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ABSTRACT

Context. In the course of the TOPoS (TurnfPrimordial Stars) survey, aimed at discovering the lowestafticity stars, we have
found several carbon-enhanced metal-poor (CEMP) staeseT$tars are very common among the stars of extremely loallicigy
and provide important clues to the star formation proces&leshere present our analysis of six CEMP stars.

Aims. We want to provide the most complete chemical inventorytese six stars in order to constrain the nucleosynthesiepses
responsible for the abundance patterns.

Methods. We analyse both X-Shooter and UVES spectra acquired at tfie We used a traditional abundance analysis based on
OSMARCS 1D Local Thermodynamic Equilibrium (LTE) model aspheres and theurbospectrum line formation code.

Results. Calcium and carbon are the only elements that can be measueddsix stars. The range is5.0 <[CgH]< -2.1 and
7.12 <A(C)< 8.65. For star SDSS J1742531 we were able to detect threerfiees from which we deduced [FH] = —4.80, from
four Cau lines we derived [G&l]=—4.56, and from synthesis of the G-band we derived A{{C26. For SDSS J1030641 we were
not able to detect any iron lines, yet we could place a rot8sst @pper limit of [F&H] < —5.0 and measure the Ca abundance, with
[Ca/H]=-5.0, and carbon, A(&6.90, suggesting that this star could be even more metalthaa SDSS J1742531. This makes
these two stars the seventh and eighth stars known so fafféthl] < —4.5, usually termed ultra-iron-poor (UIP) stars. No lithium
is detected in the spectrum of SDSS J1#22331 or SDSS J103%641, which implies a robust upper limit of A(l) 1.8 for both
stars.

Conclusions. Our measured carbon abundances confirm the bimodal digbribef carbon in CEMP stars, identifyingrigh-carbon
band and alow-carbon band. We propose an interpretation of this bimodality accordimgvhich the stars on thieigh-carbon band
are the result of mass transfer from an AGB companion, whidestars on théow-carbon band are genuine fossil records of a gas
cloud that has also been enriched by a faint supernova (SNjdang carbon and the lighter elements. The abundancerpatf the
UIP stars shows a large star-to-star scatter in th€@X ratios for all elements up to aluminium (up to 1 dex), lnis$ scatter drops
for heavier elements and is at most of the order of a factowof e propose that this can be explained if these stars ameetb
from gas that has been chemically enriched by several Shepthduce the roughly constant/[Xa] ratios for the heavier elements,
and in some cases the gas has also been polluted by the djad&ir SN that contributes the lighter elements in vagadinounts.
The absence of lithium in three of the four known unevolve® Wiars can be explained by a dominant role of fragmentationei
formation of these stars. This would result either in a desiton of lithium in the pre-main-sequence phase, throaggtional mixing

or to a lack of lateaccretion from a reservoir of fresh gag phenomenon should have varying degreedfafiency.
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Bonifacio et al.: TOPoS: Il. C-enhanced stars

1. Introduction An interesting issue is the lithium abundance in unevolved
. ) CEMP stars compared to carbon-normal unevolved starse Spit
Carbon-enhanced stars are the most common objects in thegspite (1982) discovered that the warm metal-poor unewblve
tremely iron-poor regime. Very few stars with iron abund&ngtars share a common lithium abundance, independerfiasf-e
below 10000 do not show an over-abundance of carbon. Thgye temperature or metallicity. This is referred to as Spite
provide important clues that help understand the formadibn piateau. The unevolved CEMP stars usually display lithium
the first low-mass stars in the history of the Universe. A oarb abundances that are lower than Spite plateau, although some
enhanced metal-poor (CEMP) star has traditionally beemelefi of them do lie on theSpite plateau. Given that lithium is de-
as a star having [Ee]> +1 (Beers & Christlieb 2005), althoughstroyed at temperatures higher thai 2 10° K, the presence or
[C/Fel> +0.7 has been used (e.g. Aoki et al. 2007; Carollo gbsence of lithium and its precise abundance place stromg co
al. 2012; Norris et al. 2013; Lee et al. 2013; Carollo et al£0 straints on the temperatures experienced by the mategaépt
Skuladéttir et al. 2015). In our opinion the latter criterishould in the stellar atmospheres and on possible lithium prodocti
not be used, since it may lead to ambiguous classifications.elents.
fact the mean carbon-to-iron ratio of turfFextremely metal-  The pylk of the metals observed in stars has been produced
poor stars is< [C/Fe] >= +0.45+ 0.1 (Bonifacio et al. 2009). py supernovae. The properties of CEMP stars can provide evi-
These definitions are always purely phenomenological, #d gence of the existence and possible role of faint superndvae
not based on any theoretical consideration. Ambiguity mesea faint supernova is a core-collapse supernova such thaniié
for some very luminous giants that are expected to have @@rergy is of the order of a few ®erg, the velocity of the ejecta
creased their C abundance owing to mixing with material pre-1000 kms?, and the mass G€Ni of the order of a few 16°
cessed through the CNO cycle (Skuladéttir etal. 2015). &1\ |n such an explosion only the upper layers, rich in lighter
shortcoming of this definition is for stars for which Fe cahngjements (up to magnesium), are ejected and recycled imthe i
be measured. However, in all practical cases the upper éimit torstellar medium. The deeper layers, rich in iron and rexali
[Fe/H] allows a lower limit on [GFe] to be derived which deter- ements, fall back onto the compact object and do not conibu
mines whether a star is a CEMP or not. For the time being thegaihe enrichment of the interstellar medium (see e.qg. gt
are no major controversies on which stars are to be considesg 2014a, and references therein).
CEMP, although there are some on DLAs. In this paper we present abundance determinations for six
The turn-df Primordial Stars Survey (TOPoS) (€au et al. extremely iron-poor CEMP stars of which four are studieceher
2013b) is aimed at finding stars of extremely low metallicfor the first time. SDSS J1742531 was already analysed on
ity extracted from candidates selected from spectra of tharS the basis of an X-Shooter spectrum byff@a et al. (2013a). In
Digital Sky Survey (York et al. 2000; Yanny et al. 2009; Dawthat paper we were able to provide the abundance of C, from
son et al. 2013), data releases 7, 8, and 9 (Abazajian et@9; 2Ghe G-band and of Ca, from the @& line. No lines of Fe,
Aihara et al. 2011a,b; Ahn et al. 2012). Our targets are mairdr any other element were detectable on that spectrum. $n thi
the carbon-normal turntbstars. However, in warm stars the Gpaper we give an account of our further observations of thais s
band may not be prominent in the low-resolution SDSS spgectganducted with UVES and providing higher resolution afid S
even if the star is a CEMP. When observed at higher resolutigectra. Star SDSS J1245-0738 has already been studiedby Ao
these stars reveal their true nature. In some cases wediéibe et al. (2013).
targeted some CEMP stars of extremely low metallicity ineord
to gain some further insight on the properties of these .stars

CEMP stars can be rich in heavy elements, which are n@-Observations and data reduction
mally built by both the “s-" and “r- processes”. In this cakey .
are called CEMP-rs stars, although the nucleosynthetirori 1 N€ coordinates and SDSS photometry of our programme stars
of the neutron capture elements in these stars is not veay. cl&€ Summarised in Table 1.

It may in fact be more complex than a simple superposition of

“normal” s- and r-processes (see Masseron et al. 2010, fsra & 1. spssJ0212+0137

cussion); if they are rich only in heavy elements built by the

s-process they are denominated CEMP-s. CEMP stars witfrel the star SDSS J023R137 we have nine 3000s and two
normal pattern of the heavy elements are called CEMP-ne star00s exposures taken with UVES in the 4380 nm setting,
(see e.g. Beers & Christlieb 2005). The prototypical CEMRollected between August 6 and August 31, 2013. The slithwidt
no star is CS22957-027 (Norris et al. 1997b; Bonifacio et avas set to 14 to minimise the light losses, and the binning
1998, with [F¢H] = —3.43, A(C)=7.13). It is dificult to de- 2 x 2. In this case the resolving power was set by the seeing
rive the chemical content of heavy elements in unevolved staand since most observations were taken with a seeing ardund 1
and even more in the case of low- and medium-resolution speg-the coadded spectrum, it is of the order of 47 000. The spec-
tra. In the present sample two stars can be classified as CENfR-were reduced in the standard way using the UVES pipeline
rs (SDSS J113#2553) and CEMP-s (SDSS J1245-0738) on tH@allester et al. 2000) within the ESO Common Pipeline Lijpra
basis of their Ba abundance, following Masseron et al. (2010 The radial velocity was measured on each individual spettru
and then spectra obtained on the same day were coadded and the
radial velocity measured from this coadded spectrum. I bot
cases it was apparent that the radial velocity varied néarly

** MERAC Fellow early over the observation period. Both the radial velesifrom

L The TOPOS survey is based mainly on ESO Large Programiflf individual spectra and the daily means are given in Table
189.D-0165, and also on the precursor pilot programme aziadudur- The Ime—to-lm_e scatter in the velocities of each indivatlspec-

ing the French and Italian X-Shooter guaranteed time, armbore nor- trum was typically less than 1 km'and always less than 1.4
mal ESO observing programmes conducted with UVES such a®p91km s~X. For comparison the SDSS radial velocity for this star is
0288 and 091.D-0305. —2.7+3km s'%, the spectrum was taken on the 27-09-2009, MJD

* Based on observations obtained at ESO Paranal Observptory,
gramme 091.D-0288, 091.D-0305, 189.D-0165.
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Table 1. Coordinates and magnitudes from SDSS

SDSS ID RA Dec I b u g r [ z E(B-V)
J2000.0 J2000.0 deg deg [mag] [mag] [mag] [mag] [mag] [mag]

SDSSJ02120137 02 12 38.48+01 37 58.08 160.378358215522255068 18.32 17.46 17.22 17.12 17.09 .032
SDSS J09280238 09 29 12.33+02 38 17.00 230.78095136 35.85905110 19.27 18.36 17.96811I773 0061
SDSSJ10380641 10 35 56.11+06 41 43.97 239.11776469 51.90944644 19.53 18.65 18.37118826 0028
SDSS J113¥2553 11 37 23.26+25 53 54.30 174.34692383 25.89841652 17.35 16.47 16.212166111 0022
SDSSJ1245-073812 45 02.68 -07 38 47.10 191.261169437.64641666 17.27 16.31 16.02 15.91 15.86 .026
SDSS J1742253P 17 42 59.68+25 31 35.90 49.85799222 25.64468718.080 1891 1867 1855 1849 Q065

a already studied by Aoki et al. (2013)
b already studied by G#au et al. (2013a)

5502. Further monitoring of the radial velocity of this steen- ual spectra ranges from 3 to 6 in the blue. This makes it very
couraged. The coadded spectrum ha$ S79 at 392 nm, 87 at difficult to measure the radial velocities on the individual $f@ec
450nm, 134 at 670 nm, and 210 at 850 nm. since we have to rely only on the Balmer lines. These rough mea
surements showed that the radial velocity of théedent spectra
was constant to withia5 km s1. We therefore decided to coadd
2.2. SDSS5J0929+0238 the spectra, after applying the appropriate barycentriection

. h one. The/H ratio of the coadded spectrum is about 19
SDSS J09290238 was observed with X-Shooter on May 17° €8¢ . .
2013, for an exposure time of 3000s in the IFU mode. Ti Sat 400 nm and 40 at 670nm. The radial velocity measured on

: he coadded spectrum is -70.2 kmwith an estimated error of
is about 20 at 400nm. Both the X-Shooter specirum and T‘E?(m s%, which is consistent with the value from the X-Shooter

low-resolution spectrum of SDSS show an obvious G-band (s Sctra taken in 2013,
Fig. 1), and the star was targeted for this reason as wellras

the very weak Ca K line (see Fig. 2). This line and the G-band

are the only metallic features we can detect from the X-S100b 4. SDSS J1137+2553

spectrum; they provide only upper limits for iron and othle-e

ments. The radial velocity as measured from ther®aline is For star SDSS J1132553 we have a single UVES spectrum of
+398 km s with an error estimate of 10 kms This is consid- 3005 s observed on July 2, 2013, with the same set-up used for
erably lower than the velocity estimate of SDS®67 kms'+ the observations of SDSS J0242137. The seeing wag'1. The

10 kms'). However, considering that the SDSS measuremestectrum has /8l=30 at 405nm. The radial velocity measured
can rely only on the Balmer lines, unsuitable for accuratiata from this spectrum is 137 + 0.4 km s'tin excellent agreement
velocity measurements owing to their breadth (see e.g. &enz With the value from the SDSS spectrum (188 3 kms™).
Hernandez et al. 2008), it may well be that the error in the SDS

measurementis much larger than its formal estimate andtitleus

two radial velocities are consistent. It would nevertheles in- 2-2- SDSSJ1245-0738

teresting to monitor the radial velocity of this star sinbe dif- Fqr star SDSS J1245-0738 we have a single UVES spectrum of
ference between our measurement and the SDSS may indig#i®s observed on May 9, 2013, with the same setup used for
the presence of radial velocity variations. SDSS J02120137 and SDSS J1132553. The seeing wag'2.

The spectrum is of poor quality and attaindNS8 at 405 nm.

In order to analyse it we smoothed it by rebinning it by a fac-
tor of 3 and this was dficient to allow us to measure several

SDSS J10350641 was observed with X-Shooter on April 3gnetallic lines. The radial velocity measured from this speu
and May 1, 2013, on each occasion for an exposure timei®f 7.7 + 1.27 km s1, in excellent agreement with the measure-
30005 in the IFU mode. The/I$ of the coadded spectrum isment from the SDSS spectrum (28 kms™*). The star was also
about 35 at 400 nm. No metallic features are detectable in &ti#died by Aoki et al. (2013) using a 20 minutes Subaru spec-
spectrum except for the GaK and H lines and the G-band.trum taken on March 10, 2008. Their measured radial velocity
The radial velocities measured from the 1ICX line are -85 Was+76.88+0.27 kms*; this is again in agreement with our
kmstand -70 kms!, with an estimated error of 10 km's Measured radial velocity.
thus making the two radial velocities consistent within The
SDSS radial velocity estimate is -47 kmits 6 km s1, the same
caveats apply here as discussed for SDSS JO@238, and we
cannot be sure that thisfterence is real. SDSS J17422531 was observed with UVES at the VLT-Kueyen
We also observed the star with UVES in service modelescope in service mode, between April 17 and August 63201
between February and April 2014 in the standard settiddtogether a total of 29 observing blocks of 3000s exposure
390+580 nm. The slit was set td’4 and the CCD binned® 2, each were executed, 14 in the setting 8980 nm and 15 in
providing a resolving poweR ~ 32000. Eleven observingthe setting 43¥760 nm. One of the frames in the 38880nm
blocks, each for an exposure of 3005 s, which were executedg$etting had no useful signal. Our analysis is thereforedagse
a total time on target of about 9.2 hours. The reduced data was remaining 28 observing blocks. The projected slit orsitye
retrieved from the ESO archive. The medighl ®f the individ- was 1’0, and the CCD was binnedxl1, providing a resolving

2.3. SDSS5J1035+0641

2.6. SDSS5J1742+2531

Article number, page 4 of 26



Bonifacio et al.: TOPoS: Il. C-enhanced stars

Table 2. Barycentric radial velocities for SDSS J0O24P1 37 T T T
Date Voary JD - 2400000.5
kms? days 3
2013-08-06-01.279 2.39 56510.378487 :
2013-08-06-04.208 3.44 56510.271576 2 ok
2013-08-06-22.838 3.67 56510.307209 g T F 1
2013-08-06-43.988 3.48 56510.342870 2 - ]
2013-08-12-13.675 3.87 56516.372381 051 ! .
2013-08-12-36.536 3.26 56516.253895 - Ca—K 1
2013-08-12-46.360 3.36 56516.298453 o R T TR B -l : SPR BT
2013-08-12-52.547 2.77 56516.335330 388 390 392 394 396 398
2013-08-13-10.375 3.71 56517.369565 Vevelength [nm]
2013-08-31-18.454 3.98 56535.273130
2013-08-31-39.166 5.73 56535.235870 Fig. 2. The X-Shooter spectra around the iIC# & K lines of
Daily mean velocities SDSS J092980238 (the spectrum is vertically displaced by 1 unit for
2013-08-06 B6+ 053 56510.325000 displgy purposes) and SDSSJ1_®9541. The d_otted lines mark the
2013-08-12 98+ 052 56516.315000 position of.the stellar Ca H &K lines. The CH lines are much more
2013-08-13 ¥1+055 56517369565 prominent in the fo_rmer because the carbon abundance isalhaex
2013-08-31 532; 0.65 56535.118070 larger and the féective temperature is almost 300 K cooler.

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

2.0

1.5

3
= )
T
2 ")}
s k)
E
2
PR T T S (S S S R S S S N
426 428 430 432 434
Wavelength [nm] B 7
5 i TR [ TR TN T A (NN TN TN SN AN SR SN M SN i
Fig. 1.SDSS J09290238, the G-band in the SDSS and X-Shooter spe 3.82 3.8 3.78 3.76

tra. log T

Fig. 3. Isochrones computed with the FRANEC code for 14 Gyrs and
Z = 2x107° (dashed line)Z = 2x107® (solid line) andZ = 2x107* (dot-

.__tedline). The vertical line marks our ado for SDSS J17422531.
power of about 47 000. The spectra have been reduced using the ) pred

UVES pipeline in the same way as those of SDSS J6P137.

After performing the barycentric corrections all the iridival Table 3. Atmospheric parameters
spectra appeared to be at the same radial velocity, to lib#ter
0.5kms?®. We therefore coadded all the 28 spectra in the interSDSS ID Ter log? &2 [Fe/H][Ca/H] A(C)
vals common to the two settings: 376-452nm and 583-680 nm. K c.g.s kms?

In the range 328-376 nm we coadded the 13 spectra of the s&§DSS J021201376333 4.0 1.3 -350 —281 7.12
ting 390+580 nm and in the range 680-946 nm the spectra of thespss J092902385894 3.7 1.5< —-3.81 —-4.02 7.70
setting 43#760 nm. The BN ratio of the coadded spectrais 3 at SpsSS J103506416262 4.0 1.5< —5.07 —5.00 6.90
336nm, 20 at 382 nm, 23 at 450nm, 44 at 518 nm, 45 at 670npsSS J113¥25536310 3.2 1.5 -270 -2.18 8.60
and 36 at 850 nm. The measurement of the radial velocity is no§pss J1245-0738 6110 2.5 3.0 —3.21 -2.35 8.65
trivial with so few detected lines. We obtained a first esteraf  spDSS 3174225316345 4.0 1.5 -480 —456 7.26
the radial velocity from the cores of the Balmer lines, anehth @ [ggarithm of the gravitational acceleration at the surfatce
refined it using the measured central wavelength of the seveniya stars expressed in crP's

detected metallic lines, the resulting radial velocity—807.5
kms1+0.5 kms}(r.m.s.). This agrees with the SDSS radial ve-
locity (—221 kms?+11 km s) within 1.20-.

b microturbulent velocity

Article number, page 5 of 26
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o AL IH; L B {“ o " 1 value of gravity as it provides a temperature from the winfjs o
: %WFW‘?‘\, o . Il;'zhr\r,\-,“;\;lwl—d w Ha consistent with the photometric value.
ST S U :
3 LA P ¥ I
RN R T L P J" | 1 3.1.3. SDSSJ1035+0641
g 06 L : : A : 7 ForSDSSJ10380641 we adopted a temperature of 6262 K, de-
= B S I I 4 rived from the § — 2) calibration. We used the same FRANEC
£ Co | | XSHOOTER I 1 isochrones described below in Sect. 3.1.5 to estimate the su
5 04 ! ' I face gravity, given thefective temperature. If the star is slightly
= [ Fel Fel Fel 4 evolvedithaslogg 4.0, whileifitis still on the main sequence
o2 [ 1 itshould have log g- 4.4.
ol T ]T”l”" 3.1.4. SDSSJ1137+2553 and SDSS J1245-0738
" Also for SDSS J113¥2553 and SDSS J1245-0738 we adopted
3 0.8 J the dfective temperature derived from the- z calibration that
k= r 1 appears to be consistent with the wings af &hd the iron exci-
e N ] tation equilibrium. The gravity was derived by requiring hon
2 06 - -] ionisation balance, to within the available uncertaintye3e im-
“E’ - -4 ply that SDSS J113i#2553 is a subgiant star and SDSS J1245-
£ 04 - 0738is an HB star. The latter should be further monitoredgho
z - 1 metrically to check if it is an RR-Lyr. In the case it were an-RR
N 1 Lyr our photometric temperature may be inadequate to desscri
02 |- -] ouravailable spectrum. We note however that the lack of any r
A T T T T dial velocity variation between our observation, that okAet
382 383 384 385 386 al. (2013) and the SDSS does not support an RR-Lyr status. Our
Wavelength [nm] adopted atmospheric temperature is very close to that edopt

by Aoki et al. (2013,Te¢= 6108 K) while we difer on the sur-
é’ace gravity. Aoki et al. (2013ssumed their stars to be turn{d

Fig. 4. SDSSJ103506411: the X-Shooter (top panel) and UVES™. L - A
9 (top panel) without requiring the iron ionisation balance.

(bottom panel) spectra in the region covering the threengerst Fe
lines. The comparison spectrum is a synthetic spectrum atedwith
[FefH]=—4.5. 3.1.5. SDSS J1742+2531
. For SDSS J17422531, in Cdfau et al. (2013a) we adopted an
3. Analysis and results effective temperature of 6345 K deduced from the ¢), colour
and consistent with the wings ofdHfrom our X-Shooter spec-
trum. The wings of K from the UVES spectrum are also con-
The adopted atmospheric parameters for the programmeaseargistent with this temperature. We adopted log 4.0 for the sur-
summarised in Table 3. face gravity, that is appropriate for a metal-poor TO stathés
effective temperature. In Fig. 3 we show a comparison with two
isochrones computed with the FRANEC code (@hjiéimongi

3.1.1. SDSSJ0212+0137 - private communication) for 14 GyZ, = 2 x 10~* (dotted line),

_ Z = 2x 107° (solid line) andZ = 2x 1076 (dashed line). In spite
For SDSS J021£0137, we de:rlved the temperature of 6333 K¢ its very low iron abundance ([F&l] = —4.8, see Table 10),
from the ¢ — 2) colour Ludwig et al. (2008), with an extinc- g, tg its large carbon enhancement, SDSS J1Z821 should
tion of E(y — 2)=0.07. The adopted gravity was 10§4.0, that 56 3 metallicity Bx 10 < Z < 2.8x 104, depending on its
achieves the iron ionisation equilibrium, although onlgdfen  5.1al oxygen abundance, where the upper limit is given in Ta
line could be measured. Thefective temperature of this starp e 10 and the lower limit corresponds to/JEe] = +0.4. Taking
is very near to that of SDSS J1742531, discussed later in thisine isochrong = 2 x 10-% as reference, we have two possible
section, as is its global metallicity, dominated by the cartand  gq|ytions for the surface gravity for our assunegt log g= 4.0,
presur_ned oxyge_n) overabundance with respect to iron. US § the star is evolved past the turffqTO), or log g= 4.3 if
same isochrone is representative bOth for SDSS Joaizy and the star has not yet reached the TO. In the absence of any reli-
SDSS J17422531, and logg 4.0 is appropriate for thier.  apie gravity indicator we assume log-gt.0, since this implies a
For this star we exclude an RR Lyr nature; the observed radiglyer gistance. Given the rarity of these stars we assuatétth
velocity variations are not large enough and in any case we idqnqre Jikely that we found one of the brighter members o thi
not expect to observe a nearly linear variation of the raekal population. in the next section, we nevertheless provise tie

3.1. Atmospheric parameters

locity as shown in Table 2. abundances computed assuming the higher gravity.
A possible concern is that the star may be indeed a horizontal
3.1.2. SDSS J0929+0238 branch star. In this case, it could be an RR-Lyr. To checkef th

star is an RR Lyr we measured the radial velocities of the Ba
For SDSS J09200238 we adopted a temperature of 5894 K, dend K lines on all our available spectra and we did not find any
rived from the § — 2) calibration. This temperature involves avariations above 1knt$. The Hr line is also clearly detected in
gravity from isochrones of log¢f4.5 or 3.7. We prefer the lower the individual spectra, yet given its broad nature the amuof
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the radial velocities determined is inferior to that of thetadlic ~ Table 5. Mean abundances of SDSS J020237
lines. We inspected thedline in all the spectra and found no

evidence of variations above 5km'aor of the presence of P- lon AX) AX)o [X/H] o Nlines
Cyg profiles. The radial velocity amplitudes expected foR&h Lit 204 1.03 1
Lyr star are larger than 50 km’sfor metallic lines and larger O1 6.70 8.76 —2.06 3
than 100 kms' for Ha (Sesar 2012). The typical periods of RR Mg 453 754 -3.01L008 3
Lyr stars are less than a day and they should be adequately sam a|; 231 647 -4.160.04 2
pled by our data set. We obtained a photometric series im the  gj; 415 752 -3.37 1
band of about 2h length with the AFOSC camera at the 1.82m g, 335 6.33 -2.08 1
telescope of Cima Ekar (Asiago), and the magnitude of this st ~ cay H&K 352 633 -281 2
seems constant with an r.m.s. of 0.02 mag, compatible wéh th  ca; IR 393 6.33 -2.40 3
SN of the images. We are obtaining also longer photometric se- g¢y 0.00 3.10 =3.10 1
ries with the Schmidt telescope of the Asiago Observatotiyen Tin 1.99 490 -291013 9
r band to check for variability on longer time scales. All this ¢y, 209 564 -—3.55 1
photometric data will be fully discussed elsewhere. At theet Fer 393 752 -3590.15 17
of writing, we have no evidence of RR-Lyr — like variability o Cor 249 492 243 1
this star. Ni1 277 623 -3.460.07 2
By looking at the figure 1 of Sandage (2010) and estimat- gry 091 292 -383006 2
ing the (B-V), of the star to be 0.39, from its; (- r)o colour Bau ~1.40 2.17 -357 1

we see that, as long as the absolute magnitude of the stasis le
than roughly 0.8, it lies in the instability strip. The isoohe
shown in Fig.3 implies also that a subgiant star with log g C-CH(G-band) 7.12 850 -1.38

= 3.3 has M=2.7, thus keeping it well out of the instability =~ N —CN (388nm)<6.90 7.86 <-0.96

strip. Horizontal branch stars, of a temperature similah#d of

SDSS J17422531, should have a gravity that is this low or even

lower (see figure 3 of Hansen et al. 2011 using the evolutigplateau (Spite & Spite 1982). This pattern is indeed similar to
ary tracks of Cassisi et al. 2004), depending on the star&smahat of SDSS J10361212 (Behara et al. 2010), that is a CEMP-
Moreover as discussed below in Sect. 3.2.6, a gravity as fowrays #, has a relatively low-carbon abundance and has a lithium
log g = 3.3, would bring about a 0.2 dex discrepancy betweeaibundance in agreement with t8gite plateau.

the Cau K line and the Ca triplet, and lower surface gravities
would increase this discrepancy.

Molecular bands

3.2.2. SDSS J0929+0238

For SDSS J09200238 no metallic features could be safely iden-
tified in the X-Shooter spectrum, except for the 54 line,

To derive abundances and upper limits either from the equiwehich gives A(Cax2.3, and the G-band, that implies a strong
lent widths or using synthetic spectra and line-fitting wedis enhancementin carbon, A(€].7. A higher resolution spectrum
turbospectrum (Alvarez & Plez 1998; Plez 2012). We baseds required to determine the iron abundance of this star.The
our analysis on MARCS 1D LTE (Local Thermodynamic Equiand Ca abundances as well as a few upper limits are given in
librium) model atmosphere (Gustafsson et al. 2008), thaeweTable 6.
interpolated in the grid computed for the TOPoS survey (Caf-

fau et al. 2013b) for the atmospheric parameters of each’star

solar abundances we adopted carbon, nitrogen, oxygenamd ff-2.3. SDSSJ1035+0641

from Cafau et al. (2011a), for the other elements Lodders et @ this star we have at our disposal both the X-Shooter and

(2009). If too few iron lines were measured to allow the defer yyvES spectra. The SDSS spectrum of SDSS J10881 shows
nation of the microturbulence we adopted 1.5kas in Cdfau no detectable G-band and the star was targeted for the weak-

3.2. Chemical Abundances

etal. (2013a) ness of its Ca K line (see Fig. 2), yet the X-Shooter spectrum
allows us to detect a definite G-band, that qualifies the star a
3.2.1. SDSSJ0212+0137 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
The higher abundance in iron and other elements $pectrum. The only metallic features measurable on outispec
SDSS J02120137, coupled with the good quality of the spectboth X-Shooter and UVES) are the C&l&K lines. In Table 7
trum allows us to obtain an extensive chemical inventorye Thve provide the abundances of Ca and C and several upper, limits
line by line abundances are provided in Table 4 and the mdgath for the assumption log g 4.0 and log g=4.4. The upper
abundances are provided in Table 5. The Fe abundance isltheits for Li, Mg, Fe, and Sr are derived from the UVES spec-
rived from 17 Fe lines and of the 8 measured krénes we re- trum, while the limit on Ba relies only on the X-shooter spec-
tain only one, that has an equivalent width larger than 0.5 pnum, since the strongest Baesonance line is not covered by
and this line provides the same abundance as the mean of theh€1UVES spectrum. In the discussion we assume the values cor
Fer abundances for our adopted surface gravity leg37. We responding to log g 4.0, since we consider this option makes
measure both Sr and Ba in this star and their abundancefiglassihe star brighter and its discovery more likely. For log 4.0 the
unmistakably the star as a CEMP-no. Remarkably we meas@a abundance A(Cal.35, corresponding to [@d]=-5.0. In
also the lithium abundance in this star that places it orffite  Fig. 4 we show the observed r spectra in a region coveringthre

2 From Table 1 of Jester et al. (2005): B24/0.98x (g —r) + 0.22 4 A CEMP-ngs is a star with+0.5 < [Ba/Fe] < +1.0 (Sivarani et al.
3 1pm=10"m 2006).
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Table 7. Abundances of SDSS J1086641

Atomic lines
lon Pl y loggf EW  A(X) A(X) AX) er A(X)O
nm eV pm logg=4.0 logg=4.4
Lit 6707.76% 0.00 -0.009< 1.80 < 1.1° < 1.1° 1.03
Mg1 518.3604 2.72 -0.232 0.30 < 247 < 247 7.54
Can 393.3663 0.00 0.105 syn .35 153 0.10 6.33
Fer 382.0425 0.86 0.11% 057 < 191 < 191 7.52
Fer 382.0425 0.86 0.11% 167 < 245 < 245 7.52
Sru 407.7709 0.00 0.16%0.50 <-180 < -1.67 2.92
Ban 4554.029 0.00 0.17& 330 <-049 <-0.38 2.17
Molecular bands
element  molecule band A(X) A(X) AX)
log=4.0 log=4.4
C CH G-band 6.90 6.70 8.50

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

Clo
434
Table 6. Abundances of SDSS J09291?3817 Table 8. Mean abundances of SDSS J112353
Atomic lines lon AX) AX)o [X/H] o Nlines
lon 1 x loggfEW  A(X) A(X)er A(X)O Lit 2.26 1.03 1
nm eV pm O1 7.18 8.76 -1.58 3
Litr  6707.76%20.00-0.00% 7.50 < 2.5° 1.03 Nau 6.20 6.30 -0.10 2
Mgr 518.3604 2.72-0.2397.50 < 4.10 7.54 Mg 6.17 754 -137009 3
Can  393.3663 0.00 0.105syn .30 0.07 6.33 Al 330 6.47 -3.17 1
Fer 382.0425 0.86 0.1192.73¢ < 2.38 7.52 Sit 5.10 7.52 -2.42 1
Fer  382.04250.86 0.1198919<3.71 7.52 Ca 420 633 -213 2
Srn 407.7709 0.00 0.167 7.80 < 0.04 2.92 Can K 415 6.33 -2.18 1
Ban  4554.029 0.00 0.178 150 < 0.20 2.17 Can IR 460 633 -1.73 1
Molecular bands Scu 1.03 3.10 -2.07 1
Tin 249 490 -2.41021 11
element molecule band AX) A9 Cri 3.03 564 -2.61 1
C CH G-band 7.70 8.50 Fer 486 752 -2.660.17 43
& We list the strongest line of the doublet. Een 484 752 -268022 6
b Derived from the EW and the fitting formula o1 2.97 4.92 -1.95 1
Ni 1 335 6.23 -2.880.13 2
f Sbordone et al. (2010).
Col Srn 150 292 -1.420.14 2
g 3?, Ban 231 217 +0.14032 6

Molecular bands

C —-CH (G-band) 8.60 8.50+0.10
of the strongest Felines and a synthetic spectrum correspond- N —CN (388nm) 7.86 6.88 -0.98
ing to [FgH]=—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 an@i$atio are needed
to determine the iron abundance of this star. No Li is detkicte
this star, however our upper limit confirms that the star iswe
the Spite plateau. An observation of the Li region with higher
S/N is highly desirable.

tially solar while the oxygen abundance is 1.6 dex below so-
lar and the N abundance only 1 dex below solar. This star, with
[Fe/H] = -2.70, is the most metal-rich star in the present sam-
ple. Sodium is remarkably enhanced with respect to irorh wit
essentially a solar abundance. Magnesium also appears to be
3.2.4. SDSS J1137+2553 strongly enhanced, about 1.5 dex more than iron. The Sr and Ba
abundances measured in this star suggest that it shouldbe cl
In spite of the poor M ratio of the only spectrum availablesified as a CEMP-rs star, using the criterion of Masseron.et al
for this star, the high resolution and wide spectral covera¢f010). Another remarkable feature of this star is its Lirabu
of the UVES spectrum produced an almost complete chemidaince, with A(Li}=2.26 it lies clearly on th&pite plateau, un-
inventory summarised in Table 8. The C abundance is esskke the majority of CEMP dwarf stars where Li is not measured
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Table 9. Mean abundances of SDSS J1245-0738 tures from LTE of the Ca lines in metal-poor stars have been
- extensively discussed in the recent literature (Spite.é2(dl2a;

lon AX) AX)o [X/H] o Nlines Korn et al. 2009; Mashonkina et al. 2007) and it is recognised
Nar 430 6.30 —2.00 2 that the &ects on the Ca H and K lines is very small, while it
Mg 1 505 7.54 -2.49 2 can be significant for the GalR triplet.
Al 1 3.10 6.47 -3.37 1 The gravity sensitivity of the CaH and K lines and of the
Sit 430 752 -3.22 1 Cau IR triplet is very diferent, the first two being essentially
Car 3.53 6.33 -2.80 2 insensitive to gravity. We checked thffext of a gravity as low
Can H&K 3.98 6.33 -2.35 2 as log g= 3.3 on the Ca abundances, the mean Ca abundance
Can IR 420 6.33 -2.13 1 derived from the Ca H and K lines is lower by 0.04 dex, while
Tin 210 490 -2.800.25 7 that deduced from the GAR tripletis 0.22 dex lower. This gives
Fer 427 752 -3.250.48 29 a discrepancy of the order of 0.2 dex between the two tramsiti
Femn 442 752 -3.100.17 3 Although this would still be within the errors— the line-ioe
Srn -0.38 2.92 -3.30 2 scatter would rise to only 0.1 dex and the calcium abundance
Ban 0.23 217 -1.94 2 would fall to 1.63— we believe it points towards a turfi-gravity

around log g= 4.0.

The iron abundance derived from theiHimes is also very
consistent among the three lines and is/ffe= —4.80 with a
standard deviation of 0.07 dex.

The analysis of the G-band confirms the carbon abundance
or appears clearly below ttpite plateau (Sivarani et al. 2006; we derived from the X-Shooter spectrum (A&Z)4 Cdfau et al.
Behara et al. 2010). 2013a) within errors A(G)7.26+0.2. The quality of the spectra
is not high enough to place any constraint on ¥f@/3C ratio.

We inspected our spectra to see if we could place meaningful
upper limits on other elements and we provide these in Tahle 1

The quality of the available spectrum is very poor, yet wita t the limit on the EWs corresponds to & 8letection andr has
rebinning we were able to detect many metallic lines and cdpeen estimated from the Cayrel formula (Cayrel 1988). Weewer
fidently measure the carbon abundance from the G-band. It i@ able to place a meaningful limit on the nitrogen abundanc
possible to measure the abundance of nine elements, giveitRer from the UV NH band at 336 nm or from the violet CN
Table 9, and in spite of the large line-to-line scatter wewder Dband at 388nm, as these would require a much higfetisan
[Fe/H] = —3.21 from thirty Fa lines. The carbon abundance’rovided by our spectra.

is roughly solar in this star as well, and both Na and Mg are The Li1 resonance doublet at 670.7 nm is not detected; the
strongly enhanced with respect to iron. The Sr and Ba abupayrel formula and the measuregNSratio imply that its EW
dances allow us to classify the star as a CEMP-s star. Our cénless than 0.83 pm {3 criterion). The upper limit on the Li
clusion on the CEMP-s nature of this star agrees with that @lfundance was derived from the fitting formula of Sbordone et
Aoki et al. (2013). For all the neutral atoms (Na, Mg, Fe) asr r al. (2010) providing the 3D NLTE Li abundance. The 1D LTE or
sults agree very well with the results of Aoki et al. (2013)eir  NLTE estimate would dfer by only 0.03 dex, thusiit is irrelevant
Ca abundance closely agrees with the value we determine fronthe present context.

the Car 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 diferences are due to thefigirent gravity values adopted3-3- EITor estimates

in the two studies, corresponding to the HB status that weeprer,o ghservational material ;

’ : ; o presented here is heterogsreou
and the TO status preferred by Aoki et al. (2013); the ionisgg »q resolving power and signal-to-noise ratio are careztr
atomic species are sensitive to the adopted gravity andts@ iS¢ i therefore not simple to provide a consistent estimatae

G-band. errors for our abundances. For the stars for which severas li
of a given element are measured we provide the standard devi-
3.2.6. SDSS J1742+2531 ation of the measurements and that can be taken as an estimate
of the statistical error on the abundance. When severa hne
In spite of the higher resolution of our UVES spectrum aheasured and ne is provided (e.g. the @triplet or Can H&K
SDSSJ17422531 compared to the X-Shooter spectrum prdéines), this means that the lines have been fitted togethtreke
sented in Ciau et al. (2013a), we can confidently detect onlgases we suggest taking the line-to-line scatter of thdifres as
five metallic lines in addition to CaH and K, which were also an estimate of the error because the statistical errorksdirio
detected in the X-Shooter spectrum: the two strongest liiesthe signal-to-noise ratio of the spectra,figes are found over a
the infrared Ca triplet and three Felines. These are listed in large wavelength range, and we assume that our measured line
Table 10. We provide the abundances implied by our spectha bto-line scatter is dominated by the noise in the spectrum.
forlog g=4.0 and log g= 4.3. The situation is less clear for the stars for which only a few
The Ca abundance is very coherent among 8and K and lines can be measured. For these stars for each measuragtline
the Cau IR triplet. The mean Ca abundance of all four of thprovide an estimate of the error on the equivalent widthveei
available lines igA(Ca)) = 1.77 with a line-to-line standard de-from the Cayrel formula (Cayrel 1988) and the measured &igna
viation of 0.03dex. This corresponds to [B& = —4.56 and is to-noise ratio in the spectrum. From this estimate of therarn
consistent with the Ca abundance that we derived only fran tfhe equivalent width we also derive an estimate of the emor o
Cau H and K in the X-Shooter spectrum ([Bf< —4.5; Cdfau the abundance. For the @& and K lines for which the abun-
et al. 2013a). The Gad22.6 nm line is not detected. The depadance has been derived using line profile fitting, we estirttete

Molecular bands
C —CH (G-band) 8.65 8.50+0.15

3.2.5. SDSS J1245-0738
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Table 10. Abundances of SDSS J1742531

Atomic lines
lon Pl y loggf EW  EWe A(X) AX) AX) er AX)O
nm eV pm pm log g= 4.0 log g=4.3
Lit 6707.76% 0.00 —0.009< 0.83 <18 <18 1.03
O1 777.1941 9.15 0.36%2 1.00 <6.92 <6.97 8.76
Nar 588.9951 0.00 0.11%0.90 <214 <214 6.30
Mgt 518.3604 2.72 —0.232 1.00 < 3.07 < 3.07 7.54
Sit 390.5523 1.91 -1.041  syn <3.05 < 3.05 7.42
Si 921.2863 6.53 0.42& 1.10 <461 <4.75 7.16
Ca 422.6728 0.00 0.265 1.00 <162 <162 6.33
Can 393.3663 0.00 0.105 syn 1.79 181 0.04 6.33
Can 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 1.72 181 0.05 6.33
Can 866.2141 1.69 —-0.770 5.20 0.29 1.79 1.88 0.05 6.33
Fer 382.0425 0.86 0.119 2.40 0.35 2.73 273 0.09 7.52
Fer 382.5881 0.92 —-0.037 1.90 0.35 2.80 280 0.09 7.52
Fer 385.9911 0.00 -0.710 1.90 0.35 2.63 263 0.09 7.52
Srn 407.7709 0.00 0.16% 1.40 <-125 <-116 2.92
Ban 4554.029 0.00 0.17& 1.50 <-097 <-084 217
Molecular bands
element  molecule band A(X) A(X) ACQ
log=4.0 log g=4.3
C CH G-band 7.26 7.08 8.50

a We list the strongest line of the doublet.
b Derived from the EW and the fitting formula
of Shbordone et al. (2010).

error as the corresponding diagonal element in the coveiars.4. Effects of departures from local thermodynamic
matrix of the fit, ignoring all the fi-diagonal terms. equilibrium

The deviations from LTE in the formation of €Cand Cau lines

. in metal-poor stars has been extensively studied by Mashonk
For the carbon abundances (and nitrogen abundances figget al. (2007) and Spite et al. (2012a). It has been resegni

the CN band), the error is dominated by the placing of the COlfat the Ca422.6 nm resonance line provides discrepant results

tinuum. Our fitting was limited to the blue part of the band; ©gyen when computed in NLTE (Spite et al. 2012a), for this rea-

cluding the band-head. Given that the fit covers a large wag, we never used the abundance from this line even when it

length range, the error in the continuum placement is notidony,as measured. On the other hand, bothi®aline and and the

nated by the signal-to-noise ratio (the noise is averaged\®r |R triplet lines can provide reliable Ca abundances. Wihitek

so many pixels, yet it does play a role), but rather by the-qughe is always formed quite close to LTE conditions, the lilat

ity of spectrum rectification (removal of the blaze funcliolm  spo\ys significant deviations from LTE. The NLTE corrections

Spite et al. (2006) error estimates on the fitting of the Gebag e always negative. This can be appreciated in the three sta

are provided, resulting from fits derived by fixing slightlif-d gpss 302120137, SDSS J11372553, and SDSS J1245-0738.

ferent continuum levels. In that case the errors are of theror |, 5| three stars the IR triplet provides Ca abundancesatet

of 0.1dex. In the present case the data are of much loWér $yigher by 0.2 to 0.4 dex than the K line. This is compatiblenwit

ratio, and for the X-Shooter spectra resolving power as. Wl oxpected NLTE corrections. According to the computatiohs o

estimate 0.15dex, which is a conservative estimate of e ef\;3shonkina et al. (2007), at a metallicity of —3.0 fag= 6000

on our C abundances. and log g= 4.0 the non-LTE correction for the IR triplet is —
0.23dex. Star CS 29527-015, analysed by Spite et al. (2012a)
has parameters very close to those of SDSS J82127 and the

The systematic errors, i.e. théfect of the adopted atmo_computed NLTE correction is —0.51 dex.

spheric parameters on the derived abundances have oftan beeThe exceptionis SDSS J1742531, for which the LTE anal-
discussed in the literature; we point to the reader TableBboi- ysis provides the same Ca abundance from the H and K lines and
facio et al. (2009) where this exercise is done for a star afith from the IR triplet. Although the star has almost the samepatm
mospheric parameters close to the stars discussed in thbenprespheric parameters as the three above-mentioned startee n
paper. The systematic errors in our case are of the same ottat its Ca abundance is much lower, thus the equivalenhweiidt

of magnitude. In that table the systematic error on the C abuhe IR triplet lines is smaller. Generally speaking, as theive
dances derived from the G-band is not discussed: a changalent width of a line decreases it forms closer to LTE. Althou
temperature of 100 K corresponds to a change of 0.17 dex im@ do not have in hand specific computations for ther @R
abundance. triplet to demonstrate thiglect, we know it can be seen for other
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lines (see e.g. Fig. 6 in Andrievsky et al. (2007) illusingtihis Tt
behaviour for the NaD lines). It is thus quite likely that the 10 - Low C-band High C-band
NLTE corrections for the IR Ca triplet in SDSS J17%4531 are - .
much smaller than for the other three stars _
Regarding NLTE &ects on neutral iron for star HE1327-

2326, Aoki et al. (2006) adopted a correctiondf.2 dex, based

on several previous investigations (Gratton et al. 1999nka =
al. 2003; Thévenin & Idiart 1999). This value should also pe a S
propriate for SDSS J1742531, which has similar atmospheric -
parameters. R

3.5. Effects of granulation S
| |_|—| T B

It is well known that the formation of molecular bands in th 0

atmospheres of metal-poor stars is prone to strong gréonlai

effects (see e.g. Bonifacio et al. 2013, and references thereu.

From Table 6 in Bonifacio et al. (2009) we estimate that aeorr

tion between —0.5 and —0.6 dex in the carbon abundance derivg). 5. Carbon abundances in all the CEMP stars in the present paper

from the G-band is necessary for all the stars here invdstiga and in the literature with [FgH] > —3.5 (Sivarani et al. 2006; Thomp-
For the three lines of Remeasured in SDSS J1742531, son etal. 2008; Aoki et al. 2008; Behara et al. 2010; Placeb €011;

the 3D correction is about —0.4 dex, consistent with the Beni Carollo et al. 2012; Masseron et al. 2010, 2012; Yong et dl32Cohen

cio et al. (2009) results. This implies that NLTE and gratiata gt al. 2013; Spite et al. 2013; €au et al. 2013a). The bimodal distribu-

effects have opposite directions, and they may tend to Can%&f is clear in this plot. We refer to the peak at lower carbbandance

A(C)

: o - . thelow-carbon band and to th k at high b bund
however, for iron it is not possible to simply add the 3D an oW car Jon band and fo e peat at higher carbon abundance as

. . : e high-carbon band.
NLTE corrections (Mashonkina et al. 2013). The granulaébn
fect for Cau lines is small, of the order of —0.1 dex (fzu et al.

2012). 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 dificult to estimate. We have included in the plot
Of the six stars analysed in the present paper, two only stars from the literature that have a measured Ba aimeeda
SDSS J113¥2553 and SDSS J1245-0738 — have been classifieda significant upper limit (Sivarani et al. 2006; Frebel et a
as CEMP-rs and CEMP-s, respectively. For the purposes®f tBP05, 2006; Thompson et al. 2008; Aoki et al. 2008; Behara et
discussion we consider these objects as a single class (CEMIP2010; Masseron et al. 2010, 2012; Yong et al. 2013; Cohen
rs+ CEMP-s), subdivided into two fferent subclasses (CEMP-t al. 2013; Li et al. 2015), so as to have some indication on
and CEMP-rs). As detailed below, there are reasons to leeli¢beir classification as CEMP-no, CEMP-s, or CEMP-rs. In orde
these stars are the result of mass-transfer from an AGB Cn).mp@ clearly define the behaviour of the carbon abundance at low
ion in a binary system. For these two particular stars, tray mmetallicity, we have also included the ultra-iron-poor giaint
be at odds with the lack of obvious radial velocity variaippet HE 1327-2326 (Frebel et al. 2005, 2006; Cohen et al. 2013) and
few measurements are available. One cannot exclude théthyp8DSS J16191705 (Cdfau et al. 2013a), even though their Ba
esis that both systems are seen nearly face-on, hence ttl¢h labundance is undetermined. We have also included the lower
or no radial Velocity variations. RGB giants SMSS J0313-6708 (Keller et al. 2014), HE 0107-
We now concentrate our discussion on the four other stars 2240 (Christlieb et al. 2004) and HE 0557-4840 (Norris et al.
which SDSS J021£0137 can be classified as a CEMP-no sta#007), which are in the CEMP-no class. These stars are n@ mor
For the three other stars it is not possible to establish eret/uminous than the RGB “bump” and therefore should not be
they are CEMP-s or CEMP-no on the basis of the abundané@eply “mixed”; however, they have undergone the first deedg
of Ba because the available upper limits do not allow us p and following Bonifacio et al. (2009) their carbon abumci
distinguish between the two classes. However, as disclisseghould have been lowered by 0.26 dex compared to any TO star.
Sect. 4.1, on the basis of their carbon abundance we have reaThe new determination of A(C) for SDSS J174531,
sons to believe that they are indeed CEMP-no stars. based on the UVES spectra, has replaced the earlier valed bas
An interesting feature displayed by the CEMP stars is shown X-Shooter. These new observations, especially that 3SM
in Fig. 5. There are many known CEMP stars with [Ag¢ > J0313-6708, confirm that all the lowest metallicity starbohg
—-3.5. If we plot the histogram of the carbon abundances in thasethe low-carbon band. There is a wide scatter (over 1dex)
stars, we see that the distribution is clearly bimodal (B)jgEach in carbon abundances among these stars, yet there is no clear
of the two peaks is quite wide, almost one dex, but they apend with [F¢H] and they are all well below thkigh-carbon
pear to be rather well separated. In the following we shall rband defined by the other CEMP stars, which is almost at solar
fer to these two peaks in carbon abundance asitjiecarbon C abundance. Here we redefine the class of CEMP-no stars as
band and thel ow-carbon band. Quite interestingly all stars with [Ba/Fe] < 1.2. The limit of [BgFe] = 1.2 was chosen because
[Fe/H] < —-3.5 belong to thdow-carbon band. Another way it is the highest value reached (LTE computation) by the rabrm
to look at the carbon abundances is to plot the carbon abumetal-poor stars (not C-rich) (Hill et al. 2002; Frangoisaét
dance versus [[7H], as in Fig. 6. Similar plots have already bee2007; Spite et al. 2014). This new definition also has theugirt
shown in Behara et al. (2010), Masseron et al. (2010), Spiteog allowing us to classify SDSS J1086212 and CS 29528-41
al. (2013) and Cdiau et al. (2013a). as CEMP-no; they had previously been classified as CEMB-no

4. On the carbon abundances in CEMP stars
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and CEMP-s by Behara et al. (2010) and Sivarani et al. (2008)s0 suggests that the binary stars among extremely metal-p

respectively. The new definition does not require a new dlassstars are biased towards shorter periods.

be created for these two objects. This does not imply that binary systems are not created with
The vast majority (91%) of stars on thigh-carbonbandare a wide range of mass ratios and orbital parameters, but tihat o

of the type CEMP-s or CEMP-rs; this population of stars is €oma subset of these systems may evolve in such a way as to give

patible with a population of 100% binaries of shorter pesicat rise to ahigh-carbon band CEMP star. This follows from the

a maximum of 20 000 days (Starkenburg et al. 2014, see also kesults of Lucatello et al. (2005) and Starkenburg et al1420

catello et al. 2005). The stars of thawv-carbon band for which  on binarity and of Bisterzo et al. (2011) on nucleosynthesis

Sr and Ba have been measured are all of the CEMP-no type. Al- This scenario also explains why such stars are not found at

though two of them have been found to be binaries (Starkenbuigher metallicities. In that case the carbon initially sEet in

et al. 2014), the binary frequency is similar to that obséiive the secondary’s atmosphere is non-negligible with respette

the solar neighbourhood. A very clear picture is emergiogifr amount transferred. As a consequence the star is not ahakagi

the observations and we propose an interpretation. carbon enhanced because th€€ratio is not very high. It has

already been pointed out that these CEMP-s systems aredindee

low-metallicity analogues of CH stars and Ba stars (se&&ar

burg et al. 2014, and references therein).

As a consequence of the results of Starkenburg et al. (20i4) a Our proposed scenario has interesting implications in the
Lucatello etal. (2005) on the binarity of the CEMP-s sta®0@ light of the results of some of the current simulations of Pop
of binaries), we assume that thigh-carbon band CEMP stars 1l star formation (Clark et al. 2011a; Smith et al. 2011; Ged

are all post-mass transfer binary systems. The originatlyem al. 2012; Dopcke et al. 2013; Stacy et al. 2013; Stacy & Bromm
massive star of the system has gone through the AGB phd§d4). The above studies unanimously predict a very higarigin
and donated mass to its companion, and subsequently evolvei@action for Pop IlI stars and a wide mass range with some Pop
the present white dwarf status. The high-carbon abundance$§! stars eventually undergoing the AGB stage. If such a star
these stars have three causpthe AGB stars enrich their atmo-formed in a binary system, it may transfer the metals produce
spheres through the third dredge-up of carbon producedcein th the AGB phase to the companion. None of the stars in the
He-burning shell, the amount of carbon produced and dredd#égih-carbon band can be a Pop Ill star because there is no way
up is independent of the star’s initial metallicity); since the bi- an AGB star can enrich the companion in Fe. However, this is
nary system is extremely metal-poor, once this materiahiss= @ Mmotivation for searching fonigh-carbon band stars even at
ferred to the companion, the transferred carbon exceedsathe lower metallicity—to find some Fe-free stars. According to o
bon originally present in the companion’s atmosphere bgastl Proposed scenario SMSS J0313-6708 is not one of the Pop I
an order of magnitude (see Fig.6), thus the metallicity ef tf$tars that have accreted mass from an AGB companion because
system is again irrelevant with respect to the final carbamab its C content is too low, unless extensive internal mixing te-
dance in the companion; aiid) the dilution factot varies over creased the C abundance by about 1 dex to form N. This is, how-
a limited range. ever, unlikely considering the surface gravity of the stag ¢ =

This last requirement is supported by the study of Bistetzo&3)-
al. (2011), who have analysed a sample of 100 CEMP-s stars for
which detailed chemical abundances are available (alnfidsea 4 5 | o _carbon band
stars that appear in Fig. 6 are in their sample) and showéthiha
abundances of light elements (C,N,O, Na, Mg) and neutron cage propose that these stars are not the result of transfer fro
ture elements can be reproduced assuming transfer from &1 A§companion. Some of them may well be members of a binary
star in the mass range 1.3-2Mnd logarithmic dilution factors system (Starkenburg et al. 2014), but no mass transfer kas ta
in the range 0.0-2.5. This is consistent with the constsail®- place. The atmospheric abundances of these stars are bena fid
riving from the carbon abundance alone. Thgh-carbon band  fossil records of the interstellar medium out of which thesre
spans the range A(€Y.4-8.9, the same range covered by thermed. The variable carbon abundance displayed in thasg st
carbon abundances in the AGB donor, according to Table 6i9the result of the nucleosynthesis of a few core collaps®SN
Bisterzo et al. (2010). The range of masses of the primary st@ro metallicity that have polluted the gas. The variatiothie
is narrowed by the nucleosynthesis requirements; the nfasg&rbon abundances reflects a range of masses in the SN progeni
the secondary is even narrower. Observations indicatehbgt tors, as well as varying degrees of dilution of the SN ejedta w
are all of spectral type F or G, which means, given the old agéimordial gas. The spread in Fe abundance reflects a spread i
presumed from the low metallicity, they are in the mass rang& amount of fall-back of the SN that produced the bulk of car
0.7M, to 0.9 M,. The study of Masseron et al. (2010) also suon.
ports this point of view; they detect a strong correlatiotween None of these stars has yet been observed with a C abun-
Ba and C abundances in CEMP-s stars. They claim that this sggnce as high as thegh-carbon band, which places constraints
ports the operation of #C neutron source in the AGB companyp, the minimum dilution possible and the maximum C produc-

ions that are responsible for the C ameprocess enrichment in tion py the SN that polluted the ISM. Only the product of these
the CEMP-s stars. The orbital parameters must also lie i+ a gy, quantities is constrained, howe%er

atively narrow range to allow mass transfer to take placendur
the AGB phase of the primary. The result of Starkenburg et :’%L - - ) )
(2014) that the periods are all shorter than 20 000 days lbofro It is straightforward to pass from abundance in number inugal

: : : spectroscopic notation A(X) to the mass concentrationliysused by
rates this hypothesis. We note that the study of Aoki et 8115} chemists: MOGM(H) = 1040012 x nn:_: wheremy andmy are the

atomic weights of element X and hydrogen, respectively. Bunalance
5 Defined as the base 10 logarithm of the mass of the convectires e A(C)=6.80 corresponds to a mass concentratior Gt5 x 10°°. This
lope of the star to the mass of material accreted by the AGBoemion means that, for example, if a SN ejects a mass of 1dficarbon, this

4.1. High-carbon band
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Fig. 6. The carbon abundances A(C) of CEMP stars as a function @iflfF€he stars in the present paper and iff@aet al. (2013a) are shown
with big and small circles, respectively. The other tufiistars come from the literature (Sivarani et al. 2006; Frebal. 2005, 2006; Thompson
et al. 2008; Aoki et al. 2008; Behara et al. 2010; Masseroh @040, 2012; Yong et al. 2013; Cohen et al. 2013; Li et al.50The CEMP-no
turn-of stars are represented by filled blue squares. The CEMP-ntsgige represented by two symbols: an open blue squareefong¢hsured
value of the C abundance, and a filled blue square for the aalbjrcorrected (for the first dredge-up) A(C) value. TheMII=s or -rs stars are
indistinctly represented by open red squares, but by opetrigngles if they are also Pb-rich. When the Ba abundanc@kaown the star is
marked with a black cross. The upper limit marked as a viaéatis the only “C-normal” star that appears in this plot: 2880291729 (Cdfau
et al. 2012). The solid horizontal (black) lines represhatrhean value of the carbon abundance for CEMP stars witti{]Fe —3.0 (A(C)=8.25)
and for CEMP stars with [Fél] < —3.4 (A(C)=6.8) as derived by Spite et al. (2013). On the upper A(C) bdlideastars but four (HE 0007-1832,
HE 022-4831, SDSS J0036-1043, and CS 22958-42) are Ba@itkhe contrary, on the lower A(C) band all the stars are CEMP-

4.3. Carbon enhanced damped Lya galaxies band. The measurement s very delicate because tihér@s are

. . saturated and therefore the derived column density is \amy s

W_(Ia (cj:anbusg dampedht.zyﬁalaglehgf (DLgs) to deterrr:nne dei'sitive to the adopted turbulent velocity Carswell et al. (2012)

:ﬁ' e "’}[ llm anc?s at hig rg ‘IQ' It, Enlkcor_np?rel tzec){am Sevised the measurement, adopting a purely thermal model an
€ melal-poor stars in our Lalaxy. ruikarni et al. ( :é'prderived A(C¥5.92. Dutta et al. (2014) also analysed this system,

sente_d a r_nodel of c_:hequl enr[chment of galaxies, accgrdghd their preferred model has a very low turbulerte-(0.89

to which high redshift galaxies with low-mass haloes tM.0° ms1) implying A(C)=5.90, but by adoptingg = 2.0kms?!

Mo) are sensitive to th_e |n|'g|al mass funqtlon (IMF) of Pop Il his value rises to A(C—.)7.6é. If the lower C abundances are

stars. They tentatively identify such galaxies with DLA® &b- dopted then the system no longer hagf€] > +1. What

sorption system as metal-poor as the most metal-poor @alagl o rtant for the present discussion is that all the psego

stars has yet been found, the record holder being the Lynain IIC abundances are essentially compatible withItvecarbon

system ar = 3410883 towards Q_SOJ11357.42.' forwh|ch N0 hand, although the lower values are on the low side. We sug-

metallic I|nes4gould be detected, an upper limit on the mietal oot 1hat this is consistent with our scenario; this DLA ggla

':'y of Z< 1g “Zo haﬁ’ be;nld(?t%r&neo: (F.umagalll et al'32811§h0uld have been enriched by only a few zero-metallicity SNe

ar?(\j/v?(;/reg :‘esvreclsa gun?jr;ngeg have aglaslg)gzz :‘t n[;tgsrjr; d‘ In iélt least one of which must have been faint (see Sect. 5). Our

: o nario would be challenged if the carbon abundance had bee

ticular, thez = 2.30400972 DLA towards QSO J0035-0918 WItr?ound on thehigh-carbon band, since it is unlikely that a whole

[Fe/H] = —3.09 (on our adopted solar abundance scale) has b%%‘?ax ; :

’ : y could be polluted essentially by AGB stars. Therenis a
claimed to be a CEMP system, in the sense thafg] > +1. ther interesting system, the DLA at = 3.067295 towards
The absolute C abundance measured by Cooke et al. (201 8 113586522 (Cooke et al. 2012) that has A&E).18 and
A(C)=6.92, corresponding to the previously defihed-carbon [Fe/H] = —2.89. Again this system is compatible with thav-
has to be diluted with 1.38L0* M, of hydrogen in order to reach this carbon band. None of the known metal-poor DLAs shows a car-
mass concentration, or, equivalently, carbon abundance. bon abundance compatible with thigh-carbonband. There are
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carbon-normal DLAs, that fall in the shadowed region in Fig
6. It would be extremely important to detect other DLAS witl
metallicity as low as that observed in Galactic stars in ptde
compare the same metallicity regime.

O SDSS J0212+0137
& SDSS J1029+1729
There is another thing that is intriguing; the metal-podoha
stars for which ages can be measured always have agesirsex__
of 12 Gyr or even of 13 Gyr, which corresponds to a redshift §
excess of 10. A redshift = 3 corresponds to a look-back time>
of 11.5 Gyr. If our proposed scenario is correct, the two DLA—

above have been forming zero-metallicity stars at venytiates.
This suggests that primordial gas clouds could exist agderi
star formation down to at least= 2.3. A similar conclusion has
been reached in a completely independent way by consider
the low NO ratios found in DLAs (Molaro et al. 2004; Zafar el _2
al. 2014). We cannot exclude that the stars that enrichexkth NN TS T N T T T T S S T T T T W |
DLAs actually formed 13 Gyr ago, and that the DLA galax 20 30 40
has not undergone any star formation since. However, teisise Atomic Number
very unlikely. The DLA systems have a high H column density
(hence the damping wings on the iline), comparable to that g 7. The ratios of [XCa] for elements carbon to yttrium for
of the Milky Way disc if it were seen face-on. It is natural ® a SpSS J02120137 (blue open circle), SDSS J09Z®38 (purple filled
sume that this also implies a high volume density, which &hottircle), SDSS J10380641 (cyan open square) and SDSS J¥2631
ensure ongoing star formation as in the Milky Way disc. I&thi(black hexagon). These are compared to the most metal-paxdion-
is the case the SNe that have enriched the gas we are observitignal star SDSS J1029729 (Cdfau et al. 2012) (red triangles) and
exploded less than 1§ears earlier. to mean [XCa] ratios (blackx) in a sample of nine extremely metal-
. . . poor CEMP stars: HE 0107-5240 (Christlieb et al. 2004); HE/:3326
One cannot exclude that any given DLA is a long filameffrepel et al. 2008); HE 0557-4840 (Norris et al. 2007); HES1519,
of low volume density seen along its length and that it hoets ME 0233-0343, HE 1310-0536 (Hansen et al. 2014); SMSS J6308-
star formation. This seems to be a very contrived hypotteegis (Keller et al. 2014); G 77-61 Plez & Cohen (2005); Plez et 2006)
may only apply to a small fraction of the observed DLAs giveand CS 22949-037 (Depagne et al. 2002; Norris et al. 2002).1$t
the diference in cross section of a gas filament and a star form#igr was excluded in the computation of the meancaoéithe elements
galaxy like the Milky Way or the Magellanic clouds. It woulg b C and N since it is clearly a “mixed” giant, in the sense spedifoy
very important to be able to find and study DLAs at higher Spite et al. (2005). The dispersion around the mean is repred by

; ; - e bars around the, which correspond to® For all stars we took the
which rT]ay be possible thanks to the IR capabilities of thet n(egg)undan(:es of Ca derived from theiaes, except for CS 22949-037
generation of 30 m class telescopes.

for which we took the Ca

The high redshift DLAs at low metallicities can also provide
us with some interesting insights into the presence of difst. . I .
have been invoking dus?t as ?he main cooFI)ing agent andeDLz\QM)’. then our requwed initial dust abundance is evenlsmal
provide evidence for the presence of dust from the abundanceand this argument is stronger.
tios of volatile to refractory elements of similar nuclensyetic
origin, such as Zfire or $Si. The refractory elements are usu ; e ;
ally found to have lower abundances; however, Molaro (200%) On the chemical composition and star formation
noted from the Zfi-e ratios that below [Fé1] = -2 there seems We next compare the abundances we have determined
to be no evidence of dust depletion, suggesting a lack of dust the four stars SDSSJ024@137, SDSS J0929)238,
in the lowest metallicity DLAs. A similar result has been fai SDSS J10350641, and SDSS J1742531 with those observed
by Rafelski et al. (2012) for the ¢Zn ratios. It is interesting to in other CEMP stars of extremely low metallicity. We se-
note that in thez = 3.067295 DLA towards QSO J1358522 lected from the literature the following sample of starshwit
the ratio SIS is essentially solar [8] = 0.07+0.09 (Cooke et [Fe/H] < —3.5: HE0107-5240 (Christlieb et al. 2004); HE 1327-
al. 2012). In the DLA atz = 2.30400972 towards QSO J00352326 (Frebel et al. 2008); HE 0557-4840 (Norris et al. 2007);
0918, the ratio 0 is again solar, [3D]=+0.06 + 0.14 (Dutta HE 0134-1519, HE 0233-0343, HE 1310-0536 (Hansen et al.
et al. 2014). Although these systems have a low dust conte2@,14); SMSS J0313-6708 (Keller et al. 2014); CS 22949-037
it may still be sdficient to act as a coolant for the formation ofDepagne et al. 2002; Norris et al. 2002); and G 77-61 (Plez
low-mass stars. The existing studies of this topic (Schereddl & Cohen 2005; Plez et al. 2005). In addition, as an example
al. 2006; Omukai et al. 2008; Dopcke et al. 2011; Schneideradta carbon-normal star, we consider the most metal-poor sta
al. 2012a; Dopcke et al. 2013) find that if one assumes that #rewn to date, SDSS J1023729 (Cdfau et al. 2012). We note
dust-to-gas ratio D scales with the metallicity Z, one ordgds a that all six stars known before this paper (see Table A.3h wit
metallicity of the order of 1 solar to get &ective dust cooling. [Fe/H] < —4.5 (ultra-iron-poor, UIP) are represented in this
This means that if we relax the assumption that D scales withmple. The only elements that are commonly measured in all
Z, for example assuming a constant dust-to-gas ratio, we oof these stars are carbon and calcium, but several other ele-
need an absolute dust abundance of the order of 4@lar. In ments are derived in at least two of the stars. Thus, in Fig.7
gas with gas-phase metallicity T0solar, our required dust-to-we plot the [¥Ca] ratios for our program stars. Placing all
metals ratio is therefore only 1) and the associated elementahe measurements for the remaining ten stars in the plotdvoul
depletion would not be detectable given the currentermothe make it dificult to read. Thus, we plot the individual ratios for
abundances. If we account for the fact that dust grains aamn grSDSS J10291729, and for the remaining nine CEMP stars we
during the gravitational collapse of the gas (see e.g. Chizdd. plot only the mean [XCa] value for all elements that have been
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Fig. 8. The o [X/Ca] for elements that are measured in at least two o ] ] ]
of the nine CEMP stars (HE 0107-5240 HE 1327-2326, HE 055048 Fig. 9. Scenario discussed in Sect. 5.1. The primordial cloudsymred
HE 0134-1519, HE 0233-0343, HE 1310-0536, SMSS J0313-6288, several massive stars, all of which explode as supernovaspime are

22949-037, and G 77-61), as a function of atomic number. Aggn7, ‘faint” supernovae, with extensive fall-back. The supemejecta pol-
C and N in CS 22949-037 were not taken into account. lute the cloud determining the chemical composition of teetgener-

ation of stars. Occasionallyfiierent star formation regions may recip-
rocally contaminate each other.
measured in at least two of the nine stars. We representéte sc
ter by drawing 2 bars around each mean value. Given the dif-_ ] o .
ferences between theffiirent groups in the treatment of NLTEf@int supernovae to increase as the metallicity decre&sésis -
and granulation fects, we have plotted for all the stars the 1§¢enario, the Pop IlI core collapse supernovae with pragei
LTE abundances to make them readily comparable and rela@ger than~ 25 M, produced the elemental distribution pat-
all the abundances to the same set of solar abundances e=of&f? shown by the normal extremely metal-poor (EMP; for the
Ca abundances we only consider thex@Gdundances for which Present discussion this includes all stars with/Hfle < -3.0)
departures from LTE are negligible (Spite et al. 2012a; Ketrn Stars (Limongi & Chidi 2012). In the clouds already enriched
al. 2009; Mashonkina et al. 2007). The exception is CS 22941 these supernovae, every now and then a rather massive star
037 for which the only LTE Ca abundances available are bag@¢ploded with an extended fall-back due to its large binging

on Cai; we took the LTE value of (Depagne et al. 2002) ergy. In this case most of the heavy elements produced imthe i
nermost layers remained locked in the compact remnant dgd on

the lighter elements were mixed in the surrounding. Thesea]
5.1. Low scatter in the iron-to-calcium ratio. were responsible for the variety of abundance patterns show
by the light elements in most of the presently known UIP stars
r{\[g%ﬁH] < 4.5). The scenario is depicted in Fig. 9.
tis worth noting that the abundance pattern produced by ex-

We would like to note two features apparentin Figi) &lthough

the present measures have not been used to determine the

values and dispersions shown in the figure, all th&Zad values X _ ) =

are well within the 2- dispersion, with the only marginal excep/0Sive burning does not show a strong dependence on tia init

tion of [Si/Ca] in SDSS J021£0137; andi) the carbon-normal Mass of the progenitor, so that even verffefent initial mass

star SDSS J10201729 has not been used to determine the me%:rVCt'onS (IMFs) would produce a similar abundance paitatn
the

values and dispersions, but its values are all within@ of extreme, even the ejecta of a single supernova C.OUId h.ave
the dispersion.p /el been responsible of the observed pattern above Mg (Limongi &

In Fig. 8 we show the dispersinin the [X/Ca] ratios for the Chieffi 2002). No stars at metallicity below —4.5 have yet been

sample of nine stars detailed above. The plot shows thaethgfteded outlside the Galz_ixy;bhtl)wevezr,Sth?]re are rkmw a F‘“fL“bef
is a drop in the dispersion of the [Ra] ratios for all the ele- of very metal-poor stars (i.e. below —2.5) that are knownaa

ments heavier than Al, although the stars span 3dex in A(F‘réj.I Glroup Galaxikes, and many arel bel?w_—s.(_). -1[0 dagg, tgi ”I‘OSt
The scatter in the [F€4a] ratio is only 0.23 dex. On the contrary. etal-poor star known in external galaxies Is found In Sculp
the lighter elements show a much larger scatter, up to 1 dex

r and has a metallicity near —4.0 (Tafelmeyer et al. 20t:®);
carbon. This evidence could be naturally interpreted imgenfa  MOre stars of similar metallicity are known in Sculptor (beeet

general scenario, already addressed by Limongi,{E&i&Boni- al. 2010a; Simon et al. 2015) and six more below —3.0 (Starken

facio (2003), and Bonifacio et al. (2003), which is basedhen tburg et al. 2013; Simon et al. 2015). Other local galaxie$ wit

fact that the binding energy of a star at the onset of the cdt!€ast one such star are Draco (Shetrone et al. 2001; ghtbri

I ; th tallicity d the m@asio et al. 2004; C_ohen & Huang 2009), Sagittarius (Zaggia et al.
cotapse INCreases as e metariclly decreases, e n 0%%(}4; Bonifacio et al. 2006; Sbordone et al. 2015, and Monaco

opacity and also because of the much lower mass loss they &h@!- in preparation), Fornax (Tafelmeyer et al. 2010) aAlN-
pgrien){:e during their lifetime. Hence, one expects the mm)bynor (Kirby & Cohen 2012; Ural et al. 2015), Sextans (Aoki et al
2009b; Tafelmeyer et al. 2010), Coma Ber (Frebel et al. 2D10b

7 This implies [F¢Ca] = —0.41; the NLTE value of Spite et al. (2012a)Ursa Maior Il (Frebel et al. 2010b), Segue 1 (Roederer & Kirby
for the Ca subordinate lines implies [F€a] = —0.69; the NLTE Car  2014; Frebel et al. 2014), Hercules (Koch et al. 2008; Adén et

of Spite et al. (2012a) implies [F€a] = —0.88. al. 2011), Boo | (Gilmore et al. 2013; Ishigaki et al. 2014n)d
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N L L S B B S B B S B B S B BB SDSS J10350641 have no measurable lithium, like HE 1327-
- 1 2326 and SDSSJ1029729, at variance with most of the stars
- - found at higher iron abundance with similar atmospheriapar
- 4 eters. The situation is shown in Fig. 10. HE 0233-0343 is very
________________ _,:_c.._..‘r_ —| similar to SDSS J17422531 both for atmospheric parameters
Py HE 0233-0343 -‘ [ - andchemical abundances of C, Ca, and Fe, butit has a ddeectab
i SDSS J1742+2531 L ) /| lithium doublet that implies A(LE1.77 (Hansen et al. 2014),
% J'/. l o X ° l thus roughly a factor of three below the Spite plateau.
| SDSS J1035+0641 ° $ | The Spite plateau meltdown, highlighted by Aoki et al.
° * (2009a) and Sbordone et al. (2010), is the large number of sta
at metallicity below-3.0 solar, which have lithium abundances
lower than the Spite plateau, but still measurable (seedi@ur
" HE 1327-2326 \‘L 7 in Spite et al. 2012b). In three of the above-mentioned UdPsst
- i 1 the lithium abundance could not be measured, and it is imrig
- 4 ingto consider the possibility that the atmospheres ofdlstars
- - are indeed totally devoid of lithium. How did this happen? Is
ol L v v v v b b 1 this related to the very low iron abundance of these stars? We
-4 -3 note that owing to the dierence in the C abundances, their total
[Fe/H] metallicity Z is indeed very dferent.
The observation of HE0233-0343 implies that the phe-

Fig. 10. Lithium abundances, or significant upper limits, in the staf’0menon responsible for the total destruction of lithiunmas
analysed in the present paper (red symbols), comparedse thather €ffective in all cases. It is, however, natural to suppose thiat i
extremely metal-poor unevolved stars (Frebel et al. 2008yd®ne et the same phenomenon that is responsible for the lithiumedepl
al. 2010; Bonifacio et al. 2012; @au et al. 2012; Hansen et al. 2014Yion in HE 0233-0343 and for the Spite plateau meltdown.
(black symbols). The two components of the binary system Z&@- A possible explanation is that all these stars were born with
32 (Gonzalez Hernandez et al. 2008) are shown as crossesippe high rotational velocities as a consequence of the roleaf-fr
limits shown as open symbols are G 186-26, G 122-69, and B139nentation in their formation, as argued in section 5.3 argligs
from Norris et al. (1997a). The blue dashed line is the lef/ét@ Spite ported by the simulations of Stacy et al. (2011a, 2013). We no
plateau as determined by Sbordone et al. (2010). that the gas out of which the first stars form was likely to be
strongly magnetised. Any pre-existing magnetic field was am
plified to dynamically significant levels by the small-scale-

Boo Il (Koch & Rich 2014). Particularly relevant to the prase b . o

: S . . ulent dynamo which converts parts of the kinetic energg-ass
discussion is the discovery of a CEMP-no star in the Sculptor 4 ; ; ) ;
dwarf spheroidal (Skuladéttir et al. 2015). The conclusibthe Clated with the accretion flow in the star forming parts o th

; . . halo into magnetic energy (Schleicher et al. 2010; Sur et al.
authors_ |s_that the fraction of CEMP—no stars in Sculptorzee 2010; Schober et al. 2012). In principle, magnetic fieldsrean
to be significantly lower than in the Galactic Halo. In oursc

nario this could be explained either with a lower frequenty ?ranove angular momentum from the system by_ magnetic braking
faint SNe in Sculptor, or with shallower potential wells tican e.g. Mouschovias 1985; Hennebelle & Ciardi 2009). However

allow the formation of the second generation of stars Aeoth?he dficiency of this process is strongly reduced in turbulent
CEMP-no star of extremely low metallicity was previouslg-di lelds with a highly tangled morphology (Seifried et al. 2012

. ; -2 . . 2013), and so an appreciable fraction of the angular momentu
coveredin Bootes | (Lai etal. 2011; Gilmore et al. 2013) drisl t is thought to remain in the system. This —together with thoe fa

g,? (Ieeglstot\lllvzs gé&%\f\;(c;a;?;gbgggi:jr;aggrcgztle;;e p:gr?]er,:geugt&?at primordial stars are expected to have very weak winlls (E
y promp strom et al. 2008)— supports the hypothesis that these retars

search for a formation mechanism that is universal. Cleturty : . ;
ther scrutiny of the EMP populations in Local Group galaxieéam fast rotators at least during all of their pre-MS and adjo

A(Li)

1+ SDSS J1029+1729 ﬁ ji

o art of their MS phase (Maeder & Meynet 2012). Rotational
as can be fiorded by multi-object spectrographs on 30m cla ixing would then bring the material below the region of Li-

telescopes (Evans et al. 2015), is of the highest interest. burning, leading to the total destruction of Li in these st#s

We also note that the upper limit for the [Em] ratio in e metal content increases the star formation mode sbifés t
SMSS J0313-6708 is consistent with the values observedin ore standard Pop Il formation mode, with lower rotatiore v

other stars. If the iron abundance in this star were measaisel | jiies and less Li destruction. In this scenario the Spiageau

up to 0.4 dex below the current upper limit it would be simiar e jtqown would simply mark the transition between the Pop i
the others; only if it were much lower would it be definitely-pe,ng pop 1| star formation mode.

culiar. If our scenario is correct the ratios of all elemdreavier ;

than Si to Ca in SMSS J0313-6708 ought to be within the me@p£ ?Sggg)d,_Ifﬁ:aa;ess,sicrsgal_ril?Shgznt;ﬁf;nﬁ;oggsst?gyzg xotlﬁro

trends shown in Figs. 7 and 8, although itg@@] and [MgCa] 1 \s phase by overshoot mixing, and then partially restor

ratios are at severai from the mean. by late accretion of fresh non-Li depleted material. The ex-
treme objects, such as SDSS J1¥2231, SDSS J1029.729,

5.2 Lithium SDSS J10350641 and HE 1327-2326, simply lacked the late
accretion phase because they formed by fragmentation,and a

There are now five known unevolved stars with iron abum-result the proto-star was ejected from the gas reservoir.

dance below -4.5: HE1327-2326 (Frebel et al. 2005), Finally, we wish to propose a third possible scenario that

SDSS J10291729 (Cdfau et al. 2012), HE 0233-0343 (Hansedoes not invoke high rotation in the early stages of thest#e.

et al. 2014), SDSS J1742531 (Cdfau et al. 2013a and this pa-The first stars formed in dark-matter minihaloes (see Bromm

per) and SDSS J1039641 (this paper). SDSS J1 2531 and 2013, and references therein). The concept of minihaloats th
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eventually merge to form a galaxy is at the heart of the cot# da — fine structure transitions of €and Or (Bromm & Loeb
matter, with Cosmological constamt{CDM) scenario of hierar- 2003) and

chical galaxy formation. If all the first-generation staxplede — dust cooling (Schneider et al. 2006; Omukai et al. 2008;
as SNe, with typical energies of ¥0ergs, then the remaining  Dopcke et al. 2011; Schneider et al. 2012a; Dopcke et al.
gas in the minihalo is blown out and no further star formation 2013).

can take place. However, in some minihaloes a few typical SNe . . .
explode in addition to faint SNe. In this case the gas is rmwhl _ SPSSJ17422531 is the seventh star discovered with
out and a second generation of stars may form. The secofiH] < —4.5 and out of seven, six are CEMP stars (on the
generation stars may have both a CEMP-no chemical compgY-carbonband) and only one, SDSS J1022729, is a carbon-
sition or a normal EMP composition, depending on the mass'#'ma! star. _

the ejecta contributed by faint and normal SNe. Howeverllin a__ "€ low-carbon band places all these CEMP stars in the
these stars the Li content would be lower than that present Rgrmitted zone” of the Bromm & Loeb (2003) theory, thus mak-
the primordial gas. The SNe ejecta being Li-free, the resgilt N9 formation via metal-line <_:ooI|ng V|abl_e. This is not tbase

Li abundance would simply depend on the amount of dilutidf’ SPSS 3102981729, for which dust cooling appears necessary
of the SN ejecta with pristine material. If we assume thatynafochneider etal. 2012b; Klessen et al. 2012; Chiaki et dl4p0

of the stars with [F&]< —2.8 have been formed in such mini-_, It would be tempting to conclude, as Norris et al. (2013) and
haloes, this could explain the Spite plateau meltdown. Is tfSilmore etal. (2013) did, that the CEMP stars of loe-carbon
case the most metal-poor stars would simply be an extrenee c3&d were formed via line cooling, while SDSS J1062529

of stars formed from ejecta very little diluted with pristimate- [ormed via dust cooling. However, even for the C-enhanced ga
rial. Once the galaxy is assembled, through the merging Wndme cooling only lowers the Jeans masses (andas a consgjuen
minihaloes, a standard chemical evolution, with well-rixeat- Stellar masses) to values largely in excess of 1@ Rlearly, in

ter begins (Prantzos 2012). The final result is that all therde Order to form the low-mass objects observed, one would need
material of the SNe ejecta dilutes the primordial lithiunuab (0 resort to a high-density cooling process, such as dusingpo

dance. This could solve the cosmological Li problem. This is the only process that brings the gas into the righteg
of masses consistent with the observations (Omukai et 85;20

In all three of the above scenarios the case of HE 0233-03df3k et al. 2008; Klessen et al. 2012; Schneider et al. 201 2a
could be accommodated if we assume that the phenomenonhggcke et al. 2013; Chiaki et al. 2014, 2015). It seems thugmo
various degrees offigciency. In the case of rotationally induceqqgjistic to assume that all the stars in Fig. 7 were formedisy
mixing, this should be partially inhibited by some kind ofk¥ cooling, irrespective of their carbon content.
ing (magnetic or other). In the case of late accretion, theid We note, however, that the above arguments are based solely
be allowed to proceed long enough to restore the lithium &0 t8, thermodynamics. If we also consider the dynamics of the co
observed abundance. In the case of mixing of primordial M@insing cloud it turns out that even completely metal-fres g
ter Wlt.h SNe ejecta in m|n|h_aloe§, itis the mass ratio of @ t -5, make low-mass objects simply by disc fragmentation (e.g
materials that governs the final Li abundance. Clark et al. 2011a; Greif et al. 2011b, 2012) because thegjas i
almost isothermal over a wide range of densttidhe mass load
onto the accretion disc exceeds its ability to transporenietin-
wards, and it fragments. This fragmentation is not as wicksp
as with dust cooling. The expected IMF is flat (Dopcke et al.
L . 2013), which means that it is still top-heavy with respectoio
Star formation in metal-free or extremely metal-poor eomir Fay,s standards, but it is possible to make low-mass objacts

( ,

ments is more complex than previously thought. While ea ﬁe mass range of the stars in Fig. 7. Therefore, in princaile

simulations of the formation of primordial stars suggest ; ;
masses above 100 MOmukai & Palla 2001, 2003; Abel et?)rerﬁzgﬁlrii;nggorl]i?]\ée been formed without resorting to eitfer

formation acknowledges the importance of urbtience (oiar - " @ FECent paper, Cooke & Madau (2014) proposed a -
9 P merical model of the chemical enrichment produced by the firs

al. 2011a; Greif et al. 2011a,b), variations of halo prapsert ; : :
. , ~ generation of stars, and looked at the resulting chemiaal-co
(Hosokawa etal. 2012; Hirano et al. 2014), cosmologicatstr position irrespective of the mechanism needed to form tixé ne

ing velocities (Tseliakhovich & Hirata 2010; Greif et al. 2Ix; . generation of low-mass stars. Their model has severalpaint

Maio et al. 2011, Stacy et al. 2011b; Tseliakhovich et al.1)0 : : ;
and even magnetic fields (Schleicher et al. 2008; Peters et;:élmmon with our proposed scenario. In particular, they @esu

; T t the first stellar generations are formed in minihalolea o
)Zlgrlgg glr g%tgg_t'glr%t?]ae”:yaggelrz"’;ng'lﬂlﬁggg S&%%%gggﬁ%:e mass of a few millions of solar masses. In these haloes one or
’ A . ' : several massive stars are formed. Cooke & Madau (2014) recog
the fragmentation properties of the star forming gas andeon . . : ;
quentl)?modifythe Fr)esglting stellar mass spectrgrﬁ. Asutised NiS€ the important link between the explosion energy of ke r

: : . . ; sulting supernovae and the ability of the minihalo to retgés
in Section 4.1, current studies predlpt awide range of € and thus form a new generation of stars. The consequencis th
the way down into the substellar regime. However, a full eons

: . the minihaloes that host faint (low energy) SNe are those tha
sus on the IMF of primordial as well as_of eXt.remer me_tal-rpo%re more likely to form second-generation stars, and becaius
stars has yet to emerge, and so further investigations quéeel. ;

As soon as the metallicity rises above a certain threshdiiiw the presence of the faint SNe these are indeed C-enhanded. Th
is thought to lie between 16 and 10° Z, (e.g. Omukai et al. model reproduces well the increase in the fraction of CEMPsst

s : ) . . at low metallicity and the role of faint SNe is very similarttee
2005; Schneider et a_l. 2012a; Glover 201:.3)' two main COOl'r%genario that we propose. However, the model is less success
channels emerge which could lead to tlcéent formation of

low-mass stars and result in a stellar mass spectrum sitoifae ful in reproducing the detailed abundances of the EMP shars.

present-day IMF (Kroupa 2002; Chabrier 2003). These cgolirt The equation of state can be expressel asp” with 1.05< y < 1.1
processes are andp density, with no explicit dependence on temperature.

5.3. Implications on the formation of low-mass stars in
metal-poor gas
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particular at the lowest metallicities all the stars seentiet@t bon enhanced (CEMP), thus the sample of the eight most iron-
[C/Fe] values much higher than those preferred by the modeisor stars is composed of seven CEMP stars and one carbon-
Here we have presented data for four more such stars, suggestmal star (SDSS J1022729).
ing that these high [e] values, which correspond simply to the  Based on the measured/[¥a] ratios in a sample of CEMP
low-carbon band discussed here, are the norm at low metalligtars, and theoretical predictions of nucleosynthesiseim-z
ities and not the exception. This rules out exotic explameti metallicity supernovae, we have proposed a scenario intwhic
like enrichment from AGB stars or CNO boosted nucleosytthe metals observed in these stars were produced by a few zero
thesis (see Cooke & Madau 2014, and references therein). kvetallicity SNe. The carbon abundances of the program stars
believe that the most likely possibility is the one proposgd confirm the bimodal distribution in CEMP stars, with the CEMP
Cooke & Madau (2014), that the mixing of the SNe ejecta iso stars occupying bow-carbon band identified by Spite et al.
not uniform. In Sect. 4.2 we suggest that the existence of t{fg013). We have proposed an interpretation of this bimogdali
low-carbon band provides a strong constraint to the minimunthe stars on thénigh-carbon band, all of which are binaries
dilution of SNe ejecta necessary for star formation. In the-c (Starkenburg et al. 2014), are the result of mass-transfen f
text of the Cooke & Madau (2014) models we argue that tlz AGB star in a binary system, while thav-carbon band stars
width of the band should provide a constraint on the dispersireflect the abundances of the gas out of which they were formed
in dilutions encountered. It would be interesting to run misaf the high-carbon abundance is the result of the ejecta ofra fai
the type of the Cooke & Madau (2014) models, with a variabiipernova.
dilution to see if it is possible to reproduce tlog-carbon band. This scenario is also supported by the theoretical prextisti
that the zero-metallicity stars are not formed in isolatiom are
formed in groups, and possibly as multiple stars (Clark et al
2008; Stacy et al. 2010; Clark et al. 2011a,b; Greif et al. 1201
There are, of course, alternative scenarios to our preféaiat 2012; Stacy & Bromm 2013). The idea that several massive Pop
supernovae scenario that may explain the occurrence of CEMPstars may pollute a primordial cloud, and that subsedyen
stars of extremely low metallicity. We refer the reader teith- low-mass stars can form in the high-density shocks wasdjrea
troduction of the recent paper by Maeder et al. (2014) who ligroposed by Cayrel (1986). However, at that time no stars as
as many as five possible scenarios and to the extensive reviaetal-poor as those discussed here were known, and it was sug
of Karlsson et al. (2013) on the chemical signatures of ths¢ figested that this mechanism could enrich the gas up to one hun-
stars. Here we wish only to mention the one that we believesis tdredth of the solar value or even above. Our proposed segnari
most serious competitor to the faint supernova scenanuidisa  following the ideas of Bonifacio et al. (2003) and Limonghi€
rotating massive stars. A rapidly rotating massive star,day effi & Bonifacio (2003), requires a few SNe of mass less than
ing its main sequence lifetime, bring C and N to the surface.25M,. Since our scenario requires more than one SNe, it de-
Plez et al. (2005) invoked this mechanism to explain thedargarts significantly from other attempts to explain the alauno
N abundance and loW?C/*3C ratio in one of the first CEMP pattern of these stars by the ejecta of a single exotic SN (see
stars of extremely low metallicity discovered: G 77-61. Thke e.g. Umeda & Nomoto 2003; Iwamoto et al. 2005; Izutani et al.
of rapidly rotating massive stars in producing CEMP stars ha009; Joggerst et al. 2010; Ishigaki et al. 2014a, and refee
often been discussed in the literature (Meynet et al. 2006; Ctherein). Our scenario explains well the low star-to-statter in
appini et al. 2006; Hirschi 2007; Meynet et al. 2010; Maeder the [X/Ca] ratios (a factor of two, at most) for elements heavier
al. 2014). In the presence of rapid rotation, N in particulanld than Mg, in spite of the large span in [fFg displayed by these
be greatly increased by rotation during the central He Imgrnistars. The large scatter in the/Xa] ratios for the lighter ele-
phase when a tail of C produced by the He burning is transents, and in particular the CEMP nature of some of the stars,
ported to the base of the H burning shell by rotationally icetl are determined by the presence, among the SNe that produced
mixing, and then rapidly converted into N by the CNO cycle. Ithe metals, of at least one faint SN. The fact that seven out of
particular, we expect that a generation of stars rotatiitigty at  eight stars found to have [A¢] below —4.5 are CEMP, suggests
300 knys, integrated over a Salpeter IMF, would produce ejedfaat the occurrence of the faint SNe is a rather common event
(but not necessarily wind) with a/8 ratio of the order of 17 probably because the binding energy of the lower metaflicit
(Limongi and Chidi in preparation), while the analogous genstars at the onset of the core collapse is larger, thus fangur
eration of non-rotating stars would provide #\NCratio of the fall-back, and the faintness of the SN. The statistics azart}
order of 3500. The same holds for th&C/*>C ratio that turns scanty and before drawing conclusions on the frequencyirf fa
from 350000 to 2000 from=0 to v=300. It is worth noting that SNe one should study possible selection biases. This isiviat t
rotation should not be extreme, in the sense that it musieaat | given that the seven most iron-poor stars have been seleotad
to a full mixing of the star because some active H burning mustee diferent surveys (Hamburg ESO, SDSS, and SMSS) with
be still present when C is produced by the central He burningdifferent follow-up procedures. The fact that three of the eight

In the future we plan to make a detailed comparison sfars have been selected by our group from SDSS using the same
the predictions of faint supernovae and rapidly rotatingsnee criteria and include one carbon-normal (SDSS JKIZ29) and
stars. two CEMP (SDSSJ1039641 and SDSSJ1742531) sug-
gests that there is no strong bias in favour of or againstalees
tion of CEMP stars.

Very interestingly, SDSSJ1742531 and
We have determined the iron abundance in SDSS J7421to SDSSJ10350641 do not show any detectable lithium,
be [F&H] = —4.8. This increases the sample of known stars witdind this characteristic is shared by two of the other unedblv
[Fe/H] < —4.5 to seven. We could not measure the iron abustars of the sample (SDSSJ182929 and HE 1327-2326).
dance in SDSSJ103B641, yet our 3 upper limit of -5.00 We proposed three possible scenarios to explain thesedti-po
classifies it as the eighth such star, supported also by #s etars. In two of the scenarios they were formed by fragmiemtat
tremely low Ca abundance ([@d] = —5.0). Both stars are car- and this resulted in the destruction of lithium in the preima

5.4. Alternative scenarios

6. Conclusions
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sequence phase, either through rotational mixing or owing Aoki, W., Suda, T., Beers, T. C., & Honda, S. 2015, AJ, 149, 39
the lack of the late accretion phase as proposed by Molaro ettallester, g-, gﬂ%dr:gllalnle., Bzoc;toqum, O.é‘et aIéZOgO,él'Messenger, 101, 31
; : : eers, T.C., ristlieb, N. 5, ARA&A, 43, 531

(2012). A third scenario requires that these stars were GF‘.jr'7§ehara, N. T., Bonifacio, P., Ludwig, H.-G., et al. 2010, AGBL3, A72

within a minihalo, in which the Li-free SN ejecta were mixe@isterzo, s., Gallino, R., Straniero, O., Cristallo, S.péler, F. 2010, MNRAS,

with primordial gas. Their formation must have taken place 404, 1529

before the minihaloes merged to form the Galaxy. In all thré?@tergoég-, Gallino, R., Straniero, O., Cristallo, S.pigéler, F. 2011, MNRAS,
; ; ; 418, 284

c?ses tr_ltﬁs?_s:]ars ?:ad af_ﬁ']em forma]Elol_TEvgl;géeggzgt toht.hﬁBonifacio, P., Molaro, P., Beers, T. C., & Vladilo, G. 1998%A, 332, 672

stars with higher [F#]. The case o -0343, whichgnitacio, p.. Limongi, M., & Chiéi, A. 2003, Nature, 422, 834

is very similar to SDSSJ1742531 except for the lithium Bonifacio, P., Zaggia, S., Sbordone, L., et al. 2006, in “@fwal Abundances

abundance, implies that even in this star formation modeesom and Mixing in Stars in the Milky Way and its Satellites” ESO NSO-

lithium can survive. It is, however, remarkable that thhilim

observed in this star is still almost a factor of three belbe t o
Spite plateau, and similar to the value observed in manyef IBO

stars of the Spite plateau meltdown.

PHYSICS SYMPOSIA, S. Randich & L. Pasquini eds., p. 232
Bonifacio, P., Spite, M., Cayrel, R., et al. 2009, A&A, 501.%
nifacio, P., Sbordone, L., @au, E., et al. 2012, A&A, 542, A87

tronomica Italiana Supplementi, 24, 138

Among the diferent mechanisms for the formation of thesBromm, V. 2013, Reports on Progress in Physics, 76, 112901

UIP stars, the Bromm & Loeb (2003) cooling mechanism is vi

able for all the CEMP stars, yet it still requires either ayfreen-

romm, V., & Loeb, A. 2003, Nature, 425, 812
romm, V., Coppi, P. S., & Larson, R. B. 2002, ApJ, 564, 23
Cafau, E., Ludwig, H.-G., Stéen, M., Freytag, B., & Bonifacio, P. 2011a,

tation of the gas cloud at the late stages of the collapse or argol. Phys., 268, 255
additional high-density cooling mechanism. On the otherdha Caffau, E., Bonifacio, P., Francois, P., et al. 2012, A&A, 5421A5

all forms of dust cooling (Schneider et al. 2006; Omukai et zﬁ
2008; Dopcke et al. 2011; Schneider et al. 2012a; Dopcke et

afau, E. et al. 2013a A&A, 560, A15
@j‘fau, E. et al. 2013b, A&A, 560, A71
rollo, D., Beers, T. C., Bovy, J., etal. 2012, ApJ, 744, 195

2013) are viable for all the UIP stars, CEMP or not. Disc fra@arolio, D., Freeman, K., Beers, T. C., et al. 2014, ApJ, 188,
mentation (Clark et al. 2011a; Greif et al. 2011b, 2012)]ds a Carswell, R. F., Becker, G. D., Jorgenson, R. A., Murphy, M&Wolfe, A. M.

a possible formation mechanism for all these stars, andutdvo

also allow the formation of primordial low-mass stars.

2012, MNRAS, 422, 1700
Cassisi, S., Castellani, M., Caputo, F., & Castellani, \D20&A, 426, 641
Castelli, F. & Kurucz, R. L. 2003, in IAU Symposium 210, ed. Riskunov,

The indirect evidence coming from the lack of lithium in w, w, weiss, & D. F. Gray, A20, arXiv:astro-f0%05087v1
three of the four unevolved stars, suggests a prominentofoleCayrel, R. 1986, A&A, 168, 81

disc fragmentation, either in the presence of dust or noiréctl

confirmation of this mechanism would be the detection of & |0\%h

Cayrel, R. 1988, IAU Symp. 132: The Impact of Very HigfNSSpectroscopy
on Stellar Physics, 132, 345
abrier, G. 2003, PASP, 115, 763

mass star totally devoid of metals. The search of such stass Mchiaki, G., Schneider, R., Nozawa, T., et al. 2014, MNRAS), 821

continue, and an interesting prospectfieoed by an all-sky, un-

biased survey such as Gaia

Chiaki, G., Marassi, S., Nozawa, T., et al. 2015, MNRAS, 4859
Chiappini, C., Hirschi, R., Meynet, G., et al. 2006, A&A, 4427
Christlieb, N., Gustafsson, B., Korn, A. J., et al. 2004, A3, 708
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Table 4.Line-by-line abundances of SDSS J020237, SDSS J1132553, and SDSS J1245-0738

Bonifacio et al.: TOPoS: Il. C-enhanced stars

SDSSJ02120137 SDSSJ11372553 SDSS J1245-0738

lon A2 ¥° loggf EW! A(X)® EWd  A(X)® EWd  A(X)®
nm eV pm

Lir 670.7761 0.00-0.009 synth 208 synth 230

Lit 670.7912 0.00-0.299 synth 208 synth 230

Or 777.1941 9.15 (369 synth 670 synth 718 synth 730

Or 777.4161 9.15 @23 synth 670 synth 718 synth 730

Or 777.5388 9.15 001 synth 670 synth 718 synth 730

Nar 588.9951 0.00 Q17 synth 610 synth 400

Nar 589.5924 0.00-0.184 synth 630 synth 450

Mgr 382.9355 2.71-0.231 synth 445 synth 617 synth 530

Mgr 383.2304 2.71 Q46 synth 455 synth 617

Mgr 383.8290 2.72 @15 synth 460 synth 617 synth 480

Al1  394.4006 0.00-0.623 synth 234 330

Al1  396.1520 0.01-0.323 synth 228 7.14 330 8.47 310

Sir  390.5523 1.91-1.041 synth 415 synth 510 synth 430

Car 422.6728 0.00 @44 7.86 335 11.59 44 synth 305

Car 4454779 190 @58 1.06 336 417 417 synth 400

Can 393.3663 0.00 Q05 synth 3HO synth 415 synth 397

Can 396.8469 0.00-0.200 synth 35 synth 415 synth 400

Can 849.8023 1.69-1.416 synth 380 synth 460 synth 420

Can 854.2091 1.70-0.463 synth 400

Can 866.2170 1.69-0.723 synth 400

Scn 424.6822 0.31 @42 1.48 @00 7.19 103 6.04 016

Tin 375.9291 0.61 @80 10.42 272 12.92 190

Tion 376.1320 0.57 @80 7.02 213 9.74 260 14.24 24

Tin 391.3461 1.12-0.420 2.34 208 5.29 243 5.71 196

Tin 441.7714 1.16-1.190 .56 211 223 254

Tin 444.3794 1.08-0.720 .82 174 3.45 227 5.09 209

Tin 444.4555 1.12-2.240 0.72 297

Tin 445.0482 1.08-1.520

Tin 446.8507 1.13-0.600 1.63 201 441 238

Tin 450.1270 1.12-0.770 1.30 205 3.32 232

Tin 453.3960 1.24-0.530 1.23 189 470 246 8.10 242

Tin 456.3757 1.22-0.690 1.13 199 320 231 6.46 236

Tin 457.1968 1.57-0.320 1.04 190 3.64 235 2.45 172

Cr1 425.4336 0.00-0.114 1.32 209 5.24 303 241 27

Fer 375.8233 0.96-0.027 9.88 500

Fer 376.3789 0.99-0.238 493 385 9.39 510 11.51 437

Fer 376.5539 3.24 @82 3.55 478

Fer 376.7192 1.01-0.389 4.05 31 7.02 452 7.03 384

Fer 378.7880 1.01-0.859 2.78 397 6.37 479 12.08 511

Fer 380.5342 3.30 @12

Fer 381.5840 1.49 @37 5.27 30 8.90 488 7.04 366

Fer 382.0425 0.86 Q19 7.42 407 10.31 484 7.64 327

Fer 382.4444 0.00-1.362 4.84 404 8.39 502 6.94 384

Fer 382.5881 0.92-0.037 5.98 335

Fer 382.7822 156 062 4.27 389 757 471 13.13 490

Fer 384.0437 0.99-0.506 3.59 379 8.40 502

Fer 384.9966 1.01-0.871 2.39 338 7.75 520 12.95 =27

Fer 385.0818 0.99-1734 0.89 419 4.04 508

Fer 385.6371 0.05-1.286 5.04 406 8.75 511 9.38 415

Fer 385.9911 0.00-0.710 7.67 422 9.46 473 9.44 353

Fer 386.5523 1.01-0.982 2.31 397 5.92 478 8.03 455

Fer 387.8018 0.96-0.914 2.65 34 6.21 473

Fer 389.9707 0.09-1531 4.07 409 7.06 481

Fer 392.0258 0.12-1.746 2.26 390 6.24 481 3.18 380

Fer 392.2912 0.05-1.651 293 301 8.08 522 9.55 453

Fer 400.5242 1.56-0.610 2.41 410 465 458 2.83 394

Fer 4045812 149 @80 570 303 8.87 478 7.61 366

Fer 406.3594 156 062 4.48 31 8.04 480 9.94 427
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Table 4.continued.

SDSS J02120137 SDSSJ11372553 SDSS J1245-0738

lon A2 ¥°  loggf EW! A(X)® EWd  A(X)® EWd  A(X)®
nm eV pm

Fer 407.1738 1.61-0.022 3.39 379 7.75 484 8.22 415
Fer 413.2058 1.61-0.675 1.09 376 5.55 488 4.03 424
Fer 414.3868 1.56-0.511 1.93 336 5.23 460 8.86 467
Fer 415.6799 2.83-0.809 1.20 903

Fer 418.7039 2.45-0.548 0.51 402 2.22 476

Fer 418.7795 2.42-0.554 2.68 486 2.79 466
Fer 419.1430 2.47-0.666 132 41 243 474
Fer 419.9095 3.05 @55 0.51 336 3.16 482 2.21 440
Fer 420.2029 1.49-0.708 1.66 390 6.07 493 5,51 436
Fer 4227427 3.33 66 3.05 494

Fer 425.0119 2.47-0.405 2.60 473

Fer 426.0474 240 Q09 1.27 376 5.92 488 252 392
Fer 438.3545 1.49 @00 5.55 393 8.97 482 8.39 381
Fer 440.4750 1.56-0.142 3.52 336 7.08 467 9.01 430
Fer 444.3194 2.86-1.043 0.73 903

Fer 446.6551 2.83-0.600 1.96 507

Fer 452.8614 2.18-0.822 0.83 426 2.54 485 2.86 469
Fer 489.1492 2.85-0.112 3.52 45

Fer 490.3310 2.88-0.926 0.97 905

Fer 491.8994 2.87-0.342 0.61 423 1.30 459 1.34 445
Fer 492.0502 2.83 068 0.63 31 2.99 463 4.63 468
Fen 423.3172 2.58-1.947 2.65 460 3.08 433
Fen 441.6830 2.78-2.602 1.24 499

Fen 449.1405 2.86-2.756 0.25 46

Fen 452.0224 2.81-2.617 0.45 454

Fen 454.1524 2.86-2.973 0.46 495

Fen 455.5893 2.83-2421 1.89 507 141 461
Fen 492.3927 2.89-1504 0.65 393 498 490 415 431
Cor 384.5461 0.92 010 3.00 264
Cor 399.5302 0.92-0.220 233 297

Cor 412.1311 0.92-0.320 0.78 249 283 291
Nir 380.7138 0.42-1.205 0.90 282 211 325

Nit 385.8292 0.42-0.936 1.27 272 410 344 5.48 329
Srn  407.7709 0.00 @67 2.58 -0.87 12.14 140 11.93 -0.17
Srn 421.5519 0.00-0.145 1.36 -0.96 11.64 160 7.26 -0.60
Ban 413.0645 2.72 hfs synth 190

Ban 455.4029 0.00 hfs synth -1.40 synth 255 synth (035
Ban 493.4829 1.25 hfs synth 255 synth 010
Ban 585.3668 0.60 hfs synth 188

Ban 614.1713 0.70 hfs synth 245

Ban 649.6897 0.60 hfs synth 250

a Wavelength

b Lower energy of the transition

¢ Logarithm of the product of the oscillator strength of
the transition and the statistical weight of the lower level

d Equivalent width of the line

€ Abundance of the element A(4 log (X/H) + 12
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Appendix A: Ratios of various elements to calcium

For the reader’s convenience we present in the followingetab
the data that were used to plot Fig. 7. All the published satio
have been scaled to bring them to our adopted solar abundance
scale. As solar reference for carbon, nitrogen, oxygen jramd

we took Cdfau et al. (2011a), and for the other elements Lodders
et al. (2009).
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Table A.1.[X/Ca] ratios for the four low-carbon band stars studied in ttes@nt paper and for the carbon-normal most metal-pooiS2&S
J1029-1729.

Z (1) (2) ) (4) )
[C/Ca] 6 +143 +3.23 +3.38 +3.32 -
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
[SgCa] 21 -0.29 - - - -
[Ti/Ca] 22 -0.10 - - - -0.15
[Cr/Ca] 24 -0.74 - - - -
[Mn/Ca] 25 - - - - -
[FeCa] 26 -0.78 - - -0.24 -0.13
[Co/Ca] 27 +0.38 - - - -
[Ni/Ca] 28 -0.65 - - - +0.05

[SrCa] 38 -1.02 - - - -
[Ba/Ca] 56 -0.62 - - - -
(1) SDSS J02120137 This paper
(2) SDSS J092980238 This paper
(3) SDSS J10350641 This paper
(4) SDSS J17422531 This paper
(5) SDSS J10281729 Cdfau et al. (2012)




Table A.2. The [X/Ca] ratios for all the known CEMP stars with [fF§ less than about —4.0. All the published abundances hame $ealed to our adopted solar values.

Z @@ 2 ) 4 (5) (6) (@) (8) 9) Mean o Min.  Max.
[C/CaF 6 +3.20 +0.82 +3.06 +4.72 +2.53 +0.94 +2.28 +3.39 +0.82 +2.44 +1.04 +0.82 +3.39
[NJCafp 7 +2.25 +0.86 - - +1.57 - +3.16 +3.92 +2.26 +2.35 +1.22 +0.86 +3.92
[O/Ca] 8 +1.79 - - - +1.57 - - +3.07 +1.68 +2.18 +0.77 +1.68 +3.07
[Na/Ca] 11 +0.45 -0.41 - -  +0.03 -0.89 +0.12 +1.68 +1.10 +0.33 +0.87 -0.89 +1.68
[Mg/Ca] 12 -0.24 +0.20 +0.30 +2.95 -0.11 -0.36 +0.47 +0.99 +1.23 +0.26 +0.53 -0.36 +1.23
[Al/Ca] 13 - - - - - -1.31 -0.42 +0.42 -0.53 -0.56 +0.73 -1.31 +0.42
[Si/Ca] 14 - -0.07 +0.01 - - - - - +0.13 +0.10 +0.17 -0.07 +0.33
[SgCa] 21 - -0.16 - - - -0.34 -0.18 - -0.20 -0.16+0.17 -0.34 +0.07
[Ti/Ca] 22 -0.63 +0.05 -0.12 - - -0.25 +0.39 -0.00 +0.11 -0.10 +0.26 -0.63 +0.18
[Cr/Ca] 24 - -0.33 - - -0.21 -1.30 -0.50 - -0.75 -0.53+0.51 -1.30 -0.01
[Mn/Ca] 25 - -1.24 - - -0.64 - -1.35 - -1.16 -1.05+0.41 -1.35 -0.44
[FeCa] 26 -057 -0.13 -0.37 - -0.67 -0.60 -0.03 -0.74 -041 -0.390.21 -0.74 -0.13
[Co/Ca]l 27 - +0.21 - - - -0.57 +0.16 - -0.04 -0.06 +0.36 -0.57 +0.21
[Ni/Ca] 28 -0.74 +0.07 - - - -0.82 -0.14 -051 -0.44 -0.34+0.38 -0.82 +0.07
[SyCa] 38 - -0.46 -0.08 - - - -1.14 +0.31 -0.04 -0.28 +0.55 -1.14 +0.31
[BayCa] 56 - - - -0.50 - -0.99 -0.75 +0.35 -0.99 -0.50

(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)
a For these elements the abundances of CS 22949-037 haveamottmasidered to compute the mean and
since the star is “mixed”, in the sense of Spite et al. (2005).
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Table A.3. Abundances of Fe, Ca, and C for the sample of nine compartaos s

Star [FeH] [Ca/H] A(C)

HE 0107-5240 -546 -489 6.81

HE 0134-1519 -4.00 -3.87 5.45

HE 0233-0343 -4.70 -433 7.23
SMSS J0313-6708 < -7.32 -7.19 6.03
G77-61 -410 -343 7.60

HE 0557-4840 -4.75 -415 5.29

HE 1310-0536 -4.17 -414 6.64
HE 1327-2326 -573 -4.99 6.90
CS 22949-037 -401 -360 5.72




