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ABSTRACT

Context. The study of old, metal-poor stars deepens our knowledge on the early stages of the universe. In particular, the study of these
stars gives us a valuable insight into the masses of the first massive stars and their emission of ionising photons.

Aims. We present a detailed chemical analysis and determination of the kinematic and orbital properties of a sample of 11 dwarf stars.
These are metal-poor stars, and a few of them present a low lithium content. We inspected whether the other elements also present
anomalies.

Methods. We analysed the high-resolution UVES spectra of a few metal-poor stars using the Turbospectrum code to synthesise
spectral lines profiles. This allowed us to derive a detailed chemical analysis of Fe, C, Li, Na, Mg, Al, Si, Cal, Call, Scll, Till, Cr,
Mn, Co, Ni, Sr, and Ba.

Results. We find excellent coherence with the reference metal-poor First Stars sample. The lithium-poor stars do not present any
anomaly of the abundance of the elements other than lithium. Among the Li-poor stars, we show that CS 22882-027 is very probably
a blue-straggler. The star CS 30302-145, which has a Li abundance compatible with the plateau, has a very low Si abundance and a
high Mn abundance. In many aspects, it is similar to the a-poor star HE 1424-0241, but it is less extreme. It could have been formed

in a satellite galaxy and later been accreted by our Galaxy. This hypothesis is also supported by its kinematics.
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1. Introduction

The lithium observed in metal-poor stars is built up during the
Big Bang nucleosynthesis (see e.g., Pitrou et al. 2018). It is a
very fragile element that is destroyed by proton fusion when
the temperature reaches about 2 10° K. In a main-sequence star,
this element is destroyed when the convective zone of the atmo-
sphere reaches the layers in which the temperature is higher
than its characteristic fusion temperature. However, in the atmo-
sphere of warm metal-poor dwarf stars, the convective zone
is not so deep, and the initial lithium abundance is expected
to be preserved. We refer to standard Big Bang nucleosyn-
thesis (SBBN) when we assume that the Universe at the time
that primordial nucleosynthesis occurred was homogeneous and
isotropic, and there were only three light neutrinos. Under these
assumptions, the amount of lithium produced is a non-monotonic
function of baryonic density, or equivalently, of the baryon-to-

* The table with equivalent widths discussed in this paper is only
available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5) or via http://cdsarc.u-strasbhg. fr/viz-bin/
cat/J/A+A/654/A170
** Based on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere (Programmes
076.A-0463 PI(Lopez), 077.D-0299 PI(Bonifacio)), 086.D-0871(A) (PI
Meléndez).

photon ratio. The Planck measurements of the baryonic density
(Planck Collaboration XIIT 2016) imply that the lithium abun-
dance in the Universe after the Big Bang was A(Li) = 2.75 %
0.02 dex (Pitrou et al. 2018). In warm dwarf stars in the metal-
licity range —2.9 < [Fe/H] < -1.5, the observed value of
the lithium abundance is constant (the so-called Spite plateau,
as noted by Spite & Spite 1982b,a) and close to A(Li) =2.1 dex
(Bonifacio et al. 2007). This value is over three times lower than
the expected primordial value.

Bonifacio et al. (2007) studied the lithium abundance of a
sample of 18 very and extremely metal-poor (VMP and EMP)
turnoff stars (—3.5 < [Fe/H] < -2.5). All the stars with a
metallicity higher than [Fe/H] =-2.9 had a lithium abundance
compatible with the Spite plateau within the measurement uncer-
tainties, but surprisingly, in the 10 stars with ([Fe/H] < -3.0,
the scatter of the Li abundance was large. The Li abundance was
sometimes at the level of the plateau, but sometimes significantly
below, never above. It was then decided to increase the sample
of the metal-poor turnoff stars in order to refute or confirm the
behaviour of the lithium abundance at low metallicity. A new
sample of 11 metal-poor stars was then studied (Sbordone et al.
2010, hereafter Paper I), the abundances of iron and lithium were
computed in this sample, and a meltdown (see Paper I) of the
lithium plateau at low metallicity was confirmed (see also e.g.,
Aoki et al. 2009; Matsuno et al. 2017a; Aguado et al. 2019).
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Table 1. Photometric data of the sample, parameters of the atmosphere models, and resulting FeT and FeIl abundances.

Paral. Paral./ d g Teg logg v [Fel/H] [Fe2/H]
Star Parallax error paralerr (pc) mag (BP-RP) A(V) Gy (BP-RP), K cgs kms™!
BS 17572-100 2.184 0.046 0.02 458 12.14 0.619 0.11554 3.80 0.57 6450 4.15 1.5 -2.61 =250
CS22188-033 2236 0.039 0.02 447 13.07 0.649 0.04077 4.80 0.63 6230 445 14 -3.03 -296
CS22882-027 0.754 0.057 0.08 1327 15.04 0.552 - 4.39 0.54 6630 445 14 =255 =241
CS22950-173 1.300 0.047 0.04 770 1391 0.666 0.14108 4.44 0.61 6320 430 14 -2.88 =254
CS29491-084 0.895 0.036 0.04 1117 1337 0.611 0.04238 3.12 0.59 6340 390 1.8 -297 -2.88
CS29514-007 0.845 0.029 0.03 1184 13.83 0.631 0.07363 3.45 0.60 6320 4.00 1.7 -2.88 =273
CS29516-028 1.311 0.057 0.04 763 14.77 0.876 0.39730 5.25 0.71 5960 4.50 1.2 -3.44 -3.26
CS30302-145 0.844 0.041 0.05 1185 1434 0.633 0.16563 3.93 0.56 6480 420 1.7 -3.06 -2.87
CS30344-070 0.691 0.026 0.04 1447 1434 0.570 0.04046 3.52 0.55 6510 4.05 1.8 -3.01 -2.82
HEO0148-2611 0.822 0.024 0.03 1216 14.35 0.574 0.04222 391 0.56 6510 4.16 1.5
HE 1413-1954 0.542 0.065 0.12 1846 15.18 0.671 0.26911 3.78 0.56 6480 4.15 1.9

Notes. The distance of the stars was computed by a simple inversion of the parallax.

The disagreement between the observed abundance of Li in
the stars of the plateau and the abundance predicted by the stan-
dard Big Bang is known as the cosmological lithium problem
and has recently been addressed by Molaro et al. (2020) and
Simpson et al. (2021), for instance.

The aim of this new paper is to study the other problem that
might be related to this: the variable decrease in Li abundance at
metallicities lower than [Fe/H] ~ —3. We present here a com-
plete analysis of the abundance of the elements from Li to Ba
in the 11 VMP or EMP stars studied in Paper I, and search for
any definite correlation between the lithium abundance and the
abundance of the other elements in these stars, which could con-
strain the behaviour of the lithium abundance at extremely low
metallicity. We also investigate whether there is any correlation
between the kinematic properties of the stars and their Li abun-
dance.

Many of the stars of this sample have already been stud-
ied (see Appendix A), but it was important to have a homo-
geneous study of all the stars of this sample. In this appendix
we only report recent analyses based on high-resolution
spectra.

2. Observations

The observations of the stars we studied are described in detail in
Paper I (see their Table 1). Briefly, observations were performed
with the high-resolution spectrograph UVES (Dekker et al.
2000) at the ESO-VLT. The spectra have a resolving power
R = 40000 and were centred at 390 nm (spectral range: 330-
451 nm) and 580nm (spectral range: 479-680nm). For two
stars (BS 17572-100 and HE 1413-1954) that were previously
studied in the frame of the HERES program (Christlieb et al.
2004; Barklem et al. 2005) from UVES spectra centred at 437nm
(spectral range: 376—497 nm), the blue spectra were centred at
346 nm (spectral range: 320-386 nm). The S/N of the spectra at
400 nm is only about half of the S/N measured at 670 nm (see
Table 1 in Paper I) and thus generally does not exceed 50. For
two stars, CS 22188-033 and HE 0148-2611, new UVES spec-
tra from the ESO archives, centred at 390 and 580 nm, were also
used, increasing the S/N ratio of the mean spectrum. The data
were reduced using the standard UVES pipeline with the same
procedures as used in Bonifacio et al. (2007).
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3. Analysis
3.1. Stellar parameters

In Paper I, the stellar temperature was determined by different
methods: photometry, and the profile of the wings of the hydro-
gen lines by using different theories for the self-broadening of H
lines. The surface gravity was derived by enforcing the same Fe
abundance from the FeI and FeII lines. As usual, the microtur-
bulence (v;) was determined by ensuring that the abundance of
iron is independent of the equivalent width of the lines.

In this investigation, we decided to take advantage of the
information provided by the Gaia Data Release 2 (Gaia DR2
Gaia Collaboration 2016, 2018; Arenou et al. 2018) to derive the
stellar parameters: effective temperature and surface gravity. In
this sample of turnoff stars, the precision of the parallaxes is
very high, always better than 12% and generally better than 5%,
which allows a very good determination of these parameters. For
consistency, we used the reddening E(B — V) given in Table 2
of Paper I, deduced from the maps of Schlegel et al. (1998) and
corrected as described in Bonifacio et al. (2000). This reddening
correction was converted into the Gaia photometric system
by adopting the values derived for a G2V star recommended
on the PARSEC site!. The Gaia DR2 photometry is pro-
vided in Table 1. By using the parallax provided by the
GaiaDR2 catalogue and the reddening, we derived the abso-
lute dereddenned Gy magnitude and the dereddenned colour
(BP—RP)y. These values were then compared to the PAR-
SEC isochrones (Bressan et al. 2012; Marigo et al. 2017) com-
puted for different ages. Assuming the metallicity reported
by Sbordone et al. (2010) for each star, we extracted from
the PARSEC data base a grid of isochrones with ages of
9-14 Gyr, with Gaia DR2 colours, computed using the pass-
bands of Evansetal. (2018). We then interpolated for the
observed (BP-RP), colour and the absolute G magnitude for
each age, and selected the age for which this value was closest to
the observed absolute G magnitude. At this point, we obtained
T.r and log g by interpolating in the isochrone. The T.s and

' http://stev.oapd.inaf.it/cgi-bin/cmd. Using the
Cardellietal. (1989) plus O’Donnell (1994) extinction curves
with total-to-selective extinction ratio of 3.1 the following extinction
coefficients are derived: Ag/Ay = 0.85926, Agp/AV = 1.06794,
Agp = 0.65199.
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Fig. 1. Comparison of the Gaia DR2 photometry of CS 22188-033 to
a PARSEC isochrone with a metallicity of —3.0 and age 8, 10, 12, and
14 Gyr.

log g values of the stars deduced from this comparison are given
in Table 1. In Fig. 1, an example of the fit of the isochrones
is given for the star CS 22188-033. We estimate that the uncer-
tainty in 7T does not exceed 100 K and is about 0.3 dex in log g.

In Fig. 2 we compare our adopted parameters T.g and log g
(Table 1) to those adopted in Paper I. The agreement is good
within the uncertainties (A(Teg) = 8 £ 67K, A(log g) = —0.17 =
0.14 dex, where the differences are ours — Paper I). Our log g
value is systematically higher by about 0.1 dex than the value
adopted in Paper I, however. This may reflect the fact that depar-
tures from local thermodynamic equilibrium (LTE) were not
taken into account in the calculation of the ionisation equilib-
rium of Fe in Paper 1. Following Thévenin & Idiart (1999), this
error may sometimes reach 0.5dex, in particular, if the low-
excitation potential lines of Fe I, which are very sensitive to non-
LTE effects, are used for this determination (but this was not the
case in Paper I).

When our microturbulence velocities are compared to
the values adopted in Paper I, the differences never exceed
0.2kms™!. This value corresponds to the uncertainty of the
determination.

3.2. Abundance determination

A detailed chemical analysis based on the hypothesis of LTE
was performed. MARCS model atmospheres (Gustafsson et al.
1975, 2003; Plez 2008) were used with the code Turbospec-
trum (Alvarez & Plez 1998; Plez 2012), which computes syn-
thetic spectra to be compared to the observations, allowing us to
carry out the study of the element abundances.

When the lines are severely blended or double (e.g., molec-
ular lines or the Li feature), when the damping wings are impor-
tant (strong Mg lines), or when the lines are affected by hyperfine
structure like the Ba I lines, the determination of the abundance
was conducted by spectral synthesis. Otherwise, we relied on
equivalent width measurements.

The abundances of the elements are given in Table 2.
(As usual, for each element X, A(X)=1og(N(X)/NH)) + 12,
[X/H] = A(X) — A(X)e, and [X/Fe] = [X/H]-[Fe/H].) The iron
abundances deduced from the FeI and FeII lines are given in
Table 1. The value of [Fe/H] in Table 2 is the mean of these val-
ues.

To calculate [X/Fe], we used the solar abundance values
A(X)p provided by Caffau et al. (2011) when available, other-
wise we adopted those by Lodders et al. (2009) (see Table 2).

Because our sample of stars has been observed and analysed
in almost the same conditions as the stars of the ESO Large
Programme “First Stars, first nucleosynthesis” (First Stars, for
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Fig. 2. Comparison of the T.s and log g we adopted and the values of
the 3D model adopted in Paper 1.

short), we directly compare our results in the subsequent sec-
tions to those of Bonifacio et al. (2009) and Cayrel et al. (2004).
However, we must note that the quality of the spectra obtained
for these 11 stars is not as good as the quality of the spectra
used in Cayrel et al. (2004) and Bonifacio et al. (2007, 2009).
The S/N is generally lower than half the S/N obtained for these
preceding papers. This parameter is very important in case of
very or extremely metal-poor stars, where the lines of many ele-
ments are often very weak. In particular, we do not intend to
study the star-to-star scatter of the different elements as a func-
tion of the metallicity, as was done in the previously cited papers,
but only to try to detect some systematic abundance anomalies
in the Li-poor stars.

3.3. Abundance uncertainties

Most of the lines of the elements we studied, between C to Ba,
are located in the wavelength range 370-550 nm. In this region,
the S/N of the spectra is only about half of the S/N obtained
in the region of the Li feature (671 nm). As a consequence, the
first cause of error for these elements is the uncertainty in the
equivalent width (or the profile) of the lines. This uncertainty
is generally dominated by the uncertainty in the position of the
continuum. In case of weak lines (EW < 10mA), when the S/N
of the spectra is poor, the uncertainty on the equivalent width can
be as large as a factor of two, which results in an error 0.3 dex on
A(X). This is particularly the case for the lines of HE1413-1954.
A second cause of error is the uncertainties in the g f values that
are adopted.

The resulting error is estimated as o/ V(N — 1) (where N
is for each element X the number of the lines and o the rms
around the mean abundance). In a conservative way, when there
are only two lines, an error of 0.15dex was adopted even if it
was o < 0.15 dex. In case of only one line, we adopted an error
of 0.2 dex.
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Table 2. Abundance of the elements in the Sun and in our sample of stars.

Star [Fe/H] A(C) A(Na) [Na/Fe] AMg) o N [Mg/Fe] A(Al) [Al/Fe] A(Si) [Si/Fe] A(Cal) o N [Cal/Fe] A(Ca2) [Ca2/Fe] A(Sc2) [Sc2/Fe]
Sun 8.5 6.30 7.54 6.47 7.52 6.33 3.10
BS17572-100 -2.60 <6.23 3.42 -029 526 0.128 0.31 3.75 -0.13  4.69 -024 427 0.067 054 425 052 0.74 0.24
CS22188-033 -2.99 <6.22 2.98 -0.34 487 0.077 0.31 3.48 -0.00 4.85 032 386 0.054 052 391 - 029 0.17
CS22882-027 -249 <6.20 3.17 -043 519 0.126 0.14 378 -0.21 5.04 0.00 433 0.115 049 425 040 032 -0.30
CS22950-173 =271  <6.02 3.01 -0.56 5.02 0.066 0.18  3.59 -0.18 479 -0.03 394 0.034 031 399 - 044 0.04
CS29491-084 -293 <6.05 3.10 -022 480 0.076 0.19 345 -0.09 4.80 021 412 0206 072 4.07 0.67 049 0.32
CS29514-007 -2.81 <6.33 3.05 -0.39 497 0.106 023 353 -0.13 4.84 0.13 404 0.086 052 417 - 0.62 0.33
CS29516-028 -3.35 <6.00 2.60 -0.35 443  0.045 024  3.14 0.02 430 013 342 0.163 0.44 333 035 0.03 0.28
CS30302-145 -2.96 <6.15 253 -090 437 0.095 -0.21 2.84 -0.67 4.07 -0.49 382 0.042 045 357 020 032 0.18
CS30344-070 -2.92 <6.51 3.01 -0.38 475 0.136 0.12 349 -0.06 4.49 -0.12 4.02 0.193 0.61  4.08 0.66  0.38 0.19
HE0148-2611 -3.21 <645 2.39 -0.65 430 0.066 -0.04 297 -0.30 4.17 -0.15 3.67 0.164 055 3.53 041  0.00 0.11
HE 1413-1954 -3.29 6.9 272 -029 4.67 0225 041  3.05 -0.14  4.01 -023 338 0.103 034  3.67 0.62 0.07 0.25
Star A(Ti2) o N [Ti2/Fe] A(Cr) o N [Cr/Fe] AMn) [Mn/Fe] A(Co) o N [Co/Fe] ANi) o N [Ni/Fe] A(Sr) [Sr/Fe] A(Ba) [Ba/Fe]
Sun 4.90 5.64 537 4.92 6.23 2.92 2.17
BS17572-100  2.80 0.0923  0.50 3.04 0167 -0.01 212 -0.66 269 0012 037 373 -1 0.09 027 -0.06 -0.91 -0.49
CS22188-033 229 0.0810 037 244 0075 -022 173 -0.66 223 0.043 029 330 0.153 0.05 -0.39 -0.32 -122 -041
CS22882-027 2.83 0.0912 041 3.01 0065 -0.15 232 057 286 0.193 042  3.80 -1 0.05 -1.18 -1.62 - -
CS22950-173 241 0.1010 0.21 261 0065 -033 186 -0.81 237 0.163 0.15 347 0243 -0.06 -0.52 -0.74 -139 -0.86
CS29491-084 255 0.0415 0.58 2.61 0055 -0.10 1.83  -0.61 239 0.182 040 338 0.173 0.08 -0.17 -0.16 -1.16 -0.40
CS29514-007 2.61 0.0714 051 273 0.085 -0.11 2.01  -0.56 2.59 0.183 048 339 0.072 -0.04 -0.12 -0.23 -096 -0.33
CS29516-028 1.82 0.19 7 0.27 207 0083 -022 1.60  -0.42 2.17 0012 0.60 3.08 0.022 020 -0.74 -031 -198 -0.80
CS30302-145 235 0.09 8 041 267 0.105 -0.01 233 -0.08 257 0.042 061 355 0.092 028 -1.13 -1.09 - -
CS30344-070 242 0.0712 043 261 0025 -0.12 1.89  -0.57 - - 323 0102 -0.09 -0.17 -0.17 -1.09 -0.35
HE0148-2611 1.97 0.06 8 027 227 0053 -0.17 1.30  -0.87 - - 283 0092 -0.20 -1.54 -1.26 - -
HE 1413-1954 221 0.1611  0.59 260 0352 025 - - - - - 323 0212 028 -0.95 -0.58 -1.10 0.01

Notes. The standard deviation o is given when the abundance of the element is determined from more than two lines. The abundances of Na, Al,
and Ca have been corrected for NLTE. The solar values of C and Fe are from Caffau et al. (2011), while for the other elements, they are from

Lodders et al. (2009).

To determine the uncertainties in the abundance determi-
nations A(X) or [X/H], the uncertainties in T.g, log g, and
microturbulence v, must be also considered. For these turnoff
metal-poor stars, the adopted uncertainties on T.g, log g, and
v, are 100K, 0.3dex, and 0.2kms™' (see Sect. 3.1). Follow-
ing Bonifacio et al. (2009), these values correspond to an uncer-
tainty on [Fe/H] of about 0.11 dex. We also computed the error
on A(Li) due to the uncertainty in the atmospheric parameters
(not given in Bonifacio et al. 2009). For turnoff stars, this error is
about 0.07 dex, and it is dominated by the error on the effective
temperature. The total error on A(X) or [X/H] includes errors
linked to the choice of stellar parameters of the model and to
observations.

For elements X heavier than Li, the interesting value is
the ratio [X/Fe]. For most of the elements, an error on, for
example, the temperature of the model induces about the same
error on A(Fe) and A(X), and as a consequence, the error
on [X/Fe] is small. We have adopted the values given in the
Table 4 of Bonifacio et al. (2009), taking into account (lin-
early) that in our case the adopted error on log g is three times
larger.

3.4. Lithium
3.4.1. 1D LTE computation

The lithium analysis was first conducted by spectral synthesis,
investigating the Li 670.7 nm resonance doublet. The adopted
atomic data for the Li doublet are the same as those used
by Bonifacio et al. (2007) and Sbordone et al. (2010); they are
based on Asplund et al. (2006). They take into account the
hyperfine structure of the lines and also the isotopic compo-
nents for an assumed solar isotopic ratio. The abundance A(L1),
based on one-dimension models with the approximation of local
thermodynamical equilibrium (1D-LTE), is given in Col. 3 of
Table 3.
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Table 3. Lithium abundances.

Star EW(Li) A(Li) A(Li)
S/N [pm] 1DLTE Error 3D NLTE
BS 17572-100 190 1.71 2.19 0.08 2.16
CS22188-033*) 220  0.90 1.74 0.08 1.72
CS 22882-027 80 <0.56 <1.60 0.10 <1.56
CS 22950-173 90 2.25 2.23  0.10 2.20
CS29491-084 100 1.86 2.15 0.10 2.13
CS29514-007 90 2.49 227 0.10 2.25
CS 29516-028 60 2.46 2.01 0.13 2.02
CS 30302-145 70 1.59 2.17 0.12 2.14
CS 30344-070 80 1.70 222 0.12 2.19
HE0148-2611% 200 1.26 2.08 0.08 2.05
HE 1413-1954 50 1.62 2.17 0.13 2.14

Notes. An asterisk means that new spectra have been obtained.

3.4.2. 3D NLTE correction

Abundance corrections due to 3D and NLTE effects may be
taken into account by using the analytic fitting functions devel-
oped by Mott et al. (2020). Using the individual stellar param-
eters from Table 1, the metallicity [Fe/H] from Table 2, and
the ID-LTE lithium abundance A(Li) from Table 3 as input
for their function FFI, we obtain corrections in the range
—-0.01 S A(FFI) < +0.04 (assuming °Li/’Li=0). This closely
agrees with the corrections for stars on the Spite plateau shown
in Fig. 16 of Mott et al. (2020).

Alternatively, we can use fitting function FFIITI with the
equivalent width EW from Table 3 instead of the 1D LTE Li
abundance. With this method, we obtain corrections in the range
—0.05 < A(FFIII) < —0.03, significantly more negative than the
corrections derived from FFI.



A. M. Matas Pinto et al.: The metal-poor end of the Spite plateau. II. Chemical and dynamical investigation

M T ,
L ]
o L 4
L l - 1
= T .
Sof—p=r— ]
<0 ! o ]
o[ €sS22188-33 $C$22882—27 ]
— s s s s 1 s s s s 1 N N N N
-3.5 -3 -2.5 )

[Fe/H]

Fig. 3. Lithium abundance vs. [Fe/H] for the stars of our sample (black
dots) and of the First Stars sample (green dots). The plateau is indicated
by a red line. In both samples, the stars that deviate by more than 2o
from the plateau are surrounded by a red circle.

This disagreement arises because the treatment of the radia-
tive opacities in the 3D CO5BOLD (Freytag et al. 2012) model
atmosphere and the 1D MARCS model differs in its level of
detail (COSBOLD opacity groups versus detailed MARCS opac-
ity sampling). The corrections A(FFI) are valid if the difference
between A(Li)3p-nrrE — A(Li)p-r1E 1S insensitive to the descrip-
tion of the opacities as long as the same treatment is used to con-
struct the 3D and the 1D model. On the other hand, A(FFIII) is
valid if the EW of the 3D NLTE synthetic line profile is insensi-
tive to small changes in 3D temperature structure related to the
description of the radiative opacities.

Comparison of 1D models with different opacity schemes
shows that neither of the above conditions is strictly valid (see
e.g.,Fig. 15 in Mott et al. 2020). A better approximation is to
assume that A(Li)sp_nrtE — A(L1)1p_NLTE 1S Invariant under an
identical change of the opacities in the 3D and the 1D model.
In this case, the abundance correction is given by Az = A(FFI) +
A(I(B - A(ll[; , Where A(I(B and A(IB denote the NLTE corrections
computed from 1D models with COSBOLD and OSMARCS
opacities, respectively, but otherwise identical stellar parameters.
We find that A(l(g - A(IB is approximately —0.03, and hence A3
ranges between —0.04 and +0.00 for our sample of stars.

We note that the Li abundance corrections for stars on
the Spite plateau provided by Wang et al. (2021) appear to be
slightly more negative than our A(FFI) by about 0.003 dex, judg-
ing from their Fig. 11, presumably owing to a different treatment
of the UV background opacities in calculating the lithium line
formation in statistical equilibrium. Nevertheless, their raw cor-
rections agree almost perfectly with our refined (final) correc-
tions As.

3.4.3. Li abundance

The 3D NLTE Li abundances given in the last column of Table 3
are computed as A(Li)ip_r1g + Asz.

In Fig. 3 we plot the 3D NLTE Li abundance versus metal-
licity for our sample of stars (black dots) and for the stars of the
First Stars (green dots).

The observational error is a function of the S/N of the spec-
trum. We estimated that in this region of the spectrum, it is close
to 0.06 dex for S/N = 100 and 0.10dex for S/N = 70. These
estimates are based on the Cayrel formula (Cayrel 1988) and on a
direct evaluation of the uncertainty of the best fit of the observed
profile because the Cayrel formula does not take the uncertainty
in the position of the continuum into account in particular. The
estimation of the total error on the Li abundance (quadratic sum

of the uncertainty of the model (0.07 dex) and of the observa-
tional error) is given in Col. 4 in Table 3. In Fig. 3, several
stars deviate significantly from the average. We drew a red circle
around the stars whose Li abundance deviates from the average
by more than twice the total error given in Col. 4 in Table 3.
When these stars are not taken into account, we find that for our
sample, the level of the plateau is at A(Li) = 2.14 + 0.07 and at
A(Li) = 2.16 = 0.07 when we also consider the First Stars sam-
ple. The level of this plateau is within the uncertainty compatible
with the values found by Bonifacio et al. (2007) (A(Li) =2.10)
and in Paper I (A(Li)sp-nrtE =2.20). In our sample, only two
stars have a Li abundance that deviates from the plateau by more
than 20~: CS 22188-033 and CS 22882-027.

The star CS 22188-033 ([Fe/H] = -2.99) shows a significant
lithium depletion (Fig. 3). It confirms a meltdown of the Spite
plateau below [Fe/H] = —-2.9.

Within the First Stars, three other stars with [Fe/H] <-2.9
were also found with a Li abundance deviating by more than 2 o
from the plateau: CS 22888-031, CS 22948-093, and CS 22966-
011 (Bonifacio et al. 2007, and Paper I).

In CS22882-027, the lithium line is not visible, and it was
only possible to derive an upper limit of A(Li). This star is the
least metal-poor star of our sample ([Fe/H] =—-2.5). In the fol-
lowing, we say for convenience that this star is lithium free. It is
discussed in Sect. 5.1.

3.5. Carbon and nitrogen

In this study, C and N abundances were derived from the analysis
of molecular bands: for C, the G-band at 425-450 nm formed by
CH lines, and for N, the NH band around 336 nm. The param-
eters of the G-band (Masseron et al. 2014), and the NH band?
were directly taken from the website of Bertrand Plez?.

For all stars in our sample, we analysed the G-band around
430 nm. It is rather weak in these very metal-poor and relatively
hot stars, and generally, only an upper limit could be derived.
This is provided in Table 2.

The NH band in the near-UV (around 336nm) is gener-
ally outside the spectral range covered by our data. This wave-
length range was observed in only two stars: BS 17572-100 and
HE 1413-1954. The NH band could be measured in HE 1413-
1954, but it is not visible in BS 17572-100 (as is generally the
case in turnoff stars).

In our sample, one star, HE 1413-1954, has been reported to
be a carbon-enhanced metal-poor (CEMP) star (Masseron et al.
2010; Pols et al. 2012). We confirm the high abundance of C
in this hot turnoff star: [C/Fe]=+1.7 dex (Table 2). From the
NH band, we found a very high N abundance (A(N)=7.3, i.e.
[N/Fe] = 2.7 dex) in agreement with the literature (see Pols et al.
2012; Lucatello et al. 2006).

In metal-poor stars, the proportion of CEMP stars increases
when the metallicity decreases. Following Lucatello et al.
(2006), at least 20% of the stars with [Fe/H] < —2.0 are CEMP
stars. In these stars, the distribution of the C abundance is
bimodally centred around A(C) =~ 7.0 (low-C band) and
A(C) =~ 8.3 (high-C band) (Bonifacio et al. 2015, 2018). With
A(C)=6.9, HE 1413-1954 belongs to the low-carbon band (see
Fig. 2 in Bonifacio et al. 2018).

2 http://kurucz.harvard.edu/linelists/linesmol
3 https://nextcloud.lupm.in2p3.fr/s/r8pXijD39YLzw5T
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Fig. 4. Abundance ratios of the a-elements as a functions of [Fe/H]. The black dots refer to the present study, and the green dots to the First Stars
sample. The very lithium-poor stars are surrounded by a pink circle. The a-poor star CS 30302-145 is represented by a blue square.

3.6. a elements magnesium, silicon, calcium, and titanium

3.6.1. Magnesium

Magnesium is produced during hydrostatic phases, specifically,
in the burning of carbon in the shells of massive stars. The Mg
abundance from the three Mg lines blended by hydrogen lines
(around 383 nm) was deduced by spectrum synthesis. The stars
of our sample show positive and fairly constant ratios of [Mg/Fe]
with values of ([Mg/Fe]) = +0.24 + 0.10 dex.

The CEMP star HE 1413-1954 has the highest [Mg/Fe] ratio
of our sample. This has been observed for several CEMP stars.
The star CS 30302-145 exhibits a significantly low Mg value,
[Mg/Fe] = —0.21, presenting a difference of 0.42 dex from the
average value. This star was not taken into account in the com-
putation of the mean [Mg/Fe] ratio. In Figs. 4-7, the position of
this star is indicated by a blue square.

3.6.2. Silicon

Silicon is formed during the oxygen burning and in smaller
amounts, also by neon burning, in a combination of pre-
explosive and explosive phases in typell supernovae (SNe).
Abundances of silicon were determined using the line
390.55 nm. The mean value of [Si/Fe] is close to zero. The aver-
age value is 0.00 + 0.22 dex. Following Shi et al. (2009), in the
range of temperature and metallicity of the stars we studied,
the LTE abundance of Si determined from the 390.55 nm line
should be corrected by about +0.25 dex. (This correction was
not applied in Table 2).
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With [Si/Fe] = —0.49 dex, the star CS 30302-145, which was
found to be Mg-poor, is also very Si-poor. (It was not taken into
account in the computation of the mean [Si/Fe] ratio.)

3.6.3. Calcium

The Ca lines available in stellar spectra allow to derive A(Ca)
in a wide range of metallicity. We took advantage of the inves-
tigation of the departure from local thermodynamical equilib-
rium (NLTE) in Spite et al. (2012) to correct our measurements.
The NLTE correction in our stars is about +0.1 dex. The val-
ues given in Table 2 are corrected for NLTE effects. Moreover,
we did not use the resonance line of neutral calcium at 421.6 nm
because in metal-poor stars, the use of this line leads to an under-
estimation of the Ca abundance, which reaches up to 0.3 dex at
[Ca/H] =-3.0 (see e.g., Spite et al. 2012). The mean abundance
we found is {[CaI/Fe]) = +0.46 + 0.18 dex.

The abundance of Ca deduced from the ionised lines is based
on one single measured line, the Ca1ll-K line at 392.3 nm. The
Ca abundance derived from CaT and CaTI lines generally agrees
well (see Table 2).

However, we note that CS 30302-145 is an exception, and if
we had used the abundance of Ca deduced from the Call line,
this star, poor in Mg and Si, would have the lowest value of
[Ca/Fe] of our sample ([Ca/Fe] = 0.2 dex).

3.6.4. Titanium

The theoretical studies of core-collapse SNe and hyper-
novae predict the ejection of large quantities of titanium
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Fig. 5. Odd element abundance. Symbols are the same as in Fig. 4.

(Limongi & Chieffi 2003a,b). The explosion mechanisms have
a substantial impact on the production of titanium. The abun-
dance of titanium was derived using the lines of ionised tita-
nium, which is the dominant species in our sample of stars. The
titanium-to-iron ratio is very consistent in all the stars of the sam-
ple: ([Ti/Fe]) = 0.38 + 0.17 dex.

3.7. Light odd-Z metals: sodium, aluminium
3.7.1. Sodium

In massive stars, sodium is created mostly during hydrostatic
carbon burning and partly during hydrogen burning through
the NeNa cycle (see e.g., Cristallo et al. 2009; Romano et al.
2010). Here we studied the sodium D doublet lines (588.99 nm
and 589.59 nm), which are the only sodium lines observed in
EMP stars. These lines are affected by NLTE effects. In Table 2
we applied the NLTE corrections provided by Andrievsky et al.
(2007). In these warm metal-poor turnoff stars, the correction is
only about —0.07 dex. The mean value of [Na/Fe] in our sample
is ([Na/Fe]) = —0.43 + 0.22 dex.

The Mg-Si-poor star CS 30302-145 has the lowest sodium
abundance ratio [Na/Fe] = —0.90.

3.7.2. Aluminium

In massive stars, aluminium is a product of carbon and neon
burning (Limongi & Chieffi 2003a,b; Nomoto et al. 2013). We
analysed the resonance doublet of AlT at 394.40 and 396.15 nm.
Both lines are sensitive to departure from LTE. We applied
the corrections by Andrievsky et al. (2008). In these metal-poor
turnoff stars, the NLTE correction is positive and very signif-
icant. It increases the LTE Al abundance by about +0.65 dex.
The values given in Table 2 are corrected for NLTE. The mean
[Al/Fe] value is —0.12 + 0.10 dex (if we do not take into account
CS 30302-145).

The [Al/Fe] value of the Mg-Si-poor star CS 30302—-145 is
0.55 dex lower than the average value (see Fig. 5).

3.8. Elements formed during complete and incomplete Si
burning

We included the iron peak elements Sc, Cr, Mn, Fe, Co, and Ni.
Iron is the most tightly bound nucleus, and the iron peak ele-
ments are the last for which fusion reactions are the main mode
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of production. In the matter that formed the old very metal-poor
stars, these elements were ejected by type Il SNe, and their pro-
duction occurs during Si burning in the pre-SN phase and in the
explosive phase (Limongi & Chieffi 2003a,b).

3.8.1. Scandium

Scandium is exclusively observed in its singly ionised state.
Our scandium abundances were measured using the Sc1I line
at 424.68nm. When comparing our results with the First
Stars sample (Bonifacio et al. 2009), we have an excellent
agreement.

The nucleosynthesis of this element is linked to the mass of
the parent stars (Chieffi & Limongi 2002). If the gas out of which
these stars were formed had been enriched by a few SNe with
slightly different masses, we could expect a high dispersion in
scandium abundances, which in our case (Fig. 5) is not observed.

There is one exception: the very lithium-poor star CS 22882—
027. This star stands out with the lowest scandium abundance at
about 3 o from the mean.

The chemical evolution models of the Galaxy do not rep-
resent the evolution of the abundance of this element well
(Kobayashi et al. 2006; Matteucci 2016). They generally under-
estimate the scandium abundance at low metallicity.

3.8.2. Chromium

The explosive combustion of silicon is the main
source of chromium (see e.g., Woosley & Weaver 1995;
Chieffi & Limongi 2002; Umeda & Nomoto 2002). Our
LTE analysis based on CrI lines shows the well-known
decrease in [Cr/Fe] with decreasing metallicity. Following
Bergemann & Cescutti (2010), this is an effect of NLTE on
neutral chromium. The NLTE correction is about +0.4 dex at
[Fe/H] = -3 and only +0.2 dex at [Fe/H] = —2. If we apply this
correction to our sample of stars and to the stars studied in
Bonifacio et al. (2009), the ratio [Cr/Fe] is practically constant
and close to zero in our metallicity range. The values given in
Table 2 are not corrected for NLTE.

3.8.3. Manganese

At low metallicity, manganese is mainly made during silicon
burning in core-collapse SNe. Our determination of the abun-
dance of Mn in our sample of turnoff stars is based on the
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Fig. 6. Iron peak elements. Symbols are the same as in Fig. 4.

resonance Mn triplet at 403 nm, which is known to be strongly
affected by departure from LTE (Bergemann & Gehren 2008;
Bergemann et al. 2019). This NLTE correction has not been
applied in Table 2 or in Fig. 6. The average value is ((Mn/Fe]) =
—0.64. Moreover, in Fig. 6, the most metal-poor stars seem to be
more Mn poor, but this can be explained by the strong increase
in NLTE correction when the metallicity decreases (see Fig. 9
in Bergemann et al. 2019), but this correction has not been com-
puted below [Fe/H] = —3.

Here again the Mg-Si-poor dwarf CS 30302-145 stands out
in the sample. It shows a considerably higher manganese abun-
dance than the remaining sample (see Fig. 6). This latter value
has not been taken into account in the computation of the average
(its value is 0.56 dex above this average).
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3.8.4. Cobalt

In our very metal-poor turnoff stars, the Co abundance is derived
from the Col lines at 384.5, 399.5, and 412.1 nm. These
lines are known to be widened by hyperfine splitting struc-
ture and are very sensitive to departure from LTE (Bergemann
2008; Bergemann et al. 2010). In our classical LTE analysis,
we observe an increase in [Co/Fe] as the stellar metallicity
decreases (see Fig. 6), as was noted by McWilliam et al. (1995),
Cayrel et al. (2004), and Bergemann et al. (2010), for exam-
ple. According to Bergemann et al. (2010), the NLTE correc-
tion leads to an even stronger increase in [Co/Fe] with decreas-
ing [Fe/H]. Chemical evolution models of the Galaxy fail to
explain this behaviour (see e.g., Romano et al. 2010; Matteucci
2016). Bergemann et al. (2010) suggested that compared to the
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Fig. 7. Neutron-capture elements. Symbols are the same as in Fig. 4.
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Fig. 8. [St/Ba] vs. [Ba/Fe]. Green symbols represent the First Stars,
circles show dwarfs, and squares show giants. The black dots represent
our sample of dwarfs (Ba could be measured in only seven stars of the
sample). The three Li-poor dwarf stars (with a measured Ba abundance)
are circled in red. The dotted line represents the value [Sr/Ba] provided
by the r-process alone. CS31082-001 is a typical r-rich star, and in
contrast, HD 122563, is an r-poor star with a relative enrichment of the
first peak elements.

predicted yields, Co is overproduced relative to Fe in short-lived
massive stars.

In Fig. 6 the Mg- and Si-poor dwarf CS 30302-145 has the
highest [Co/Fe] ratio of our sample.

3.8.5. Nickel

The mean value of the nickel-to-iron ratio is about zero (Fig. 6),
([Ni/Fe]) = 0.04 £ 0.15 dex, in good agreement with the data of
Bonifacio et al. (2009).

The two stars CS30302-145 and HE 1413-1954 have the
highest values of the Ni abundance with respect to iron, see
Fig. 6. The error on the Ni abundance of the second star is very
large, however.

3.9. Neutron-capture elements Sr and Ba

While elements up to iron are formed by nuclear fusion in an
exothermic way, for heavier nuclei, fusion reactions become
endothermic because Fe nuclei are the most tightly bound. As
a consequence, the preferred route for the formation of heav-
ier nuclei is neutron capture (see e.g., Arnould & Goriely 2020;

Cowan et al. 2021, and references therein). This capture can
occur through two main processes. A very rapid process (main
r-process) in violent events such as explosions following the
core collapse of massive SNe, the merging of neutron stars or
of black holes, jets, gamma ray bursts, etc. A slow process (main
s-process) at a rate much lower than the 8 decay. This occurs
at the end of the evolution of relatively low-mass stars in their
asymptotic giant branch (AGB) phase. Because these low-mass
stars have a long lifetime, they could not enrich the matter that
formed the very old metal-poor stars we studied. In our sample
of stars, the abundance of the neutron-capture elements mainly
reflects the products of the main r-process.

However, the large scatter of [Sr/Ba] for instance for a given
[Ba/Fe] suggests that another mechanism is able to enrich the
matter in the early Galaxy (e.g., Spite et al. 2014; Cowan et al.
2021). In Fig. 8, the ratio [Sr/Ba] is plotted versus [Ba/Fe] for
the stars of the First Stars sample (dwarfs and giants) and our
sample of stars. A star can be Sr rich but Ba poor. Contributions
of fast-rotating massive stars through a non-standard s-process
(Meynet et al. 2006; Frischknecht et al. 2012, 2016), or super-
massive AGB through an intermediate i-process (Cowan & Rose
1977) are generally evoked. The contributions of these other pro-
cesses become relatively high only in Ba-poor stars, where the
matter that formed the star has been little enriched in heavy ele-
ments by the main r-process.

In warm very metal-poor dwarf stars such as those in our sam-
ple, only the abundances of Sr and Ba are measurable in the visi-
ble region of the spectrum. In this study, we analysed two ionised
strontium lines at 407.7 nm and 421.6 nm and only the Ba line at
493.4 nm because the strongest Ba line at 455.4 nm is generally
outside the wavelength range of our spectra: the Ba455.4 nm line
could be measured only in BS 17572-100 and HE 1413-1954.

We could measure the Ba abundance in the C-rich star
HE 1413-1954, and we found (Table 2): [Ba/Fe] = 0.01 = 0.2.
This star, which belongs to the low-C band, is as expected
not enriched in Ba (see e.g., Fig. 6 in Bonifacio et al. 2015).
HE 1413-1954 can be classified as a CEMP-no star (following
Beers & Christlieb 2005).

4. Kinematic and orbital properties of the star
sample

In this section, we compare the kinematic and orbital parameters
of our 11 stars to the First Stars sample that was extensively
studied in Di Matteo et al. (2020). In particular, we try to detect,
for instance, whether the Li-poor stars (from our sample or the
First Stars sample) present any special characteristics.
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Table 4. Galactic coordinates, velocities, and main orbital parameters of the stars we studied.

arc tang

Star X Y Z Vx Vy Vz VR Rmax Zmax Lz Vphi Lperp  ecc  Energy (Zmax/
Rmax)

Our sample of turnoff stars with A(Li) compatible with the plateau
BS17572-100 -8.41 -0.33  0.25 8.23 -3.32 19.18 -8.09 845 384 0.31 3.64 164 098 -1814 0.43
CS22950-173  -7.63  0.33 -0.37  281.12 17.35 80.71 -280.11 17.16 509 225 2942 512 092 -1438 0.29
CS29491-084 -7.67 021 -0.94 43.40 48.46 -837 4206 790 103 -381 -49.63 1.14 0.79 -1833 0.13
CS29514-007 -8.30 0.00 -1.17 -207.90 -361.06 —-16.80 208.00 47.10 6.42 2995 361.00 434 075 -940 0.14
CS29516-028 -8.02 0.53 -0.50 -86.78 127.08 114.55 95.04 935 463 -9.72 -121.03 9.70 045 -1654 0.46
CS30302-145 -7.18 -0.18 -0.54 72.18 -300.69 -113.72 -642 16.86 4.89 21.70 30245 8.67 042 -1354 0.28
CS30344-070 -7.55 0.09 -1.27 -8.43 12834 -168.80 992 819 590 -9.68 -12823 1272 0.19 -1630 0.62
HE1413-1954 -6.97 -0.75 1.16 -17535 164.93 -7.33  156.63 10.71 2.03 -12.82 -182.81 3.15 048 -1604 0.19
HEO0148-2611 -8.45 -0.15 -1.17 13299 -66.46 254.10 -131.82 17.13 16.22 5.81 68.74 1996 0.51 -1367 0.76
Our sample of turnoft stars with A(Li) significantly lower than the plateau
CS22188-033 -8.16 -0.07 -043 -53.61 -9.28 28.02 53.69 844 0.74 0.72 881 252 095 -1812 0.09
CS22882-027 -8.10 -0.06 -131 —-40.62 -160.79 -162.76 4173 995 6.21 13.00 160.51 12.81 022 -1549 0.56
Turnoff stars of the First Stars sample with A(Li) significantly lower than the plateau
CS22888-031 -7.85 0.03 -0.85 -215.05 43.68 40.58 21523 12.54 470 -3.36 -427 502 0.89 -1595 0.36
(CS22948-093 —-6.87 0.01 -1.62  397.50 97.11 -147.46 -397.42 4831 4260 —6.69 -9.74 1665 0.88 944 0.72
CS22966-011 -7.96  0.08 -0.84 —-42.80 27.84 -14.21 43.07 823 373 -2.18 -2.74 0.80 0.89 -1823 0.43

Notes. The units are given in the text. We add the parameters of the three Li-poor stars studied in the frame of the First Stars project at the end of
the table. The orbital characteristics of the stars studied in the First Stars sample are given in Di Matteo et al. (2020).

We used the GalPot code* (Dehnen & Binney 1998) together
with the galactic model of McMillan (2017) to derive the kine-
matical properties of our sample of stars. In this model, the dis-
tance of the Sun from the Galactic centre is R; = 8.21 kpc and
the local standard of rest (LSR) velocity, Vi sg = 233.1 km s7!
(McMillan 2017). The velocity of the Sun relative to the LSR
is Uy = 11.1kms™", Vo = 12.24kms™! and W, = 7.25kms™!
(McMillan 2017). The disc rotates clockwise, and as a conse-
quence, the z-component of the disc angular momentum, Lz, and
the disc azimuthal velocity, Vpp;, are negative. A star with nega-
tive Lz and Vi is prograde.

The positions, proper motions, and parallaxes of our sam-
ple of stars are taken from Gaia DR2, but the radial velocities
were measured on the spectra (Table 1 in Paper I) with a preci-
sion of 1kms™'. The sample of stars we studied has about the
same distance distribution, between 0.4 and 1.9 kpc (Table 1),
as the sample of dwarfs studied in the frame of the First Stars
(D1 Matteo et al. 2020), which is used here also as a chemical
comparison sample. The error on the parallax for all the stars is
lower than 12% (see Table 1). The main kinematical data and
orbital properties of these stars are presented in Table 4.

— X, Y, Z are the galactic coordinates of the stars, and
Vx, Vy, V7 their velocities in the three directions. X, Y, Z, are
given in kpc and the velocities in kms™'.

— R = VX2 + Y2 is the distance of the star to the Galactic
centre in kpc, and Vi is the component of the velocity in this
direction: Vg = (XVx + YVy)/R.

— Lz, the z component of the angular momentum, is equal to
XVy —YVy.

— Lperp, the perpendicular angular momentum component,
is equal to v/Lx% + Ly? (with Lx = YVz — ZVy and Ly = ZVy —
XVy). Angular momenta are given in units of 100 kpc kms™".

— The azimuthal velocity Vpy; is defined as the z component
of the angular momentum divided by R, that is, Vphi = Lz/R.

— The energy of the orbit is given in units of 100km?s~2.
In Fig. 9 we compare the position of our stars (black dots) to

4 https://github.com/PaulMcMillan-Astro/GalPot
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the position of the First Stars (grey dots) in the five classical
diagrams:

— Fig. 9A Toomre diagram, Vpy; vs. /Va + VZ;

— Fig. 9B Zmax VS. Rmax and arctan(Rax /Zmax) VS Rmax

—Fig. 9C Lperp vs. Lz

— Fig. 9D eccentricity vs. Lz

— Fig. 9E Energy vs. Lz.

Generally speaking, in Fig. 9 our new set of stars (black
dots) occupies the same location as the dwarfs of the First
Stars sample (green dots). The Li-poor stars (with A(Li) < 2.0)
in our new star sample and in the First Stars sample are cir-
cled in red, the Li-free star CS 22882-27 by a red square, and
the low-a star CS 30302-145 by a blue square. In the remain-
der of this paper, we discuss the position of our new sample of
stars and of the Li-poor stars from our sample or the First Stars
sample.

Haywood et al. (2018) and Di Matteo et al. (2020) showed
that the low-a and high-a stars of the Nissen & Schuster (2010)
sample and the Gaia DR2-APOGEE sample (Di Matteo et al.
2019) occupy different positions in the diagrams of Fig. 9 (see
in particular Fig. 5 in Di Matteo et al. 2020). From these posi-
tions, it has been possible to define different zones populated
mainly by accreted stars or stars formed in situ. These different
zones are reported in Fig. 9. Simulations suggested indeed that
the low-a stars in the Nissen & Schuster (2010) and the Gaia
DR2-APOGEE samples are the remnants of an accretion event
in the early history of the Milky Way. The stars in these sam-
ples are more metal rich than the stars of the First Stars sample
and the 11 stars we studied, but Di Matteo et al. (2020) showed
that despite their different abundance content, they can share the
same common origin.

However, we must insist on the fact that there is an important
overlap in kinematics properties of the stars. It clearly appears
that there is no sharp transition between the accreted stars and
the stars formed in situ (in contrast to what might be thought
from our Fig. 9). A star in a region noted “accreted stars” in
Fig. 9 has only a higher probability to be an accreted star than a
star located in a region noted “stars formed in situ”.
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Fig. 9. Characteristics of the orbital kinematics. Our stars are represented by black dots, and the dwarfs of the First Stars by green dots. The Li-poor
stars are circles in red, the Li-free star by a red square, and the low-« star by a blue square. The other very metal-poor and low-« star HE 1424-0241
(Cohen et al. 2007) is indicated by an open blue diamond. In panel A, the blue zone shows the location of the disc stars in this diagram. In panels
C and E, the location occupied mainly by accreted stars is indicated. In panel D, the dotted lines delimit the region in which the Nissen & Schuster

(2010) stars are located. Units of the plotted quantities are velocities in kms™',

distances in kpc, angular momenta in 100 kpc kms™", and energy

in 100 km? s~2. It is important to note that in the zone marked as containing “accreted stars”, e.g., there is only a high probability that the stars in

this zone are accreted, and this is the same for the zone marked “in situ”

The Toomre diagram (see Fig. 9A) shows that, like the First
Stars sample, our stars are mainly prograde. The light blue area
shows the location of the disc stars. Most of our stars are rather
close to this zone. The azimuthal velocity Vpy; (and the z compo-
nent of the angular momentum Lz) of the Li-poor stars is gener-
ally close to zero.

Most of the 11 stars we studied remain during their life in
or close to the thick disc with zmax < Skpc, (see Fig. 9B1).
Only HE0148-2611 and the Li-poor star of the First Stars sam-
ple, CS22948-093, have a zy.x value higher than 10kpc. Two
stars with Ry« >40kpc are moving far away from the Galac-
tic centre : CS29514-07 and the Li-poor star of the First Stars
sample, CS 22948-93.

Following Di Matteo etal. (2020), the stars with
arctan(Rmax/zmax) < 0.2 (see Fig. 9B2) are in a zone in
which most of the stars are formed in situ. In the zone where
arctan(R .y /Zmax) Values are above 0.5, the stars are in contrast
probably accreted. (The limits between accreted stars and stars
formed in situ are discussed in detail in Sect. 5.3).

One Li-poor star CS22188-33 is in the zone of the “in situ
stars” , but another Li-poor star, CS22948-93, is in the zone of
the “accreted stars”. The Li-free star CS22882-27 is in the zone
of the “accreted stars”.

In Fig. 9C, only one star of our sample (HE 1413-
1954) is in the region Lz < —10kpckms™', in which following
Di Matteo et al. (2020), most of the stars were formed in situ.

Two stars with Lz>-10kpckms™' associated with
Lyerp 2 13 kpckm s7!, are in a zone only populated by accreted
stars, following Di Matteo et al. (2020): HE 0148-2611 and the
Li-poor star CS22948-93. The Li-free star CS22882-27 is at
the limit of this zone, which is mostly occupied by the accreted
stars.

. Exceptions may exist (Schuster et al. 2012).

The region with of Lz>—-10kpckm s
1

but Ly, < 13 kpc
km s~ is the locus in which stars of the Gaia-Sausage-Enceladus
structure (GSE, Belokurov et al. 2018; Haywood et al. 2018;
Helmi et al. 2018) are redistributed, but also the locus of
in-situ stars is heated to halo-like kinematics by accretion
(Di Matteo et al. 2019). The a-poor star CS 30302-145 belongs
to this mixed region.

In Fig. 9D, the relation between the eccentricity and the
angular momentum Lz is presented. The locations of most of
the Gaia-DR2-APOGEE and Nissen & Schuster (2010) stars are
indicated by dotted lines. The four Li-poor stars have an angu-
lar momentum close to zero, and as most of the stars with
this Lz value, they have a high eccentricity (ecc>0.85) (see
Di Matteo et al. 2020).

Figure 9E shows the relation between the energy E and the
angular momentum Lz. Following Di Matteo et al. (2020), stars
with E > —1500 km? s are most probably accreted because they
lie in a region that is populated only by accreted stars in the
Gaia-DR2-APOGEE and Nissen & Schuster (2010) samples. In
this region, we find three stars of our sample, CS22950-173,
HE014826-11, and the a-poor star CS 30302-145. The Li-poor
star CS22948-93 also belongs to this “accreted zone”.

The positions of our sample of stars in the different diagrams
of Fig. 9 are summarised in Table 5. The Li-free CS22882-
027 presents many characteristics of the accreted stars and also
the Li-poor star CS22948-093. In contrast, the Li-poor star
CS22188-033, with its very low value of arc tang (Zmax/Rmax)s
seems to have been formed in situ. The other Li-poor stars
CS22888-031 and CS22966-011 are in zones in which accreted
stars and stars formed in situ are found (mixed zones).
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Table 5. Status of the stars of our sample.

arc tang Lyerp  Energy

(Zmax/Rmax) Lz

Stars with A(Li) compatible with the plateau
BS17572-100

CS22950-173 acc

CS29491-084 sit

CS29514-007 sit acc

CS29519-028 acc acc

CS30302-145 acc

CS30344-070 acc acc

HE1413-1954 sit sit

HEO0148-2611 acc acc
Li-free star

CS22882-027 acc acc (acc)
Li-poor star

(CS22188-033 sit

Li-poor stars in the First Stars
(CS22888-031
CS22948-093 acc acc acc

CS22966-011

Notes. The status (“sit” is for “formed in situ” and “acc” for “accreted”)
is from the value of arc tang (Zm.x/Rmax), the position of the star in the
diagram Ly, vs. Lz and the value of the energy. We added three Li-poor
stars from the First Stars sample at the end of the table. (The orbital
characteristics of the stars studied in the First Stars sample are given in
Di Matteo et al. 2020).

We note that the star CS29514-007, with its low value of
arctan(Rnax /Zmax ), seems to have been formed in situ. In contrast,
its very high energy value suggests that it has been accreted.

5. Discussion

5.1. Colour-magnitude diagram, age of the stars, and the
blue straggler CS 22882-027.

In Fig. 10 we plot the position of the PARSEC metallicity
isochrones —3.0 for different ages (see also Sect. 3.1) in a G¢ ver-
sus (Bp—Rp)o diagram. The positions of the stars of our sample
are marked by black dots, and the two Li-poor stars are circles
in red.

All the stars in Fig. 10 are compatible with an age in the
range of 12—14 Gyr, as expected from their low metallicity.

However, one star, CS22882-027, seems to be much
younger. According to the isochrone, its age is 8 Gyr and its
mass is 0.8 M, slightly higher than the masses estimated for
the other stars, which are in the range 0.67-0.78 M. More-
over, we have seen that it has no measurable lithium (Sect. 3.4).
These are two characteristics of blue stragglers (Bonifacio et al.
2019). A blue straggler is the result of the merging of two stars.
Lithium is destroyed in the merging process, and the newly
formed star, which has a higher mass, occupies a position on
the colour-magnitude diagram that would normally be popu-
lated by genuinely younger stars. Ryan et al. (2001) suggested
that the stars with no detectable Li are blue-stragglers-to-be and
Bonifacio et al. (2019) showed that three out of four of the stars
investigated by Ryan et al. (2001) are indeed canonical blue-
stragglers. We note that CS 22882-027 has a normal abundance
of all the other elements except for Sc, whose abundance is very
low (see Fig. 6).

A170, page 12 of 15

AT T T T T T T T T [ T T T T T T T T[T TR

- ) -

'.o:. —

2 : o P .:' .

C 8Gyr , , . ¢ * ° . .:'-" ]

3r ;' N T 14:Gyr 7]

o [ -. R ]

© 4E R ]

- -@ :- K ’ i

r €S22882-027 « ° 7

- N CS22188-033 -

S E-@:..‘ -

C - 9 i

- ® ‘l -

Hoovoo by oo b b *®id a0 H

0.4 0.5 0.6 0.7 0.8 0.9
(BP-RP)0

Fig. 10. Comparison of PARSEC metallicity isochrones of —3.0 and
ages 8, 12, and 14 Gyr with the position of the stars in the colour-
magnitude diagram. The colours (Bp — Rp)y and the G, magnitudes of
the stars have been computed from the Gaia-DR?2 photometry. The stars
of our sample are represented by black dots, and the Li-poor stars (stars
that deviate by more than 20 from the Li plateau) are circled in red. The
three Li-poor stars from the First Stars sample (green dots) have been
added.

5.2. Li-poor stars

In addition to the blue straggler CS 22882-027, another star of
our sample, CS 22188-033, has a rather low Li abundance, and
during the Large Programme First Stars, three other stars were
also found with a Li abundance deviating by more than 2 o from
the plateau (see Sect. 3.4). These three stars are plotted in Fig. 10
as green dots. All these lithium-poor stars have a normal distri-
bution of the other elements. They do not present any systematic
chemical anomaly.

It is interesting to remark that although we mainly stud-
ied stars located at the turnoff, three out of four Li-poor stars
(excluding the blue straggler CS 22882-027) are on the main
sequence before the turnoff (see Fig. 10). This could suggest
that in the most metal-poor dwarfs, some kind of atmospheric
phenomenon (possibly diffusion) brings Li in the deep atmo-
sphere, from where it is again mixed in the photosphere as the
star reaches the turnoff and the surface convective zone deepens
(see also Mucciarelli et al., in prep., priv. comm.).

5.3. Stars: accreted or formed in situ?

The kinematic properties reflect large intrinsic differences
between the stars formed in situ and those derived from accre-
tion events. The most massive galaxies have a higher percentage
of stellar accretion, and they harbour the most metal-poor stars
(Oser et al. 2010; Simon 2019). Table 5 provides the kinematical
characteristics of the stars and their probability to be accreted or
formed in situ.

However, we must note that all our interpretation is
based on the assumption that the high-a stars observed by
Nissen & Schuster (2010) (with [Fe/H] =~ —1.2) mostly have
an in-situ origin, and that low-a stars are mostly associated
with accretion events (Di Matteo et al. 2020). On the one hand,
Renaud et al. (2021) recently showed that a population of high-a
stars can also be formed through accretion of massive satellites
(see their Fig 8), and on the other hand, Khoperskov et al. (2021)
showed that a population of low-metallicity, low-« stars can also
be formed in situ in the outer regions of Milky Way-type galax-
ies, where the star formation efficiency may be low (see some of
the cases shown in Fig. 8 of their paper).
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On the basis of their orbital properties, and if we assume
that our interpretation of the observations of Nissen & Schuster
(2010) is correct, we can deduce that six stars of our sample
have probably been accreted and that three stars were probably
formed in situ (Table. 5).

The star CS 29514-007 presents ambiguous characteristics.
It has a low value of arctan(Rp,x/Zmax), but a high R, (Fig. 9).
It lies in a region where both accreted and in-situ stars are
found. It may be possibly accreted, as suggested also by its high
energy value. This interpretation does not contradict the find-
ing of Amarante et al. (2020) and Koppelman et al. (2020), who
showed that structures or wedges discussed by Haywood et al.
(2018) in the zmax—Rmax plane depend on the different orbital
families populated by halo stars and resonant orbits.

5.4. a-poor star CS 30302-145

The EMP star CS 30302-145 we studied has a low abundance of
the @ elements Mg and Si, but the [Ca/Fe] ratio is consistent with
the sample average (see Fig. 4). In this star, the odd light metals
Na and Al (see Fig. 5) are also deficient, but it is clearly Mn-rich
and belongs to the stars with the highest ratios of [Co/Fe] and
[Ni/Fe] (see Fig. 6).

A similar behaviour has been observed in another EMP
star, HE 1424-0241, a giant with [Fe/H] =~ —4 (Cohen et al.
2007). This star also has a very low [Si/Fe] ratio, but in con-
trast to CS30302-145, Mg is about normal and Ca is defi-
cient. Both stars are Mn rich. For these two stars, we computed
the differences between their value of [X/Fe] and the value of
[X/Fe] in similar “normal” stars. For HE 1424-0241, we took
the normal giants from the 0Z survey as a reference, evaluated
at [Fe/H]=—-4 (Cohen et al. 2007, Col. 7), and for CS 30302-
145, we adopted the mean value, estimated at [Fe/H] = -3, from
Bonifacio et al. (2009). In Fig. 11 we plot this difference as
a function of the atomic number. CS 30302-145 is much less
extreme than HE 1424-0241 .

In Fig. 11 we also add (dotted lines) two less metal-poor
but a-poor subgiants BD+80 245 and G4-36 (Ivans et al. 2003;
Salvadori et al. 2019) with [Fe/H] ~ —2. For these stars, we
adopted as a reference the mean value of [X/Fe] at [Fe/H] =-2.0
following Reggiani et al. (2017). Another a-poor star (and r-
process-enhanced star) has been reported by Sakari et al. (2019),
this horizontal-branch star with [Fe/H]=-1.9, RAVE J(0937-
0626, is also poor in Mg, Al, Si, and Ca, but it does not seem
to be enriched in Mn or in Co.

All the stars in Fig. 11 present a similar trend, but the differ-
ences from star to star are significant. In BD+80 245 and G4-36,
which are less metal-poor ([Fe/H] = —-2), Ivans et al. (2003) tried
to explain the distribution of the elements as caused by the effect
of the first SN Ia. They concluded that the abundance distribu-
tion they observed could only be explained by a strong contribu-
tion of the SN Ia events. The same explanation was suggested by
Sakari et al. (2019) for RAVE J 0937-0626.

This is unlikely to occur in stars as metal-poor as CS 30302-
145 or HE 1424-0241. The matter that formed these two stars
could be enriched only by the ejecta of SNII, and following
Cohen et al. (2007), the different models of SN II yields are not
able to explain the peculiar distribution of the elements.

Salvadorietal. (2019) suggested that BD+80245
([Fe/H] =—-2.0) had been enriched by very massive first
stars exploding as pair-instability SNe (PISN). This star has
indeed a very low abundance of Zn, a characteristic of the ejecta
of PISN. This might be also possible for the matter that formed
CS 30302-145. We thus tried to measure the Zn abundance in

HE1424—-0241
CS30302-145

[Fe/H]=—4

[Fe/H]=-3 .
BD+80 245 [Fe/H]=-2 -/A%
or ~ —= ’/\\\ -

[X/Felx — [X/Fe]norm

Ca Sc Ti

Cr Mn Fe Co Ni

Na Mg Al Si
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Fig. 11. Comparison of the abundances of the a-poor star. The star
CS 30302-145 in our sample (red line, whose metallicity is [Fe/H] ~ —3)
compared with the stars in the literature, HE 1424-0241 (blue line, with
[Fe/H] ~ —4, Cohen et al. 2002). Two less metal-poor but a-poor stars
BD+80 245 (pink line), and G4-36 (green line) have been added to this
figure ([Fe/H] ~ -2 following Ivans et al. 2003).

CS 30302-145 in order to detect a Zn deficiency. We found
[Zn/Fe] < +1, this does not allow us to decide if the star is
Zn poor or not. In extremely metal-poor stars, it is in fact
impossible to detect a deficiency of Zn with an S/N as low as
about 65 around the zinc line at 481 nm.

In CS30302-145, we were only able to measure the abun-
dance of Sr of the neutron-capture elements. It is highly defi-
cient, but at this metallicity, many normal metal-poor stars are
Sr-poor (see e.g., Francois et al. 2007).

We note that the star CS 30302-145 has a retrograde orbit
(see Fig. 9A) and that its energy is relatively high (Fig. 9E). As a
consequence, this star may have been formed in a dwarf galaxy
and have later been accreted by the Milky Way.

6. Conclusions

The aim of this study was to perform a detailed chemical anal-
ysis for a sample of 11 dwarf halo stars that extends from main
sequence to turnoff, in order to detect abundance anomalies in
Li-poor stars.

A few of these very metal-poor stars ([Fe/H]<-3.0) are
indeed characterised by a lower Li abundance than the Spite
plateau. We were able to compare the chemical pattern of stars
on this plateau to the Li-depleted stars, and we did not find any
significant difference.

The star CS 22882-027, in which the lithium line is not vis-
ible, seems to be a canonical blue straggler, as suggested by
Ryan et al. (2001), and Bonifacio et al. (2019). In this star, the
Sc abundance is rather low.

The CEMP star HE 1413-1954 belongs to the low-carbon
band, and as expected, it is a CEMP-no (without enrichment in
heavy elements, see Bonifacio et al. 2015, 2018). We note that
the Li abundance in this star is compatible with the Spite plateau
(Masseron et al. 2012; Matsuno et al. 2017b).

The star CS 30302-145 shows low abundances of all the «
elements except for Ca, but it has a high value of Mn. A similar
behaviour was observed in the a-poor EMP star ([Fe/H] = —-4)
HE 1424-0241 Cohen et al. (2007), but with some differences.

i/ The odd elements Na and Al are over-deficient in CS 30302-
145, but not in HE 1424-0241.

ii/ Unlike in CS 30302-145, Mg is normal in HE 1424-0241 and
Ca is deficient.

iii/ The relatively high value of the energy of the orbit of
CS 30302-145 might indicate that this star has been accreted, but
this is not the case of HE 1424-0241.
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The age of all the stars in our sample extends from 12 to
14 Gyr. (One star, CS 22882-027, seems to be younger, but we
have shown that it is very likely a blue straggler.)

In the study of the kinematic and orbital properties of the
stars, we observed (Table 5) that the parameters of 6 of the 11
stars are compatible to an accretion by our Galaxy. The orbital
parameters of only one star, the C-rich star HE 1413-1954, sug-
gest that this star was very probably formed in situ.

The blue straggler CS22882-027 and the a@-poor star
CS 30302-145 may have been formed in another galaxy and been
accreted later.

Considered collectively, the Li-poor stars do not have any
specific orbital characteristics. All have highly eccentric orbits,
and they are almost equally divided between prograde and retro-
grade stars.
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Appendix A: Comparison with the recent literature

— BS 17572-100 (or HE 0926-0508): This star has been studied

by Barklem et al. (2005) in the frame of the ESO-Hambourg
survey, and Meléndez et al. (2010) determined its Li abun-
dance. Zhang et al. (2011) determined the abundance of Si
in this star, taking the NLTE effects into account. When
we consider that our value of A(Si) has to be increased by
0.25 for NLTE correction and that the log gf value adopted
by Zhang et al. (2011) is 0.05 lower than our value (from
Vald3), the agreement between our determinations and theirs
is very good (A(Si)nire = 4.94 and 5.01, rectively).

CS 22950-173: This is one of the blue metal-poor stars for
which Preston & Sneden (2000) searched for a variation in
radial velocity. They concluded that it was not a spectro-
scopic binary. They found a metallicity [Fe/H] 0.2 dex higher
than our value, but this is explained by the fact that they
adopted a temperature (based on the old relation B — V color
versus Teg, following Boehm-Vitense (1981)) almost 500 K
higher than ours. Spite et al. (2014) also found a metallicity
slightly higher than ours, but this is also due to an adopted
higher temperature, which in this case was based on the pro-
file of the H, wings. Moreover, in both cases, the Fe lines list
is not exactly the same.

CS 29514-007: This star is considered a CEMP-no star in the
extensive study of EMP stars carried out by Roederer et al.
(2014). We obtained the same metallicity as Roederer et al.
(2014) for this star, but they found A(C)=6.49 while we were
only able to estimate an upper limit of the carbon abun-
dance: A(C) < 6.33. We do not have a clear explanation for
this difference in the A(C) determination. It might be that
the G-band is so weak that the C determination is uncertain
in any case. Unfortunately, unlike ESO, Magellan does not
have a public archive, so we were unable to directly com-
pare the UVES spectrum we analysed with that of Mike. In
any case, this star is not a true CEMP star according to the
Beers & Christlieb (2005) definition: metal-poor star with
[C/Fe]> +1.

HE0148-2611: This star was studied by Carretta et al.
(2002) from HIRES Keck spectra. With about the same
atmospheric parameters (Cohen et al. 2002) as those we

HE 1413-1954

Relative Flux
0.5
T
I

o P S R S S S
3904.5 3905 3905.5 3906

Wavelength ()

Fig. A.1. LTE profile of the Si line in HE 1413-1954 computed with
A(Si) = 3.7, 4.3, and 4.8 (blue lines) and with the best-fit value
A(S1)=4.01 (red line). The NLTE value of A(Si)=5.09 would in this
figure correspond to an LTE A(Si) value of about 4.8, which is incom-
patible with the observed profile,

deduced from the Gaia photometry, they obtained a lower
metallicity [Fe/H]=-3.5 instead of [Fe/H]=-3.2 (Table 2).

— HE 1413-1954: This star is classified as a CEMP star follow-

ing Masseron et al. (2010) and Suda et al. (2011). Our values
agree fairly well with those of Masseron et al. (2010). Our
higher value of the [C/Fe] ratio can be explained by the large
uncertainty of the C abundance due to to the low S/N of the
spectrum in the region of the CH band. This star was also
analysed by Allen et al. (2012), and their abundances agree
with our determinations.
The C abundance determination by Zhang et al. (2011) for
this star perfectly agrees with our value. They also computed
an NLTE profile of the Si 3905 line, however, and their A(Si)
value was found to be much higher than ours. If we apply a
NLTE correction (+0.25 dex following Shi et al. 2009) to our
value, we find A(Si)nire = 4.25, to be compared to the value
A(Si)nere = 5.04, after correcting the log gf value by 0.05
(see BS 17572-100 at the beginning of this section). These
values are not compatible, although the same ESO-UVES
spectra were used. The slight difference in the adopted effec-
tive temperature cannot explain this effect. In Fig A.1, we
show the fit of our profile of the Si line.
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