmlrllatlons of F14 and N10. We note that in SS,. S6, and S7 with Mg1 758 4 6.26 (0.08) 6.25(0.01) —1.33 036
luminosity of L/Lg = 1.33, 1.07, and 1.69, respectively, the carbon Si1 752 1 6.10(0.10)  6.05(0.10) —1.47 0.22

enhancement is caused by high carbon abundance in the gas at the
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Table 7 — continued

Table 7 — continued

Sp. logeg N log erTE log eNLTE [EVH] [El/Fe] Sp. logeg N log erTE log eNLTE [EVH] [El/Fe]
K1 5.12 1 4.00 (0.10) 3.49(0.10) -1.63 0.06 Fenl 7.50 8 4.73(0.11)  4.73(0.11) -2.77 0.00
Car 6.36 15 5.10 (0.16) 5.10(0.22) -1.26 0.43 Co1 4.92 1 2.64 (0.10) - -2.28 0.62
Scui 3.10 2 1.52 (0.37) 1.52(0.37) -1.58 0.11 Ni1 6.23 7 3.89(0.09) - -2.34 0.56
Tit 4.90 5 3.39 (0.18) 3.55(0.30) -1.35 0.34 Zn1 4.62 1 2.09 (0.10)  2.14(0.10) -2.48 0.29
Tin 4.90 19 3.61 (0.16) 3.58(0.17) -1.32 0.37 Sr1 2.90 2 -1.87 (0.01) -1.82(0.03) -4.72 -1.94
Vi 4.00 1 1.84 (0.10) - -2.16 -0.44 Ban 2.13 1 -2.94(0.10) -2.71(0.10) -4.84 -2.07
Cr1 5.65 5 3.77(0.09)  4.40(0.14) -1.25 0.44 Coma Berenices S1
Mn1 5.37 3 3.42(0.12) 3.72(0.12) -1.65 0.04
CH 8.39 4 6.18 (0.07) - -2.21 -0.09
Fel 7.50 55 578 (0.19)  5.80(0.19) -1.70 -0.01
Nat 6.33 2 3.54 (0.12) 3.35(0.18) -2.98 -0.86
Fen 7.50 14 5.81 (0.16) 5.81(0.16) -1.69 0.00
Nil 623 6 4440.16) - 179 007 Mg1 7.58 2 5.63(0.08)  5.69(0.07) -1.89 0.24
: : ’ ’ ' K1 5.12 1 3.10 (0.10) 2.93(0.10)0 -2.19 -0.07
Segue 1 S5, CEMP-no star Cal 6.36 16 429(0.16)  4.37(0.20) -1.99 0.13
CH 8.39 1 574 (0.10) - -2.65 0.91 Scnr 3.10 4 0.85(0.15)  0.85(0.15) -2.25 -0.13
Na1 6.33 2 2.55(0.11) 2.43(0.14) -3.90 -0.34 Tit 4.90 5 2.51(0.10) 2.63(0.09) -2.27 -0.15
Mgl 7.58 5 4.68 (0.27) 473 (0.24) -2.85 0.71 Tin 4.90 12 2.66 (0.21) 2.62(0.25) -2.28 -0.16
Al1 6.47 2 2.21(0.16) 2.78 (0.18) -3.69 -0.13 VI 4.00 1 1.15(0.10) - -2.85 -0.64
Sit 7.52 1 4.61 (0.10)  4.54(0.10) -2.98 0.58 Cr1 5.65 3 3.10 (0.19) 3.47(0.25) -2.18 -0.05
Car 6.36 2 3.47 (0.06) 3.60 (0.04) -2.76 0.80 Mn1 5.37 1 <234(0.10) <2.64(0.10) <-2.73 <-0.61
Tin 4.90 9 1.76 (0.18) 1.86 (0.17) -3.04 0.52 Fel 7.50 33 5.29(0.18)  5.35(0.19) -2.15 -0.03
Cr1 5.65 2 2.11 (0.01) 278 (0.01) -2.87 0.69 Fen 7.50 11 5.38(0.14)  5.38(0.14) -2.12 0.00
Fel 7.50 15 3.78 (0.34) 3.94 (0.35) -3.56 0.00 Nil 6.23 3 3.52(0.06) - -2.71 -0.50
Ni1 6.23 2 2.58(0.36) - -3.65 0.07 Zn1 4.62 1 <222(0.100 <2.27(0.10) <-2.35 <-0.23
Sr1un 2.90 1 -1.44 (0.10) -1.19(0.10) -4.09 -1.97
Segue 1 S6, CEMP-no star
CH 239 1 6.19(0.10) —220 <1.00 Ban 2.13 1 -2.41(0.10) -2.31(0.10) —4.44 -2.32
Nat 6.33 2 3.04 (0.03) 2.94 (0.00) -3.39 -0.20 Coma Berenices S2
Mg1 7.58 2 4.80(0.17)  4.92(0.12) -2.66 0.53 CH 8.39 4 5.89(0.00) - -2.50 0.02
All 6.47 1 2.69 (0.10) 3.33(0.10) -3.14 0.05 Nal 6.33 2 3.59 (0.01) 3.20(0.05) -3.13 -0.61
Si1 7.52 1 5.34 (0.10) 5.29(0.10) -2.23 0.96 Mg1 7.58 3 6.05(0.02)  6.13(0.16) -1.45 1.07
Cal 6.36 3 3.79 (0.26) 3.90(0.23) -2.46 0.73 Si1 7.52 1 6.22(0.10)  6.17(0.10) -1.35 1.17
Tin 4.90 10 1.95 (0.11) 2.06 (0.10) -2.84 0.35 K1 5.12 1 3.92 (0.10) 3.51(0.10) -1.61 0.91
Cr1 5.65 4 2.26 (0.28) 2.98(0.23) -2.67 0.52 Cal 6.36 13 4.26(0.18)  4.31(0.19) -2.05 0.48
Fe1 7.50 12 4.12(0.23)  4.31(0.24) -3.19 -0.00 Scn 3.10 3 1.14 (0.05) 1.14 (0.05) -1.96 0.56
Ti1 4.90 7 2.67(0.22) 2.87(0.21) -2.03 0.49
Segue 1 87, CEMP-no star Tin 490 13 2.69(0.19)  270(021) -220 032
CH 8.39 2 7.21(0.05) - -1.18 2.30
VI 4.00 1 1.38 (0.10) - -2.36 0.31
Nat 6.33 2 3.13 (0.10) 2.97 (0.15) -3.36 0.12
Cr1 5.65 3 2.93 (0.27) 3.31(033) -2.34 0.18
Mg1 7.58 3 4.85(0.10)0  4.89(0.16) -2.69 0.79
Mn1 5.37 1 < 2.14(0.10) < 2.44(0.10) <-2.93 <-041
Al1 6.47 1 2.43 (0.10) 2.75(0.10) -3.72 -0.24
. Fe1 7.50 28 4.83(0.12)  491(0.12) -2.59 -0.07
Si1 7.52 1 4.81(0.100  4.80(0.10) -2.72 0.76
Fen 7.50 5 498 (0.15)  4.98(0.15) -2.52 0.00
Cal 6.36 6 3.59 (0.04) 3.70 (0.05) -2.66 0.81 5
. Ni1 6.23 5 3.68 (0.16) - -2.55 0.12
Tin 4.90 7 2.28 (0.22) 2.36(0.22) -2.54 0.94
Zn1 4.62 1 1.94(0.10)  1.99(0.10) -2.63  -0.11
Cr1 5.65 3 1.89 (0.11) 2.61(0.18) -3.04 0.44
Srn 2.90 1 -1.55(0.10) —-1.44(0.10) —4.34 -1.82
Mn1 5.37 1 0.83(0.10)  0.93(0.10) -4.44 -0.96 Ba 1l 213 1 —2.15(0.10) —2.03(0.10) —4.16 -1.64
Fel 7.50 21 3.84 (0.14) 3.99 (0.13) -3.51 -0.03 ’ ' ’ ’ ' ’ ’
Fen 7.50 3 4.02(0.04)  4.02(0.04) -3.48 0.00 Coma Berenices S3
Co1 4.92 3 1.54(0.21) - -3.38 0.28 CH 8.39 2 535(0.14) - -3.04 -0.65
Ni1 6.23 4 2.33(0.18) - -3.90 -0.24 Nal 6.33 2 4.17 (0.10) 3.72(0.14) -2.61 -0.22
Srnt 2.90 2 -2.12(0.09) -1.87(0.05) -4.77 -1.29 Mg1 7.58 3 5.59(0.03) 5.69(0.15) -1.89 0.49
Ban 2.13 1 -2.42(0.10) -2.24(0.10) -4.37 -0.89 K1 5.12 1 3.16 (0.10) 298 (0.10) -2.14 0.25
Tri 11 S40 Cal 6.36 18 4.44(0.09)  4.47(0.09) -1.89 0.49
Nal 6.33 2 2.66 (0.07) 2.53(0.15) -3.80 -1.03 S.C 1 310 4 0.29(004)  0.29(0.04) 281 042
Til 4.90 8 2.64 (0.10)  2.84(0.12) -2.06 0.32
Mg1 7.58 2 4.98 (0.06) 5.08 (0.01) -2.50 0.27 .
Tin 4.90 17 2.94 (0.15) 2.94(0.15) -1.96 0.43
Al1 6.47 2 2.88 (0.00) 3.14 (0.04) -3.33 -0.56
. VI 4.00 1 1.22(0.10) - -2.55 -0.13
Si1 7.52 1 5.55(0.10) 5.55(0.10) -1.97 0.80
Cr1 5.65 3 3.01 (0.12) 3.45(0.13) -2.20 0.19
K1 5.12 1 3.27 (0.10) 3.08 (0.10) -2.04 0.73
Mn1 5.37 1 2.31(0.10) 2.61(0.10) -2.76 -0.37
Car 6.36 11 3.88(0.13)  4.03(0.12) -2.33 0.44
Fe1 7.50 41 5.08 (0.12)  5.16(0.12) -2.34 0.05
Scu 3.10 4 0.61(0.12)  0.61(0.12) -2.49 0.29
. Fenr 7.50 17 5.12 (0.14) 5.11(0.13) -2.39 0.00
Tit 4.90 3 2.16 (0.02) 2.44(0.04) -2.46 0.32 5
. Ni1 6.23 8 3.52(0.04) - -2.71 -0.29
Tin 4.90 8 2.21 (0.10) 2.21(0.11) -2.69 0.09
Zn1 4.62 1 2.08 (0.10) 2.13(0.10) -2.49 -0.10
VI 4.00 2 1.24(0.01) - -2.76 0.14
Srn 2.90 1 -1.20 (0.10) -1.12(0.10) —4.02 -1.63
Cr1 5.65 7 2.49 (0.32) 3.01(0.28) -2.64 0.14 Ban > 13 4 L132(006) —128(0.06) 341 102
Mn1 5.37 2 2.47 (0.01) 2.77(0.01) —2.60 0.17 ’ ' ’ ’ ' ’ ’
Fel 7.50 40 4.60(0.13)  4.73(0.14) -2.77 0.01

MNRAS 504, 1183-1200 (2021)

220z Arenuer g uo 1sanb Aq 2988/ 19/€8 1 L/L/¥0SG/AI0HE/SeIuW/WwOod"dNo-olWapeo.//:sd)y WOy papeojumod



Stellar abundances in Seg 1, ComaBer, and Tri 11

Table 7 — continued

Sp. logep M log e1.TE log eNLTE [EI/H] [El/Fe]
Ursa Major II S1

Nat 6.33 2 3.26 (0.06) 3.08 (0.01) -3.25 -0.33
Mg1 7.58 5 4.94 (0.15) 5.07 (0.27) -2.51 0.41
Cal 6.36 6 3.56 (0.19) 3.70 (0.19) -2.66 0.25
Tit 4.90 3 2.20 (0.20) 249 (0.21) -2.41 0.51
Tin 4.90 9 2.19(0.22) 2.20(0.22) -2.70 0.22
Fe1 7.50 36 4.50 (0.15) 4.66 (0.15) -2.84 0.08
Fenur 7.50 7 4.58 (0.13) 458 (0.13) -2.92 0.00
Ni1 6.23 2 3.67 (0.32) - -2.56 0.44
Srnl 2.90 1 -0.95(0.10) -0.82(0.10) -3.72 -0.80
Bal 2.13 1 -1.69 (0.10) -1.45(0.10) -3.58 -0.66

Note. Solar abundances from Lodders, Palme & Gail (2009). The standard
deviations are indicated in parentheses. For V1, Col, and Nil, [El/Fe] are
calculated relative to Fel in LTE.

151 Segue1  OS1 VS2 Y¢S3 4S84 OS5 AS6 [IST ]
1.0 o hod ]
05 & @ §‘§ 8 @ —  —
—_ ; —— . O S &
£ ool w e T B
o 0.0 AR A
= A Y4 O Mo
051 jg % |
-1.0F v a
1.0 o Mg Si Ca Ti Cr Fe Ni Zn
15 Na Al K Sc \2 Mn Co
Triangulum |1 A S40
1.0 A .
A
051 A LA — ]
- A A
T 00l AL AL, |
v
o _— —
= -05 A ]
-1.0- A .
(o] Mg Si Ca Ti Cr Fe Ni Zn
1.5 Na Al K Sc \Y Mn Co I
Coma Berenices O OS1 [1S2 AS3
10 a O _
0.5 A n O P —
o _TF 'é' O v O
oy 3
g 0.0 A o el o0 Z~T© = -
0.5 0 o % o) .
1.0 © .
[¢] Mg Si Ca Ti Cr Fe Ni Zn
-1.51- Na Al K Sc \ Mn Co 1

Figure 3. The NLTE element abundance patterns of stars in Seg 1 (top panel),
Tri 1l (middle panel), and ComaBer (bottom panel) UFDs. Mean abundance
ratios for metal-poor MW halo stars are shown with dashes.

epoch of their formation, but not carbon dredge-up from the stellar
interiors due to stellar evolution.

a-elements. In the most metal-rich sample stars S1 and S4, we
detected the 017771 A triplet lines and found high [O/Fe] = 1.15 and
0.79, respectively. This is the first measurement of oxygen abundance
in Segue 1.

For each of Mg, Si, Ca, and Ti, the stars in Segue 1 reveal
enhancements relative to Fe in line with the earlier conclusions of
F14. However, in contrast to similar [«/Fe] of 0.5 dex found by F14
for different elements and stars, our [o/Fe] ranges from 0.2 to 0.9 dex
depending on a star and chemical element.

1191

Sodium and Aluminium. We found low [Na/Fe] from —0.76 to
—0.53 in S1, S2, and S3 stars, which have [Fe/H] >—2.4, while
more metal-poor S5, S6, and S7 have higher [Na/Fe] from —0.34 to
0.12 dex. S4 does not follow this trend, since it gained high sodium
from its binary companion. This result is qualitatively in line with
F14. However, due to application of NLTE, [Na/Fe] in this study are
significantly lower, compared to LTE ratios of F14.

A similar behaviour is found for aluminum, with [Al/Fe] from
—0.24 to 0.05 in stars with [Fe/H]<—3.1, and lower [Al/Fe] from
—0.96 to —0.37 in stars with [Fe/H] >—2.4.

Potassium. Inspecting the spectra of Seg 1 stars, we detected the
resonance line K17698 A in S1, S2, S3, and S4. In S1, S2, and S3,
we found high [K/Fe] of 0.61, 0.63, and 0.80, respectively, while S4
has lower [K/Fe] = 0.06. This is the first measurement of potassium
in Segue 1.

Scandium and Vanadium. We found nearly solar [V/Fe] in S1,
while lower [V/Fe] = —0.26 and —0.44 in S2 and S4, respectively.
Seg 1 stars are enhanced in scandium with [Sc/Fe] from 0.11 in S4
to 0.43 in S2. Scandium abundance does not follow vanadium, and
[Sc/V] ratio is about 0.5 dex, on average.

Iron-peak elements. In all Seg 1 stars, we found chromium
abundance to be enhanced with respect to iron, with [Cr/Fe] from
0.14 to 0.69 dex. Our [Cr/Fe] ratios are higher compared to those of
F14, derived in LTE.

In the majority of Seg 1 stars, manganese follows iron with
[Mn/Fe] from —0.14 to 0.04dex. An exception is S7, with low
[Mn/Fe] = —0.96 dex.

Cobalt abundance follows iron within the error bars, however,
[Co/Fe] slightly decreases with [Fe/H] from 0.28 dex in S5 to —0.24
in S1and S2. This result is in line with F14 and [Co/Fe] of metal-poor
MW halo stars (Cayrel et al. 2004; Yong et al. 2013).

In the majority of Seg 1 stars, nickel abundance follows iron within
0.1 dex, while lower [Ni/Fe] = —0.23 and —0.24 are found in S2 and
S7, respectively.

An abundance of Zn is determined only in S1 and it yields [Zn/Fe]
= —-0.31.

Neutron capture elements. In five Segue 1 stars, lines of Sr and
Ba stars are too weak to be detected even in the S1 star with
[Fe/H] = —1.6, which argues for missing sources of neutron-capture
element production at the early stage of Segue 1 formation. The
lines of strontium and barium are detected in Seg 1 S7, and this is
the first barium abundance determination in this star. Due to high
carbon overabundance, the only Ball 4934 line available in the
spectrum is blended with the CH lines, as shown in Fig. 4. The
nearby lines are fitted well, and we believe that their contribution
to the Ball 4934 line is evaluated correctly. Another star, where
strontium and barium lines can be measured is S4, a carbon-rich
star, enhanced with neutron-capture elements as found by F14. The
abundance pattern of this star follows that of the s-process. Its initial
chemical composition was contaminated by its binary companion.
We excluded neutron-capture element abundances of S4 from our
analysis.

4.4.2 Coma Berenices UFD

Carbon. Coma Berenices S1 and S2 with luminosities log(L/Lg) <
2.3 show [C/Fe] = —0.21 and —0.11, while more luminous S3
with log(L/Lg) = 2.4 is depleted in carbon with [C/Fe] = —0.78.
This corresponds to the carbon-normal stellar populations of dwarf
spheroidal galaxies (see for example, fig. 7 in Jablonka et al.
2015). These ratios are slightly lower compared to those found in
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Figure 4. Bai1 4934 line blended with CH molecular lines in the observed
spectrum of Seg 1 S7 (circles). The best-fitting synthetic spectrum (solid line)
is plotted together with spectrum calculated without carbon (dashed line) and
without barium (dotted line).

F10. However, this difference does not impact on classification of
ComaBer stars as carbon normal.

a-elements. ComaBer stars are enhanced in a-elements relative to
iron. However, different elements in a given star and a given element
in different stars show different [El/Fe] abundance ratios. S3 shows
[a/Fe] of 0.5 for Mg and Ca and 0.4 for Ti. S2 is extremely enhanced
in magnesium and silicon with [Mg/Fe] = 1.07 and [Si/Fe] = 1.17,
while calcium and titanium enhancements are lower with [Ca/Fe]
= 0.48 and [Ti/Fe] = 0.32. S1 has the highest [Fe/H] = —2.1 and
shows lower compared to S2 and S3 [«a/Fe] = 0.24 and 0.13 for
Mg and Ca and [Ti/Fe] = —0.28. Our results are in line with F10.
The possible causes of low [a/Fe] in ComaBer S1 are discussed in
Section 5.1.

Sodium is underabundant with respect to iron in all ComaBer
stars. Different stars show different [Na/Fe] = —0.86, —0.61, and
—0.22in S1, S2, and S3, respectively. We confirm a very low sodium
abundance in ComaBer S1 compared to the MW halo stars and stars
in other dwarf galaxies, as found by F10. However, our NLTE [Na/Fe]
are much lower than those of F10 determined in LTE.

Potassium. Inspecting the spectra of ComaBer S1, S2, and S3, we
detected the resonance K1 7698 A. We found high overabundance
[K/Fe] = 0.91 in ComaBer S2. ComaBer S3 shows moderate [K/Fe]
=0.25, while lower [K/Fe] = —0.07 was found in ComaBer S1. This
is the first measurement of potassium in ComaBer.

Scandium and Vanadium. ComaBer stars show a scatter of 1 dex in
[V/Fe] and [Sc/Fe]. S2 is enhanced in Sc and V with [Sc/Fe] = 0.56
and [V/Fe] = 0.34, while S1 and S3 are depleted and show negative
[Sc/Fe] and [V/Fe]. For scandium and vanadium, our results are in
line with F10.

Iron-peak elements. Chromium abundance follows iron in S1, with
[Cr/Fe] = —0.05, while S2 and S3 have higher [Cr/Fe] of 0.2 dex.
For S1, our [Cr/Fe] is consistent within the error bars with those of
F10, while for S2 and S3, F10 found lower [Cr/Fe] = —0.54 and
—0.34 dex, respectively. This discrepancy can be partially explained
with the NLTE effects.

Manganese abundances are low in ComaBer stars, with [Mn/Fe]
= —0.37 in S3. We estimated upper limits [Mn/Fe] < —0.61 and
<—0.41 for S1 and S2, respectively. Our estimations are consistent
with those of F10.

ComaBer S1, S2, and S3 stars have different [Ni/Fe] of —0.50,
0.12, and —0.29, respectively. At least three lines of Ni I were adopted
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for abundance determination. Similar [Ni/Fe] = —0.56, 0.08, —0.19
were found by F10 in S1, S2, and S3, respectively.

In ComaBer S2, S3, and S1 zinc is underabundant with respect
to iron, and [Zn/Fe] = —0.11, —0.10, and <—0.23 dex, respectively.
Our values are close to those of F10.

Neutron capture elements. We found [Sr/Fe] = —1.97, —1.82, and
—1.63 in ComaBer S1, S2, and S3, respectively. These values are
higher compared to those of F10.

Barium abundances in ComaBer span a wide range, and [Ba/Fe]
= —2.32, —1.64, and —1.02 in S1, S2, and S3, respectively. Our
[Ba/Fe] in S1 is similar to that of F10, while for S2 and S3, we found
0.3 dex lower [Ba/Fe].

For ComaBer S3, we derived [Sr/Ba] = —0.61. This value is close
to the empirical estimates of pure r-process ratio: [St/Ba], = —0.44
(Barklem et al. 2005) and —0.38 (Mashonkina et al. 2017b). The
higher [Sr/Ba] = 0.35 was found in ComaBer S1. See Section 5.3 for
a discussion of strontium and barium abundances in stars in different
galaxies.

4.4.3 Triangulumu UFD

LTE abundance analysis of Trill S40 star was presented by Kirby
et al. (2017), Venn et al. (2017, hereafter V17), and Ji et al. (2019,
hereafter J19) using different high-resolution spectra. We adopted
spectral observations of K17, since they managed to measure the
largest number of chemical species compared with the other two
studies. When presenting our results, we focus mainly on the
comparison with K17. We note that for the chemical elements in
common (Na, Mg, K, Ca, Ti, Cr, Fe, and Ni) the abundance difference
between different studies does not exceed 0.4 dex. Consistent within
0.1 dex abundances were found in K17 and J19, an exception is
chromium, where the difference between the two studies amounts to
0.25 dex.

a-elements. Trill S40 has moderate w-enhancement with [«/Fe]
=0.19, 0.47, and 0.09 for Mg, Ca, and Ti, respectively. Very similar
[a/Fe] ratios of 0.24, 0.40, and 0.14 were found by K17 for the same
elements. K17 determined an upper limit for [Si/Fe]<0.76 from weak
Si1 6155 A line. We adopted Si1 4102 A line with EW = 84.3 mA
for abundance determination and found a high [Si/Fe] = 0.80.

Sodium and Aluminium. Tri 11 S40 has very low [Na/Fe] = —1.03,
while normal [Al/Fe] = —0.56. Low sodium was reported by K17,
with [Na/Fe] = —0.81 in LTE. K17 found higher [Al/Fe] = 0.

Potassium. We found a high [K/Fe] = 0.73. This value is lower
compared to [K/Fe] = 0.88 found by K17 in LTE.

Scandium and Vanadium. Tri 1 S40 shows nearly normal [V/Fe]
= (.14, while enhanced [Sc/Fe] of 0.29. These ratios are consistent
within the error bars with those of K17.

Iron-peak elements. We found chromium abundance to be moder-
ately enhanced with respect to iron, with [Cr/Fe] = 0.14, in contrast
to low [Cr/Fe] = —0.45 found by K17 in LTE.

Tri1t S40 has a high [Co/Fe] = 0.62. This value is higher than
[Co/Fe] = 0.13 found by K17 in LTE.

We found high [Ni/Fe] = 0.56, which is close to [Ni/Fe] = 0.53
found in K17.

A moderate enhancement was found for zinc, with [Zn/Fe] = 0.29.
Slightly higher ratio [Zn/Fe] = 0.40 was obtained in K17.

Neutron-capture elements. We found [Sr/Fe] = —1.94, which
differs from [Sr/Fe] = —1.51 determined by K17. The discrepancy
in abundances is caused by observed spectra employed (see the
Appendix). For S40, we adopted archival spectra, reduced in a
slightly different manner, compared to K17. Each of Sr1I lines is
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displaced at the edge of the echelle order, and the uncertainty in
accounting for the scattered light can be the source of discrepancies
in EWs (see the Appendix). For Srit 4077 A and 4215 A lines, our
best-fitting synthetic spectra correspond to EW = 59.6 and 45.1 mA,
respectively, while K17 provides EW = 79.0 and 89.3 mA. Using
the EWs from K17, we obtained a discrepancy of 0.4 dex between
abundances from the two lines, while our measurements lead to
similar abundances from both lines. We obtained [Ba/Fe] = —2.07,
while lower value [Ba/Fe] = —2.37 was found in K17. See Section 5.3
for a discussion of strontium and barium abundances in stars in
different galaxies.

5 DISCUSSION

5.1 Incomplete mixing in Seg 1 and ComaBer UFDs

Segue 1. Seg 1 stars show a wide metallicity range, from [Fe/H] =
—1.6 to —3.6. They could be subdivided into two groups according
to their chemical properties. The first group contains S1, S2, and S3
with [Fe/H] >—2.4, normal carbon abundances and [«/Fe]. Star S4,
classified as CEMP-s, gained its high carbon and n-capture element
abundances from its binary companion, while its «-elements and
iron-peak elements are suitable for analysis of the chemical history
in Segue 1. This star can also be added to the first group with its
[Fe/H] = —1.73.

Another group contains carbon enhanced S5, S6, and S7 stars
with [Fe/H] < —3.1. For Na, Al, a-elements, these stars have higher
[El/Fe] abundance ratios compared to the first group stars (see Fig. 3).
Higher [Na/Fe] in more metal-poor stars is not surprising. M17b (see
their Fig. 4) found nearly constant [Na/Fe] = —0.4 for stars with
—3 < [Fe/H] < —2, while more metal-poor stars show an increasing
trend with decreasing [Fe/H], up to solar [Na/Fe]. However, for «-
elements, constant [«/Fe] is expected.

In line with F14 and V13, we found all Seg 1 stars to be a-
enhanced. This argues for an absence of iron, produced in SN Ia and
a short time-scale of star formation. We note that Seg 1 S1 and S4
have fairly high [Fe/H] of —1.6 and high [«/Fe]. High star formation
rate is required to achieve [Fe/H] >~ —1.6 at time-scale of less than
1 Gyr, before the onset of iron production in SN Ia.

Different stars in Seg 1 show different abundance ratios, which
argues for an incomplete mixing of the interstellar medium during
the formation of these stars.

Chiaki & Tominaga (2020) investigated how the structure of Pop 111
supernova ejecta affects the elemental abundance of extremely metal-
poor stars and concluded that single ejecta can produce different
abundance patterns of MP stars. According to stellar evolution
models, the SN ejecta should be initially stratified, where heavier
elements, such as Fe, are in the inner layers and lighter elements, such
as C, are in the outer layers. Such a scenario is one of the hypotheses
that could explain the observed splitting of Seg 1 stars into two
groups (carbon enhanced, with [Fe/H] < —3.1 and carbon normal
with [Fe/H] >—2.4). Accurate chemical enrichment modelling of
Seg 1 is required to check this hypothesis.

From analyses of colour-magnitude diagram, coordinates, and
proper motions, McConnachie & Venn (2020) found a low mem-
bership probability of p = 0.00142 and 0.00024 for Seg 1 S2 and
S7, respectively. A membership of Seg 1 S3 and S6 with p = 0.30
and 0.37 is also in doubt. These probabilities were calculated for the
Seg 1 structural parameters, d = 22.9 kpc, ry, = 3.95 arcmin, and the
eccentricity e = (.34 (McConnachie & Venn 2020). However, the
structure of faint dwarf galaxies, especially at large radius, can be
very complex, and it is known that some of these systems have
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extended tidal features that are not well captured by the simple
parametrization (Li et al. 2018). For example, Chiti et al. (2021)
found members of Tucana It UFD in its outer region, up to nine half-
light radii. Thus S3 and S6 at distances of 9.54 and 4.5 ry;, could
be actually members of Seg 1. Anyway, neglecting the above stars
would not change our results on the inhomogeneous gas mixing and
splitting between carbon-rich and iron-rich stars.

Coma Berenices. ComaBer stars show close [Fe/H] from —2.6
to —2.1, however, their [El/Fe] abundance patterns are different. S3
shows normal chemical composition similar to that of the VMP MW
halo stars. An exception is low [Sc/Fe] = —0.42.

S2 is enhanced in Mg and depleted in sodium, which results in
extremely low [Na/Mg] = —1.68, which is the lowest value known
to date. Due to the high magnesium abundance, this star has high
hydrostatic to explosive a-element abundance ratios, namely high
[Mg/Ca] = 0.59. Stars with high [Mg/Ca] are detected in Hercules
dSph (Koch et al. 2008b), Draco dSph (Fulbright et al. 2004), Grus It
UFD (Hansen et al. 2020b), and the MW (Depagne et al. 2002; Cohen
et al. 2008; Frebel et al. 2008; Norris et al. 2013; Keller et al. 2014).
A high ratio of hydrostatic to explosive «-elements, as observed
in these stars, can be produced in SN1I with high progenitor mass
(Heger & Woosley 2010). In addition, there is a hint of inverted odd—
even Z effect, namely, odd-Z elements Sc and V are enhanced with
respect to their neighbouring even-Z elements Ti and Cr (see Fig. 3).
We note the large errors in abundance ratios: [Sc/Ti] = 0.24 £+ 0.22
and [V/Cr] = 0.37 £ 0.34, which prevents us from making a solid
conclusion.

S1 shows very low [Na/Fe], it has depleted titanium, vanadium,
manganese, nickel, and zinc with respect to iron, and is only moder-
ately enhanced in «-elements. S1 is thus enhanced in iron, but not in
the other chemical elements. S1 also shows low [Na/Mg] encountered
in the literature as a signature of explosions of PopulationIII stars
(see Section 5.2 for the discussion and references).

From analysis of medium resolution spectra, Vargas et al. (2013)
suggested that the iron excess in S1 and the lower [«/Fe] abundance
ratios compared to those of S2 and S3 are caused by an onset
of iron production in SNiIa. To explain low [«/Fe] in S1, there
is no need to assume an onset of ubiquitous iron production in
SNe1a throughout ComBer and extended star formation. It can be
explained by formation of S1 in a pocket locally enhanced by a
single SN 1a event (Ivans et al. 2003; Koch et al. 2008a; Venn et al.
2012). Indeed, there are some prompt SN1a with a delay time of
less than 500 Myr (Mannucci, Della Valle & Panagia 2006; Ruiter
et al. 2010). Nucleosynthesis calculations of Kobayashi, Leung &
Nomoto (2020) for SN1a explosions of sub-Chandrasekhar white
dwarfs predict [Mn,Ni,Zn/Fe] < 0, which is similar to what is found
in S1.

Another possible explanation for the lower [«/Fe] in S1 is its
formation from a pocket, where the ejecta of the most massive Type
II SNe are missing. This scenario was proposed by Jablonka et al.
(2015) to explain the formation of a star in Sculptor dSph, ET0381
with [Fe/H] = —2.5, which is poor in all elements with respect to
iron. Our abundance analysis cannot solidly recognize the cause of
low [«/Fe] in S1.

Different chemical element abundance patterns of ComaBer stars
argue for an incomplete gas mixing during the formation of this
galaxy.

5.2 Footprints of Population 111 stars in UFDs

Despite different [Mg/Fe] and [Na/Fe] found in ComaBer S1, Seg 1
S1, S2, S3, and S5, and Tri 11 S40, these stars have very similar low
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[Na/Mg] from —1.3 to —1.0. ComaBer S2 shows extremely low
[Na/Mg] = —1.68, which is the lowest value found in the literature
to date.

Low sodium to magnesium abundance ratio of [Na/Mg] =~
—1.1dex was encountered in the literature and attributed to the
odd-even effect, predicted for explosions of PopulationIl stars
(Kobayashi et al. 2006; Nomoto et al. 2006; Tominaga, Umeda
& Nomoto 2007; Heger & Woosley 2010; Limongi & Chieffi
2012; Nomoto, Kobayashi & Tominaga 2013; Takahashi, Yoshida
& Umeda 2018; Curtis et al. 2019). According to the data from the
Stellar Abundances for Galactic Archaeology Database (SAGA;
Suda et al. 2008, 2017), there are eleven VMP stars with [Na/Mg] <
—1. Eight of them are in dwarf galaxies, while three are in the MW
halo. In addition to the SAGA data, the recent study of Frebel et al.
(2019) reported on strong odd-even effect in J0023+4-0307, with
[Na/Mg] = —1.1. While the statistics is poor, we note that stars with
odd—even effect are more frequent in dwarf galaxies compared to the
MW halo.

We selected our sample stars with [Na/Mg] <—1, namely,
ComaBer S1 and S2, Seg 1 S1, S2, and S3, and Tri I S40 to compare
their abundances with predictions of nucleosynthesis in individual
explosions of metal-free stars (Fig. 5). It is worth noting that the
selected stars do not have any similar abundance ratios except the
low [Na/Mg]. M17b found low [Na/Mg] = —1.3in Sc11019417 from
the Sculptor dSph and UMa 11 S3. In addition to the selected stars, we
show in Fig. 5 the abundance patterns of Scl1019417 and UMa 11 S3.

We tried to fit the derived abundance patterns for elements from
C to Zn with the predictions of nucleosynthesis of core—collapse
supernovae (CCSNe), hypernovae (HNe), and pair-instability su-
pernova (PISN) of Population 11l stars from Tominaga et al. (2007,
hereafter TUNO7), Heger & Woosley (2010, hereafter HW10), and
Takahashi et al. (2018, hereafter TYU18), respectively. Yields from
various models of Tominaga et al. (2007) provide [Na/Mg] of —2.19
to —0.19. We selected the 25-5 and 40B models of TUNO7, with
[Na/Mg] of —1.07 and —1.86, respectively, which are close to those
in our sample stars. Here, the first number in the designation of
models indicates an initial mass of a progenitor star (Mi,;) and
the second symbol indicates a kinetic energy of an explosion at
infinity, measured in Bethe (1B = 10°'erg), while B means a
hypernova with Ex = 30 Bethe. The model of Heger & Woosley
(2010) was selected using the starfit.org on-line tool for fitting the
stellar element abundance patterns with nucleosynthesis yields. It
has Miy = 75Mg, Ex = 1.5B, log(fnix) = —0.6, where fyix is an
ejection factor, and predicts [Na/Mg] = —1.1. The selected model
of TYU18 has M;,; = 240 M, and accounts for magnetic field and
rotation (MR PISN). The yields of the selected models are plotted in
Fig. 5.

The only reasonable agreement was found between the predic-
tions of the 25-5 model of TUNO7 and the abundance pattern of
ComaBer S1, where model predictions and determined abundance
ratios are consistent for the ten chemical elements. For potassium,
model predictions are 0.4 dex lower compared to the observations.
This element is known to be underproduced by models (see for
example, Kobayashi et al. 2006, 2020). The [El/Mg] ratios of
Scl1019417 and UMa1 S3 are consistent with the 25-5 model. An
exception is the 0.3 dex higher [Ti/Mg] in Scl1019417 and about
0.2 dex lower [Fe/Mg] compared to the model predictions. We note
that abundances of potassium in Scl1019417 and UMa1 S3 are not
available in M17b.

Shttp://sagadatabase.jp
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Figure 5. Top panel: Element abundance patterns [El/Mg] of the sample
stars with [Na/Mg] ~ —1.1 and model predictions for explosions of metal-
free massive stars with Mini; = 25 M (Tominaga et al. 2007, solid curve) and
Minit = 75 Mg (Heger & Woosley 2010, dash-dotted curve). For comparison,
we show the NLTE [El/Mg] ratios of Sc11019417 and UMa11 S3 from M17b.
See the legend for identification of the stars. Bottom panel: Similar plot for
ComaBer S2 star with [Na/Mg] = —1.68. The dashed and dotted curves show
[El/Mg] model predictions for CCSN with Mjni = 40 Mg (Tominaga et al.
2007) and PISN with M, = 240 M, (Takahashi et al. 2018).

The 40B model of TUNO7 predicts [Na/Mg] = —1.86. It was
selected to fit the abundance pattern of ComaBer S2 with [Na/Mg]
= —1.68. However, for the other elements, the model predicts
0.5 dex higher [El/Mg] compared to those observed is S2. There
is nothing in common between the model and the abundance pattern
of ComaBer S2 except the extremely low [Na/Mg]. This is because
the model is Na-poor, while the star is Mg-enhanced.

Individual models predict various chemical element abundance
ratios depending on M, explosion energy, and other properties
of explosions. For example, there are TUNO7 models predicting
[Mg/Fe] = 0.20 or 1.81dex, while the majority of these models
predict [Mg/Fe] from 0.3 to 0.5 dex. At the early epoch of massive
galaxies formation, many SNII in each mass range enrich the
interstellar medium, resulting in a settling of an average [Mg/Fe]
of 0.3. This ratio is observed in the majority of MP stars in the
MW and classical dSph galaxies. In faint galaxies, only a subset
of the full SNe mass range contributes, and the final [Mg/Fe] can
differ from a standard average value, depending on stochastically
sampled explosions that have enriched a given galaxy. In addition,
inhomogeneous mixing of gas results in different element abundance
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ratios in the next generation of stars. The same is true for other
element abundance ratios, such as [Mg/Ca] or [Na/Mg].

Since there are model predictions of explosions of PopIII stars,
producing low [Na/Mg], we suggest them to be responsible for
the low [Na/Mg] detected in MP stars. We failed to fit abundance
patterns of any of our sample stars with a single nucleosynthesis
event, however, we suggest that a small number of SN 11 explosions
including those with low [Na/Mg] contributed to the abundances
found in the investigated stars.

A comparison of observed relative [El/Mg] abundance ratios with
nucleosynthesis predictions should be performed with a caution.
We note that our sample stars are too metal rich to be fitted
with yields from only one explosion. For each selected model, its
metallicity is about [Fe/H]~ —3, which is lower compared to that
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of the sample stars (—2.5 < [Fe/H] < —2.1). Magg et al. (2020)
estimated analytically a limit for the dilution of metals produced by
a single SN and recommended to account for not only element-to-
element abundance ratios, but also the absolute abundance values
when fitting stellar abundance patterns with nucleosynthesis yields.
In their calculations, the following assumptions were adopted: the
SN being alone and isolated, the explosions being spherical and
well-mixed, and the surrounding medium being homogeneous. The
latter assumption is not always fulfilled (see for example Chiaki &
Tominaga 2020). We also note that to date there is no a metal-poor
star, whose extensive abundance pattern is reasonably well fitted
with the yields from a single nucleosynthesis episode, despite many
attempts that were made (see for example, Tominaga et al. 2007,
Placco et al. 2015; Hansen et al. 2020a).

5.3 Neutron-capture elements in classical and ultrafaint dwarf
galaxies

In the majority of EMP stars, n-capture elements are represented by
Srand Ba. A number of the Galactic studies reported on a large scatter
of [St/Ba], of about 2 dex, which decreases with increasing [Ba/H]
(Honda et al. 2004; Francgois et al. 2007; Andrievsky et al. 2011). In
classical dSphs, abundances of Sr and Ba at the lowest metallicity
are at or below the lowest values in the MW halo, however, the
[Sr/Fe] and [Ba/Fe] ratios increase toward the solar ratio as [Fe/H]
increases, similarly to that for the MW halo (Cohen & Huang 2009,
2010; Jablonka et al. 2015; Mashonkina et al. 2017b). Very low
abundances of Sr and Ba were reported for the majority of UFDs
(Frebel et al. 2010; Simon et al. 2010; Gilmore et al. 2013; Koch
et al. 2013; Koch & Rich 2014; Ji et al. 2016¢, a; Nagasawa et al.
2018). In the UFDs, the [Sr/Fe] and [Ba/Fe] ratios do not rise with
metallicity, they scatter around a mean floor level of —1 and —0.7,
respectively (M17b). At the same time, the r-process-rich galaxies
were discovered, such as Reticulum 11 (Ji et al. 2016b; Roederer et al.
2016), Tucana1 (Hansen et al. 2017) and Grusi (Hansen et al.
2020b), providing evidence for a variety of evolution among UFDs.
The origin of light neutron-capture elements in VMP stars is not
well-understood yet.

In our earlier paper (M17b), it was found that VMP stars in the four
classical dSphs (Sculptor, Ursa Minor, Sextans, and Fornax) and in
the MW halo form very similar trends on the [Sr/Ba] versus [Ba/H]
plane, namely, the data split into two branches: a horizontal one,
with a nearly constant [Sr/Ba] ~—0.5, and a well-defined downward
trend of [Sr/Ba] with [Ba/H]. Such a behaviour of [Sr/Ba] can be
explained by two nucleosynthesis processes that occurred in the early
Galaxy. The first process is a rapid (r-) process of neutron-capture
nuclear reactions. Although astrophysical sites of the r-process are
still debated (for a review, see Thielemann et al. 2017), a pure -

Figure 6. [Sr/Ba] NLTE abundance ratios as a function of [Ba/H]. Stars in
Coma Berenices, S40 in Trill, and S7 in Seg 1 are shown with four-pointed
stars, a three-pointed star, and a cross, respectively. For comparison, we
show NLTE abundance ratios from M17b for stars in classical dSphs (circles,
squares, diamonds), UFDs (stars, triangles), and the MW halo (small circles).
The dashed line indicates the empirical r-process ratio for [Sr/Ba].

process [Sr/Ba], ratio was estimated empirically as —0.44 (Barklem
et al. 2005) and —0.38 (M17b).

Observations suggest that the second process operated in a differ-
ent way: it had produced Sr within a single short period at the earliest
epoch of galactic formation, with a negligible or absent contribution
to Ba. In the MW and classical dSph galaxies, this source operated at
epoch with [Sr/H] =~ —3 (see the Appendix, where [Sr/Ba] is plotted
versus [St/H] in different galaxies using the data from M17b and
this study). ‘The need for a second neutron-capture process for the
synthesis of the first-peak elements’ was concluded also by Frangois
et al. (2007) from a tight anticorrelation of [Sr/Ba] with [Ba/H] that
was obtained using high-resolution, high-S/N spectroscopy for MW
halo stars. Various ideas have been proposed for the second neutron-
capture process (see for example, Nishimura et al. 2017). However,
the source(s) is (are) not identified yet. We note studies of Cescutti
et al. (2013) and Rizzuti et al. (2021) who use an inhomogeneous
chemical evolution model for the MW halo and combine an r-process
contribution with an s-process from fast-rotating massive (25 M)
stars. They managed to reproduce the spread in observed [Sr/Ba]
ratios taken from a collection of Frebel (2010). However, this is
probably not a final solution because the used observational data set
is rather inhomogeneous and the theory is tested with [Sr/Ba] versus
[Fe/H], but not [Ba/H].

M17b found also that the Sr/Ba ratios in the three UFDs (Bool,
UMari, and Leo1v) reveal different behaviour compared with that
of the MW halo and classical dSphs. This result is supported by
Roederer (2017), Ji et al. (2019) and Reichert et al. (2020), who
found nearly 1 dex lower [Sr/Ba] in the UFDs compared with that for
the MW halo stars with close [Ba/H]. The offset of [Sr/Ba] is caused
by nearly 1 dex lower Sr abundances in the UFDs compared to those
in massive galaxies.

In this study, we increased the statistics of homogeneous NLTE
data on Sr and Ba abundances in the UFDs. Fig. 6 shows the [St/Ba]
abundance ratios for ComaBer S1, S2, S3, Seg 1 S7, and Tri1r S40
stars together with the data from M17b for the UFDs, classical dSphs,
and the MW halo. Our results support the earlier findings: the [Sr/Ba]
abundance ratios in the ComaBer stars, Seg 1 S7, and the Tri1I star
are lower than that in the stars of close Ba abundance in the classical
dSphs and MW halo. However, [Sr/Ba] in UFDS is not constant and
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Figure 7. The maximal [Sr/Ba] ratios found to date in different dwarf
galaxies as a function of fraction of binary stars in the galaxy. See Section 5.3
for details.

it can be higher than the pure r-process ratio [Sr/Ba] = —0.4, but not
as high as in massive galaxies.

While the sites of n-capture elements production are not under-
stood, observations raise one more question. Why do smaller galaxies
have lower [Sr/Ba] compared to their more massive counterparts? To
explain the difference in Sr abundance between different galaxies,
some studies appeal to the idea of the initial mass function (IMF)
sampling (Lee et al. 2013), and the lack of the most massive stars in
UFDs. Regardless of this idea, we note a correlation between [Sr/Ba]
ratio and a fraction of binary stars in different dwarf galaxies.

To date, the binary fraction has been determined in a dozen dSphs
(Martinez et al. 2011; Geha et al. 2013; Minor 2013; Spencer et al.
2017, 2018; Minor et al. 2019) and it spans from 0.14702% in Carina
dSph to 0.7810%2 in Ursa Minor (UMi) dSph. The [St/Ba] ratio in
Ursa Minor spans in wide range from close to the r-process ratio
[Sr/Ba] = —0.23 £ 0.23, up to [St/Ba] = 1.22 &£ 0.12. In contrast to
UMi, Carina stars show values near the r-process, [Sr/Ba] = —0.33
and —0.59 (Venn et al. 2012). Martinez et al. (2011) found a low
binary fraction of less that 0.2 in Segue 1, and Seg 1 S7 has [St/Ba]
= —0.40, while, in the other Seg 1 stars, Sr and Ba lines are too
weak to be measured ([St/H] < —4.9 and [Ba/H] < —4.2, according
to estimates of F14). The Reticulum 11 UFD, with a boundary value
of 0.5 for the binary fraction (Minor et al. 2019), misses a second
source of Sr: the two most metal-poor stars ([Fe/H] < —3) have very
low abundances of Sr and Ba, such that they cannot be measured,
while the higher metallicity stars have strongly enhanced n-capture
elements originated from the r-process (Ji et al. 2016b; Roederer
et al. 2016). The MW and five dSphs, namely, Ursa Minor, Sextans,
Sculptor, Fornax, and Draco show a binary fraction of more than 0.5
together with a wide range of [Sr/Ba], up to 1.3 dex.

Fig. 7 shows the maximal [St/Ba] ratios found to date in different
dwarf galaxies as a function of their fraction of binaries. A linear
trend is found: the larger spread in [Sr/Ba] is observed in the galaxies
with the larger fraction of binaries. The data on [Sr/Ba] were taken
from this study (Segue 1), M17b (Fornax, Leo 1v, Sculptor, Sextans,
Ursa Minor), Francois et al. (2016, Hercules), Ji et al. (2016b,
Reticulum 11), Cohen & Huang (2009, Draco), and Venn et al. (2012,
Carina).

Although the above fractions of binary stars correspond to the
present time, the binary fraction in different galaxies likely differed
at the earliest epoch of their formation. We suggest a hypothesis that
the second source (besides the r-process) of Sr is attributed to massive
metal-poor binary stars. This hypothesis can be checked in the future
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with high resolution observations of stars in Leo 1II UFD, which has
a low binary fraction of 0.3 (Spencer et al. 2017). It is worth noting
that Sr has recently been directly detected in a neutron-star merger
(Watson et al. 2019), which does require a binary system.

While the cause of a difference in [Sr/Ba] between UFDs and
massive galaxies is not clear, this property can be used to shed light
on the nature of stellar stream progenitors. Measurements of Sr and
Ba abundances in a given stream could allow us to figure out whether
a destroyed dwarf galaxy was an UFD or a classical dSph.

6 CONCLUSIONS

We revisited chemical element abundances of three stars in Coma
Berenices UFD, seven stars in Segue 1 UFD, and one star in Trill
UFD, using high resolution spectral observations from the original
papers of Frebel et al. (2010, 2014), Norris et al. (2010), and
Kirby et al. (2017). Our study took advantage of new photometric
observations in the visible and infra-red bands obtained with the
2.5 mtelescope of the SATMSU Caucasian observatory and chemical
abundance determinations taking into account NLTE effects. The
procedure of photometric observations and data reduction was tested,
and high data accuracy for faint objects was achieved. The errors in
the derived magnitudes are within 0.03 mag.

‘We determined atmospheric parameters and abundances for up to
eighteen chemical elements from carbon to barium in the sample
stars. For the first time, we present abundance determination of
oxygen in Seg 1 S1 and S4, silicon in ComaBer S2 and Tri 1t S40,
potassium in Seg 1 S1—-S6 and ComaBer S1—S3, and barium in
Seg 1 S7. Our conclusions can be summarized as follows.

(1) In Segue 1 and Coma Berenices, different stars show different
chemical element abundance patterns, which argues for stochastic
star formation and incomplete gas mixing in these UFDs. This is in
line with the earlier findings of Frebel et al. (2010, 2014).

(ii) In each galaxy, we found stars with low [Na/Mg] of —1.1 dex.
Coma Berenices S2 shows extremely low [Na/Mg] = —1.68, which
is the lowest value known to date. We interpret this chemical property
as a footprint of nucleosynthesis in Pop 111 stars. This odd—even effect
was not blurred due to a small number of nucleosynthesis events that
contributed to chemical abundances of the sample stars.

(iii) We increased the statistics of homogeneous data on Sr and
Ba NLTE abundances in UFDs. Our results for Coma Berenices,
Segue 1, and Triangulum 11 stars confirm that ultrafaint dwarf galaxies
are distinct from massive galaxies in Sr production: their [St/H] is
nearly 1 dex lower, while [Ba/H] is similar (Mashonkina et al. 2017b;
Jietal. 2019). However, in UFDs, just as in massive galaxies, [Str/Ba]
is not constant and it can be higher than the pure r-process ratio, but
not as high as in massive galaxies.

(iv) We propose that the additional Sr production at the earliest
epoch of galactic formation could be attributed to evolution of
massive metal-poor binaries.
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APPENDIX:

For some stars, we adopted archival spectra, reduced in a different
manner, compared to the original papers. Thus, for comparison, we
measured the equivalent widths (EWs) and presented a comparison
with the original papers. For EW measurements, we apply the follow-
ing procedure. We fit the synthetic spectrum to the observed spectrum
and measure the equivalent width of the synthetic line profile. Fig. A1
shows the differences in the equivalent widths between this study and
the literature data (Frebel et al. 2010, 2014; Norris et al. 2010; Kirby
etal. 2017). We found a reasonable agreement with the literature data,
and, for each star, the average difference in equivalent widths does
not exceed the standard deviation. The brighter star, the smaller the
scatter in the equivalent width measurements. A large discrepancy
of 38mA, was found for the Till 4399 A and Cr1 4646 A lines in
ComaBer S1 star. This difference is caused by a lower signal-to-
noise ratio in the blue spectrum region. We also note a large difference
between this study and K17 found for Sr11 4077 and 4215 A lines in
Tri 1t S40. Each of these lines is displaced at the edge of the echelle
order, and the uncertainty in accounting for the scattered light can be
the source of discrepancies in EWs. Our EWs are smaller and lead to
consistent strontium abundance, while, using EWs from K17, leads
to a discrepancy of 0.4 dex between the two lines.

Figs A2, A3 show the [El/Mg] and [El/Fe] abundance ratios in
Coma Berenices, Segue 1, and Triangulum1 together with those
from M17b and P19 in the MW halo, classical dSphs Sculptor,
Ursa Minor, Fornax, and Sextans, and the UFDs Boétes I, UMall,
and Leoiv.

Fig. A4 shows [Sr/Ba] versus [St/H] in different galaxies using
the data from this study and M17b.
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Figure Al. Differences in equivalent width (EW) between this study (TS)
and the literature data. For each star, the average difference in EW between
TS and the literature data is indicated.
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Figure A2. The NLTE [Sr/Ba] abundance ratios for stars in different
galaxies. Note a steep [Sr/Ba] increase at [St/H] ~ —3 in the MW (black
symbols) and classical dSph galaxies (red symbols) and lower [St/H] in UFDs
(blue symbols) compared to those in massive galaxies. The designations are
the same as in Fig. 6.
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Figure A3. The NLTE chemical abundance ratios for odd-Z elements in
different galaxies. Some stars have significantly lower [El/Mg] compared to
the mean value.
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Figure A4. The NLTE chemical abundance ratios in different galaxies. Mean
abundance ratios calculated for the MW halo stars are shown with dashed
lines. For [Ni/Fe], LTE abundance from NiI relative to LTE abundance from
Felis plotted. [«/Fe] ratios are high in all Seg 1 stars.
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