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ABSTRACT

Blue metal-poor (BMP) stars are main sequence stars that appear bluer and more luminous than normal turnoff stars. They were
originally singled out by using B — V and U — B colour cuts. Early studies found that a larger fraction of field BMP stars were
binaries compared to normal halo stars. Thus, BMP stars are ideal field blue straggler candidates for investigating internal stellar
evolution processes and binary interaction. In particular, the presence or depletion in lithium in their spectra is a powerful indicator
of their origin. They are either old, halo blue stragglers experiencing internal mixing processes or mass transfer (Li-depletion),
or intermediate-age, single stars of possibly extragalactic origin (2.2 dex halo plateau Li). However, we note that internal mixing
processes can lead to an increased level of Li. Hence, this study combines photometry and spectroscopy to unveil the origin of various
BMP stars. We first show how to separate binaries from young blue stars using photometry, metallicity and lithium. Using a sample of
80 BMP stars (T" > 6300 K), we find that 97% of the BMP binaries have V — Ks; < 1.08 + 0.03, while BMP stars that are not binaries
lie above this cut in two thirds of the cases. This cut can help classify stars that lack radial velocities from follow-up observations. We
then trace the origin of two BMP stars from the photometric sample by conducting a full chemical analysis using new high-resolution
and high signal-to-noise spectra. Based on their radial velocities, Li, @ and s- and r-process abundances we show that BPS CS22874-
042 is a single star (A(Li) =2.38+0.10 dex) while with A(Li)= 2.23+0.07 dex CD-48 2445 is a binary, contrary to earlier findings. Our
analysis emphasises that field blue stragglers can be segregated from single metal-poor stars, using (V — Ks) colours with a fraction
of single stars polluting the binary sample, but not vice versa. These two groups can only be properly separated by using information
from stellar spectra, illustrating the need for accurate and precise stellar parameters and high-resolution, high-S/N spectra in order
to fully understand and classify this intriguing class of stars. Our high-resolution spectrum analysis confirms the findings from the
colour cuts and shows that CS 22874—-042 is single, while CD —48 2445 is most likely a binary. Moreover, the stellar abundances
show that both stars formed in situ; CS 22874—042 carries traces of massive star enrichment and CD —48 2445 shows indications of

AGB mass transfer mixed with gases ejected possibly from neutron star mergers.
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1. Introduction

Amongst the many intriguing facets of the Galactic halo, the
near-constancy in lithium abundance, at A(Li)=2.2dex overa
broad range in temperature and metallicity (the so-called
Spite-plateau), is now a well-established property of old and
warm halo main-sequence stars (Spite & Spite 1982). Thus,
lithium abundances that deviate from the plateau value, ei-
ther through strong enhancements or depletions, suggest that
a star has experienced internal or external alterations that are
not present in its halo star counterparts, motivating us to

* Based on UVES archive data 077.B-0507 and 090.B-0605. This pa-
per includes data gathered with the 6.5 m Magellan Telescopes located
at Las Campanas Observatory, Chile.

** Full Table 4 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?J/A+A/598/A54

Article published by EDP Sciences

investigate these physical processes that have changed its lithium
abundance.

Metal-poor dwarfs depleted in lithium are relatively com-
mon (e.g. Sbordone et al. 2010) and one option is that they
have suffered from mass transfer or merging between stars (e.g.
Carney et al. 2005). On the other hand, there are far fewer
cases of metal-poor dwarfs that have Li abundances signif-
icantly higher than the plateau value (Deliyannis et al. 2002;
Asplund et al. 2006; Koch et al. 2011; Monaco et al. 2012), and
it is still not clear how these form. Possible explanations include
diffusion within the star (Richard et al. 2005), seeding by super-
novae (SNe; Woosley & Weaver 1995), asymptotic giant branch
(AGB) companions (Ventura & D’ Antona 2011), or accretion of
substellar bodies (Ashwell et al. 2005).

Blue stragglers are excellent candidates to learn about the
processes that can create and destroy lithium in main-sequence
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stars. These stars can obtain their blue colour and low Li
in a number of ways; through mass transfer, coalescence,
pulsation-driven mass-loss or internal mixing; where mass trans-
fer seems to be the preferred scenario (Preston & Sneden 2000).
Hence, blue stragglers are bluer than turn-off stars of a coeval
population because they became more massive thanks to direct
mass transfer from a companion star in a binary system. If mass
transfer has taken place, a higher rotation velocity will often tes-
tify to this, and Li will subsequently be destroyed. The binary
system will typically consist of two low-mass stars where one
of them is a white dwarf (<0.55 M on an almost circular orbit
with a period of a few hundred days Carney et al. 2005). Thus,
spectroscopic studies of blue stragglers in the halo help to in-
vestigate processes of mass transfer, which Li excellently traces
(Carney et al. 2005). In this study, we therefore present analyses
of photometry and spectroscopy, as both are needed to pin down
the true origin of the BMP stars.

Contrary to globular clusters, field blue stragglers are
difficult to find because of the variety of metallicities and
distances that stars in the Galactic halo cover. Although the in-
ner halo is composed of one dominant co-eval population, pre-
senting a well-defined turn-off colour as a function of metallic-
ity (e.g., Preston et al. 1991; Unavane et al. 1996; Jofré & Weiss
2011), not all main-sequence stars that are bluer than this turn-
off temperature are necessarily blue stragglers. They could also
be intermediate-age stars with extragalactic origin that were later
accreted onto the Milky Way (Preston et al. 1991; Unavane et al.
1996), or simply warm, metal-poor single stars formed in situ.
In this context, the radial velocity (RV) variations and the abun-
dance of lithium give key information about the nature of BMP
stars: while blue stragglers should present, overall, strong mod-
ifications of their Li-content and intermediate-age stars should
be Li-normal (Ryan et al. 2001). To determine if the star has an
extra-galactic origin, the @-abundances are useful discriminants
(see, e.g., Nissen & Schuster 2010; Hansen et al. 2016).

The largest sample of BMP stars to date is still the one
published 16 yr ago by Preston & Sneden (2000, hereafter re-
ferred to as PS00). The stars were selected using a B — V vs.
U — B-diagram. PS00 analysed a sample of 62 BMP stars us-
ing high-resolution, low signal-to-noise ratio (S/N ~ 10-30)
spectroscopy and monitored their RVs over seven years. From
this, Sneden et al. (2003) found a systematic difference in the
s-process enhancement between stars with constant and varying
RV. The study of PS00 also revealed that 17 stars had constant
RVs and more than 50% of them were low in a-elements, and
thus good contenders for intermediate-age, accreted stars. The Li
abundances in these intermediate-age candidates have not been
studied so far.

It is important to note that the Li resonance line at 6707.8 A
becomes very weak in BMP stars, where an abundance at the
Spite-plateau value of A(Li) =2.2 produces an equivalent width
(EW) of less than 10mA (Preston 2015). Furthermore, one
needs to be aware that a lithium abundance alone is not a
clear discriminator between (Li depleted) blue stragglers and
intermediate-age, metal-poor dwarfs with (generally) a normal
Li abundance. For instance, in the Hyades, dwarfs with simi-
lar temperatures to the BMP stars in PSO0 are depleted in Li,
producing the so-called Li-dip (Boesgaard & Tripicco 1986).
Carney et al. (2005) addressed this issue and showed that one
BMP star, at constant RV in the temperature range of the Li-
dip (between 6400 and 6800 K) is depleted in Li by ~0.7 dex
while another star had normal plateau value. These authors sug-
gested that, at low metallicities, the temperature range of the
Li-dip could be shifted towards hotter temperatures, or that
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Fig. 1. Spectrum taken from PS0O0 of the star CS 22874—042 around the
Li line at 6707.8 A. Stars with similar temperatures (according to PS00)
are shown for comparison.

no Li-dip exists at low metallicities. However, Asplund et al.
(2006) and Bonifacio et al. (2007) found a first indication for
this feature among metal-poor Population II stars, which they
relate to effects of mass loss on the main sequence, as predicted
by Dearborn et al. (1992).

In this work, we aim to gain insight into possible mecha-
nisms that can alter the Li abundances in field blue stragglers or
BMP stars. Therefore, we need to perform not only a Li abun-
dance analysis of the BMP stars but also a detailed spectral anal-
ysis of a-, r- and s-process elements. The first two groups of
elements allow us to investigate a Galactic vs. extragalactic ori-
gin and exact formation site, while s-element abundances pro-
vide information on the presence and amount of mass transfer
from a binary AGB companion star. The latter scenario can also
be tested through possible RV variations and change in colour.
The PS00 sample is an obvious starting point as they provide
information on radial velocities, @- and s-process abundances.
Unfortunately, their spectra were of too low signal-to-noise to
confidently allow for Li and r-element detections in these warm
dwarf stars. This prompted the need for high-S/N spectra.

The RV-constant star, CS 22874-024, turned out to be an out-
lier in PSOO as it showed a notable Li line of ~26 mA (see Fig. 1).
According to the stellar parameters of CS 22874-024 reported in
PS00, this would correspond to an abundance of A(Li)=3.25,
which is significantly higher than the Spite-plateau value, as
well as the value expected from Big Bang Nucleosynthesis
(BBN; Cyburt et al. 2008). High-resolution, high-S/N spectra
are clearly needed to confirm the stellar parameters and accu-
rately measure key tracer abundances from weaker lines.

We compile a large sample of 80 BMP stars from the lit-
erature to devise a method for separating blue stragglers from
metal-poor single stars based on various properties. In partic-
ular, we show that their Li and heavy element abundances, in
addition to their colours, are imperative to segregate the BMP
stars in subsamples (Sect. 2). In Sect. 3 we introduce a subsam-
ple of stars including BMP and benchmark stars, for which we
derive detailed chemical abundances. The results from our spec-
tral analysis are presented in Sect. 4, which we discuss in Sect. 5
before concluding our results in Sect. 6.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629628&pdf_id=1

C. J. Hansen et al.: Lithium in BMP stars

7"8 r T T T T T ]

r R99 + |4

r ROT x |1

-2.0r u] Hbesgs/ MWO; I

- + * s10¢ |4

r A o5 & |4

-2.2F J150 1]

T —24F ]
N L ]
o L 4
L —26F .
-2.8F * ]

C LP815—-43 ]

—3OF x 7
752 Loy | IS A A | I A | I A | ISR AT | P

6100 6200 6300 6400 6500 6600
Teff

Fig. 2. Temperature and [Fe/H] for two well-studied stars HD 84937
and LP815-43 Ryanetal. (1999, R99), Ryanetal. (2001, ROI1),
Carney et al. (2005, C05), Meléndez et al. (2010, M10), Sbordone et al.
(2010, S10), and Jofré et al. (2015, J15).

2. Photometry of the BMP sample

Here we select warm stars (7 > 6300 K) with gravities ap-
proximately equal to or above 4.0 dex spanning a broad range of
metallicities for a sample consisting of both binaries and single
stars with known Li abundances to develop a way of separating
single and binary blue stars. This temperature range is selected
so that a possible Li gap may be detected, if existing, for these
field BMP stars.

The sample listed in Tables A.1 and A.2 is composed of stars
from large samples presenting various levels of Li (Ryan et al.
1999, 2001, 2000; Carney et al. 2005; Asplund et al. 2006;
Bonifacio et al. 2007; Meléndez et al. 2010; Sbordone et al.
2010). We intentionally chose studies that have an overlap in
order to gain a better handle on the systematic offsets among the
different methods they employ. We also included some of the
well-studied Gaia-ESO Survey benchmark stars (Heiter et al.
2015a; Jofré etal. 2014), and explored how the temperature
scales offset the Li abundances. An example of this is shown in
Fig. 2 where two stars (LP 815—-43 and HD 84937) show temper-
atures that span ~250 K while their [Fe/H] is better constrained
(within +0.2 dex). For A(Li) in HD 84937 (Meléndez et al. 2010,
T = 6408 K) a value of 2.32 is derived, while the study by
Ryan et al. (1999) obtained a lower temperature (7 = 6160 K)
and in turn a lower A(Li)=2.17. This means that 250K is
enough to shift the lithium abundance above or below the Spite-
plateau (Spite & Spite 1982), but it stays within the uncertainty
of Li abundances on the plateau (~ 0.09dex according to
Bonifacio et al. 2007).

2.1. Liand V — Ks as binary/BMP segregators

Since our compilation of Li abundances relies on the literature,
we note that the different methods employed may shift the re-
sults by up to 250 K or ~0.2 dex in A(Li). This abundance offset
arises because the derived Li value heavily depends on the ef-
fective temperature; a parameter that differs when derived from
photometry (IRFM) to spectroscopy (e.g. Ha-fitting), and both
of these methods have been used in the studies to which we make
comparisons. Hence, to lower this impact of temperature on the
absolute value of A(Li) we turn towards photometry and study
the direct impact of the star’s blue colour, and later connect
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Fig. 3. Dereddened B — V vs. V — K; (top) and V — K; vs. [Fe/H] (bot-
tom) for binaries (red squares), maybe binaries (blue triangles) and sin-
gle stars (black X). A separation (dashed line) between single stars and
binaries is shown for V — Ksy = 1.08. CS 22874—-042 is shown as an
asterisc and CD —48 2445 is indicated by a larger, filled triangle.

this to the lithium abundance (through stellar spectroscopy).
Based on the average uncertainties in photometry (+0.01 mag)
and dereddening (0.01-0.1 mag) taken from the same literature
as the BMP sample (e.g. Meléndez et al. 2010; Ryan et al. 2001)
a typical uncertainty of 0.01 mag translates to ~50 K. We probe
the trends using U — B, B — V,V — Ks, and the dereddened val-
ues U — By, B — Vy and V — Ksj. These colours can be calcu-
lated for the majority of BMP stars studied here. The cleanest
trends and best way of categorising the BMP stars into groups
is obtained using B — Vj and V — Ksj. The sample of 80 stars
distributed amongst binaries (34 stars, red squares), single stars
(23, black “x”), and possible binaries (tagged “maybe” owing to
a lack of repeat RV measurements amounts to 23 stars, blue tri-
angles). The V magnitudes are taken from the respective studies
while the 2MASS K magnitudes are based on the SIMBAD ref-
erences. The dereddening, E(B — V), is based on literature when
provided, otherwise it is the mean S& F (Schlafly & Finkbeiner
2011) from the IRSA webpage'. Their colour-metallicity distri-
bution is shown in Fig. 3. This figure surprisingly shows that all
but one binary star fall below V — Ksy = 1.08. This corresponds
to 97% of the binary stars falling below this cut with a pollution
of one third of the single stars. A similar, but less clean finding is
made for B — V. We note that a linear relationship between the
sum of the three Ca line equivalent widths and the metallicity in
a globular cluster was discovered by Armandroff & Zinn (1988)
using integrated light spectroscopy. With this in mind, we see

! http://irsa.ipac.caltech.edu/applications/DUST/
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Table 1. Photometric data of the three stars employed in our analysis as taken from Simbad.

Star RA (J2000.0)  Dec (J2000.0) B Vv J H Ks EB-YV)
CS 22874-024 14 38 01.7 —24 58 47 1434 1391 1277 1248 1242 0.076
CD —48 02445 06 41 26.7 -48 13 15 1094 1054 959 934 9.29 0.071
HD 142575 155502.8 +0504 12 9.00 862 772 756 1.51 0.056

Notes. B and V magnitudes are on the Johnson Cousin system. For CS 22874—042 they were taken from Beers et al. (2007) while for CD —48 2445
and HD 142575 the values were taken from Simbad. All JHKs magnitudes are from the 2MASS catalog, and reddening mean values from

Schlafly & Finkbeiner (IRSA, 2011).
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Fig. 4. A(Li) vs. dereddened V — Ks (legend as in Fig. 3). Binaries are
separated from single stars by V — Ksy = 1.08 and the Spite-plateau.
The same sample is colour-coded by metallicity (bottom panel). Val-
ues for CD —48 2445 and CS 22874—042 are from this study with
CS 22874—-042 shown as a larger asterisc.

that simple metallicity indicators such as the near-IR Ca triplet
(CaT) combined with photometry can be used as a first approach
to sort blue stars into binaries and single stars as well as classify
possible binary candidates into one of these two groups (without
needing follow-up observations).

However, these trends become stronger and cleaner once
A(Li) is considered. Figure 4 shows A(Li) as a function of
V — Ks( with a very clean separation of binaries below 1.08 and
single stars above this colour cut. From the same figure, binaries
are seen to fall below the Spite-plateau (long green dashed line)
while the most metal-poor, single stars are seen to cluster around
the Spite-plateau, and mainly reside above V — Ksg = 1.08 (see
top panel in Fig. 4). The trend is clean and the contamination is
low (1 out of 39 stars does not follow the trend). This confirms
that Li is a useful measurement to separate BMP stars into blue
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Fig. 5. A(Li) vs. T and [Fe/H] (legend as in Fig. 3). Except from one
case, the binaries do not reach the Spite-plateau.

stragglers and metal-poor, single stars (Carney et al. 2005). This
method is a very promising tool using V — Ksy = 1.08 and the
Spite-plateau as segregators of binary stars. A slight increase in
[Fe/H] with decreasing V — Ks is seen in the bottom panel of
Fig. 4.

Now, considering A(L1i) as a function of temperature, we find
outliers above and below the Spite-plateau. The Li melt-down
from Sbordone et al. (2010) using IRFM in concordance with the
methods employed by most studies shown here seem to need a
strong downward shift in both Li and [Fe/H] to match these BMP
stars. These are less prominent when A(L1i) is plotted vs. [Fe/H]
(see Fig. 5). The three stars with the highest A(Li) in Tables A.1
and A.2 according to Meléndez et al. (2010) are: CD —35 14849,
CD —48 2445, and CS 22874-042 (shown by a larger aster-
isc). However, Asplund et al. (2006) report a lower Li abundance
(2.22 dex) for CD —48 2445 and several of the other stars that
overlap between the two studies. Our analysis supports the lower
values and we therefore only conduct a spectrum analysis with
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the latter two of the three stars, a possible binary and a single
star, to investigate their formation mechanism. Another outlier
is the single star HD 142575, which Carney et al. (2005) ex-
plained by a high rotational velocity decreasing the Li abundance
so that in our classification it could be mistaken as a binary star.
This makes blue, fast-rotating stars possible contaminators in our
colour-separation method. Thus, in the following, we look into
the impact of rotation and the existence of the so-called Li gap
or dip (see, e.g., Boesgaard & Tripicco 1986, and Sect. 5.1).
Using the colour cut and Li, we thus select CD —48 2445 and
HD 142575 as comparison stars. In our high-S/N spectroscopic
analysis we use their abundances to explore differences and sim-
ilarities in their formation compared to that of CS 22874—-042.

3. Spectrum analysis of extreme BMP
and benchmark stars

Here we define a high Li abundance value (Li-rich) as A(Li) >
2.3 dex (Spite-Plateau plus typical uncertainty ~0.09 dex) in very
metal-poor stars with 7 > 6300 K. Meanwhile, we will refer to
Li-normal as 2.2 and Li-low as <2.1 dex. To place the analysis
of CS 22874-042 in context, in the following we also consider
two other BMP stars for comparison: HD 142575 (Li poor), and
CD —48 2445 (Li rich, see Fig. 5 according to Meléndez et al.
2010). The photometric properties are summarised in Table 1. A
short recap of the stars that we use for comparison in our spectro-
scopic study is presented in Table 3. These stars are the outliers
or most extreme BMP stars tagged in Fig. 5.

3.1. CS 22874-042

The spectrum from PSO00 is plotted in Fig. 1 and corresponds
to 22 stacked, individual exposures. It clearly shows a strong
Li feature highlighting our interest in follow-up observations of
this Li-rich BMP star (according to our convention see Sect. 3).
A high-resolution spectrum of CS22874-042 was obtained on
19/20th August, 2014, using the MIKE echelle spectrograph on
the 6.5 m Clay telescope at Las Campanas Observatory. We em-
ployed a 0.5x5.0” slit and 2x 1 binning of the CCD pixels. Three
exposures were obtained, in order to better eliminate cosmic-
ray events, for a total integration time of 3000 s. During the first
two exposures, the guide camera seeing was 0.53”, full width at
half maximum (FWHM), but for the third integration the seeing
worsened somewhat, ranging from 0.67 to 0.89” FWHM.

The MIKE CCD data were reduced using the pipeline devel-
oped by Kelson (2003). The final blue range of the spectrum pro-
vided continuous wavelength coverage from 3360 A to 5000 A
at a resolving power of R ~ 57 000. At the peak of the orders in
the blue-side spectrum, a S/N of 66 per pixel was obtained near
5000 A, increasing to a maximum of 98 per pixel at 4679 A, and
then steadily declining: at 4000 A S/N = 64, while at 3364 A
S /N =9 per pixel.

The red side spectrum provided continuous coverage from
4950 A to 9400 A, with a resolving power of R ~ 48000. The
S/N peaked near 100 per pixel at 8590 A, slowly declining with
decreasing wavelength: a S/N = 87 per pixel was obtained at
the peak of the H, order, 76 per pixel in the Na D order, and
52 per pixel in the Mg b order.

The RV of CS 22874-042 was re-determined by cross-
correlating the spectrum with a template of HD 84937 using
the code iSpec (Blanco-Cuaresma et al. 2014a). We used this

star as a template because its stellar parameters (Jofré et al.
2014; Heiter et al. 2015a) are similar to this BMP star. More-
over, we have a high-resolution and high-S/N spectrum covering
the entire optical range (see Blanco-Cuaresma et al. 2014b, for
details). The RV obtained from this was 178.5+0.6 kms~! and
is fully consistent with the values reported by PS00 over 14 yr
ago. This consolidates the fact that this star has no significant
RV variations, confirming its purported origin as a metal-poor,
single blue star. Owing to its @-enhancement ([@/Fe] =0.35) it
seems unlikely that this is an accreted star. We look further into
the formation of this star in Sect. 4 and Sect. 5.

3.2. CD —48 2445

This star has been included as a comparative star as its stellar
parameters are very similar to the parameters we derived for
CS 22874—-042 (see Sect. 4.1). We adopted the stellar param-
eters from Meléndez et al. (2010) who reported T = 6453 K,
logg=4.25, [Fe/H] = —1.93, vpic = 1.5 kms™! and A(Li)=2.38
when assuming local thermodynamical equilibrium (LTE). In
the following we compute all stellar abundances using these pa-
rameters. We note that Asplund et al. (2006) found lower values
for the temperature and Li in this star. We therefore verified the
fit of the absoprtion lines (including the Balmer lines) with the
higher adopted temperature in order to reassess the Li value (see
Table 3, Fig. 6, and Sect. 4.2 for further details on our derived
abundances.

The spectrum of this star has been obtained with the UVES
instrument in the BLUE346 and REDLS580 settings in Novem-
ber 2012% and thus its reduced spectrum is publicly available.
The S/N is 60 per pixel in the blue and 100 in the red part, and
the resolution is of 60 000. We corrected its RV using iSpec in
the same way as for CS 22874—-042, obtaining a heliocentric ve-
locity of 305 + 0.2 kms~! for CD —48 2445.

The spectrum analysed in Asplund et al. (2006) was taken in
2002 and the authors derived an RV of 319.2 + 0.3 kms~! and
noted that this star showed no evidence of having a companion,
while Ryan & Norris (1991) measured an RV of 338 + 7 kms™!
and Augensen (1979) reported an RV of 301.0 + 1.4 kms™!
determined from a spectrum taken in 1976. Taking the com-
bined uncertainties into account (<10 kms™', CD —48 2445
seems be a binary star given the difference of 37 kms™' over
the 40-yr timespan between these different works. Our colour
cut (V — Ksyp = 1.08) confirms the suggested binary nature of
CD -48 2445. Hence, we look into mass transfer signatures in
Sect. 5.2 as this star is an excellent candidate for a binary system
now containing a low-mass (<0.55 M) white dwarf.

3.3. HD 142575

This star has been included in this analysis because it is part
of the RV constant (—65 kms~!) BMP stars from Carney et al.
(2005), with measured Li abundance of A(Li)=1.45; it has a
temperature of 6700 K placing it within the Li-dip. This BMP
star has a rotational velocity of vsini = 13.0 kms~' and a metal-
licity of —0.97 dex (Carney et al. 2005). The spectrum of this star
was obtained with the UVES instrument with the in BLUE346,
REDL580 and REDL860 gratings in 2006-06-11°.

2 Programme ID: 090.B-0605.
3 Programme ID: 077.B-0507.
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Table 2. Stellar parameters of CS 22874—-042 derived in different ways.

Parameter Values Tag/Comment  Weight
Tex 6500/6550/6850 b/a/PS00 1/0/0
Tus 6600 - 1
Tw, 6450 - 1
Tug 6350 log g sensitive 0
THa 6250 log g sensitive 0
Tpv 6700/6450/6600 C10/A96/RMO5  1/0/0
Ty_gs 6300 A96 1
Tj_ks 6450 C10 1
Ttinal 6500 + 100
log gre 4.5 0.8
log gme 4.6 0.2
10g gfinar 45+0.1
[Fel/H] -1.95 0.5
[Fell/H] -1.91 0.5
[Fe/H]gnal -1.9+0.1
Vinic 1.9+0.1 kms™! Fe I lines
Vsini 2.7+0.3kms™!  Profile matching
RVielio 178.5+0.6 kms™! Cross correlation

Notes. The photometric temperatures were derived using

Casagrande et al. (2010, C10); Ramirez & Meléndez (2005, RMOS),
and Alonso et al. (1996, A96). Method b is iterated to a stronger/smaller
uncertainty than a.

4. Stellar parameters and abundances

In this section we present the new results from our stellar pa-
rameter determination and the spectral analysis of the two BMP
stars under study.

4.1. New atmospheric parameters of CS 22874—-042

From our new spectra, we re-determined the stellar parameters
and, while we found different parameters from PS00, we still
support the view that CS 22874—042 is a BMP star. Since the fi-
nal Li abundance is very sensitive to the effective temperature,
we determined the stellar parameters using various methods.
We considered photometry for the T, ionisation and excitation
equilibrium from the EWs of iron lines, as well as synthesis of
several spectral features such as the Mg triplet and the Balmer
wings, and various iron line profiles. A summary of our results
can be found in Table 2. Not all temperature or gravity indicators
are equally good and we therefore assign weights to the methods
we employ. Here we use values between 1 (full weight) and 0
(method discarded) to indicate the fraction with which the value
enters the final averaged value. Below we describe each of these
analyses in greater detail.

Photometric effective temperature: we used three different In-
frared Flux Method (IRFM) calibrations to determine the tem-
perature, namely Casagrande et al. (2010), Ramirez & Meléndez
(2005) and (Alonso et al. 1996) for dwarfs and subgiants. These
methods have also been used in the literature samples we
used in comparisons. We calculated the effective temperature
using different colours (B — V, V — K, J — K), employing
the three calibrations mentioned above, where applicable. The
reddening E(B — V) was found in the IRSA Dust maps of
Schlafly & Finkbeiner (2011) and Schlegel et al. (1998), and we
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calculated the temperature using both (mean) values (0.075 mag
for CS 22874—042 and 0.0878 mag for CD —48 2445). This lead
to an E(B — V) difference of ~0.01 mag which translates to a
temperature uncertainty of ~50 K. We therefore round off all
photometric temperatures to the nearest 50 K. The values listed
in Table 2 are based on the E(B — V) from Schlafly & Finkbeiner
(2011) and the B,V photometry from Beers et al. (2007) and
2MASS from Skrutskie et al. (2006).

Effective temperature from wings of Balmer lines: with iSpec,
we determined T.g using the wings of the Balmer lines: He, HG,
Hy and Hé¢. The results can be seen in Table 2. As expected,
NLTE effects are important for metal-poor dwarfs, and depend-
ing on the stellar parameters, the LTE temperature, from He,
for example, may be a few percent too low (typically 50-100K;
Barklem 2007).

Surface gravity from Mg triplet: the surface gravity of our tar-
get was confirmed with iSpec by fitting the Mg triplet lines. For
this determination we tested different values of effective tem-
perature and metallicity around our accepted value of 6500K
and —1.8 dex, respectively (see below). In all cases the gravities
yielded between 4.3 and 4.6, supporting the gravity of 4.5 re-
ported in PSOO. This rules out the possibility of our star being a
BHB or an RR Lyrae star, which have lower gravities.

Parameters from iron line syntheses: we used the iSpec code
to fit 150 Fe lines (amongst them, 17 lines are of the ionised
species) ranging from 3440 to 7900 A. For the regions out-
side the line list used within the Gaia-ESO Survey (Heiter et al.
2015b), we considered the atomic information from VALD
(Kupka et al. 2011), as provided in the wrapper of iSpec. This
method is based on a large number of lines and we therefore
assign the resulting temperature the largest weight. By fixing
logg = 4.5, we obtained a temperature of 6500 K and a metallic-
ity of —1.8 dex. When letting log g vary, we obtained a slightly
lower temperature of ~6450 K, but recovered the same metallic-
ity and a gravity of 4.2.

Parameters from equivalent widths of iron lines: for this test we
used Fe lines below 5000 A from Hansen et al. (2012). In to-
tal 35 Fe I lines (U—[Fe I/H] = 0.1 dex) and 15 Fe 11 (O'[Fe II/H] =
0.06 dex) lines were used to determine the stellar parameters.
Of these, 19 Fe I lines and 8 Fe II lines overlap with the lines
in PS00. For most of the Fe I lines, our atomic data agree well
with their line list values, with discrepancies only arising in the
third decimal place, but for the Fe II lines there is a (slight) dif-
ference in the loggf values. This difference can be up to 0.05
but is, in most cases, approximately 0.01 or below. The EWs
were measured in normalised spectra using IRAF, and the stel-
lar parameters were determined by manually interpolating them
in MOOG (Sneden 1973), the same spectrum synthesis code as
used in PS00, but here adopting a more recent version (v. 2014).

The temperature was set by requiring that all Fe lines give the
same Fe abundance regardless of excitation potential. The inter-
polation was stopped when the slope of the trend was less than
+0.05 dex/K. A similar approach, enforcing ionisation equilib-
rium between abundances from Fe I and Fe II, was applied to
fix the gravity. Once the Fe I and II abundances agreed within
0.05 dex, the iteration stopped. Since ionisation balance is eas-
ily achieved and the lines show a low internal line-to-line scat-
ter (~0.1dex) in good agreement with the iSpec line synthe-
sis method. The metallicity was adopted as an average of all
Fe I and II abundances (as these agree owing to the forced



C. J. Hansen et al.: Lithium in BMP stars

Table 3. Stellar parameters and Li-abundance of the stars used in our comparisons with values taken from the literature.

Star Teq logg [Fe/H] Umic vsini A(Li) Reference
(K) (dex) (dex) (kms™") (kms™h)

BPS CS22874-042 6500 4.5 -1.9 1.9 2.7 2.38 This work

BPS CS22874-042 6900 4.5 -1.53 2.0 8.0 - PS00

CD —48 2445 6222/6453 4.25/4.25 -1.93/-1.93 1.5/1.5 2.3%/—  2.22/2.38 A06/M10

HD 142575 6550/6700 /3.6 -0.97/-0.9 —/1.7 13.0 1.45 C05/F00

HD 106038 5905/5950  4.3/4.3 -1.35/-1.44 1.2/1.1 0.5/- 2.48/— AO06/H12

HD 84937 6356/6300 4.06/— -2.03/-2.18 1.3/- 5.2/4.8 2.23 J15/C05

BPS CS 22950-173  6335/6506  4.2/4.5 -2.78/-2.61 1.4/14 - 2.20 S10 (min/max)

LP 815-43 6453/6630  3.8/4.1 -2.88/-2.77 1.7/1.7 —/— 2.23/2.16 S10/A06

Notes. An “*” indicates 3D analysis.

References. FOO: Fulbright (2000), PS00: Preston & Sneden (2000), CO5: Carney et al. (2005); A06: Asplund et al. (2006); M10: Meléndez et al.
(2010); SO8: Smiljanic et al. (2008); S10: Sbordone et al. (2010); H12: Hansen et al. (2012); J15: Jofré et al. (2015).

ionisation and excitation equilibrium). Finally, the microturbu-
lence was determined minimizing the equivalent width trend
with Fe II abundances, allowing for a variation in slope of up
to +0.05 dex/kms~!. The spectroscopically constrained param-
eters with this method are (T, logg, [Fe/H], vmic): 6550 K,
4.5 dex, —1.9dex, 1.9kms™! (see Table 2).

The constrained set of values agree well with the averaged
photometric values. However, this temperature is still lower than
what was found in PS00. Therefore, we carried out the same
analysis using only the Fe lines and atomic data from PSO00.
When using their lines we find a logg value that agrees to
within 0.1 dex, a [Fe/H] to within 0.07 dex, and a T.g to within
50K compared to their published values. The vy, agrees within
0.1 kms~!. The choice of lines, spectrum quality, and continuum
placement lead to the slight differences in EWs, and in turn abun-
dances, which can explain the differences we find. We note that
the spectroscopic temperature may be biased by the small num-
ber of measurable low excitation Fe I lines.

In summary, we derived the fiducial set of stellar parameters
(Tegr/log g/[Fe/H]/vmic/v sin i): 6500 + 100 K/4.5+0.1 dex/—1.9+
0.1 dex/1.9+0.1 kms~!/2.7+0.3 kms~!. The stated v sin i could
be a placeholder for an unresolved macroturbulence. With these
low velocities and the limitation in spectrum quality, we cannot
distinguish between v sin i and vpacro. The summary of the differ-
ent results can be found in Table 2.

We note that the parameters of CD —48 2445 (see
Sect. 3.2) are very similar to our final ones for CS 22874—-042
(~+50K,0.25,0.03,0.4 kms™"). Their similar parameters can be
confirmed in Fig. 6 where we plot some regions of the spectra of
the three BMP stars sensitive to stellar parameters as described
in Sect. 3. The wings of the Balmer line indicate that the tem-
peratures of CS 22874—-042 and CD —48 2445 are comparable,
while the temperature of HD 142575 is higher. The wings of
the Mg line also confirm that the surface gravities of all stars are
those of dwarfs, since lower gravities create narrower Mg wings.
In the top left panel, we plot the profiles of three (Fe, Si and Ti)
lines. This shows that CS 22874—042 and CD —48 2445 not only
have comparable stellar parameters, but also a- and iron-peak
abundances, allowing for a very direct comparison of the derived
abundances in CS 22874—-042 and CD —-48 2445. The main dif-
ferences between the chemical composition of these two stars
are found for the heaviest (s-process) and lightest (Li) elements
under study (see Ba and Li panel of Fig. 6).

Table 4. Line list used in our analysis.

Wavelength [A] Species loggf E.P.[eV] Reference
7771.940 8.0 0.370  9.140 WIE
7774.170 8.0 0.220  9.140 WIE
7775.390 8.0 0.000  9.140 WIE
4057.505 12.0 -1.201 4.343 SNE
4167.271 12.0 -1.004 4.343 SNE
4702.991 120 —-0.666 4.343 SNE
5528.405 12.0  -0.620 4.343 SNE

Notes. Full version available at the CDS.

References. References correspond to WIE: Wiese et al. (1996); SNE:
Sneden et al. (2014), LAW: Lawler et al. (2001a,b); SOB: Sobeck et al.
(2007); YAN: Yan et al. (1998).

4.2. Chemical abundance determination

We derived the abundances of 17 elements that display de-
tectable lines in the covered wavelength range of the spectrum
of CS 22874-042. The abundances were derived using MOOG
and the line lists from Sneden et al. (2014); the atomic data are
given in Table 4. The results for the final abundances of both
stars are listed in Table 5.

Among the 17 element of which we measured abundances,
Mg, Ca, Sc, Ti, Cr, Mn, Sr and Ba have been measured
by PS00 for CS 22874-042 as well. Contrary to PS00, we
find an a-enhancement of CS 22874—-042 normal for metal-
poor halo stars ([a/Fe] =0.35 + 0.09), while PSO0 found that
CS 22874-042 was “a-poor” ([a/Fe] ~ 0.2) and thus a good can-
didate for an (intermediate-age) star with extragalactic origin.
This is due to the lower temperature and metallicity determined
by us with respect to the values of PS00. Regarding the iron-
peak elements Sc, Cr and Mn, we obtain a slight enhancement
of [Sc/Fe] = 0.3 dex and [Cr/Fe] = 0.2 dex, while PS00 obtained
a similar enhancement for Sc but an under-abundance of Cr of
—0.15 dex. This can be due to differences in line lists such as
hyperfine splitting or other updates such as line blends. How-
ever, we mainly assign this to the better S/N of our new spectrum
around the Cr lines compared to PS00. Manganese is similarly
under-abundant in both studies. Finally, regarding the heavy s-
process elements Ba and La, we obtain a good agreement of Ba
abundances with solar values while La is only an upper limit.
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Fig. 6. Illustrative line profiles in different regions of the spectra. The stellar parameters of CD —48 2445 and CS 22874-042, as well as
a-abundances are comparable, while the abundances of Ba and Li are different. HD 142575 has a higher metallicity, temperature and rotational
velocity with respect to the other BMP stars. Li in this star can not be measured here.

A moderate enhancement for Sr is derived, in contrast to PS00
who obtained [Sr/Fe] = —0.4. This is in part due to the updated
atomic data we used for Sr (Bergemann et al. 2012; Hansen et al.
2013) and in part owing to the different stellar parameters and
spectrum quality especially in the blue wavelength range.

With our higher quality spectrum, we were able to measure
elements that were not reported by PS00, namely Li, O, Na, Al,
Si, V, Co, Ni, Y, and Zr. Like Mn, Al is under-abundant. As for
La and Ba, a slight weak s-process enhancement is found for
Sr, Y, and Zr. Silicon and oxygen behave like the rest of the
a-elements, that is, with the normal enhancement of halo stars,
and Co and Ni have solar values. An interesting case is V, which,
at 0.3 dex, is rather enhanced for an iron-peak element. The line,
however, is weak and noisy and the abundance should be treated
with caution.

Finally, the most surprising abundance value is that of Li
with A(Li) =2.38 +0.10 dex, which remains enhanced with re-
spect to Spite-plateau value, even after our re-determination
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of the stellar parameters. While recent studies attest to an in-
creasing Li with increasing metallicity, studies of globular clus-
ters at similar metallicity to this star find a very homogeneous
Li-abundance; that is, NGC 6397 at [Fe/H] =-2.0 dex shows
A(Li)=2.25 (Lind et al. 2009) over a broad range of evolution-
ary stages. In the metal-poor regime, Bonifacio et al. (2007) state
a lo-scatter in A(Li) of 0.09 dex so that CS22874-042 can in fact
be considered a 20" outlier (modulo our measurement error).

Furthermore, the star presents no detectable r-process ele-
ment lines in its spectrum. This may however be an observational
bias owing to the fact that the star is a hot dwarf preventing us
from detecting lines such as Eu, Sm, Gd, and Dy. For exam-
ple, the EW of the generally strong Eu line at 4129 A lies below
3mA at these stellar parameters for a solar Eu abundance. This
is at the noise level of our spectrum and thus, detecting very low
abundances of Eu for our BMP star is not possible within our
spectrum.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629628&pdf_id=6
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Table 5. Final elemental abundances measured for CS 2287-042 and
CD —48 2445.

CS 22874-042 CD —48 2445
Elem. [X/Fe] o [X/Fe] loa
Lil 2.38 0.10 2.23 -
CH 0.0 0.2 <0.0 -
Ol 0.45 0.10 - -
Nal 0.22 0.05 0.19
Mgl 0.35 0.10 0.55 0.05
All -0.85 0.05 -0.83 0.09
Sil 0.25 0.10 0.20 0.10
Cal 0.28 0.10 0.38 0.0
ScIl 0.30 0.05 0.26 0.05
Til 0.46 0.15 - -
Till 0.37 0.10 0.42 0.04
VI 0.30 0.10 0.27 0.2
Crl 0.20 0.05 —-0.05 0.05
Mn I -0.45 0.05 -0.45 0.01
Col 0.00 0.05 0.11 0.04
Nil —-0.05 0.05 <0.10 -
Srll 0.15 0.10 0.50 0.15
YII 0.15 0.15 0.05 0.05
Zr 11 <1 - 0.70 0.15
Ball 0.0 0.10 0.24 0.04
Lall <0.5 - 0.70 0.10
Eu Il - - 0.85 0.1

Notes. The uncertainty (o) covers the line-to-line scatter and continuum
placement.

For the comparison star, CD —48 2445, the Li abundances
have been reported in the literature, with a plateau value of 2.2
(Asplund et al. 2006) to 2.38 (Meléndez et al. 2010). In com-
parison we derive an A(Li) of 2.23 agreeing well within the
combined errors with the measurement of Asplund et al. (2006).
Here we report abundances for the same 17 elements that were
also measured in CS 22874—-042. CD —48 2445 shows a slightly
higher [a/Fe] = 0.39 +0.14, but a similarly low Al and Mn abun-
dance, and a general increased level of the s-process elements
Sr, Zr, Ba and La. Interestingly, this hot star has an r-process
enhancement of [Eu/Fe] =0.85.

4.3. Uncertainties

To assess the uncertainties due to stellar parameters, we deter-
mined the abundances in the same way as in Jofré et al. (2015),
using iSpec. To wit, we determined the abundances eight times,
each time considering a different value of the stellar parameters
given their uncertainty. The results for each star are indicated
in Table 6. The error due to uncertainty in each of the stellar
parameters is given as A(Teq), A(log g), A([Fe/H]) and A(vpic),
respectively.

4.3.1. NLTE effects

Our work is based on abundances obtained under the assump-
tion of one-dimensional (1D) model atmospheres and that LTE
holds for all species. However, it is known that metal-poor
stars, especially those with higher temperatures, can be signif-
icantly affected by NLTE and 3D effects, especially when de-
riving atmospheric parameters using low excitation iron lines

(Mashonkina et al. 2011; Bergemann et al. 2012; Hansen et al.
2013). This prompted us to determine a photometric tempera-
ture for CS 22874—042. However, iron abundances need to be
derived from the spectrum and can have NLTE corrections. For
warm BMP stars (77 = 6500 K) with metallicities of approxi-
mately —2, the corrections tend to be less than 0.1 dex (Lind et al.
2013), which is similar to our derived Fe uncertainty (Sect. 4.3).

Since HD 84937 has a slightly higher temperature and oth-
erwise similar stellar parameters compared to CS 22874-042,
we use the NLTE correction for the former star to estimate
an order of magnitude of the NLTE corrections. Starting with
the lightest element Li, 3D and NLTE corrections typically
amount to approximately 0.1dex or less (Dobrovolskas et al.
2014; Sbordone et al. 2010; Lind et al. 2009). The corrections
for Li are less than the ~0.2 dex required to lower the Li
amount to the Spite-plateau value. Sbordone et al. (2010) in-
vestigated differences in NLTE vs. LTE Li abundances using
two independent model atoms (Carlsson et al. 1994; Lind et al.
2009). In both cases, stars with temperatures hotter than 6500 K
have NLTE abundances that are ~0.04 dex lower than the LTE
abundances. We note that for CD —48 2445, the difference due
to NLTE reported in (Meléndez et al. 2010) is 0.08 dex. Regard-
less of 3D, NLTE corrections, both BMP stars will remain above
the Spite plateu.

Dobrovolskas et al. (2014) investigated the NLTE and 3D ef-
fects on sodium and oxygen in main-sequence stars and con-
cluded that the departures from LTE play a dominant role at
the 0.35dex level for Na and 0.20dex for oxygen. However,
due to the much lower influence of convection in the atmo-
spheres of turn-off stars, the abundance corrections are signifi-
cantly smaller in these stars; 0.02 dex for Na and 0.05 dex for O.
In comparison Amarsi et al. (2016) report a combined 3D, NLTE
correction for O from the 6300 A forbidden line of —0.1 dex
in a 6500K turn-off star. In another study of the NLTE effects
of the Na D lines, which are also used in the present work,
Lind et al. (2011) showed that the corrections are significant for
turn-off metal-poor stars, but they slightly decrease towards hot-
ter temperatures.

Andrievsky et al. (2008) determined Al NLTE corrections in
metal-poor dwarfs and showed that they can reach up to 0.7 dex
for a star with parameters similar to CS 22874—042. This brings
our seemingly low abundances much more in line with the ap-
proximately solar [Al/Fe] ratios in the metal-poor halo.

For Mg, Si and Ca, the corrections are very small, on the or-
der of 0.02 dex or less, but at ~0.25 dex, for Cr, the NLTE effects
in metal-poor stars are more significant (Bergemann & Cescutti
2010). The need for large NLTE correction for Cr was re-
cently reduced by using improved atomic data for the Cr I and
Cr II lines (Sneden et al. 2016).

Manganese NLTE effects can also be significant for metal-
poor stars (Bergemann & Gehren 2008). In the recent study of
HD 84937, Sneden et al. (2016) discussed the Mn resonance
lines A1 4030, 4033 and 4034 A, which have corrections of more
than 0.5 dex. For the s-process element Sr, the detailed spec-
troscopic analysis of Hansen et al. (2013) showed that differ-
ences between NLTE and LTE in Sr II abundances (from the
4077 A-line) in the warmest, metal-poor dwarfs of their sample
could reach 0.12 dex. In contrast, the neutral 4607 A-line expe-
riences a much larger departure from LTE. For Ba, the study of
Andrievsky et al. (2009) and Korotin et al. (2015) show that, as
for Sr, NLTE will, as a function of temperature, act differently
on different transitions. For instance, the line at 4554 A used in
our study, has NLTE effects in the order of 0.1 dex in BMP stars.
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Table 6. Final uncertainties in the abundances of CS 22874-042.

CS 22874-042 CD —48 2445
Element  A(Ter) Alogg) A(Fe/H) A@) ATer) Alogg) A(Fe/H]) AE) N lines
Li 0.131 0.000 0.010 0.015 0.07 0.00 0.00 0.00 1
C - - - - 0.50 0.13 0.61 0.01 2
O 0.125 0.076 0.009 0.013 - - - - 0
Na 0.171 0.052 0.003 0.005 0.08 0.02 0.00 0.03 2
Mg 0.073 0.003 0.004 0.005 0.04 0.00 0.00 0.00 3
Al 0.123 0.000 0.025 0.043 0.06 0.00 0.01 0.02 2
Si — — — - 0.08 0.03 0.00 0.03 1
Ca 0.170 0.051 0.005 0.007 0.09 0.03 0.00 0.01 4
Sc 0.094 0.071 0.004 0.006 0.05 0.03 0.00 0.01 3
Ti 0.049 0.074 0.002 0.002 0.03 0.04 0.00 0.00 1
A% 0.042 0.074 0.005 0.009 0.02 0.04 0.00 0.00 1
Cr 0.187 0.008 0.007 0.010 0.09 0.00 0.00 0.05 2
Mn 0.186 0.002 0.007 0.010 0.10 0.00 0.00 0.01 3
Co 0.143 0.010 0.010 0.015 0.07 0.00 0.00 0.00 2
Ni 0.146 0.004 0.010 0.015 0.07 0.00 0.00 0.00 1
Sr 0.132 0.044 0.017 0.028 0.07 0.02 0.01 0.08 2
Y - - - - 0.03 0.05 0.00 0.00 2
Zr - - - - 0.09 0.00 0.00 0.00 2
Ba 0.112 0.065 0.007 0.012 0.05 0.03 0.00 0.01 1
Eu - - - - 0.02 0.04 0.00 0.00 1

Notes. The variation obtained considering the uncertainties in stellar parameters are given under the variable A for 7, logg, [Fe/H], and &,
respectively. The last column indicates the number of lines used for each element.

Unfortunately there have been no studies on NLTE correc-
tions spanning the large parameter range of blue stragglers or
BMP stars in the literature. As we have seen above, most of the
corrections remain minor (within the derived uncertainty) except
from an element such as Al. Therefore, in the following sec-
tion, we limit ourselves to comparing the chemical abundances
of CS 22874—-042 and CD —48 2445 to other warm dwarf stars,
which have also been analysed assuming 1D-LTE. Although the
chemical abundances might be subject to some corrections, the
relative comparison between the abundances in stars with similar
stellar parameters still sheds light on the nature of BMP stars.

5. Discussion of BMP formation sites
5.1. Correlation with stellar rotation

Boesgaard & Tripicco (1986) noted a strong decline in the Li-
abundance within a very narrow temperature window +300 K in
Pop I and old, open cluster stars. Reasons for this comprise dif-
ferential rotation, meridional circulation and convection and/or
diffusion effects, all of which involve transport of the surface Li
to deeper, hotter layers where it is easily destroyed. A trend of Li
abundance and rotational properties thus arises naturally. Such a
dip has not been seen in young star clusters, while it is more
evident in old, metal-poor systems. Dearborn et al. (1992) sug-
gest that mass loss during the main sequence phase can cause
the Li-dip, which predicts that a similar depletion should be ob-
served in metal-poor Pop II systems, as indeed first evidenced
in Asplund et al. (2006), Bonifacio et al. (2007). Here we do not
find evidence of a Li-dip in the range 6400—6800 K since both
single stars and binary candidates remain at the Spite-plateau,
except from the BMP binaries that are naturally depleted in Li
(see Fig. 5).

As a consequence of the well-established relationship be-
tween rotation and spectral type (e.g., Nielsen et al. 2013), we
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show in Fig. 6 selected spectral lines in HD 142575 compared
to their counterparts in CS 22874-042 and CD -48 2445.
HD 142575 is also a BMP star, but it is hotter and rotates faster,
as can be seen from the broadened spectral lines. For this star,
Carney et al. (2005) list an A(Li) of 1.45 dex and an EW of
2.1 mA was reported by Fulbright (2000). Our spectrum of
higher S/N and higher resolution did not permit us to measure
an EW for this line, which implies that HD 142575 is clearly
Li-depleted. Using a sample of halo stars that experienced mass
transfer, Masseron et al. (2012) showed that all stars with large
rotational velocities (>8 kms~!) had depleted Li, while all stars
with normal Li were slow rotators. This is confirmed by our sam-
ple, where the fast rotator HD 142575 is depleted in Li, while the
stars with lower vsini (CS 22874—042 and CD —48 2445) have
high-to-normal Li. We note that despite the lower v sin i/vmacro
CD -48 2445 may still have experienced mass transfer (see
below).

5.2. s-process and AGB enhancement

We find that CD —48 2445 is s-process enhanced (notably in La,
Zr and Sr) with respect to CS 22874—-042. While both stars have
a comparable abundance pattern of iron-peak and a-elements,
they show a clear difference in their enrichment patterns at
a 0.2 dex level or more in the heavy r- and s-elements (see
Table 5).

An apparent RV variation of CD —48 2445 (seen over 40 yr),
and this star falling below the colour cut V — Ky = 1.08 would
point towards binarity and mass transfer from an AGB star af-
fecting its abundance pattern. Owing to the Ba and especially
La enrichment, the AGB polluting CD —48 2445 was likely of a
lower mass, since already a 2 M, AGB would produce and trans-
fer much larger abundances than what we detect observationally
(Izzard et al. 2009; Cristallo et al. 2011). That is, a 1.3 My AGB
or even slightly lower mass would agree better with the observed
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(low) Ba abundance (see e.g. Cristallo et al. 2011). The enhance-
ment of s-process with respect to CS 22874—-042 suggests that
the variation of RV is real.

5.3. Origin of BMP stars and comparison with the literature

CS 22874-042 shows evidence of being a regular halo star in
many regards, such as its elevated [a/Fe] ratios, which, at its
metallicity of —1.9 dex, would argue against an accretion origin
from a dwarf galaxy unless the stripped satellite had been mas-
sive, with a high star formation rate to reach this level of @ en-
hancement (e.g. Hendricks et al. 2014). In either case its abun-
dance pattern points to a scenario where this star has had time
to be enriched by several SNe at a [Fe/H] > -2 dex and a mean
[a/Fe] of 0.35 dex.

However, at [Fe/H] ~ —2 (after less than 1 Gyr on the en-
richment clock), yields from SN Ia have not appeared yet in a
standard Galactic chemical evolution scenario, so several SNe 11
will have had time to explode and enrich the ISM.

To aid our interpretation on the BMP star-formation
mechanisms, we compare our abundance measurements of
CS 22874—-042 and CD —48 2445 to three other hot dwarfs
from the literature. These are: HD 106038 (this halo star
has a very similar enhancement of Li to CS 22874-042;
Asplund et al. 2006); HD 84937 (usually treated as a typical halo
star with no signatures of binarity, pollution or extra mixing);
and CS 22950—-173 (with similar temperatures to our sample but
normal Li abundance; Sbordone et al. 2010).

Here, CS 22950-173 is interesting since it also belongs to
the RV constant sample from PS00. Our spectrum of this star
was too noisy to detect Li, but the UVES spectrum used by
Sbordone et al. (2010) allowed them to robustly detect Li. More-
over, it is important to note that Sbordone et al. (2010) deter-
mined the temperature for this metal-poor dwarf using differ-
ent methods. With their NLTE calculations for the Balmer lines
they obtained a temperature for this BMP star significantly lower
(63356506 K) than in PS00 (6800 K), similar to what we found
for CS 22874—-042. For our comparison, we employ literature
studies preferentially using LTE for the sake of consistency. The
respective results from the literature are indicated in Table 7.

As it transpires, all stars have relatively homogeneous val-
ues in the @- and iron-peak element abundances. Their scat-
ter can be attributed to differences in, for example, techniques
for the abundance determination between the sources and stel-
lar parameters. This can induce a scatter in the abundances of
more than 0.2 dex, especially for those elements that are affected
by hyperfine structure, such as the odd-Z iron-peak elements
(Smiljanic et al. 2014; Jofré et al. 2015). Other abundance pecu-
liarities, such as the strong Si- and s-process enhancement in
HD 106038 remain hard to explain to date, even more so given
the RV-constancy (Nissen & Schuster 1997), and our colour
method supports that this star is single, since it is located above
the V — Ksg = 1.08 cut.

It is interesting to note that the neutron-capture elements
differ by more than 0.2dex and, as such, the differences are
unlikely to be attributed to different measurement techniques
as above (cf. Table 6). In Galactic chemical evolution, this is
expected, where abundances of these elements present a scat-
ter of up to one dex at these metallicities (Sneden et al. 2008;
Hansen et al. 2012, 2014). In this regard, HD 106038 is in-
teresting in that it is systematically enhanced in all neutron-
capture elements with respect to the other stars. Smiljanic et al.
(2008) suggested that a hypernova could have caused the enrich-
ment seen in Be and Li, however, they had problems explaining

the observed °Li as well as other elemental abundances. As
this star has a metallicity of —1.48, both supernovae (SN) and
AGB stars can easily have contributed to the gas mixture that
created this star. We therefore suggest that the observationally
derived abundances are a result of AGB plus either magneto-
hydrodynamic (MHD) SN (Winteler et al. 2012) or neutron
star mergers (NSM) which could explain the enhanced lev-
els of the neutron-capture elements. This agrees well with a
[Ba/Eu]* =0.31 pointing towards a mixed r- and s-process ori-
gin (Hansen et al. 2012; Mashonkina et al. 2008; Arlandini et al.
1999; Bisterzo et al. 2014).

In HD 84937, a very different chemical pattern is seen for
the heavy elements (see Table 7 and Fig. 7). Here the [Ba/Eu] ~
—0.7 indicates an almost pure r-process enrichment at a lower
metallicity (—2.15 Mashonkina et al. 2008). This would indicate
a large contribution from either MHD SN or NSM.

The last star taken from the literature is CS 22950-173
which is under-abundant in the two known heavy elements Sr
and Ba. Based on the low levels, a possible formation site could
be the fast rotating massive stars (Frischknecht et al. 2012), how-
ever, the reverse abundance ratios would be expected for Sr
and Ba (i.e. Sr>Ba). According to Arlandini et al. (1999) and
Mashonkina et al. (2008) a [Sr/Ba] < 0.62 could also indicate an
r-process origin, which in this star would be very diluted (or in-
efficient, thereby making “normal” SN an option).

Although CS 22874-042 and CD —48 2445 have very sim-
ilar iron-peak and a-abundances, the abundances of s-process
elements differ. We therefore believe that CD —48 2445 is a re-
sult of AGB yields mixed with an efficient r-site like NSM or
MHD SN, while CS 22874—-042 is more likely enriched by mas-
sive rotating stars or normal (massive) supernovae creating the
high level of a-elements and the low level of neutron-capture
elements. We note that the low Ba abundance is puzzling, and
while the Ba/Eu-ratio would indicate a very r-process-dominated
gas origin of CD —48 2445, the La/Eu-ratio would point towards
a more convolved r- and s-process mixture, which we support
based on the high level of Sr and Zr in this star.

6. Summary and conclusions

In the era of large surveys, we are bound to observe BMP stars
in large numbers as they are often bright. Thus, it is becom-
ing increasingly important to understand their origin in order
to explore their potential as chemical tracers and segregators of
galaxy-formation scenarios.

Blue metal-poor stars are important probes of Galactic evolu-
tion because they are either younger than typical turn-off stars of
the halo, or because they are field blue stragglers (binaries). Here
we developed a way, which to first order relies on colour and
photometry, of separating the binaries from the single stars, im-
mediately allowing the blue stragglers to be singled out amongst
the blue stars. We find a cut at V — K'sy = 1.08 mag below which
the binaries fall in 97% of the cases (including some single star
pollution possibly caused by fast-rotating stars). Above this cut
(almost only) single stars are found. The method is further im-
proved by combining photometry and spectroscopy (comparing
the V — K5 to the stellar Li abundance, a useful indicator as
mentioned by Carney et al. 2005). However, this second step
requires high-resolution, high-S/N spectra. Spectral analysis of
these objects is thus a vital tool for disentangling details about
their origin as well as chemical tagging of their composition
and assessment of birthplace and nuclear formation processes.

4 [Ba/Eu] < —0.77 indicates a pure r-process origin.

AS54, page 11 of 16



A&A 598, A54 (2017)

Table 7. Literature abundance for our comparison stars.

Element HD 106038 HD 84937 CS 22950-173
[X/Fe] Reference [X/Fe] Reference [X/Fe] Reference
Li 2.48 A06 2.30 T94 2.20-2.30 S10
Mg 0.36 N97 0.27 J15 0.38 PS00
Al - -0.89 MO8 -
Si 0.57 N97 0.30 J15 - -
Ca 0.21 N97 0.36 J15 0.18 PS00
Sc 0.17 B15 0.13 J15 -0.01 PS00
Ti 0.19 N97 0.37 J15 0.53 PS00
\" 0.25 S16
Cr 0.02 N97 -0.20 J15 -0.08 PS00
Mn -0.20 P13 -0.27 S16 <-0.13 PS00
Co 0.10 P13 0.14 S16
Ni 0.18 No97 0.00 J15
Sr 0.56 H12 -0.03 MO8 -0.74 PS00
Y 0.54 H12 0.00 MO8
Zr 0.68 H12 0.25 MO8 ... ...
Ba 0.76 H12 -0.15 MO8 -0.04 PS00
Eu 0.45 H12 0.54 MO8

References. A06: Asplund et al. (2006); N97: Nissen & Schuster (1997); B15: Battistini & Bensby (2015); P13: Peterson (2013); H13:
Hansen et al. (2013); H12: Hansen et al. (2012); T94: Thorburn (1994); J15: Jofré et al. (2015); S16: Sneden et al. (2016); M07: Mashonkina et al.
(2007); FOO: Fulbright (2000); M08: Mashonkina et al. (2008); S10: Sbordone et al. (2010); PS00: Preston & Sneden (2000); S14: Spite et al.

(2014).

Further information can be drawn from mass-transfer signatures
(e.g. s-process elements) that might have affected their evolu-
tion. These analyses are, however, challenging, as their hot and
metal-poor nature makes the identification of spectral lines dif-
ficult, and large telescopes are needed to obtain a spectrum with
high enough S/N. Moreover, repeat observations covering an ex-
tended timespan of several years are needed to assess binarity
based on RV measurements in such stars. For this reason, there
is little information about their chemical composition available
in the literature. Here we contributed to this field with a new
method for separating binary from single blue stars with a com-
bined detailed chemical analysis of two BMP stars in a com-
parison with similar stars from the literature. Our results can be
summarised as following:

— Colour separation of binary and single stars: here we used
V —Ksp vs. B—V} or metallicity to separate blue binary stars
from single stars. A colour cut at V-Ksy = 1.08 mag was dis-
covered. This is useful in surveys (such as Gaia) that provide
colour and metallicity. Moreover, we show how Li abun-
dances combined with photometry allow for a smooth and
fast separation of which BMP stars are binaries and which
are single stars.

— Stellar parameters: with our improved high-quality spec-
trum and a new parameter determination, we found a signif-
icantly lower temperature of CS 22874—042 than had origi-
nally been determined in PS00. Such discrepancies have also
been reported in the literature (Sbordone et al. 2010). Since
our new effective temperature lowered the Li abundance by
almost one dex, this emphasises the need for accurate and
precise stellar parameters when assessing the chemical na-
ture of this class of stars.

— The behaviour of Li in blue stragglers: it has been sug-
gested that BMP stars with a regular plateau value
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of A(Li) should be intermediate-age stars, while Li-depleted
stars are more likely to be blue stragglers. Our work
showed that this distinction is not as straightforward.
One decisive factor is stellar mass, as several theo-
retical and observational studies have ascertained that
the depletion from the primordial BBN value acts more ef-
ficiently in lower-mass stars through mass-dependent dif-
fusion (e.g. Richard et al. 2005; Gonzélez Herndndez et al.
2008; Meléndez et al. 2010; Aoki et al. 2012). Similarly, if
mass transfer occurred in these systems, diffusion can be in-
hibited such that Li could retain its original (high) levels.
This is bolstered by our finding of the Li-plateau value in
CD —48 2445, which shows other signs of mass transfer; the
fact that the Li-enhanced star in our study, CS 22874-042 is
clearly a single star, gives weight to our proposed separation.
See also Jofre et al. (2016) for discussion on possible Li en-
hancement in evolved blue stragglers that are not in binary
systems.

Lithium and rotation in RV constant stars: HD 142575
is found to be Li depleted and a fast-rotating star.
CS 22874—-042 on the other hand is slowly rotating and Li-
enriched confirming that there is a correlation between the
rotation and the Li abundance. This agrees with the results
of Masseron et al. (2012).

RV constancy of CS 22874—042 over 22 yr: our new RV de-
termination 15 yr after the last RV measurement of PS00
confirms that CS 22874—-042 does not have a companion that
we can detect either in RV or in colour.

Origin of BMP stars: from its abundances of r- and s-process
elements, we conclude that CD —48 2445 might have re-
ceived prenatal gas from a NSM and is a possible blue strag-
gler that accreted mass from an AGB. It may still have a bi-
nary companion in the form of a white dwarf. CS 22874—-042
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Fig. 7. Abundance pattern for CS 22874—042, CD —48 2445 and our comparison stars HD 106038, HD 84937, and CS 22950-173. The abundances
of the comparison stars have been taken from the literature (see Table 7). We also indicate the BBN Li level from WMAP (A(Li) =2.7 Cyburt et al.

2008) as well as the Spite-plateau (2.2).

on the other hand has experienced a very different enrich-
ment, possibly from massive stars with inefficient heavy el-
ement production. Both stars have a relatively high a-to-Fe
ratio making them in situ-formed Milky Way stars.

More high S/N spectra and accurate photometry for BMP stars
are needed to revise their stellar parameters, determine elemen-
tal abundances and gain extra RV measurements that will pro-
vide more insight into how various subgroups of these blue stars
are created. Additionally, the photometry will help confirm and
generalise the colour cut discovered. The Li, e, r- and s-element
abundances allow us to distinguish the BMP fraction that are
binaries and that suffered from mass transfer from the ones that
are accreted early on in a galaxy merger event. Hence, abun-
dance studies of these elements in such stars will help to en-
lighten us on galaxy formation and evolution and this has an
important outlook for the future large surveys that are efficient in
the red-wavelength range (e.g. 4AMOST, HIRES and WEAVE).
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Appendix A: Additional tables

Table A.1. Coordinates, photometry (from Simbad and literature), dereddening, temperature, metallicity, Li abundance, radial velocity (RV), and
literature reference for the binary and candidate binary BMP sample.

Star Ra(a), Dec(0) \% Lit.tV. Ks EMB-V) T [Fe/H] A(Li) RV Ref.
(J2000.0) [mag] [mag] [mag] [mag] [K] dex dex [kms™']
Binaries
BD+51 1817 1308 39.10, +51 03 59.26 10.21 10.23 9.08 0.000 6345 -1.10 1.64 RO1
BD+25 1981 08 44 24.69, 424 4747.75 9.29 9.29 8.39 0.000 6780 -1.30 1.75 RO1
BD+23 74 003243.32,+24 1321.41 9.88 9.88 9.11 0.022 7500 -0091 1.32 32.5 C05
G202-65 16 35 58.58, +455159.26 11.06 11.22 10.18 0.000 6390 -1.50 1.67 RO1
HD 8554 01 24 42.30, +07 00 05.23 9.57 9.57 8.63 0.030 6780 -1.47 1.11 11.1 CO05
HD 109443 1234 46.73,-2328 3220 925 925 8.16 0.077 6650 -0.55 0.67 43.4 C05
HD 135449 1516 10.39, -325333.03 946 946 8.15 0.285 6740 -0.92 1.10 -42.0 C05
CS22956—-028 2144 48.72,-632209.80 13.00 13.00 11.98 0.028 7035 -1.89 2.00 L05, PSO0
CS29497-030 004047.93,-24073391 1266 12.70 11.75 0.014 6650 -2.70 1.10 S04, PS00
CS22873—-139 200555.15,-591711.40 13.83 13.80 12.63 0.030 6400 -2.90 2.15 RO1
CS22166-004 0052 11.44,-110440.06 13.08 13.10 12.53 0.028 e —1.30 PS00
CS22166-041 01 1056.36, -134243.50 1436 1430 13.34 0.020 7050 -1.32 PS00
CS22170-028 005107.37,-110831.95 11.52 11.80 11.17 0.027 8050 -0.68 PS00
CS22174-040 01 28 40.52, -07 24 04.30 13.18 13.20 12.62 0.026 we. =160 PS00
CS22872-062 1626 37.03, -043254.06 14.05 1430 12.86 0.200 7900 0.24 PS00
CS22874-034 14 38 26.84, -23 1448.49 14.49 14.60 13.66 0.095 .. =170 PS00
CS22876-008 23 5521.37,-344801.30 1395 13.90 13.12 0.012 7200 -1.88 PS00
CS22876-021 0001 03.78,-3348 15.76 14.48 14.50 13.48 0.011 7250 -1.10 PS00
CS22880-073 2048 10.95,-205923.90 14.05 14.10 13.19 0.058 we. =040 PS00
CS22885-048 2019 53.78, -38 56 36.07 14.27 14.30 13.21 0.050 7050 -1.36 PS00
CS22890-069 1524 12.28,+03 0506.43 12.71 12.70 12.03 0.039 we. —2.00 0.00 PS00
CS22894-029 2342 14.62,-005132.71 14.37 14.40 13.48 0.023 7350 -1.47 PS00
CS22896—149 194344.92,-561008.76 13.03 12.10 11.47 0.040 7950 -0.16 0.00 PS00
CS22941-005 232952.83,-351303.83 14.61 14.60 13.77 0.016 7450 -2.43 PS00
CS22946-011 01 1911.68,-192358.12 1395 14.00 12.87 0.014 6850 -2.59 PS00
CS22948-068 2149 06.93,-372752.49 13.77 13.70 12.78 0.022 7200 -1.37 PS00
CS22963-013 0253 53.75,-0642 17.84 13.51 13.50 12.61 0.045 ee. =250 PS00
CS22966-037 2343 38.60, -3148 18.40 14.02 14.00 13.28 0.013 7400 -1.34 PS00
CS22966-043 2343 54.45,-28 1834.50 13.56 13.60 12.83 0.014 7300 -1.96 PS00
CS22966—-054 234951.58,-290821.45 14.43 1440 13.65 0.019 7250 -1.17 PS00
CS29509-027 0050 15.78, -3059 56.16 12.72 12.50 11.47 0.019 7050 -2.01 PS00
CS29518-024 01 17 12.12,-322657.79 14.52 14.50 13.96 0.020 7650 -0.94 PS00
CS29518-039 01 2245.58,-282429.84 1426 1420 13.35 0.014 7050 -2.49 PS00
CS29527-038 0037 44.69,-2008 11.12 1441 1440 13.60 0.017 we.. =150 PS00
CS29527-045 0035 50.90, —-17 57 00.57 14.04 14.00 13.28 0.019 7250 -2.14 PS00
Maybe binaries
BD+24 1676 07 3041.26, +24 05 10.25 10.80 10.80 9.54 0.013 6387 -2.54 2.27 -238.6 R99, M10
CD-24 17504 2307 20.23,-235235.60 12.18 12.18 10.81 0.020 6451 -3.34 2.18 136.6 MI10
CD-3301173 031935.32,-325043.14 10.90 10.94 9.75 0.005 6536 -3.01 2.18 47.6 R99, M10
CD—48 2445* 06 41 26.66, —-48 13 14.95 10.54 10.54 9.29 0.015 6453 -193 2.22,2.38 319.2 M10, A06
G064—-12 1340 02.50,-0002 18.80 11.45 11.45 10.21 0.003 6463 -3.26 2.32 442.5 R99, M10
HD 338529 19323191, +262326.14 9.37 937 8.14 0.060 6335 -2.26 2.25 -128.3 A06
LP831-070 030605.43,-221917.94 11.80 11.80 10.34  0.005 6414 -294 2.28 -48.2 R99, M10
BS16023-46 1400 54.47, 422 46 42.34 14.23 14.23 12.96 0.004 6547 -2.90 2.27 M10, B07, S10
BS17570-63 0020 36.19, +23 47 37.70 14.51 14.51 13.07 0.026 6318 -2.91 2.06 M10, B0O7, S10
BS17572—-100 09 28 55.35, -052140.38 12.19 12.19 10.95 0.016 6596 -2.66 2.28 191.0/189.0 M10, B0O7, S10
CS22177-009 04 07 40.64, —250243.94 14.27 1427 1295 0.023 6421 -3.04 2.28 -1.9 M10, B0O7, S10
CS22888-031 23 1132.47,-352642.90 1490 1490 13.58 0.007 6335 -3.24 2.11 -126.0 M10, B0O7, S10
CS22953-037 01 2506.65, =59 16 00.70 13.64 13.64 12.46 0.008 6532 -2.84 2.27 -153.0 M10, B0O7, S10
CS22966-011 23 3507.05, -302254.35 14.55 14.55 13.28 0.000 6307 -3.06 1.92 M10, B0O7, S10
CS29518-043 01 18 38.30, 3041 02.66 14.57 14.57 13.37 0.008 6517 -3.17 2.20 M10, B0O7, S10
CS29527-015 0029 10.68, -19 1007.25 14.24 1424 13.05 0.014 6541 -3.43 2.25 48.0 M10, B0O7, S10
CS31061-032 02 3843.29,+031902.44 1390 13.90 12.61 0.015 6433 -2.57 2.23 M10, B0O7, S10
CS22174-008 01 1145.47,-104003.81 13.62 13.60 12.69 0.025 7320 -1.48 PS00
CS22896—-103 1933 15.47,-5458 52.01 14.54 14.50 13.66 0.046 7400 -0.10 PS00
CS29497-017 0031 25.75,-235726.82 14.14 14.10 1344 0.014 7500 -1.19 PS00
CS29499-057 2351 32.25,-254546.53 13.85 13.80 13.22 0.019 7700 -2.33 PS00
CS29517-021 23 5809.09, —145147.30 13.60 13.60 12.54 0.027 7000 -0.99 PS00

Notes. An “*” indicates that the star was analysed spectroscopically in this study. Our values are listed in Tables 1, 3, and 5.

References. R99: Ryan et al. (1999); PS00: Preston & Sneden (2000); RO1: Ryan et al. (2001); S04: Sivarani et al. (2004); C05: Carney et al.
(2005); LOS: Lucatello et al. (2005); A06: Asplund et al. (2006); BO7: Bonifacio et al. (2007); M10: Meléndez et al. (2010); S10: Sbordone et al.
(2010).
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Table A.2. Coordinates, photometry (from Simbad and literature), dereddening, temperature, metallicity, Li abundance, radial velocity (RV), and
literature reference for the single star BMP sample.

Star Ra(), Dec(5) vV LitV Ks EB-V) T [Fe/H] A(Li)) RV Ref.
(J2000.0) [mag] [mag] [mag] [mag] [K] dex dex [kms™!]
Single stars
BD+03 0740 04 5543.46,+3109 00.93 10.76  9.80 9.51 0.022 6419 =271 221 1742 R99, A06, M10
BD+09 2190 09 29 15.56, +08 38 00.46 11.14 11.15 991 0.015 6392 -2.66 2.13 266.6 R99, A06
BD-13 3442 1146 50.65, -140643.45 10.27 10.29 9.02 0.011 6311 =271 216 116.1 R99, A06
CD-3514849 213349.75,-3526 1423 10.63 1057 9.29 0.002 6396 -2.35 237 108.0  R99, A06, M10
G064-37 14 02 30.09, —05 39 05.20 11.14 11.14 9.92 0.012 6583 -3.17 221 81.5 R99, M10
HD 84937 09 48 56.10, +1344 39.32  8.32 8.32 7.06 0.005 6408 -2.11 232 -15.0 M10, C05
HD 142575 155502.84, +05 04 12.15  8.62 8.62 7.51 0.056 6550 -097 145 —-65.0 C05
LP815-43 2038 13.30,-2026 10.87 10.72 1091  9.65 0.024 6534 -2.78 2.26 -3.6 S10, M10, A06
CS22874-042*% 1438 01.94, -24 584432 1391 1391 12.42 0.076 6500/6900 -1.90 2.38 176.0 Our, PS00
CS22950-173  203531.26,-155330.60 14.04 14.04 12.66 0.046 6353 =273 221 69.0 S10, PSO0
CS22964-214 2005 50.00, -392743.30 13.66 13.70 12.32 0.076 6340 -3.30 215 RO1, PS00
CS22175-034  022021.52,-103808.95 12.60 12.60 11.62 0.024 7100 -0.28 PS00
CS22185-009 03 14 53.75,-14 435371 13.79 13.80 12.93 0.043 7100 -1.67 PS00
CS22871-040 14 39 20.00, -2050 31.62 12.72 12.80 11.99 0.087 7880 -1.66 PS00
CS22874-009 1434 23.17,-261737.62 13.58 13.70 12.53 0.077 7600 -0.42 PS00
CS22876-042 0012 00.83,-335950.50 13.12 13.10 11.90 0.011 6750 -2.06 PS00
CS22880-058 2043 55.98,-213632.50 14.54 14.60 13.25 0.043 7150 -1.85 PS00
CS22941-012  232829.73,-324846.40 1245 12.50 11.47 0.013 7200 -2.03 PS00
CS22948-079  214729.21,-392519.26 13.72 13.70 12.62 0.024 6700 -1.63 PS00
CS22950-078 2024 57.80,-162957.70 14.62 1470 13.19 0.053 6900 -1.86 PS00
CS22950-173  203531.26,-155330.60 14.04 14.10 12.66 0.039 6800 -2.50 PS00
CS22960-058 2216 05.87,-422642.80 13.50 13.50 0.012 6900 -1.99 PS00
CS22964-074  194929.42,-394239.40 1446 1450 13.12 0.055 6950 -2.30 PS00

Notes. An “*” indicates that the star was analysed spectroscopically in this study. Our values are listed in Tables 1, 3, and 5.
References. R99: Ryan et al. (1999); PS00: Preston & Sneden (2000); RO1: Ryan et al. (2001); CO5: Carney et al. (2005); A06: Asplund et al.

(2006); M10: Meléndez et al. (2010); S10: Sbordone et al. (2010).

A54, page 16 of 16



	Introduction
	Photometry of the BMP sample
	Li and V - Ks as binary/BMP segregators

	Spectrum analysis of extreme BMP and benchmark stars
	CS 22874-042
	CD -48 2445
	HD 142575

	Stellar parameters and abundances
	New atmospheric parameters of CS 22874-042
	Chemical abundance determination
	Uncertainties
	NLTE effects


	Discussion of BMP formation sites
	Correlation with stellar rotation
	s-process and AGB enhancement
	Origin of BMP stars and comparison with the literature

	Summary and conclusions
	References
	Appendix A: Additional tables

