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ABSTRACT

Context. In the course of the Turn Off Primordial Stars (TOPoS) survey, aimed at discovering the lowest metallicity stars, we have
found several carbon-enhanced metal-poor (CEMP) stars. These stars are very common among the stars of extremely low metallicity
and provide important clues to the star formation processes. We here present our analysis of six CEMP stars.

Aims. We want to provide the most complete chemical inventory for these six stars in order to constrain the nucleosynthesis processes
responsible for the abundance patterns.

Methods. We analyse both X-Shooter and UVES spectra acquired at the VLT. We used a traditional abundance analysis based on
OSMARCS 1D local thermodynamic equilibrium (LTE) model atmospheres and the turbospectrum line formation code.

Results. Calcium and carbon are the only elements that can be measured in all six stars. The range is —=5.0 < [Ca/H] < —2.1 and
7.12 < A(C) < 8.65. For star SDSS J1742+2531 we were able to detect three Fe I lines from which we deduced [Fe/H] = —4.80, from
four CaTr lines we derived [Ca/H] = —4.56, and from synthesis of the G-band we derived A(C) = 7.26. For SDSSJ1035+0641 we
were not able to detect any iron lines, yet we could place a robust (307) upper limit of [Fe/H] < —5.0 and measure the Ca abundance,
with [Ca/H] = -5.0, and carbon, A(C) = 6.90, suggesting that this star could be even more metal-poor than SDSS J1742+2531. This
makes these two stars the seventh and eighth stars known so far with [Fe/H] < —4.5, usually termed ultra-iron-poor (UIP) stars. No
lithium is detected in the spectrum of SDSS J1742+2531 or SDSS J1035+0641, which implies a robust upper limit of A(Li) < 1.8 for
both stars.

Conclusions. Our measured carbon abundances confirm the bimodal distribution of carbon in CEMP stars, identifying a high-carbon
band and a low-carbon band. We propose an interpretation of this bimodality according to which the stars on the high-carbon
band are the result of mass transfer from an AGB companion, while the stars on the low-carbon band are genuine fossil records of a gas

* Based on observations obtained at ESO Paranal Observatory, programme 091.D-0288, 091.D-0305, 189.D-0165.
** Appendix A is available in electronic form at http://www.aanda.org
*** Tables 4 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/qcat?]/A+A/579/A28
**** MERAC Fellow.
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cloud that has also been enriched by a faint supernova (SN) providing carbon and the lighter elements. The abundance pattern of the
UIP stars shows a large star-to-star scatter in the [X/Ca] ratios for all elements up to aluminium (up to 1 dex), but this scatter drops
for heavier elements and is at most of the order of a factor of two. We propose that this can be explained if these stars are formed
from gas that has been chemically enriched by several SNe, that produce the roughly constant [X/Ca] ratios for the heavier elements,
and in some cases the gas has also been polluted by the ejecta of a faint SN that contributes the lighter elements in variable amounts.
The absence of lithium in four of the five known unevolved UIP stars can be explained by a dominant role of fragmentation in the
formation of these stars. This would result either in a destruction of lithium in the pre-main-sequence phase, through rotational mixing
or to a lack of late accretion from a reservoir of fresh gas. The phenomenon should have varying degrees of efficiency.

Key words. stars: Population II — stars: abundances — stars: Population III — Galaxy: abundances — Galaxy: formation — Galaxy: halo

1. Introduction

Carbon-enhanced stars are the most common objects in the
extremely iron-poor regime. Very few stars with iron abun-
dance below 1/10000 do not show an over-abundance of carbon.
They provide important clues that help understand the forma-
tion of the first low-mass stars in the history of the Universe. A
carbon-enhanced metal-poor (CEMP) star has traditionally been
defined as a star having [C/Fe] > +1 (Beers & Christlieb 2005),
although [C/Fe] > +0.7 has been used (e.g. Aoki et al. 2007;
Carollo et al. 2012, 2014; Norris et al. 2013; Lee et al. 2013;
Skuladéttir et al. 2015). In our opinion the latter criterion should
not be used, since it may lead to ambiguous classifications. In
fact the mean carbon-to-iron ratio of turn-off extremely metal-
poor stars is ([C/Fe]) = +0.45 + 0.1 (Bonifacio et al. 2009).
These definitions are always purely phenomenological, and are
not based on any theoretical consideration. Ambiguity may arise
for some very luminous giants that are expected to have de-
creased their C abundance owing to mixing with material pro-
cessed through the CNO cycle (Skidladéttir et al. 2015). A further
shortcoming of this definition is for stars for which Fe cannot
be measured. However, in all practical cases the upper limit on
[Fe/H] allows a lower limit on [C/Fe] to be derived which deter-
mines whether a star is a CEMP or not. For the time being there
are no major controversies on which stars are to be considered
CEMP, although there are some on DLAs.

The turn-off Primordial Stars Survey (TOPoS) (Caffau et al.
2013b)! is aimed at finding stars of extremely low metallicity
extracted from candidates selected from spectra of the Sloan
Digital Sky Survey (York et al. 2000; Yanny et al. 2009; Dawson
et al. 2013), data releases 7, 8, and 9 (Abazajian et al. 2009;
Aihara et al. 2011a,b; Ahn et al. 2012). Our targets are mainly
the carbon-normal turn-off stars. However, in warm stars the
G-band may not be prominent in the low-resolution SDSS spec-
tra, even if the star is a CEMP. When observed at higher resolu-
tion these stars reveal their true nature. In some cases we delib-
erately targeted some CEMP stars of extremely low metallicity
in order to gain some further insight on the properties of these
stars.

CEMP stars can be rich in heavy elements, which are nor-
mally built by both the “s-” and “r-processes”. In this case they
are called CEMP-rs stars, although the nucleosynthetic origin
of the neutron capture elements in these stars is not very clear.
It may in fact be more complex than a simple superposition of
“normal” s- and r-processes (see Masseron et al. 2010, for a dis-
cussion); if they are rich only in heavy elements built by the
s-process they are denominated CEMP-s. CEMP stars with a

! The TOPoS survey is based mainly on ESO Large Programme

189.D-0165, and also on the precursor pilot programme conducted dur-
ing the French and Italian X-Shooter guaranteed time, and on some nor-
mal ESO observing programmes conducted with UVES such as 091.D-
0288 and 091.D-0305.
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normal pattern of the heavy elements are called CEMP-no stars
(see e.g. Beers & Christlieb 2005). The prototypical CEMP-
no star is CS 22957-027 (Norris et al. 1997b; Bonifacio et al.
1998, with [Fe/H] = —3.43, A(C) = 7.13). It is difficult to de-
rive the chemical content of heavy elements in unevolved stars,
and even more in the case of low- and medium-resolution spec-
tra. In the present sample two stars can be classified as CEMP-
rs (SDSS J1137+2553) and CEMP-s (SDSS J1245-0738) on the
basis of their Ba abundance, following Masseron et al. (2010).

An interesting issue is the lithium abundance in unevolved
CEMP stars compared to carbon-normal unevolved stars. Spite
& Spite (1982) discovered that the warm metal-poor unevolved
stars share a common lithium abundance, independent of effec-
tive temperature or metallicity. This is referred to as the Spite
plateau. The unevolved CEMP stars usually display lithium
abundances that are lower than the Spite plateau, although some
of them do lie on the Spite plateau. Given that lithium is de-
stroyed at temperatures higher than 2.5 x 10° K, the presence or
absence of lithium and its precise abundance place strong con-
straints on the temperatures experienced by the material present
in the stellar atmospheres and on possible lithium production
events.

The bulk of the metals observed in stars has been produced
by supernovae. The properties of CEMP stars can provide ev-
idence of the existence and possible role of faint supernovae.
A faint supernova is a core-collapse supernova such that its ki-
netic energy is of the order of a few 10°° erg, the velocity of
the ejecta <1000 kms~!, and the mass of °Ni of the order of a
few 1073 M. In such an explosion only the upper layers, rich
in lighter elements (up to magnesium), are ejected and recycled
in the interstellar medium. The deeper layers, rich in iron and
heavier elements, fall back onto the compact object and do not
contribute to the enrichment of the interstellar medium (see e.g.
Ishigaki et al. 2014a, and references therein).

In this paper we present abundance determinations for six
extremely iron-poor CEMP stars of which four are studied here
for the first time. SDSS J1742+2531 was already analysed on
the basis of an X-Shooter spectrum by Caffau et al. (2013a). In
that paper we were able to provide the abundance of C, from the
G-band and of Ca, from the Ca1I K line. No lines of Fe, or any
other element were detectable on that spectrum. In this paper we
give an account of our further observations of this star conducted
with UVES and providing higher resolution and signal-to-noise
(S/N) spectra. Star SDSS J1245-0738 has already been studied
by Aoki et al. (2013).

2. Observations and data reduction

The coordinates and SDSS photometry of our programme stars
are summarised in Table 1.
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Table 1. Coordinates and magnitudes from SDSS.

SDSS ID RA Dec [ b u g r i z EMB-YV)

J2000.0 J2000.0 deg deg [mag] [mag] [mag] [mag] [mag] [mag]
SDSSJ0212+0137 02 12 38.48 +01 37 58.08 160.37835821 -55.22255068 18.32 17.46 17.22 17.12 17.09 0.032
SDSSJ0929+0238 09 29 12.33 +02 38 17.00 230.78095136  35.85905110 19.27 18.36 17.96 17.78 17.73 0.061
SDSSJ1035+0641 10 35 56.11 +06 41 43.97 239.11776469  51.90944644 19.53 18.65 18.37 18.31 18.26 0.028
SDSSJ1137+2553 11 37 23.26 +25 53 54.30 174.34692383  25.89841652 17.35 16.47 16.21 16.12 16.11 0.022
SDSSJ1245-0738* 12 45 02.68 —07 38 47.10 191.26116943 —-7.64641666 17.27 1631 16.02 1591 15.86 0.026
SDSST1742+2531% 17 42 59.68 +25 31 35.90 49.85799222 25.64468718 20.06 18.91 18.67 18.55 18.49 0.065

References. ¥ Already studied by Aoki et al. (2013); ) already studied by Caffau et al. (2013a).

Table 2. Barycentric radial velocities for SDSS J0212+0137.

Date Viary JD -2400000.5
kms™! days
2013-08-06-01.279  2.39 56510.378487
2013-08-06-04.208  3.44 56510.271576
2013-08-06-22.838  3.67 56510.307209
2013-08-06-43.988  3.48 56510.342870
2013-08-12-13.675  3.87 56516.372381
2013-08-12-36.536  3.26 56516.253895
2013-08-12-46.360  3.36 56516.298453
2013-08-12-52.547  2.77 56516.335330
2013-08-13-10.375  3.71 56517.369565
2013-08-31-18.454  3.98 56535.273130
2013-08-31-39.166  5.73 56535.235870
Daily mean velocities
2013-08-06 336 +£0.53  56510.325000
2013-08-12 348 £0.52 56516.315000
2013-08-13 371 £0.55 56517.369565
2013-08-31 532+0.65 56535.118070

2.1. SDSSJ0212+0137

For the star SDSSJ02124+0137 we have nine 3000s and two
3700s exposures taken with UVES in the 437+760 nm setting,
collected between August 6 and August 31, 2013. The slit width
was set to 1”4 to minimise the light losses, and the binning 2 X 2.
In this case the resolving power was set by the seeing and since
most observations were taken with a seeing around 1”” on the
coadded spectrum, it is of the order of 47 000. The spectra were
reduced in the standard way using the UVES pipeline (Ballester
et al. 2000) within the ESO Common Pipeline Library. The ra-
dial velocity was measured on each individual spectrum and then
spectra obtained on the same day were coadded and the radial ve-
locity measured from this coadded spectrum. In both cases it was
apparent that the radial velocity varied nearly linearly over the
observation period. Both the radial velocities from the individual
spectra and the daily means are given in Table 2. The line-to-line
scatter in the velocities of each individual spectrum was typically
less than 1 kms~! and always less than 1.4 kms~!. For compar-
ison the SDSS radial velocity for this star is —2.7 + 3 km s~
the spectrum was taken on the 27-09-2009, MJD 5502. Further
monitoring of the radial velocity of this star is encouraged. The
coadded spectrum has S/N = 79 at 392 nm, 87 at 450 nm, 134 at
670 nm, and 210 at 850 nm.

2.2. SDSSJ0929+0238

SDSS J0929+0238 was observed with X-Shooter on May 12,
2013, for an exposure time of 3000s in the IFU mode. The

2.0

15

Normalised Flux

430
Wavelength [nm]

Fig.1. SDSSJ0929+0238, the G-band in the SDSS and X-Shooter
spectra.

Normalised Flux

0.5

Ca-K
Lol Uy oy 1 Ce-H
392 394 396 398
Wavelength [nm]

Fig.2. X-Shooter spectra around the Cam H & K lines of
SDSS J0929+0238 (the spectrum is vertically displaced by 1 unit for
display purposes) and SDSSJ1035+0641. The dotted lines mark the
position of the stellar Call H &K lines. The CH lines are much more
prominent in the former because the carbon abundance is almost 1 dex
larger and the effective temperature is almost 300 K cooler.

S/N is about 20 at 400 nm. Both the X-Shooter spectrum and
the low-resolution spectrum of SDSS show an obvious G-band
(see Fig. 1), and the star was targeted for this reason as well
as for the very weak Call K line (see Fig. 2). This line and
the G-band are the only metallic features we can detect from
the X-Shooter spectrum; they provide only upper limits for iron
and other elements. The radial velocity as measured from the
Cat K line is +398 km s~! with an error estimate of 10 kms~!.
This is considerably lower than the velocity estimate of SDSS
(+467 + 10 kms™!). However, considering that the SDSS mea-
surement can rely only on the Balmer lines, unsuitable for
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accurate radial velocity measurements owing to their breadth
(see e.g. Gonzdlez Herndndez et al. 2008), it may well be that
the error in the SDSS measurement is much larger than its for-
mal estimate and thus the two radial velocities are consistent. It
would nevertheless be interesting to monitor the radial velocity
of this star since the difference between our measurement and the
SDSS may indicate the presence of radial velocity variations.

2.3. SDSSJ1035+0641

SDSS J1035+0641 was observed with X-Shooter on April 30
and May 1, 2013, on each occasion for an exposure time of
3000s in the IFU mode. The S/N of the coadded spectrum is
about 35 at 400 nm. No metallic features are detectable in our
spectrum except for the Ca1l K and H lines and the G-band. The
radial velocities measured from the Ca1l K line are —85 km s™!
and —70 km s~!, with an estimated error of 10 km s~!, thus mak-
ing the two radial velocities consistent within 1o-. The SDSS ra-
dial velocity estimate is —47 + 6 kms~!, the same caveats apply
here as discussed for SDSS J0929+0238, and we cannot be sure
that this difference is real.

We also observed the star with UVES in service mode
between February and April 2014 in the standard setting
390+580 nm. The slit was set to 1”4 and the CCD binned 2 X 2,
providing a resolving power R ~ 32000. Eleven observing
blocks, each for an exposure of 3005 s, which were executed for
a total time on target of about 9.2 h. The reduced data was re-
trieved from the ESO archive. The median S/N of the individual
spectra ranges from 3 to 6 in the blue. This makes it very difficult
to measure the radial velocities on the individual spectra since
we have to rely only on the Balmer lines. These rough measure-
ments showed that the radial velocity of the different spectra was
constant to within +5 km s~!. We therefore decided to coadd the
spectra, after applying the appropriate barycentric correction to
each one. The S/N of the coadded spectrum is about 19 at 400 nm
and 40 at 670 nm. The radial velocity measured on the coadded
spectrum is —70.2 kms~! with an estimated error of 2 kms™,
which is consistent with the value from the X-Shooter spectra
taken in 2013.

2.4. SDSSJ1137+2553

For star SDSS J1137+2553 we have a single UVES spectrum of
3005 s observed on July 2, 2013, with the same set-up used for
the observations of SDSS J0212+0137. The seeing was 17 1. The
spectrum has S/N = 30 at 405 nm. The radial velocity measured
from this spectrum is 137.7 + 0.4 kms~! in excellent agreement
with the value from the SDSS spectrum (138.8 + 3 kms™").

2.5. SDSSJ1245-0738

For star SDSS J1245-0738 we have a single UVES spectrum of
972 s observed on May 9, 2013, with the same setup used for
SDSS J0212+0137 and SDSS J1137+2553. The seeing was 172.
The spectrum is of poor quality and attains S/N = 8 at 405 nm.
In order to analyse it we smoothed it by rebinning it by a fac-
tor of 3 and this was sufficient to allow us to measure several
metallic lines. The radial velocity measured from this spectrum
is 77.7 £ 1.27 kms™', in excellent agreement with the measure-
ment from the SDSS spectrum (75 + 4 km s™1). The star was
also studied by Aoki et al. (2013) using a 20 min Subaru spec-
trum taken on March 10, 2008. Their measured radial velocity
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Table 3. Atmospheric parameters.

SDSS ID T logg® &

K cgs kms™!

[Fe/H] [Ca/H] A(C)

SDSSJ0212+0137 6333 4.0 1.3 -3.59 -2.81 7.12
SDSSJ0929+0238 5894 3.7 1.5 <-3.81 —-4.02 7.70
SDSSJ1035+0641 6262 4.0 1.5 <-5.07 -5.00 6.90
SDSSJ1137+2553 6310 3.2 1.5 =270 -2.18 8.60
SDSSJ1245-0738 6110 2.5 3.0 -3.21 -2.35 8.65
SDSS J1742+2531 6345 4.0 1.5 -4.80 -4.56 7.26

Notes.  Logarithm of the gravitational acceleration at the surface of
the stars expressed in cm s72; ) Microturbulent velocity.

was+76.88 + 0.27 kms™'; this is again in agreement with our
measured radial velocity.

2.6. SDSSJ1742+2531

SDSS J1742+2531 was observed with UVES at the VLT-Kueyen
telescope in service mode, between April 17 and August 6, 2013.
Altogether a total of 29 observing blocks of 3000s exposure
each were executed, 14 in the setting 390+580nm and 15 in
the setting 437+760nm. One of the frames in the 390+580nm
setting had no useful signal. Our analysis is therefore based on
the remaining 28 observing blocks. The projected slit on the sky
was 1”70, and the CCD was binned 1 x 1, providing a resolving
power of about 47 000. The spectra have been reduced using the
UVES pipeline in the same way as those of SDSSJ0212+0137.
After performing the barycentric corrections all the individual
spectra appeared to be at the same radial velocity, to better than
0.5kms~!'. We therefore coadded all the 28 spectra in the inter-
vals common to the two settings: 376—452 nm and 583—-680nm.
In the range 328—-376 nm we coadded the 13 spectra of the set-
ting 390+580nm and in the range 680—946nm the spectra of
the setting 437+760nm. The S/N of the coadded spectra is 3
at 336nm, 20 at 382 nm, 23 at 450nm, 44 at 518 nm, 45 at
670nm and 36 at 850nm. The measurement of the radial ve-
locity is not trivial with so few detected lines. We obtained a
first estimate of the radial velocity from the cores of the Balmer
lines, and then refined it using the measured central wavelength
of the seven detected metallic lines, the resulting radial velocity
is —207.5 + 0.5 kms™! (rms). This agrees with the SDSS radial
velocity (=221 + 11 kms™!) within 1.20-.

3. Analysis and results
3.1. Atmospheric parameters

The adopted atmospheric parameters for the programme stars
are summarised in Table 3.

3.1.1. SDSSJ0212+0137

For SDSSJ0212+0137, we derived the temperature of 6333 K
from the (g — z) colour (Ludwig et al. 2008), with an extinc-
tion of E(g — z) = 0.07. The adopted gravity was logg =
4.0, that achieves the iron ionisation equilibrium, although only
one FeTl line could be measured. The effective temperature of
this star is very near to that of SDSSJ1742+2531, discussed
later in this section, as is its global metallicity, dominated by
the carbon (and presumed oxygen) overabundance with respect
to iron. Thus the same isochrone is representative both for
SDSS J0212+0137 and SDSSJ1742+2531, and logg = 4.0 is
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appropriate for this T.¢. For this star we exclude an RR Lyr na-
ture; the observed radial velocity variations are not large enough
and in any case we do not expect to observe a nearly linear vari-
ation of the radial velocity as shown in Table 2.

3.1.2. SDSSJ0929+0238

For SDSS J0929+0238 we adopted a temperature of 5894 K, de-
rived from the (g — z) calibration. This temperature involves a
gravity from isochrones of log g = 4.5 or 3.7. We prefer the lower
value of gravity as it provides a temperature from the wings of
Ha consistent with the photometric value.

3.1.3. SDSSJ1035+0641

For SDSS J1035+0641 we adopted a temperature of 6262 K, de-
rived from the (g — z) calibration. We used the same FRANEC
isochrones described below in Sect. 3.1.5 to estimate the sur-
face gravity, given the effective temperature. If the star is slightly
evolved it has log g = 4.0, while if it is still on the main sequence
it should have logg = 4.4.

3.1.4. SDSSJ1137+2553 and SDSS J1245-0738

Also for SDSSJ1137+2553 and SDSS J1245-0738 we adopted
the effective temperature derived from the (g — z) calibration that
appears to be consistent with the wings of Ha and the iron exci-
tation equilibrium. The gravity was derived by requiring the iron
ionisation balance, to within the available uncertainty. These im-
ply that SDSS J1137+2553 is a subgiant star and SDSS J1245-
0738 is an HB star. The latter should be further monitored pho-
tometrically to check if it is an RR-Lyr. In the case it were an
RR-Lyr our photometric temperature may be inadequate to de-
scribe our available spectrum. We note however that the lack
of any radial velocity variation between our observation, that of
Aoki et al. (2013) and the SDSS does not support an RR-Lyr sta-
tus. Our adopted atmospheric temperature is very close to that
adopted by Aoki et al. (2013, T.¢ = 6108 K) while we differ on
the surface gravity. Aoki et al. (2013) assumed their stars to be
turn-off without requiring the iron ionisation balance.

3.1.5. SDSS J1742+2531

For SDSS J1742+2531, in Caffau et al. (2013a) we adopted an
effective temperature of 6345 K deduced from the (g — z)o colour
and consistent with the wings of Ha from our X-Shooter spec-
trum. The wings of He from the UVES spectrum are also con-
sistent with this temperature. We adopted logg = 4.0 for the
surface gravity, that is appropriate for a metal-poor TO star
of this effective temperature. In Fig.3 we show a comparison
with two isochrones computed with the FRANEC code (Chieffi,
Limongi — priv. comm.) for 14 Gyr, Z = 2 x 10~ (dotted line),
Z =2x 107 (solid line) and Z = 2 x 107 (dashed line). In spite
of its very low iron abundance ([Fe/H] = —4.8, see Table 10),
due to its large carbon enhancement, SDSS J1742+2531 should
have a metallicity 1.8 x 107 < Z < 2.8 x 107#, depending on its
actual oxygen abundance, where the upper limit is given in Table
10 and the lower limit corresponds to [O/Fe] = +0.4. Taking the
isochrone Z = 2 x 10~* as reference, we have two possible so-
lutions for the surface gravity for our assumed T.s: logg = 4.0,
if the star is evolved past the turn off (TO), or logg = 4.3 if the
star has not yet reached the TO. In the absence of any reliable
gravity indicator we assume logg = 4.0, since this implies a

3 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

log g

3.82 3.8 3.78

log T

3.76

Fig. 3. Isochrones computed with the FRANEC code for 14 Gyr and
Z = 2 x 107° (dashed line), Z = 2 x 107 (solid line) and Z =
2 x 107* (dotted line). The vertical line marks our adopted T.q for
SDSS J1742+2531.

larger distance. Given the rarity of these stars we assume that it
is more likely that we found one of the brighter members of this
population. In the next section, we nevertheless provide also the
abundances computed assuming the higher gravity.

A possible concern is that the star may be indeed a horizon-
tal branch star. In this case, it could be an RR-Lyr. To check if
the star is an RR Lyr we measured the radial velocities of the
Cam H and K lines on all our available spectra and we did not
find any variations above 1 kms™'. The Ha line is also clearly
detected in the individual spectra, yet given its broad nature the
accuracy of the radial velocities determined is inferior to that of
the metallic lines. We inspected the He line in all the spectra and
found no evidence of variations above 5 kms~! nor of the pres-
ence of P-Cyg profiles. The radial velocity amplitudes expected
for an RR Lyr star are larger than 50 km s~! for metallic lines and
larger than 100 kms~! for Her (Sesar 2012). The typical periods
of RR Lyr stars are less than a day and they should be adequately
sampled by our data set. We obtained a photometric series in the
r-band of about 2 h length with the AFOSC camera at the 1.82 m
telescope of Cima Ekar (Asiago), and the magnitude of this star
seems constant with an rms of 0.02 mag, compatible with the
S/N of the images. We are obtaining also longer photometric se-
ries with the Schmidt telescope of the Asiago Observatory in the
r-band to check for variability on longer time scales. All this
photometric data will be fully discussed elsewhere. At the time
of writing, we have no evidence of RR-Lyr — like variability of
this star.

By looking at the Fig. 1 of Sandage (2010) and estimating
the (B — V) of the star to be 0.39, from its (g — 7)o colour’ we
see that, as long as the absolute magnitude of the star is less
than roughly 0.8, it lies in the instability strip. The isochrone
shown in Fig.3 implies also that a subgiant star with logg =
3.3 has My = 2.7, thus keeping it well out of the instability
strip. Horizontal branch stars, of a temperature similar to that

2 From Table 1 of Jester et al. (2005): B~V = 0.98 x (g — r) + 0.22.
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Table 5. Mean abundances of SDSSJ0212+0137.

Ton AX) AX)® [X/H] o N lines
Li1 2.04  1.03 1
o1 6.70 876 -2.06 3
Mgl 453 754 -3.01008 3
Al1 231 647 416 0.04 2
Si1 415 752 337 1
Cal 335 633 -298 1
Call H&K 352 633 -2.81 2
Call IR 3.93 633 240 3
Scnl 0.00 3.10 -3.10 1
Tin 199 490 -2910.13 9
Cr1 209 5.64 -3.55 1
Fel 393 752 359015 17
Col 249 492 243 1
Ni1 277 623 -3.46 007 2
Srit 091 292 -383006 2
Ball -140 217 -3.57 1

Molecular bands

C-CH (G-band) 7.12 850 -1.38
N-CN (388 nm) <6.90 7.86 <-0.96

of SDSSJ1742+2531, should have a gravity that is this low or
even lower (see Fig. 3 of Hansen et al. 2011 using the evolution-
ary tracks of Cassisi et al. 2004), depending on the star’s mass.
Moreover as discussed below in Sect.3.2.6, a gravity as low as
logg = 3.3, would bring about a 0.2 dex discrepancy between
the Call K line and the CaTl triplet, and lower surface gravities
would increase this discrepancy.

3.2. Chemical abundances

To derive abundances and upper limits either from the equiva-
lent widths or using synthetic spectra and line-fitting we used
turbospectrum (Alvarez & Plez 1998; Plez 2012). We based
our analysis on MARCS 1D local thermodynamic equilibrium
(LTE) model atmosphere (Gustafsson et al. 2008), that were in-
terpolated in the grid computed for the TOPoS survey (Caffau
et al. 2013b) for the atmospheric parameters of each star. As so-
lar abundances we adopted carbon, nitrogen, oxygen and iron
from Caffau et al. (2011), for the other elements Lodders et al.
(2009). If too few iron lines were measured to allow the determi-
nation of the microturbulence we adopted 1.5km s™! as in Caffau
et al. (2013a).

3.2.1. SDSSJ0212+0137

The higher abundance in iron and other elements in
SDSS J0212+0137, coupled with the good quality of the spec-
trum allows us to obtain an extensive chemical inventory. The
line by line abundances are provided in Table 4 and the mean
abundances are provided in Table 5. The Fe abundance is de-
rived from 17 FeT lines and of the 8 measured Fell lines we
retain only one, that has an equivalent width larger than 0.5 pm?
and this line provides the same abundance as the mean of the
17 FeT abundances for our adopted surface gravity logg = 3.7.
We measure both Sr and Ba in this star and their abundance clas-
sifies unmistakably the star as a CEMP-no. Remarkably we mea-
sure also the lithium abundance in this star that places it on the
Spite plateau (Spite & Spite 1982). This pattern is indeed sim-
ilar to that of SDSS J1036+1212 (Behara et al. 2010), that is a

3

1pm=10"2m.
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Table 6. Abundances of SDSS J092912+023817.

Atomic lines

Ion A x loggf EW AX) AX)er AX)O
nm eV pm

Lit 6707.761¢ 0.00 -0.009 <7.50 <2.5" 1.03

Mgl 518.3604 2.72 -0.239 <7.50 <4.10 7.54

Call 393.3663 0.00 0.105 syn 230 0.07 6.33

Fe1 382.0425 0.86 0.119 <2.73¢ <2.38 7.52

Fe1 382.0425 0.86 0.119 <8.91¢ <3.71 7.52

Sr1 407.7709 0.00 0.167 <7.80 <0.04 2.92

Bal 4554.029 0.00 0.170 <1.50 <0.20 2.17

Molecular bands
element  molecule band AX) AX)O
C CH G-band  7.70 8.50

Notes. Y We list the strongest line of the doublet. ® Derived from the
EW and the fitting formula of Sbordone et al. (2010). © 1o. @ 3¢,

CEMP-no/s*, has a relatively low-carbon abundance and has a
lithium abundance in agreement with the Spite plateau.

3.2.2. SDSS J0929+0238

For SDSS J0929+0238 no metallic features could be safely iden-
tified in the X-Shooter spectrum, except for the Can-K line,
which gives A(Ca) = 2.3, and the G-band, that implies a strong
enhancement in carbon, A(C) = 7.7. A higher resolution spec-
trum is required to determine the iron abundance of this star.
The C and Ca abundances as well as a few upper limits are given
in Table 6.

3.2.3. SDSS J1035+0641

For this star we have at our disposal both the X-Shooter and
UVES spectra. The SDSS spectrum of SDSS J1035+0641 shows
no detectable G-band and the star was targeted for the weak-
ness of its Call K line (see Fig. 2), yet the X-Shooter spectrum
allows us to detect a definite G-band, that qualifies the star as
CEMP star with A(C) = 6.80. The analysis of the UVES spec-
trum yields A(C) = 6.9, confirming the result from the X-Shooter
spectrum. The only metallic features measurable on our spectra
(both X-Shooter and UVES) are the Call H&K lines. In Table 7
we provide the abundances of Ca and C and several upper limits,
both for the assumption logg = 4.0 and logg = 4.4. The upper
limits for Li, Mg, Fe, and Sr are derived from the UVES spec-
trum, while the limit on Ba relies only on the X-Shooter spec-
trum, since the strongest BaIl resonance line is not covered by
the UVES spectrum. In the discussion we assume the values cor-
responding to logg = 4.0, since we consider this option makes
the star brighter and its discovery more likely. For log g = 4.0 the
Ca abundance A(Ca) = 1.35, corresponding to [Ca/H] = =5.0. In
Fig. 4 we show the observed r spectra in a region covering three
of the strongest FeT lines and a synthetic spectrum correspond-
ing to [Fe/H] = —4.5, none of the three lines can be confidently
detected. This is one of the five most iron-poor stars found so
far. Observations at higher resolution and S/N are needed to de-
termine the iron abundance of this star. No Li is detected in this
star, however our upper limit confirms that the star is below the

4 A CEMP-no/s is a star with +0.5 < [Ba/Fe] < +1.0 (Sivarani et al.
2006).
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Table 7. Abundances of SDSS J1035+0641.

Atomic lines

Ion A x loggf EW  AX) AX) AX)err AX)O
nm eV pm logg=4.0 logg=4.4
Lit 6707.761¢ 0.00 —-0.009 <1.80 <I1.1° <l.1% 1.03
Mg1 518.3604 2.72 -0.239 <0.30 <2.47 <2.47 7.54
Call 393.3663 0.00 0.105 syn 1.35 1.53 0.10  6.33
Fe1 382.0425 0.86 0.119 <0.57° <1.91 <191 7.52
Fe1 382.0425 0.86 0.119 <1.67¢ <2.45 <2.45 7.52
Srit 407.7709 0.00 0.167 <0.50 <-1.80 <-1.67 2.92
Ban 4554.029 0.00 0.170 <3.30 <-0.49 <-0.38 2.17
Molecular bands
element molecule band AX) AX) AX)o
log=4.0 log=44
C CH G-band 6.90 6.70 8.50

Notes.  We list the strongest line of the doublet. ’ Derived from the EW and the fitting formula of Sbordone et al. (2010). © 1o @ 30,

l I L I L I L I T " T ' T l

,4\ WI“»T,J‘*\’\’"*&‘\M"

1.0

0.8

0.6

I
I
I
I
I
XSHOOTER I
I

0.4

Normalised Flux

Fel

mlww LG R

0.2

PN N T T T I T O

1.0

0.8

0.6

0.4

Normalised Flux

0.2

PN N T T N T I T O B

lllll'lllllll

PN TN T T T [N T T TN T T Y N N N T TN N N N TN

382 383 384 385 386
Wavelength [nm]

Fig.4. SDSSJ1035+06411: the X-Shooter (top panel) and UVES
(bottom panel) spectra in the region covering the three strongest
FeT1 lines. The comparison spectrum is a synthetic spectrum computed
with [Fe/H] = —4.5.

Spite plateau. An observation of the Li region with higher S/N
is highly desirable.

3.2.4. SDSSJ1137+2553

In spite of the poor S/N of the only spectrum available for this
star, the high resolution and wide spectral coverage of the UVES
spectrum produced an almost complete chemical inventory sum-
marised in Table 8. The C abundance is essentially solar while
the oxygen abundance is 1.6 dex below solar and the N abun-
dance only 1 dex below solar. This star, with [Fe/H] = —2.70, is

Table 8. Mean abundances of SDSS J1137+2553.

Ton AX) AX)® [X/H] o N lines
Li1 226 1.03 1
o1 7.18 876 -1.58 3
Nal 6.20 630 -0.10 2
Mgl 6.17 754 -137 009 3
All 330 647 -3.17 1
Si1 510 7.52 -—2.42 1
Cal 420 633 -2.13 2
CanK 415 633 -2.18 1
Call IR 460 633 -1.73 1
Sc1l 1.03 3.10 -2.07 1
Tin 249 490 -2.41021 11
Cr1 3.03 564 -261 1
Fel 486 752 -2.66 0.17 43
Fell 484 752 268022 6
Col 297 492 -195 1
NiI 335 623 288013 2
Sr1I 150 292 -1420.14 2
Ball 231 217 +0.14 032 6

Molecular bands

C-CH (G-band) 8.60 8.50 +0.10
N-CN (388 nm) 7.86 6.88 —-0.98

the most metal-rich star in the present sample. Sodium is remark-
ably enhanced with respect to iron, with essentially a solar abun-
dance. Magnesium also appears to be strongly enhanced, about
1.5 dex more than iron. The Sr and Ba abundances measured in
this star suggest that it should be classified as a CEMP-rs star,
using the criterion of Masseron et al. (2010). Another remark-
able feature of this star is its Li abundance, with A(Li) = 2.26 it
lies clearly on the Spite plateau, unlike the majority of CEMP
dwarf stars where Li is not measured or appears clearly below
the Spite plateau (Sivarani et al. 2006; Behara et al. 2010).

3.2.5. SDSS J1245-0738

The quality of the available spectrum is very poor, yet with the
rebinning we were able to detect many metallic lines and con-
fidently measure the carbon abundance from the G-band. It was
possible to measure the abundance of nine elements, given in
Table 9, and in spite of the large line-to-line scatter we derived
[Fe/H] = —-3.21 from thirty FeT lines. The carbon abundance
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Table 9. Mean abundances of SDSS J1245-0738.

Ton AX) AX)® [X/H] o N lines
Nal 430 6.30 -2.00 2
Mgl 5.05 7.54 249 2
All 3.10 647 -3.37 1
Sit 430 7.52 -3.22 1
Cal 3,53 633 -2.80 2
Camm H&K 398 633 -2.35 2
Can IR 420 633 -2.13 1
Tinx 2.10 490 -2.80025 7
Fel 427 752 -325048 29
Fenr 442 7.52 -3.10 0.17 3
Srit -0.38 2.92 -3.30 2
Ban 0.23 217 -1.94 2
Molecular bands
C-CH (G-band) 8.65 8.50 +0.15

is roughly solar in this star as well, and both Na and Mg are
strongly enhanced with respect to iron. The Sr and Ba abun-
dances allow us to classify the star as a CEMP-s star. Our con-
clusion on the CEMP-s nature of this star agrees with that of
Aoki et al. (2013). For all the neutral atoms (Na, Mg, Fe) our re-
sults agree very well with the results of Aoki et al. (2013). Their
Ca abundance closely agrees with the value we determine from
the Ca1r H and K lines; however, there are strong discrepancies
in the abundances of C, Sr, and Ba, and to a lesser extent of Ti.
These differences are due to the different gravity values adopted
in the two studies, corresponding to the HB status that we prefer
and the TO status preferred by Aoki et al. (2013); the ionised
atomic species are sensitive to the adopted gravity and so is the
G-band.

3.2.6. SDSSJ1742+2531

In spite of the higher resolution of our UVES spectrum of
SDSSJ1742+2531 compared to the X-Shooter spectrum pre-
sented in Caffau et al. (2013a), we can confidently detect only
five metallic lines in addition to CaIl H and K, which were also
detected in the X-Shooter spectrum: the two strongest lines of
the infrared Call triplet and three Fe lines. These are listed in
Table 10. We provide the abundances implied by our spectra both
forlogg = 4.0 and logg = 4.3.

The Ca abundance is very coherent among Call H and K
and the Ca1l IR triplet. The mean Ca abundance of all four of
the available lines is (A(Ca)) = 1.77 with a line-to-line standard
deviation of 0.03 dex. This corresponds to [Ca/H] = —4.56 and is
consistent with the Ca abundance that we derived only from the
Ca1l H and K in the X-Shooter spectrum ([Ca/H] < —4.5; Caffau
et al. 2013a). The Ca1422.6 nm line is not detected. The depar-
tures from LTE of the Ca lines in metal-poor stars have been
extensively discussed in the recent literature (Spite et al. 2012a;
Korn et al. 2009; Mashonkina et al. 2007) and it is recognised
that the effects on the Call H and K lines is very small, while it
can be significant for the Ca1l IR triplet.

The gravity sensitivity of the Call H and K lines and of the
CaIr IR triplet is very different, the first two being essentially in-
sensitive to gravity. We checked the effect of a gravity as low as
logg = 3.3 on the Ca abundances, the mean Ca abundance de-
rived from the Ca1l H and K lines is lower by 0.04 dex, while that
deduced from the Ca1 IR triplet is 0.22 dex lower. This gives a
discrepancy of the order of 0.2 dex between the two transitions.
Although this would still be within the errors — the line-to-line
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scatter would rise to only 0.1 dex and the calcium abundance
would fall to 1.63 — we believe it points towards a turn-off grav-
ity around log g = 4.0.

The iron abundance derived from the FeT lines is also very
consistent among the three lines and is [Fe/H] = —4.80 with a
standard deviation of 0.07 dex.

The analysis of the G-band confirms the carbon abundance
we derived from the X-Shooter spectrum (A(C) = 7.4 Caffau
et al. 2013a) within errors A(C) = 7.26 + 0.2. The quality of
the spectra is not high enough to place any constraint on the
12C/13C ratio. We inspected our spectra to see if we could place
meaningful upper limits on other elements and we provide these
in Table 10, the limit on the EWs corresponds to a 30 detec-
tion and o has been estimated from the Cayrel formula (Cayrel
1988). We were not able to place a meaningful limit on the nitro-
gen abundance either from the UV NH-band at 336 nm or from
the violet CN-band at 388 nm, as these would require a much
higher S/N than provided by our spectra.

The LiI resonance doublet at 670.7 nm is not detected; the
Cayrel formula and the measured S/N imply that its EW is less
than 0.83 pm (3¢ criterion). The upper limit on the Li abundance
was derived from the fitting formula of Sbordone et al. (2010)
providing the 3D NLTE Li-abundance. The 1D LTE or NLTE
estimate would differ by only 0.03 dex, thus it is irrelevant in the
present context.

3.3. Error estimates

The observational material presented here is heterogeneous as
far as resolving power and S/N are concerned. It is therefore not
simple to provide a consistent estimate of the errors for our abun-
dances. For the stars for which several lines of a given element
are measured we provide the standard deviation of the measure-
ments and that can be taken as an estimate of the statistical error
on the abundance. When several lines are measured and no o
is provided (e.g. the OT triplet or Call H&K lines), this means
that the lines have been fitted together. In these cases we suggest
taking the line-to-line scatter of the Fel lines as an estimate of
the error because the statistical error is linked to the S/N of the
spectra, FeT lines are found over a large wavelength range, and
we assume that our measured line-to-line scatter is dominated
by the noise in the spectrum.

The situation is less clear for the stars for which only a few
lines can be measured. For these stars for each measured line we
provide an estimate of the error on the equivalent width derived
from the Cayrel formula (Cayrel 1988) and the measured S/N in
the spectrum. From this estimate of the error on the equivalent
width we also derive an estimate of the error on the abundance.
For the Caml H and K lines for which the abundance has been
derived using line profile fitting, we estimate the error as the
corresponding diagonal element in the covariance matrix of the
fit, ignoring all the off-diagonal terms.

For the carbon abundances (and nitrogen abundances from
the CN-band), the error is dominated by the placing of the con-
tinuum. Our fitting was limited to the blue part of the band, ex-
cluding the band-head. Given that the fit covers a large wave-
length range, the error in the continuum placement is not dom-
inated by the S/N (the noise is averaged out over so many pix-
els, yet it does play a role), but rather by the quality of spec-
trum rectification (removal of the blaze function). In Spite et al.
(2006) error estimates on the fitting of the G-band are provided,
resulting from fits derived by fixing slightly different contin-
uum levels. In that case the errors are of the order of 0.1 dex.
In the present case the data are of much lower S/N, and for
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Table 10. Abundances of SDSS J1742+2531.

Atomic lines

Ion A x loggf EW  EWe AKX AX) A AX)O
nm eV pm pm logg =4.0 logg =4.3
Lit 6707.761* 0.00 -0.009 <0.83 <1.8% <1.8% 1.03
o1 777.1941 9.15 0.369 <1.00 <6.92 <6.97 8.76
Nat 588.9951 0.00 0.117 <0.90 <2.14 <2.14 6.30
Mg1 518.3604 2.72 -0.239 <1.00 <3.07 <3.07 7.54
Sit 390.5523 1.91 -1.041  syn <3.05 <3.05 7.42
ST 921.2863 6.53 0.420 <1.10 <4.61 <4.75 7.16
Cal 422.6728 0.00 0.265 <1.00 <1.62 <1.62 6.33
Can 393.3663 0.00 0.105 syn 1.79 1.81 0.04 6.33
Call 396.8469 0.00 —0.200  syn 1.76 1.79  0.08 6.33
Can 854.2091 1.70 -0.514 6.20 0.29 1.72 1.81 0.05 6.33
Call 866.2141 1.69 -0.770 5.20 0.29 1.79 1.88  0.05 6.33
Fel 382.0425 0.86 0.119 2.40 0.35 2.73 2.73  0.09 7.52
Fe1 382.5881 0.92 -0.037 1.90 0.35 2.80 2.80 0.09 7.52
Fel 385.9911 0.00 -0.710 1.90 0.35 2.63 2.63  0.09 752
Srit 407.7709 0.00 0.167 <1.40 <-1.25 <-1.16 292
Ban 4554.029 0.00 0.170 <1.50 <-0.97 <-0.84 2.17
Molecular bands
element molecule band AX) AX) AX)o
log =4.0 logg =4.3
C CH G-band 7.26 7.08 8.50

Notes.  We list the strongest line of the doublet. ’ Derived from the EW and the fitting formula of Sbordone et al. (2010).

the X-Shooter spectra resolving power as well. We estimate
0.15dex, which is a conservative estimate of the error on our
C abundances.

The systematic errors, i.e. the effect of the adopted atmo-
spheric parameters on the derived abundances have often been
discussed in the literature; we point to the reader Table 4 of
Bonifacio et al. (2009) where this exercise is done for a star
with atmospheric parameters close to the stars discussed in
the present paper. The systematic errors in our case are of the
same order of magnitude. In that table the systematic error on
the C abundances derived from the G-band is not discussed:
a change in temperature of 100 K corresponds to a change of
0.17 dex in C abundance.

3.4. Effects of departures from local thermodynamic
equilibrium

The deviations from LTE in the formation of Cal and CaTl lines
in metal-poor stars has been extensively studied by Mashonkina
et al. (2007) and Spite et al. (2012a). It has been recognised
that the Ca1 422.6 nm resonance line provides discrepant re-
sults even when computed in NLTE (Spite et al. 2012a), for this
reason we never used the abundance from this line even when
it was measured. On the other hand, both Ca1l K line and and
the IR triplet lines can provide reliable Ca abundances. While
the K line is always formed quite close to LTE conditions, the
IR triplet shows significant deviations from LTE. The NLTE cor-
rections are always negative. This can be appreciated in the three
stars SDSS J0212+0137, SDSS J1137+2553, and SDSS J1245-
0738. In all three stars the IR triplet provides Ca abundances that
are higher by 0.2 to 0.4 dex than the K line. This is compatible
with expected NLTE corrections. According to the computations
of Mashonkina et al. (2007), at a metallicity of —3.0 for Teg =
6000 and logg = 4.0 the NLTE correction for the IR triplet is
—0.23 dex. Star CS 29527-015, analysed by Spite et al. (2012a),

has parameters very close to those of SDSS J0212+0137 and the
computed NLTE correction is —0.51 dex.

The exception is SDSS J1742+2531, for which the LTE anal-
ysis provides the same Ca abundance from the H and K lines
and from the IR triplet. Although the star has almost the same
atmospheric parameters as the three above-mentioned stars, we
note that its Ca abundance is much lower, thus the equivalent
width of the IR triplet lines is smaller. Generally speaking, as
the equivalent width of a line decreases it forms closer to LTE.
Although we do not have in hand specific computations for the
Ca1 IR triplet to demonstrate this effect, we know it can be seen
for other lines (see e.g. Fig. 6 in Andrievsky et al. 2007 illustrat-
ing this behaviour for the Na1 D lines). It is thus quite likely that
the NLTE corrections for the IR Ca triplet in SDSS J1742+2531
are much smaller than for the other three stars

Regarding NLTE effects on neutral iron for star HE 1327-
2326, Aoki et al. (2006) adopted a correction of +0.2 dex, based
on several previous investigations (Gratton et al. 1999; Korn
et al. 2003; Thévenin & Idiart 1999). This value should also
be appropriate for SDSS J1742+2531, which has similar atmo-
spheric parameters.

3.5. Effects of granulation

It is well known that the formation of molecular bands in the
atmospheres of metal-poor stars is prone to strong granulation
effects (see e.g. Bonifacio et al. 2013, and references therein).
From Table 6 in Bonifacio et al. (2009) we estimate that a correc-
tion between —0.5 and —0.6 dex in the carbon abundance derived
from the G-band is necessary for all the stars here investigated.
For the three lines of Fel measured in SDSS J1742+2531,
the 3D correction is about —0.4 dex, consistent with the
Bonifacio et al. (2009) results. This implies that NLTE and gran-
ulation effects have opposite directions, and they may tend to
cancel; however, for iron it is not possible to simply add the 3D
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10 - Low C-band High C-band

A(C)

Fig.5. Carbon abundances in all the CEMP stars in the present pa-
per and in the literature with [Fe/H] > —3.5 (Sivarani et al. 2006;
Thompson et al. 2008; Aoki et al. 2008; Behara et al. 2010; Placco
et al. 2011; Carollo et al. 2012; Masseron et al. 2010, 2012; Yong et al.
2013; Cohen et al. 2013; Spite et al. 2013; Caffau et al. 2013a). The
bimodal distribution is clear in this plot. We refer to the peak at lower
carbon abundance as the low-carbon band and to the peak at higher
carbon abundance as the high-carbon band.

and NLTE corrections (Mashonkina et al. 2013). The granulation
effect for Ca1l lines is small, of the order of —0.1 dex (Caffau
et al. 2012).

4. On the carbon abundances in CEMP stars

Of the six stars analysed in the present paper, two —
SDSS J1137+2553 and SDSS J1245-0738 — have been classified
as CEMP-rs and CEMP-s, respectively. For the purposes of this
discussion we consider these objects as a single class (CEMP-
rs+CEMP-s), subdivided into two different subclasses (CEMP-s
and CEMP-rs). As detailed below, there are reasons to believe
these stars are the result of mass-transfer from an AGB compan-
ion in a binary system. For these two particular stars, this may
be at odds with the lack of obvious radial velocity variations,
yet few measurements are available. One cannot exclude the hy-
pothesis that both systems are seen nearly face-on, hence with
little or no radial velocity variations.

‘We now concentrate our discussion on the four other stars, of
which SDSS J0212+0137 can be classified as a CEMP-no star.
For the three other stars it is not possible to establish whether
they are CEMP-s or CEMP-no on the basis of the abundances
of Ba because the available upper limits do not allow us to
distinguish between the two classes. However, as discussed in
Sect. 4.1, on the basis of their carbon abundance we have rea-
sons to believe that they are indeed CEMP-no stars.

An interesting feature displayed by the CEMP stars is shown
in Fig. 5. There are many known CEMP stars with [Fe/H] >
—-3.5. If we plot the histogram of the carbon abundances in these
stars, we see that the distribution is clearly bimodal (Fig.5).
Each of the two peaks is quite wide, almost one dex, but they
appear to be rather well separated. In the following we shall re-
fer to these two peaks in carbon abundance as the high-carbon
band and the low-carbon band. Quite interestingly all stars with
[Fe/H] < —3.5 belong to the low-carbon band. Another way to
look at the carbon abundance is to plot the carbon abundance ver-
sus [Fe/H], as in Fig. 6. Similar plots have already been shown in
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Behara et al. (2010), Masseron et al. (2010), Spite et al. (2013)
and Caffau et al. (2013a).

In Fig. 6 we have included only unevolved stars since gi-
ant stars may be internally “mixed” (Spite et al. 2005, 2006)
and the C abundance may thus be decreased by an amount that
is generally difficult to estimate. We have included in the plot
only stars from the literature that have a measured Ba abundance
or a significant upper limit (Sivarani et al. 2006; Frebel et al.
2005, 2006; Thompson et al. 2008; Aoki et al. 2008; Behara
et al. 2010; Masseron et al. 2010, 2012; Yong et al. 2013; Cohen
et al. 2013; Li et al. 2015), so as to have some indication on
their classification as CEMP-no, CEMP-s, or CEMP-rs. In or-
der to clearly define the behaviour of the carbon abundance at
low metallicity, we have also included the ultra-iron-poor sub-
giant HE 1327-2326 (Frebel et al. 2005, 2006; Cohen et al. 2013)
and SDSSJ1619+1705 (Caffau et al. 2013a), even though their
Ba abundance is undetermined. We have also included the lower
RGB giants SMSS J0313-6708 (Keller et al. 2014), HE0107-
5240 (Christlieb et al. 2004) and HE 0557-4840 (Norris et al.
2007), which are in the CEMP-no class. These stars are not more
luminous than the RGB “bump” and therefore should not be
deeply “mixed”’; however, they have undergone the first dredge-
up and following Bonifacio et al. (2009) their carbon abundance
should have been lowered by 0.26 dex compared to any TO star.

The new determination of A(C) for SDSSJ1742+2531,
based on the UVES spectra, has replaced the earlier value based
on X-Shooter. These new observations, especially that of SMSS
J0313-6708, confirm that all the lowest metallicity stars belong
to the low-carbon band. There is a wide scatter (over 1dex)
in carbon abundances among these stars, yet there is no clear
trend with [Fe/H] and they are all well below the high-carbon
band defined by the other CEMP stars, which is almost at solar
C abundance. Here we redefine the class of CEMP-no stars as
[Ba/Fe] < 1.2. The limit of [Ba/Fe] = 1.2 was chosen because
it is the highest value reached (LTE computation) by the normal
metal-poor stars (not C-rich) (Hill et al. 2002; Frangois et al.
2007; Spite et al. 2014). This new definition also has the virtue
of allowing us to classify SDSSJ1036+1212 and CS 29528-41
as CEMP-no; they had previously been classified as CEMP-no/s
and CEMP-s by Behara et al. (2010) and Sivarani et al. (2006),
respectively. The new definition does not require a new class to
be created for these two objects.

The vast majority (91%) of stars on the high-carbon band
are of the type CEMP-s or CEMP-rs; this population of stars is
compatible with a population of 100% binaries of shorter pe-
riods, at a maximum of 20000 days (Starkenburg et al. 2014,
see also Lucatello et al. 2005). The stars of the low-carbon
band for which Sr and Ba have been measured are all of the
CEMP-no type. Although two of them have been found to be
binaries (Starkenburg et al. 2014), the binary frequency is sim-
ilar to that observed in the solar neighbourhood. A very clear
picture is emerging from the observations and we propose an
interpretation.

4.1. High-carbon band

As a consequence of the results of Starkenburg et al. (2014) and
Lucatello et al. (2005) on the binarity of the CEMP-s stars (100%
of binaries), we assume that the high-carbon band CEMP stars
are all post-mass transfer binary systems. The originally more
massive star of the system has gone through the AGB phase and
donated mass to its companion, and subsequently evolved to the
present white dwarf status. The high-carbon abundances in these
stars have three causes: i) the AGB stars enrich their atmospheres
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through the third dredge-up of carbon produced in the He-
burning shell, the amount of carbon produced and dredged up
is independent of the star’s initial metallicity; ii) since the bi-
nary system is extremely metal-poor, once this material is trans-
ferred to the companion, the transferred carbon exceeds the car-
bon originally present in the companion’s atmosphere by at least
an order of magnitude (see Fig. 6), thus the metallicity of the
system is again irrelevant with respect to the final carbon abun-
dance in the companion; and iii) the dilution factor’ varies over
a limited range.

This last requirement is supported by the study of Bisterzo
et al. (2011), who have analysed a sample of 100 CEMP-s stars
for which detailed chemical abundances are available (almost all
the stars that appear in Fig. 6 are in their sample) and showed
that the abundances of light elements (C, N, O, Na, Mg) and
neutron capture elements can be reproduced assuming transfer
from an AGB star in the mass range 1.3—2 M, and logarithmic
dilution factors in the range 0.0—2.5. This is consistent with the
constraints deriving from the carbon abundance alone. The high-
carbon band spans the range A(C) = 7.4-8.9, the same range
covered by the carbon abundances in the AGB donor, accord-
ing to Table 6 of Bisterzo et al. (2010). The range of masses

5> Defined as the base 10 logarithm of the mass of the convective enve-
lope of the star to the mass of material accreted by the AGB companion.

[Fe/H]

Fig. 6. Carbon abundances A(C) of CEMP stars as a function of [Fe/H]. The stars in the present paper and in Caffau et al. (2013a) are shown with
big and small circles, respectively. The other turn-oft stars come from the literature (Sivarani et al. 2006; Frebel et al. 2005, 2006; Thompson et al.
2008; Aoki et al. 2008; Behara et al. 2010; Masseron et al. 2010, 2012; Yong et al. 2013; Cohen et al. 2013; Li et al. 2015). The CEMP-no turn-off
stars are represented by filled blue squares. The CEMP-no giants are represented by two symbols: an open blue square for the measured value of
the C abundance, and a filled blue square for the empirically corrected (for the first dredge-up) A(C) value. The CEMP-s or -1s stars are indistinctly
represented by open red squares, but by open red triangles if they are also Pb-rich. When the Ba abundance is unknown the star is marked with a
black cross. The upper limit marked as a violet star is the only “C-normal” star that appears in this plot: SDSSJ1029+1729 (Caffau et al. 2012).
The solid horizontal (black) lines represent the mean value of the carbon abundance for CEMP stars with [Fe/H] > —3.0 (A(C) = 8.25) and for
CEMP stars with [Fe/H] < —3.4 (A(C) = 6.8) as derived by Spite et al. (2013). On the upper A(C)-band all the stars but four (HE 0007-1832,
HE 022-4831, SDSS J0036-1043, and CS 22958-42) are Ba-rich. On the contrary, on the lower A(C)-band all the stars are CEMP-no.

of the primary star is narrowed by the nucleosynthesis require-
ments; the mass of the secondary is even narrower. Observations
indicate that they are all of spectral type F or G, which means,
given the old age presumed from the low metallicity, they are in
the mass range 0.7 Mg to 0.9 M. The study of Masseron et al.
(2010) also supports this point of view; they detect a strong cor-
relation between Ba and C abundances in CEMP-s stars. They
claim that this supports the operation of a '3C neutron source
in the AGB companions that are responsible for the C and s-
process enrichment in the CEMP-s stars. The orbital parameters
must also lie in a relatively narrow range to allow mass transfer
to take place during the AGB phase of the primary. The result
of Starkenburg et al. (2014) that the periods are all shorter than
20000 days corroborates this hypothesis. We note that the study
of Aoki et al. (2015) also suggests that the binary stars among
extremely metal-poor stars are biased towards shorter periods.
This does not imply that binary systems are not created with
a wide range of mass ratios and orbital parameters, but that only
a subset of these systems may evolve in such a way as to give
rise to a high-carbon band CEMP star. This follows from the
results of Lucatello et al. (2005) and Starkenburg et al. (2014)
on binarity and of Bisterzo et al. (2011) on nucleosynthesis.
This scenario also explains why such stars are not found at
higher metallicities. In that case the carbon initially present in
the secondary’s atmosphere is non-negligible with respect to the
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amount transferred. As a consequence the star is not classified
as carbon enhanced because the C/Fe ratio is not very high. It
has already been pointed out that these CEMP-s systems are in-
deed low-metallicity analogues of CH stars and Ba stars (see
Starkenburg et al. 2014, and references therein).

Our proposed scenario has interesting implications in the
light of the results of some of the current simulations of Pop III
star formation (Clark et al. 2011a; Smith et al. 2011; Greif et al.
2012; Dopcke et al. 2013; Stacy et al. 2013; Stacy & Bromm
2014). The above studies unanimously predict a very high bi-
nary fraction for Pop III stars and a wide mass range with some
Pop III stars eventually undergoing the AGB stage. If such a
star is formed in a binary system, it may transfer the metals pro-
duced in the AGB phase to the companion. None of the stars
in the high-carbon band can be a Pop III star because there is
no way an AGB star can enrich the companion in Fe. However,
this is a motivation for searching for high-carbon band stars
even at lower metallicity-to find some Fe-free stars. According
to our proposed scenario SMSS J0313-6708 is not one of the
Pop III stars that have accreted mass from an AGB companion
because its C content is too low, unless extensive internal mixing
has decreased the C abundance by about 1 dex to form N. This
is, however, unlikely considering the surface gravity of the star
(logg = 2.3).

4.2. Low-carbon band

We propose that these stars are not the result of transfer from
a companion. Some of them may well be members of a binary
system (Starkenburg et al. 2014), but no mass transfer has taken
place. The atmospheric abundances of these stars are bona fide
fossil records of the interstellar medium out of which they were
formed. The variable carbon abundance displayed in these stars
is the result of the nucleosynthesis of a few core collapse SN of
zero metallicity that have polluted the gas. The variation in the
carbon abundances reflects a range of masses in the SN progeni-
tors, as well as varying degrees of dilution of the SN ejecta with
primordial gas. The spread in Fe abundance reflects a spread
in the amount of fall-back of the SN that produced the bulk of
carbon.

None of these stars has yet been observed with a C abun-
dance as high as the high-carbon band, which places constraints
on the minimum dilution possible and the maximum C produc-
tion by the SN that polluted the ISM. Only the product of these

two quantities is constrained, however®.

4.3. Carbon enhanced damped Lya galaxies

We can use damped Lya galaxies (DLAs) to determine de-
tailed abundances at high redshift, and compare the results to the
metal-poor stars in our Galaxy. Kulkarni et al. (2013) presented
a model of chemical enrichment of galaxies, according to which
high redshift galaxies with low-mass haloes (M < 10° M) are
sensitive to the initial mass function (IMF) of Pop III stars. They
tentatively identify such galaxies with DLLAs. No absorption sys-
tem as metal-poor as the most metal-poor Galactic stars has yet

6 Tt is straightforward to pass from abundance in number in the usual
spectroscopic notation A(X) to the mass concentration usually used by
chemists: M(X)/M(H) = 1043712 x ZX “where my and my are the
atomic weights of element X and hydrogen, respectively. An abundance
A(C) = 6.80 corresponds to a mass concentration of ~7.5 x 1073, This
means that, for example, if a SN ejects a mass of 1 M, of carbon, this
has to be diluted with 1.33 x 10* M,, of hydrogen in order to reach this
mass concentration, or, equivalently, carbon abundance.
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been found, the record holder being the Lyman limit system at
z = 3.410883 towards QSO J1134+5742, for which no metal-
lic lines could be detected; an upper limit on the metallicity of
Z < 107*2 Z, has been determined (Fumagalli et al. 2011).
However, there is a handful of DLA galaxies at [Fe/H] ~ -3.0
and for a few C abundances have also been measured. In par-
ticular, the z = 2.30400972 DLA towards QSO J0035-0918 with
[Fe/H] = —3.09 (on our adopted solar abundance scale) has been
claimed to be a CEMP system, in the sense that [C/Fe] > +1.
The absolute C abundance measured by Cooke et al. (2011)
is A(C) = 6.92, corresponding to the previously defined low-
carbon band. The measurement is very delicate because the
C11 lines are saturated and therefore the derived column density
is very sensitive to the adopted turbulent velocity b. Carswell
et al. (2012) revised the measurement, adopting a purely ther-
mal model and derived A(C) = 5.92. Dutta et al. (2014) also
analysed this system, and their preferred model has a very low
turbulence (b = 0.89 kms™!) implying A(C) = 5.90, but by
adopting b = 2.0kms~! this value rises to A(C) = 7.63. If the
lower C abundances are adopted then the system no longer has
[C/Fe] > +1. What is important for the present discussion is
that all the proposed C abundances are essentially compatible
with the low-carbon band, although the lower values are on
the low side. We suggest that this is consistent with our sce-
nario; this DLA galaxy should have been enriched by only a
few zero-metallicity SNe, at least one of which must have been
faint (see Sect. 5). Our scenario would be challenged if the car-
bon abundance had been found on the high-carbon band, since
it is unlikely that a whole galaxy could be polluted essentially
by AGB stars. There is another interesting system, the DLA at
z = 3.067295 towards QSO J1358+6522 (Cooke et al. 2012)
that has A(C) = 6.18 and [Fe/H] = —-2.89. Again this system
is compatible with the low-carbon band. None of the known
metal-poor DLAs shows a carbon abundance compatible with
the high-carbon band. There are carbon-normal DLAs, that fall
in the shadowed region in Fig. 6. It would be extremely impor-
tant to detect other DLAs with metallicity as low as that observed
in Galactic stars in order to compare the same metallicity regime.

There is another thing that is intriguing; the metal-poor halo
stars for which ages can be measured always have ages in excess
of 12 Gyr or even of 13 Gyr, which corresponds to a redshift in
excess of 10. A redshift z = 3 corresponds to a look-back time
of 11.5 Gyr. If our proposed scenario is correct, the two DLAs
above have been forming zero-metallicity stars at very late times.
This suggests that primordial gas clouds could exist and trigger
star formation down to at least z = 2.3. A similar conclusion has
been reached in a completely independent way by considering
the low N/O ratios found in DLAs (Molaro et al. 2004; Zafar
et al. 2014). We cannot exclude that the stars that enriched these
DLAs actually formed 13 Gyr ago, and that the DL A galaxy has
not undergone any star formation since. However, this seems
very unlikely. The DLA systems have a high-H column den-
sity (hence the damping wings on the Ly « line), comparable to
that of the Milky Way disc if it were seen face-on. It is natural
to assume that this also implies a high volume density, which
should ensure ongoing star formation as in the Milky Way disc.
If this is the case the SNe that have enriched the gas we are ob-
serving exploded less than 107 years earlier.

One cannot exclude that any given DLA is a long filament
of low volume density seen along its length and that it hosts
no star formation. This seems to be a very contrived hypothesis
and may only apply to a small fraction of the observed DLAs
given the difference in cross section of a gas filament and a star
forming galaxy like the Milky Way or the Magellanic clouds. It
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would be very important to be able to find and study DLAs at
higher z, which may be possible thanks to the IR capabilities of
the next generation of 30 m class telescopes.

The high redshift DLAs at low metallicities can also provide
us with some interesting insights into the presence of dust. We
have been invoking dust as the main cooling agent and DL As
provide evidence for the presence of dust from the abundance ra-
tios of volatile to refractory elements of similar nucleosynthetic
origin, such as Zn/Fe or S/Si. The refractory elements are usu-
ally found to have lower abundances; however, Molaro (2006)
noted from the Zn/Fe ratios that below [Fe/H] = —2 there seems
to be no evidence of dust depletion, suggesting a lack of dust in
the lowest metallicity DLAs. A similar result has been found by
Rafelski et al. (2012) for the Cr/Zn ratios. It is interesting to note
that in the z = 3.067295 DLA towards QSO J1358+6522 the
ratio Si/S is essentially solar [Si/S] = 0.07+0.09 (Cooke et al.
2012). In the DLA at z = 2.30400972 towards QSO J0035-0918,
the ratio Si/O is again solar, [Si/O] = +0.06 = 0.14 (Dutta et al.
2014). Although these systems have a low dust content, it may
still be sufficient to act as a coolant for the formation of low-mass
stars. The existing studies of this topic (Schneider et al. 2006,
2012a; Omukai et al. 2008; Dopcke et al. 2011, 2013) find that
if one assumes that the dust-to-gas ratio D scales with the metal-
licity Z, one only needs a metallicity of the order of 107> solar
to get effective dust cooling. This means that if we relax the as-
sumption that D scales with Z, for example assuming a constant
dust-to-gas ratio, we only need an absolute dust abundance of the
order of 1077 solar. In gas with gas-phase metallicity 1073 solar,
our required dust-to-metals ratio is therefore only 1072, and the
associated elemental depletion would not be detectable given the
current errors on the abundances. If we account for the fact that
dust grains can grow during the gravitational collapse of the gas
(see e.g. Chiaki et al. 2014), then our required initial dust abun-
dance is even smaller and this argument is stronger.

5. On the chemical composition and star formation

We next compare the abundances we have determined
in the four stars SDSSJ0212+0137, SDSSJ0929+0238,
SDSS J1035+0641, and SDSS J1742+2531 with those observed
in other CEMP stars of extremely low metallicity. We se-
lected from the literature the following sample of stars with
[Fe/H] < —=3.5: HE 0107-5240 (Christlieb et al. 2004); HE 1327-
2326 (Frebel et al. 2008); HE 0557-4840 (Norris et al. 2007);
HE 0134-1519, HE 0233-0343, HE 1310-0536 (Hansen et al.
2014); SMSS J0313-6708 (Keller et al. 2014); CS 22949-037
(Depagne et al. 2002; Norris et al. 2002); and G 77-61 (Plez &
Cohen 2005; Plez et al. 2005). In addition, as an example of a
carbon-normal star, we consider the most metal-poor star known
to date, SDSS J1029+1729 (Caffau et al. 2012). We note that all
six stars known before this paper (see Table A.3) with [Fe/H] <
—4.5 (ultra-iron-poor, UIP) are represented in this sample. The
only elements that are commonly measured in all of these stars
are carbon and calcium, but several other elements are derived
in at least two of the stars. Thus, in Fig. 7 we plot the [X/Ca] ra-
tios for our program stars. Placing all the measurements for the
remaining ten stars in the plot would make it difficult to read.
Thus, we plot the individual ratios for SDSS J1029+1729, and
for the remaining nine CEMP stars we plot only the mean [X/Ca]
value for all elements that have been measured in at least two
of the nine stars. We represent the scatter by drawing 2o~ bars
around each mean value. Given the differences between the dif-
ferent groups in the treatment of NLTE and granulation effects,
we have plotted for all the stars the 1D LTE abundances to make
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Fig.7. Ratios of [X/Ca] for elements carbon to yttrium for
SDSSJ0212+0137 (blue open circle), SDSS J0929+0238 (purple filled
circle), SDSSJ1035+0641 (cyan open square) and SDSSJ1742+2531
(black hexagon). These are compared to the most metal-poor, carbon-
normal star SDSS J1029+1729 (Caffau et al. 2012) (red triangles) and to
mean [X/Ca] ratios (black X) in a sample of nine extremely metal-poor
CEMP stars: HE0107-5240 (Christlieb et al. 2004); HE 1327-2326
(Frebel et al. 2008); HE 0557-4840 (Norris et al. 2007); HE0134-1519,
HE 0233-0343, HE 1310-0536 (Hansen et al. 2014); SMSS J0313-6708
(Keller et al. 2014); G 77-61 Plez & Cohen (2005), Plez et al. (2005)
and CS 22949-037 (Depagne et al. 2002; Norris et al. 2002). The last
star was excluded in the computation of the mean and o of the ele-
ments C and N since it is clearly a “mixed” giant, in the sense specified
by Spite et al. (2005). The dispersion around the mean is represented by
the bars around the X, which correspond to 2¢-. For all stars we took the
abundances of Ca derived from the Ca 1l lines, except for CS 22949-037
for which we took the Cal.

them readily comparable and related all the abundances to the
same set of solar abundances. For the Ca abundances we only
consider the Call abundances for which departures from LTE
are negligible (Spite et al. 2012a; Korn et al. 2009; Mashonkina
et al. 2007). The exception is CS 22949-037 for which the only
LTE Ca abundances available are based on CaI; we took the LTE
value of Depagne et al. (2002)”.

5.1. Low scatter in the iron-to-calcium ratio.

We would like to note two features apparent in Fig. 7: i) although
the present measures have not been used to determine the mean
values and dispersions shown in the figure, all the [X/Ca] values
are well within the 20" dispersion, with the only marginal excep-
tion of [Si/Ca] in SDSS J0212+0137; and ii) the carbon-normal
star SDSS J1029+1729 has not been used to determine the mean
values and dispersions, but its [X/Ca] values are all within 20" of
the dispersion.

In Fig. 8 we show the dispersion o in the [X/Ca] ratios for
the sample of nine stars detailed above. The plot shows that there
is a drop in the dispersion of the [X/Ca] ratios for all the ele-
ments heavier than Al, although the stars span 3 dex in A(Fe).
The scatter in the [Fe/Ca] ratio is only 0.23 dex. On the contrary,
the lighter elements show a much larger scatter, up to 1 dex for
carbon. This evidence could be naturally interpreted in terms of

7 This implies [Fe/Ca] = —0.41; the NLTE value of Spite et al. (2012a)
for the Cal subordinate lines implies [Fe/Ca] = —0.69; the NLTE Calt
of Spite et al. (2012a) implies [Fe/Ca] = —0.88.

A28, page 13 of 20


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425266&pdf_id=7

A&A 579, A28 (2015)

T T T [ 7T T T T [ T T T T [ T T T 1]
- C O NaAl Sc¢ CrFeNi Sr
- : MgsSi Ti MnCo .
i1 @ -
— B . 7]
8 B . 7
= [ ® ]
5 B .
05 ° o pg.
B [ ] ‘ .

® o

B ° ° .

0 PR TR TN TR AN TN TR TN TN AN TN TN TN TN AN T TN M N |

0 10 20 30 40

Atomic Number

Fig.8. o [X/Ca] for elements that are measured in at least two
of the nine CEMP stars (HE0107-5240 HE 1327-2326, HE 0557-
4840, HE 0134-1519, HE 0233-0343, HE 1310-0536, SMSS J0313-
6708, CS 22949-037, and G 77-61), as a function of atomic number.
As in Fig. 7, C and N in CS 22949-037 were not taken into account.

a general scenario, already addressed by Limongi et al. (2003),
and Bonifacio et al. (2003), which is based on the fact that the
binding energy of a star at the onset of the core collapse increases
as the metallicity decreases, the main reason being that these
stars are more compact because of the lower opacity and also be-
cause of the much lower mass loss they experience during their
lifetime. Hence, one expects the number of faint supernovae to
increase as the metallicity decreases. In this scenario, the Pop III
core collapse supernovae with progenitors lower than ~25 M
produced the elemental distribution pattern shown by the nor-
mal extremely metal-poor (EMP; for the present discussion this
includes all stars with [Fe/H] < —3.0) stars (Limongi & Chieffi
2012). In the clouds already enriched by these supernovae, every
now and then a rather massive star exploded with an extended
fall-back due to its large binding energy. In this case most of
the heavy elements produced in the innermost layers remained
locked in the compact remnant and only the lighter elements
were mixed in the surrounding. These ejecta were responsible
for the variety of abundance patterns shown by the light elements
in most of the presently known UIP stars ([Fe/H] < —4.5). The
scenario is depicted in Fig. 9.

It is worth noting that the abundance pattern produced by ex-
plosive burning does not show a strong dependence on the initial
mass of the progenitor, so that even very different initial mass
functions (IMFs) would produce a similar abundance pattern: at
the extreme, even the ejecta of a single supernova could have
been responsible of the observed pattern above Mg (Limongi &
Chieffi 2002). No stars at metallicity below —4.5 have yet been
detected outside the Galaxy; however, there are now a num-
ber of very metal-poor stars (i.e. below —2.5) that are known
in Local Group Galaxies, and many are below —3.0. To date,
the most metal-poor star known in external galaxies is found in
Sculptor and has a metallicity near —4.0 (Tafelmeyer et al. 2010);
two more stars of similar metallicity are known in Sculptor
(Frebel et al. 2010a; Simon et al. 2015) and six more below —3.0
(Starkenburg et al. 2013; Simon et al. 2015). Other local galax-
ies with at least one such star are Draco (Shetrone et al. 2001;
Fulbright et al. 2004; Cohen & Huang 2009), Sagittarius (Zaggia
et al. 2004; Bonifacio et al. 2006; Sbordone et al. 2015; and
Monaco et al., in prep.), Fornax (Tafelmeyer et al. 2010), Ursa
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Fig. 9. Scenario discussed in Sect. 5.1. The primordial clouds produce
several massive stars, all of which explode as supernovae, but some are
“faint” supernovae, with extensive fall-back. The supernova ejecta pol-
lute the cloud determining the chemical composition of the next gener-
ation of stars. Occasionally different star formation regions may recip-
rocally contaminate each other.

Minor (Kirby & Cohen 2012; Ural et al. 2015), Sextans (Aoki
et al. 2009b; Tafelmeyer et al. 2010), Coma Ber (Frebel et al.
2010b), Ursa Maior II (Frebel et al. 2010b), Segue 1 (Roederer
& Kirby 2014; Frebel et al. 2014), Hercules (Koch et al. 2008;
Adén et al. 2011), Boo I (Gilmore et al. 2013; Ishigaki et al.
2014b), and Boo II (Koch & Rich 2014). Particularly relevant
to the present discussion is the discovery of a CEMP-no star
in the Sculptor dwarf spheroidal (Skuladéttir et al. 2015). The
conclusion of the authors is that the fraction of CEMP-no stars
in Sculptor seems to be significantly lower than in the Galactic
Halo. In our scenario this could be explained either with a lower
frequency of faint SNe in Sculptor, or with shallower potential
wells that can allow the formation of the second generation of
stars. Another CEMP-no star of extremely low metallicity was
previously discovered in Bootes I (Lai et al. 2011; Gilmore et al.
2013) and this one also lies in the low-carbon band. In any case
the presence of at least two CEMP-no stars outside our Galaxy
prompts us to search for a formation mechanism that is univer-
sal. Clearly, further scrutiny of the EMP populations in Local
Group galaxies, as can be afforded by multi-object spectrographs
on 30 m class telescopes (Evans et al. 2015), is of the highest
interest.

We also note that the upper limit for the [Fe/Ca] ratio in
SMSS J0313-6708 is consistent with the values observed in the
other stars. If the iron abundance in this star were measured to
be up to 0.4 dex below the current upper limit it would be similar
to the others; only if it were much lower would it be definitely
peculiar. If our scenario is correct the ratios of all elements heav-
ier than Si to Ca in SMSS J0313-6708 ought to be within the
mean trends shown in Figs. 7 and 8, although its [C/Ca] and
[Mg/Ca] ratios are at several o from the mean.

5.2. Lithium

There are now five known unevolved stars with iron abun-
dance below —4.5: HE1327-2326 (Frebel et al. 2005),
SDSS J1029+1729 (Caffau et al. 2012), HE 0233-0343 (Hansen
et al. 2014), SDSSJ1742+2531 (Caffau et al. 2013a and this
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Fig. 10. Lithium abundances, or significant upper limits, in the stars
analysed in the present paper (red symbols), compared to those in other
extremely metal-poor unevolved stars (Frebel et al. 2008; Sbordone
et al. 2010; Bonifacio et al. 2012; Caffau et al. 2012; Hansen et al. 2014)
(black symbols). The two components of the binary system CS 22876-
32 (Gonzélez Herndndez et al. 2008) are shown as crosses. The upper
limits shown as open symbols are G 186-26, G 122-69, and G 139-8
from Norris et al. (1997a). The blue dashed line is the level of the Spite
plateau as determined by Sbordone et al. (2010).

paper) and SDSSJ1035+0641 (this paper). SDSS J1742+2531
and SDSSJ1035+0641 have no measurable lithium, like
HE 1327-2326 and SDSSJ1029+1729, at variance with most
of the stars found at higher iron abundance with similar atmo-
spheric parameters. The situation is shown in Fig. 10. HE 0233-
0343 is very similar to SDSS J1742+2531 both for atmospheric
parameters and chemical abundances of C, Ca, and Fe, but it has
a detectable lithium doublet that implies A(Li) = 1.77 (Hansen
et al. 2014), thus roughly a factor of three below the Spite
plateau.

The Spite plateau meltdown, highlighted by Aoki et al.
(2009a) and Sbordone et al. (2010), is the large number of stars
at metallicity below —3.0 solar, which have lithium abundances
lower than the Spite plateau, but still measurable (see Fig. 3 in
Spite et al. 2012b). In four of the above-mentioned UIP stars the
lithium abundance could not be measured, and it is intriguing to
consider the possibility that the atmospheres of these stars are
indeed totally devoid of lithium. How did this happen? Is this re-
lated to the very low iron abundance of these stars? We note that
owing to the difference in the C abundances, their total metallic-
ity Z is indeed very different.

The observation of HE 0233-0343 implies that the phe-
nomenon responsible for the total destruction of lithium is not
effective in all cases. It is, however, natural to suppose that it is
the same phenomenon that is responsible for the lithium deple-
tion in HE 0233-0343 and for the Spite plateau meltdown.

A possible explanation is that all these stars were born with
high rotational velocities as a consequence of the role of frag-
mentation in their formation, as argued in Sect. 5.3 and as sup-
ported by the simulations of Stacy et al. (2011a, 2013). We note
that the gas out of which the first stars form was likely to be
strongly magnetised. Any pre-existing magnetic field was ampli-
fied to dynamically significant levels by the small-scale turbulent
dynamo which converts parts of the kinetic energy associated

with the accretion flow in the star-forming parts of the halo
into magnetic energy (Schleicher et al. 2010; Sur et al. 2010;
Schober et al. 2012). In principle, magnetic fields can remove
angular momentum from the system by magnetic braking (e.g.
Mouschovias 1985; Hennebelle & Ciardi 2009). However, the
efficiency of this process is strongly reduced in turbulent fields
with a highly tangled morphology (Seifried et al. 2012, 2013),
and so an appreciable fraction of the angular momentum is
thought to remain in the system. This — together with the fact that
primordial stars are expected to have very weak winds (Ekstrom
et al. 2008) — supports the hypothesis that these stars remain fast
rotators at least during all of their pre-MS and a good part of
their MS phase (Maeder & Meynet 2012). Rotational mixing
would then bring the material below the region of Li-burning,
leading to the total destruction of Li in these stars. As the metal
content increases the star formation mode shifts to a more stan-
dard Pop II formation mode, with lower rotational velocities and
less Li destruction. In this scenario the Spite plateau meltdown
would simply mark the transition between the Pop III and Pop II
star formation mode.

A second, related, scenario has been proposed by Molaro
et al. (2012). They assume Li is significantly destroyed in the
pre-MS phase by overshoot mixing, and then partially restored
by late accretion of fresh non-Li depleted material. The ex-
treme objects, such as SDSSJ1742+2531, SDSSJ1029+1729,
SDSSJ10354+0641 and HE 1327-2326, simply lacked the late
accretion phase because they formed by fragmentation, and as
a result the proto-star was ejected from the gas reservoir.

Finally, we wish to propose a third possible scenario that
does not invoke high rotation in the early stages of the star’s life.
The first stars formed in dark-matter minihaloes (see Bromm
2013, and references therein). The concept of minihaloes that
eventually merge to form a galaxy is at the heart of the cold dark
matter, with Cosmological constant (A-CDM) scenario of hier-
archical galaxy formation. If all the first-generation stars explode
as SNe, with typical energies of 10°! erg, then the remaining gas
in the minihalo is blown out and no further star formation can
take place. However, in some minihaloes a few typical SNe ex-
plode in addition to faint SNe. In this case the gas is not blown
out and a second generation of stars may form. The second-
generation stars may have both a CEMP-no chemical compo-
sition or a normal EMP composition, depending on the mass of
the ejecta contributed by faint and normal SNe. However, in all
these stars the Li content would be lower than that present in
the primordial gas. The SNe ejecta being Li-free, the resulting
Li abundance would simply depend on the amount of dilution
of the SN ejecta with pristine material. If we assume that many
of the stars with [Fe/H] < —2.8 have been formed in such mini-
haloes, this could explain the Spite plateau meltdown. In this
case the most metal-poor stars would simply be an extreme case
of stars formed from ejecta very little diluted with pristine mate-
rial. Once the galaxy is assembled, through the merging of many
minihaloes, a standard chemical evolution, with well-mixed mat-
ter begins (Prantzos 2012). The final result is that all the Li-free
material of the SNe ejecta dilutes the primordial lithium abun-
dance. This could solve the cosmological Li problem.

In all three of the above scenarios the case of HE 0233-0343
could be accommodated if we assume that the phenomenon has
various degrees of efficiency. In the case of rotationally induced
mixing, this should be partially inhibited by some kind of brak-
ing (magnetic or other). In the case of late accretion, this should
be allowed to proceed long enough to restore the lithium to the
observed abundance. In the case of mixing of primordial matter
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with SNe ejecta in minihaloes, it is the mass ratio of the two
materials that governs the final Li abundance.

5.3. Implications on the formation of low-mass stars
in metal-poor gas

Star formation in metal-free or extremely metal-poor environ-
ments is more complex than previously thought. While early
simulations of the formation of primordial stars suggested
masses above 100 My (Omukai & Palla 2001, 2003; Abel et al.
2002; Bromm et al. 2002), more recent work in early star
formation acknowledges the importance of turbulence (Clark
et al. 2011a; Greif et al. 2011a,b), variations of halo proper-
ties (Hosokawa et al. 2012; Hirano et al. 2014), cosmological
streaming velocities (Tseliakhovich & Hirata 2010; Greif et al.
2011a; Maio et al. 2011; Stacy et al. 201 1b; Tseliakhovich et al.
2011), and even magnetic fields (Schleicher et al. 2008; Peters
et al. 2014) or potentially dark-matter annihilation (Iocco 2008;
Spolyar et al. 2009; Smith et al. 2012). All these processes influ-
ence the fragmentation properties of the star forming gas and
consequently modify the resulting stellar mass spectrum. As
discussed in Sect. 4.1, current studies predict a wide range of
masses all the way down into the substellar regime. However, a
full consensus on the IMF of primordial as well as of extremely
metal-poor stars has yet to emerge, and so further investigations
are required. As soon as the metallicity rises above a certain
threshold, which is thought to lie between 107% and 107> Z;, (e.g.
Omukai et al. 2005; Schneider et al. 2012a; Glover 2013), two
main cooling channels emerge which could lead to the efficient
formation of low-mass stars and result in a stellar mass spectrum
similar to the present-day IMF (Kroupa 2002; Chabrier 2003).
These cooling processes are

— fine structure transitions of CII and O1 (Bromm & Loeb
2003) and;

— dust cooling (Schneider et al. 2006, 2012a; Omukai et al.
2008; Dopcke et al. 2011, 2013).

SDSS J1742+2531 is the seventh star discovered with [Fe/H] <
—4.5 and out of seven, six are CEMP stars (on the low-carbon
band) and only one, SDSS J1029+1729, is a carbon-normal star.

The low-carbon band places all these CEMP stars in the
“permitted zone” of the Bromm & Loeb (2003) theory, thus
making formation via metal-line cooling viable. This is not the
case for SDSS J1029+1729, for which dust cooling appears nec-
essary (Schneider et al. 2012b; Klessen et al. 2012; Chiaki et al.
2014).

It would be tempting to conclude, as Norris et al. (2013) and
Gilmore et al. (2013) did, that the CEMP stars of the low-carbon
band were formed via line cooling, while SDSSJ1029+1729
formed via dust cooling. However, even for the C-enhanced gas,
line cooling only lowers the Jeans masses (and as a consequence
stellar masses) to values largely in excess of 10 M. Clearly, in
order to form the low-mass objects observed, one would need
to resort to a high-density cooling process, such as dust cooling.
This is the only process that brings the gas into the right regime
of masses consistent with the observations (Omukai et al. 2005;
Clark et al. 2008; Klessen et al. 2012; Schneider et al. 2012a,b;
Dopcke et al. 2013; Chiaki et al. 2014, 2015). It seems thus more
realistic to assume that all the stars in Fig. 7 were formed by dust
cooling, irrespective of their carbon content.

‘We note, however, that the above arguments are based solely
on thermodynamics. If we also consider the dynamics of the col-
lapsing cloud it turns out that even completely metal-free gas
can make low-mass objects simply by disc fragmentation (e.g.
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Clark et al. 2011a; Greif et al. 2011b, 2012) because the gas is
almost isothermal over a wide range of densities®. The mass load
onto the accretion disc exceeds its ability to transport material in-
wards, and it fragments. This fragmentation is not as widespread
as with dust cooling. The expected IMF is flat (Dopcke et al.
2013), which means that it is still top-heavy with respect to to-
day’s standards, but it is possible to make low-mass objects in
the mass range of the stars in Fig. 7. Therefore, in principle, all
these stars may have been formed without resorting to either dust
or metal-line cooling.

In a recent paper, Cooke & Madau (2014) proposed a nu-
merical model of the chemical enrichment produced by the first
generation of stars, and looked at the resulting chemical com-
position irrespective of the mechanism needed to form the next
generation of low-mass stars. Their model has several points in
common with our proposed scenario. In particular, they assume
that the first stellar generations are formed in minihaloes of a
mass of a few millions of solar masses. In these haloes one or
several massive stars are formed. Cooke & Madau (2014) recog-
nise the important link between the explosion energy of the re-
sulting supernovae and the ability of the minihalo to retain gas
and thus form a new generation of stars. The consequence is that
the minihaloes that host faint (low energy) SNe are those that
are more likely to form second-generation stars, and because of
the presence of the faint SNe these are indeed C-enhanced. This
model reproduces well the increase in the fraction of CEMP stars
at low metallicity and the role of faint SNe is very similar to the
scenario that we propose. However, the model is less success-
ful in reproducing the detailed abundances of the EMP stars. In
particular at the lowest metallicities all the stars seem to lie at
[C/Fe] values much higher than those preferred by the models.
Here we have presented data for four more such stars, suggest-
ing that these high [C/Fe] values, which correspond simply to the
low-carbon band discussed here, are the norm at low metallic-
ities and not the exception. This rules out exotic explanations
like enrichment from AGB stars or CNO boosted nucleosyn-
thesis (see Cooke & Madau 2014, and references therein). We
believe that the most likely possibility is the one proposed by
Cooke & Madau (2014), that the mixing of the SNe ejecta is
not uniform. In Sect. 4.2 we suggest that the existence of the
low-carbon band provides a strong constraint to the minimum
dilution of SNe ejecta necessary for star formation. In the con-
text of the Cooke & Madau (2014) models we argue that the
width of the band should provide a constraint on the dispersion
in dilutions encountered. It would be interesting to run models of
the type of the Cooke & Madau (2014) models, with a variable
dilution to see if it is possible to reproduce the low-carbon band.

5.4. Alternative scenarios

There are, of course, alternative scenarios to our preferred faint
supernovae scenario that may explain the occurrence of CEMP
stars of extremely low metallicity. We refer the reader to the in-
troduction of the recent paper by Maeder et al. (2015) who list
as many as five possible scenarios and to the extensive review
of Karlsson et al. (2013) on the chemical signatures of the first
stars. Here we wish only to mention the one that we believe
is the most serious competitor to the faint supernova scenario:
rapidly rotating massive stars. A rapidly rotating massive star
may, during its main sequence lifetime, bring C and N to the
surface. Plez et al. (2005) invoked this mechanism to explain

8 The equation of state can be expressed as P o p” with 1.05 Sy < 1.1
and p density, with no explicit dependence on temperature.
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the large N abundance and low '2C/!3C ratio in one of the first
CEMP stars of extremely low metallicity discovered: G 77-61.
The role of rapidly rotating massive stars in producing CEMP
stars has often been discussed in the literature (Meynet et al.
2006; Chiappini et al. 2006; Hirschi 2007; Meynet et al. 2010;
Maeder et al. 2015). In the presence of rapid rotation, N in par-
ticular would be greatly increased by rotation during the central
He burning phase when a tail of C produced by the He burning
is transported to the base of the H burning shell by rotationally
induced mixing, and then rapidly converted into N by the CNO
cycle. In particular, we expect that a generation of stars rotating
initially at 300 kms~!, integrated over a Salpeter IMF, would
produce ejecta (but not necessarily wind) with a C/N ratio of the
order of 17 (Limongi and Chiefhi in preparation), while the anal-
ogous generation of non-rotating stars would provide a C/N ratio
of the order of 3500. The same holds for the >C/'3C ratio that
turns from 350000 to 2000 from v = 0 to v = 300. It is worth
noting that rotation should not be extreme, in the sense that it
must not lead to a full mixing of the star because some active H
burning must be still present when C is produced by the central
He burning.

In the future we plan to make a detailed comparison of
the predictions of faint supernovae and rapidly rotating massive
stars.

6. Conclusions

We have determined the iron abundance in SDSSJ1742+2531
to be [Fe/H] = -4.8. This increases the sample of known
stars with [Fe/H] < —4.5 to seven. We could not measure the
iron abundance in SDSSJ1035+0641, yet our 30 upper limit
of —5.00 classifies it as the eighth such star, supported also
by its extremely low Ca abundance ([Ca/H] = -5.0). Both
stars are carbon enhanced (CEMP), thus the sample of the eight
most iron-poor stars is composed of seven CEMP stars and one
carbon-normal star (SDSS J1029+1729).

Based on the measured [X/Ca] ratios in a sample of CEMP
stars, and theoretical predictions of nucleosynthesis in zero-
metallicity supernovae, we have proposed a scenario in which
the metals observed in these stars were produced by a few zero-
metallicity SNe. The carbon abundances of the program stars
confirm the bimodal distribution in CEMP stars, with the CEMP-
no stars occupying a low-carbon band identified by Spite et al.
(2013). We have proposed an interpretation of this bimodality:
the stars on the high-carbon band, all of which are binaries
(Starkenburg et al. 2014), are the result of mass-transfer from
an AGB star in a binary system, while the low-carbon band stars
reflect the abundances of the gas out of which they were formed,
the high-carbon abundance is the result of the ejecta of a faint
supernova.

This scenario is also supported by the theoretical predictions
that the zero-metallicity stars are not formed in isolation but are
formed in groups, and possibly as multiple stars (Clark et al.
2008, 2011a,b; Stacy et al. 2010; Greif et al. 2011b, 2012; Stacy
& Bromm 2013). The idea that several massive Pop III stars may
pollute a primordial cloud, and that subsequently low-mass stars
can form in the high-density shocks was already proposed by
Cayrel (1986). However, at that time no stars as metal-poor as
those discussed here were known, and it was suggested that this
mechanism could enrich the gas up to one hundredth of the so-
lar value or even above. Our proposed scenario, following the
ideas of Bonifacio et al. (2003) and Limongi et al. (2003), re-
quires a few SNe of mass less than ~25 M,,. Since our scenario
requires more than one SNe, it departs significantly from other

attempts to explain the abundance pattern of these stars by the
ejecta of a single exotic SN (see e.g. Umeda & Nomoto 2003;
Iwamoto et al. 2005; Izutani et al. 2009; Joggerst et al. 2010;
Ishigaki et al. 2014a, and references therein). Our scenario ex-
plains well the low star-to-star scatter in the [X/Ca] ratios (a
factor of two, at most) for elements heavier than Mg, in spite
of the large span in [Fe/H] displayed by these stars. The large
scatter in the [X/Ca] ratios for the lighter elements, and in par-
ticular the CEMP nature of some of the stars, are determined
by the presence, among the SNe that produced the metals, of at
least one faint SN. The fact that seven out of eight stars found
to have [Fe/H] below —4.5 are CEMP, suggests that the occur-
rence of the faint SNe is a rather common event probably be-
cause the binding energy of the lower metallicity stars at the on-
set of the core collapse is larger, thus favouring fall-back, and
the faintness of the SN. The statistics are clearly scanty and
before drawing conclusions on the frequency of faint SNe one
should study possible selection biases. This is not trivial given
that the eight most iron-poor stars have been selected from three
different surveys (Hamburg ESO, SDSS, and SMSS) with dif-
ferent follow-up procedures. The fact that three of the eight stars
have been selected by our group from SDSS using the same cri-
teria and include one carbon-normal (SDSSJ1029+1729) and
two CEMP (SDSSJ1035+0641 and SDSSJ1742+2531) sug-
gests that there is no strong bias in favour of or against the selec-
tion of CEMP stars.

Very interestingly, SDSSJ1742+2531 and SDSSJ1035+
0641 do not show any detectable lithium, and this characteris-
tic is shared by two of the other unevolved stars of the sam-
ple (SDSS J1029+1729 and HE 1327-2326). We proposed three
possible scenarios to explain these Li-poor stars. In two of the
scenarios they were formed by fragmentation and this resulted
in the destruction of lithium in the pre-main-sequence phase, ei-
ther through rotational mixing or owing to the lack of the late
accretion phase as proposed by Molaro et al. (2012). A third
scenario requires that these stars were formed within a mini-
halo, in which the Li-free SN ejecta were mixed with primor-
dial gas. Their formation must have taken place before the mini-
haloes merged to form the Galaxy. In all three cases these stars
had a different formation with respect to the stars with higher
[Fe/H]. The case of HE0233-0343, which is very similar to
SDSS J1742+2531 except for the lithium abundance, implies
that even in this star formation mode some lithium can survive.
It is, however, remarkable that the lithium observed in this star is
still almost a factor of three below the Spite plateau, and similar
to the value observed in many of the stars of the Spite plateau
meltdown.

Among the different mechanisms for the formation of these
UIP stars, the Bromm & Loeb (2003) cooling mechanism is vi-
able for all the CEMP stars, yet it still requires either a fragmen-
tation of the gas cloud at the late stages of the collapse or an
additional high-density cooling mechanism. On the other hand,
all forms of dust cooling (Schneider et al. 2006, 2012a; Omukai
et al. 2008; Dopcke et al. 2011, 2013) are viable for all the
UIP stars, CEMP or not. Disc fragmentation (Clark et al. 2011a;
Greif et al. 2011b, 2012), is also a possible formation mecha-
nism for all these stars, and it would also allow the formation of
primordial low-mass stars.

The indirect evidence coming from the lack of lithium in
four of the five unevolved stars, suggests a prominent role of
disc fragmentation, either in the presence of dust or not. A direct
confirmation of this mechanism would be the detection of a low-
mass star totally devoid of metals. The search of such stars must
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continue, and an interesting prospect is offered by an all-sky, un-
biased survey such as Gaia’.
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Appendix A: Ratios of various elements to calcium  have been scaled to bring them to our adopted solar abundance

scale. As solar reference for carbon, nitrogen, oxygen, and iron
For the reader’s convenience we present in the following table we took Caffau et al. (2011), and for the other elements Lodders
the data that were used to plot Fig. 7. All the published ratios et al. (2009).

Table A.1. [X/Ca] ratios for the four low-carbon band stars studied in the present paper and for the carbon-normal most metal-poor star SDSS
J1029+1729.

Z @D @) ©)) “ &)
[C/Ca] 6 +143 4323 4338 +332 -
7

[N/Ca] +1.85 - - - -
[O/Ca] 8 +0.75 - - - -
[Na/Ca] 11 - - - - -
[Mg/Ca] 12 -0.35 - - - -0.11
[Al/Ca] 13 -1.38 - - - -
[Si/Ca] 14 -0.39 - - - +0.33
[Sc/Ca] 21 -0.29 - - - -
[Ti/Ca] 22 -0.10 - - - -0.15
[Cr/Ca] 24 -0.74 - - - -
[Mn/Ca] 25 - - - - -
[Fe/Ca] 26 -0.78 - - -024 -0.13
[Co/Ca] 27 +0.38 - - - -
[Ni/Ca] 28 -0.65 - - - +0.05

[Sr/Ca] 38 -1.02 - - _ _
[Ba/Ca] 56 -0.62 - - _ _

Notes. (1) SDSS J0212+0137 This paper; (2) SDSS J0929+0238 This paper; (3) SDSS J1035+0641 This paper; (4) SDSS J1742+2531 This
paper; (5) SDSS J1029+1729 Caffau et al. (2012).

Table A.2. [X/Ca] ratios for all the known CEMP stars with [Fe/H] less than about —4.0.

Z 2 3) @ 3 ©) @) ®) ©)  Mean o Min.  Max.

[C/Cal” 6 +3.20 +082 +3.06 +4.72 +253 +094 +228 +339 +0.82 +244 +1.04 1082 +339
[N/Cal®* 7 +225 +086 - — 4157 - 4316 4392 4226 +235 +1.22  +0.86 +3.92
[0/Ca] 8 +1.79 - - - 4157 - ~ 4307 +1.68 +2.18 +0.77 +1.68 +3.07
[Na/Ca] 11 +045 -0.41 - ~ 4003 -0.89 +0.12 +1.68 +1.10 +033 +0.87 -0.89 +1.68
[Mg/Ca] 12 -024 +020 +030 +295 -0.11 -036 +047 +0.99 +123 +026 +0.53 -036 +1.23

[Al/Ca] 13 - - - - - -1.31 042 +042 -053 056 +0.73 -1.31 +0.42
[Si/Ca] 14 - -0.07 +0.01 - - - - - +0.13  +0.10 +0.17 -0.07 +0.33
[Sc/Ca] 21 - -0.16 - - - -034 -0.18 - -020 -0.16 +0.17 -034 +0.07
[Ti/Ca] 22 -0.63 +0.05 -0.12 - - -0.25 4039 -0.00 +0.11 -0.10 +0.26 -0.63 +0.18
[Cr/Ca] 24 - -0.33 - - -021 -1.30 -0.50 - -0.75 -0.53 +051 -1.30 -0.01
[Mn/Ca] 25 - -1.24 - - -0.64 - -1.35 - -1.16 -1.05 +041 -135 -0.44
[Fe/Ca] 26 -0.57 -0.13 -0.37 - -0.67 -0.60 -0.03 -074 -041 -039 +021 -074 -0.13
[Co/Ca] 27 - +0.21 - - - -0.57 +0.16 - -0.04 -0.06 +036 -0.57 +0.21
[Ni/Ca] 28 -0.74 +0.07 - - - -0.82 -0.14 -051 044 034 +038 -0.82 +0.07
[St/Ca] 38 - -0.46  -0.08 - - - -1.14  +031 -0.04 -0.28 +0.55 -1.14 +0.31
[Ba/Ca] 56 - - - - - - —0.50 - 099 -0.75 +035 -099 -0.50

Notes. All the published abundances have been scaled to our adopted solar values. ' For these elements the abundances of CS 22949-037 have
not been considered to compute the mean and o since the star is “mixed”, in the sense of Spite et al. (2005).

References. (1) HE 0107-5240 Christlieb et al. (2004); (2) HE 0134-1519 Hansen et al. (2014); (3) HE 0233-0343 Hansen et al. (2014); (4) SMSS
J0313-6708 Keller et al. (2014); (5) G 77-61 Plez & Cohen (2005), Plez et al. (2005); (6) HE 0557-4840 Norris et al. (2007); (7) HE 1310-0536
Hansen et al. (2014); (8) HE 1327-2326 Frebel et al. (2008); (9) CS 22949-037 Depagne et al. (2002), Norris et al. (2002).

Table A.3. Abundances of Fe, Ca, and C for the sample of nine comparison stars.

Star  [Fe/H] [Ca/H] A(C)
HE0107-5240  —5.46  -439  6.81
HE0134-1519  -4.00 -3.87 545
HE 0233-0343  -470 -433 723

SMSS J0313-6708 <-7.32 -7.19  6.03
G77-61  —-410 -343 7.60

HE 0557-4840  —4.75  —4.15 5.9
HE 1310-0536  —4.17 -4.14  6.64
HE 13272326  -5.73  —4.99  6.90
CS22949-037  -4.01 -3.60 572
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