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10 Myr

13.8 Gyr ago NOW

massive stars

low mass stars

1. The first generation of stars 
must have been formed from 
primordial material (H, He, Li) 

2. The massive stars produce 
metals and pollute the ISM 

3. The atmosphere of a low-
mass star preserves memory 
of the chemical composition of 
the ISM from which it was 
formed
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What is the limit?

• Observationally:


-  20 mÅ CaII K => [Ca/H]~ -9.4  (so ~ -10 for [Fe/H])


-  20 mÅ FeII (3859Å) => [Fe/H] ~ -7.2


• But accretion by ISM => [Fe/H]~ -8.6 (starting from [Fe/H]~-10)


• Do they exist?

Frebel & Norris, 2011



In order to form a star you need 
to cool the gas during the 

collapse, to avoid the pressure to 
halt the collapse.

Collisional excitation 
and radiative 
recombination is a 
very effective 
mechanism to cool, 
but you need metals. 



Formation of the First Stars

Atomic cooling

H2 cooling

•  The gas will heat up as a consequence of 
the collapse, either via adiabatic 
compression or due to shock heating.

• First Luminous Objects expected at          
z = 20-30 within halos of masses         
~106 Msun  (mini-halos)

• H2 cooling drives the temperature down 
again until the gas settles into a quasi 
hydrostatic state at T ∼ 200 K and n ∼ 104 
cm−3. Jeans mass: MJ ~ 103 Msun               

(pre-stellar clump). 

• A small hydrostatic proto-stellar core is 
formed first at the center of a Jeans-
unstable cloud.  This initial core 
subsequently grows through accretion.

Loeb 2010, Bromm 2012, 2013



Formation of the First Stars

• Accretion onto a massive star proceeds 
for roughly the Kelvin Helmholtz 
timescale, 

• tKH  is the time it takes a (massive) star 
to reach the hydrogen-burning main 
sequence.

• Final masses will typically be smaller, since accretion may be terminated earlier on 
due to the negative radiative feedback from the growing protostar. 



• Central 2000 AU after 1000 yr of continued 
fragmentation and accretion.  Dots are stars with      
M< 1 M⊙  


• Flat distribution of masses between ~ 0.1 to 10  M⊙ Greif et al. 2011

“[Clark et al. 2011] demonstrated that the 
accretion disks that build up around Population 
III stars are strongly susceptible to fragmentation 
and that the first stars should therefore form in 
clusters rather than in isolation.  […]


After an initial burst, gravitational instability 
recurs periodically, forming additional protostars 
with masses ranging from ∼0.1 to 10 M⊙. ”

Formation of low mass stars



Formation of low mass stars

• Zero metallicity ⇒ FRAGMENTATION (Clarke et al. 2011, Greif et al. 2011)


• Metallicity > Zcr⇒


• CII & OI fine structure cooling (Bromm & Loeb 2003, e.g.          
HE 1327-2326, HE 0107-5240) 


• dust cooling + fragmentation (Schneider et al. 2012,                 
e.g. SDSS  J102915+172927)



Searches for extremely metal-poor stars 

• Understand the formation of low mass stars in low metallicity gas


• Do zero-metal low-mass stars exist?


• What is the “critical metallicity” for low-mass star formation?


• The chemical composition of the most metal-poor stars gives us 
information on the first massive stars


• Lithium and primordial nucleosynthesis predictions


• Lithium abundance / destruction in EMP stars



 EMP stars are exceedingly rare

“[…] as a rule of thumb, the simple chemical enrichment model of the halo of Hartwick 
(1976) suggests that the number of stars should decrease by a factor of ten for each factor 
of ten decrease in abundance. […] In the solar neighbourhood one might expect to find ∼ 1 
in 200,000 stars with [Fe/H] <  – 3.5 dex.”

HES MDF, Schorck et al. 2009

Frebel & Norris 2011



Prism objective surveys: HK & HES

HK: short spectra inspected visually.

HES: long spectra, colors from the spectra.


About 10000 candidates each

Prism objective (LR) plus Schmidt telescopes (wide field).




From the objective 
prism candidates one 
had to collect medium 
resolution spectroscopy 
(R~2000) to confirm the 
metallicity and only 
after one could move to 
high resolution 
spectroscopy
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TABLE 3 “Effective yields” of metal-poor stars

[Fe/H]

Survey N < −2.0 < −2.5 < −3.0

HK survey/no B − V 2614 11% 4% 1%

HK survey/with B − V 2140 32% 11% 3%

HES (faint turnoff stars) 571 59% 21% 6%

HES (faint giants) 643 50% 20% 6%

as the higher and more-uniform quality of the HES spectra and the employment
of quantitative selection criteria.

At the bright end of the survey, i.e., in the range 10 < B < 14, the HES
spectra suffer from saturation effects (in particular in the red), which makes the
metal-poor candidate selection a challenge. Recent follow-up observations have
shown, however, that the selection efficiency of VMP stars amongst the brighter
HES candidates is comparable to, or perhaps even better than, the efficiency of
the HK survey when no additional color information is employed (A. Frebel,
N. Christlieb, J.E. Norris, T.C. Beers, M.S. Bessell, et al., in preparation).

The HES is a very rich source for VMP giants; about 60% of the candidates
are in the color range 0.5 < B − V < 1.2. The present HK-survey sample,
by contrast, is dominated by hotter stars near the main-sequence turnoff, due to
the temperature-related bias described above. As a result, only roughly 20% of
the HK-survey stars are VMP giants. Interested readers may wish to inspect the
“as-observed” metallicity distribution functions of these two surveys presented in
Christlieb (2003).

3.4. Snapshot Spectroscopy

To improve our knowledge of the early phases of the chemical history of the
Galaxy, and the nucleosynthesis processes that operated in the early Universe,
samples of metal-poor stars need to be larger, better-defined, and more uniformly
analyzed than is the case at present. For example, detailed information on the s-
and r-processes is provided by metal-poor stars that exhibit large overabundances
of elements associated with these nucleosynthesis pathways. Concerning the r-
process, only 4–5% of the giants with [Fe/H] < −2.5 are r-II stars, i.e., this is
a rare subclass of stars amongst stars that are rare themselves. It is clearly im-
portant to have samples of sufficient size to allow for accurate estimation of the
frequency of rare phenomena. Furthermore, recent studies (see Section 4.7) have
focused attention on the importance of obtaining precise measures of the element-
to-element scatter in large samples of metal-poor stars, in addition to quantifying
their overall trends. Finally, it would be desirable to develop samples of metal-poor
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The SkyMapper Facility

• 1.3m modified Cassegrain with a 
5.7 square degree field of view 

• Sited at the Australian National 
University’s Siding Spring 
Observatory



Skymapper filter set 

Metallicity calibration

Keller et al. 2007



Keller et al. 2014 
Jacobson et al. 2015



The pristine survey

Starkenburg et al. 2017

• 3.6-meter Canada France 
Hawaii Telescope (CFHT);  

• MegaCam, 1 deg2 FoV
• 1000 deg2 covered as of 

Sept. 2016



Observed spectrum and overimposed synthetic spectra 
[Fe/H]=-3.0 and [Fe/H]=-4.0

Turn Off Primordial Stars (TOPOS): Target Selection


• DR12: 14,055 deg2, 
photometry for 933 
million unique objects. 
852000 spectra of 
stars


• 180000 SDSS R=2000 
spectra (potentially TO 
stars, photometry 
available) analyzed 
automatically 


• Final selection by 
visual inspection



Turn Off Primordial Stars

Observations: 
 150h @ VLT on LP (periods 89-92)
 UVES proposals
 X-Shooter proposals
 Subaru proposals
 FORS2 proposal 

The  TOPoS  collaboration:  Elisabetta  Caffau,  Piercarlo  Bonifacio,  Patrick  Francois,  Francois Spite,  
Monique  Spite,  Bertrand  Plez,  Roger  Cayrel,  Norbert  Christlieb,  Paul  Clark,  Simon  Glover,
Ralf Klessen, Andreas Koch, Hans-Gunter Ludwig, Lorenzo Monaco, Luca Sbordone, Matthias Steffen,
Simone Zaggia 

 Other collaborators: Andy Gallagher, Stefania Salvadori, Alessando Chieffi, Marco Limongi, Paolo Molaro, 
Lyudmila Mashonkina, Fran¸cois Hammer, Vanessa Hill, Carlo Abate, David Aguado

Caffau et al. 2011



• Extremely metal-poor stars are very rare objects


• The new discoveries are dominated by large surveys for pre-selection


• LAMOST 


• SDSS + HR followups (e.g. Aguado et al. 2016, 2017) 


• The AEGIS survey is a southern extension of SDSS/SEGUE using 2dF+AAO on the AAT (Yoon 
et al. 2018).


• The r-process alliance has selected stars from RAVE to search for r-enhanced stars at higher 
resolution as well as from Schlaufman & Casey (2017) for follow-up at low resolution (Placco et 
al. 2018) 


• Kielty et al. (2018) were able to identify CEMP stars from IR APOGEE spectra, metallicity ~ -2.0


• The HERMES multi-object spectrograph on the AAT+2dF deploys ~ 400 fibers on the 2deg FoV.  
The GALAH survey (De Silva et al. 2015) aims at gathering spectra for ~1 million stars, down to 
V=14.



Salvadori 2012

Torrealba et al. 2019

Ultra-faint dwarf galaxies are favorable  
environments to search for EMP stars

“[…] In order to account for all of the ultra 
faint  galaxies known within 30 kpc of the 
Galaxy […] this implies the existence of at 
least 1000 satellite galaxies within  300 kpc 
of the Milky Way.”

Kelley et al. 2018, arXiv:1811.12413

FORS2/VLT, M2FS/Magellan  
data for GrusII UFD

Ultra-faint dwarf galaxies MDF



The TOPOS contribution

SDSS J092912.32+023817.0   [Fe/H]=-4.97; Caffau et al. 2016 (TOPOS III)

Frebel & Norris, 2015, ARAA, 53, 631

• SDSS J0023+0307: [Fe/H]< -6.6; Aguado et al. (2018), Francois et al. 2018, Frebel  et al. 2018


• Pristine 221.8781+9.7844 (Starkenburg et al. 2018) [Fe/H]=-4.66, [C/Fe] ≤ 1.76


• SDSS J131326.89-001941.4, [Fe/H]=-4.3/-5.0 (Allende Prieto et al. 2015, Frebel et al. 2015)



TOPoS project:  

• 65 TO stars of which 49 
with [Fe/H]≤ -3 (François et 
al. 2018, TOPoS V)  

• 6 TO stars with [Fe/H] ≤ -4 
(Caffau et al. 2016, 
Bonifacio et al. 2018 - 
TOPoS III,IV) 

P. François et al.: α and neutron−capture elements abundance in turn-off metal-poor stars
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Fig. 1. Abundances in unevolved stars : the ratios [Mg/Fe] , [Si/Fe] and [Ca/Fe] for the program stars (red
open circles) compared to those measured (grey and blue squares) by our group in other extremely metal-poor
dwarf stars (Bonifacio et al. 2009, 2012, 2018; Caffau et al. 2013a,b). Blue (resp. grey) squares represent the
stars which have been observed with UVES (resp. Xshooter). Pink squares represent dwarf stars analysed by
Matsuno et al. (2017). Black dashed lines represent the linear fit to our data. Typical errors are represented in
the lower left par of each panel.

spectra by our group (blue symbols) seem to give lower abundance ratios. Below [Fe/H] ≃ −4.0

dex, the abundance ratios found by previous studies seem to decrease down to values close to so-

lar. This result should be taken with caution as it is based on few stars. If we consider the full set

of results for turn−off stars shown in Fig.1, the abundance ratios can be interpreted with a con-

stant super-solar [Mg/Fe], [Si/Fe] and [Ca/Fe] ratios as found in giant stars (Cayrel et al. 2004),

although with a larger scatter.

6.2. Abundance spread

At a given metallicity, the [Mg/Fe] abundance ratios exhibit a significant scatter, which was al-

ready visible in the previous sample of TOPOS results represented as grey squares in Fig. 1.

To verify the presence of the scatter, we identified "twin stars" in our sample, i.e. stars with

similar atmospheric parameters. We find two couples: the first pair SDSS J135046+134651 and

SDSS J104531−010741 has an effective temperature of ≃ 6200 K and [Fe/H] ≃ −3.00 dex and the

second pair SDSS J120441+120111 and SDSSJ012032−100106, with a Teff≃ 5820 K and [Fe/H]

≃ −3.45dex.

Article number, page 6 of 17

Note the low 
alpha/Fe stars

The TOPOS contribution



Frebel & Norris,  2015 
(from Yong et al. 2013)
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TABLE 2 Definition of subclasses of metal-poor stars

Neutron-capture-rich stars
r-I 0.3 ≤ [Eu/Fe] ≤ +1.0 and [Ba/Eu] < 0
r-II [Eu/Fe] > +1.0 and [Ba/Eu] < 0
s [Ba/Fe] > +1.0 and [Ba/Eu] > +0.5
r/s 0.0 < [Ba/Eu] < +0.5

Carbon-enhanced metal-poor stars
CEMP [C/Fe] > +1.0
CEMP-r [C/Fe] > +1.0 and [Eu/Fe] > +1.0
CEMP-s [C/Fe] > +1.0, [Ba/Fe] > +1.0, and [Ba/Eu] > +0.5
CEMP-r/s [C/Fe] > +1.0 and 0.0 < [Ba/Eu] < +0.5
CEMP-no [C/Fe] > +1.0 and [Ba/Fe] < 0

1.2.1. NEUTRON-CAPTURE-ELEMENT RICH, METAL-POOR STARS The major sub-
classes of these stars are the r-process-enhanced stars, the s-process-enhanced
stars, and a likely third subclass of stars that exhibit enhancements arising from
both processes, as we currently understand them. For ease of the following dis-
cussion, we divide the r-process enhancement phenomenon in metal-poor stars
into two categories: the moderately r-process-enhanced (r-I) stars and the high-
ly r-process-enhanced (r-II) stars. Quantitative definitions can be found in
Table 2.

We use Eu as a reference element for the neutron-capture elements that were
mainly produced by the r-process in solar-system material, as its abundance is
among the most readily measurable in optical spectra of metal-poor stars. We
include the condition [Ba/Eu] < 0 in our definitions because Eu is produced by
the s-process as well. It is thus necessary to distinguish between “pure” r-process-
enhanced stars and stars that were highly enriched by material produced in both the
r- and s-processes (such as CS 22948-027, CS 29497-034, and HE 2148−1247;
see Hill et al., 2000 and Cohen et al. 2003, respectively), which we refer to as
r/s-enhanced stars. Adopting the values of Burris et al. (2000) for the solar Ba
and Eu abundances and r- and s-fractions of these elements, it follows that a star
purely enriched by neutron-capture elements produced in the s-process would have
[Ba/Eu]s = +1.5, whereas [Ba/Eu]r = −0.8 applies for a pure r-process-enriched
star. This information, along with common usage in the recent literature, guides
our choices in Table 2.

1.2.2. CARBON-ENHANCED METAL-POOR STARS As discussed below, one of the sur-
prising results of contemporary objective-prism surveys was the recognition that
many VMP stars exhibit enhancements of their carbon-to-iron ratios that are up to
several orders of magnitude larger than the solar ratio. For convenience, this broad
category of objects is defined to include stars with [C/Fe] > +1.0; such stars
are referred to as carbon-enhanced metal-poor (CEMP) stars. (Note that some
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Beers & Christlieb (2005)

Transition discriminant

According to the theory of  
Bromm & Loeb (2003) a minimal 
quantity of C and O is necessary 
to form low mass stars

Frebel et al. 2007



At last, no carbon...
Caffau et al., 2011, 2012



According to the 
theory of  Bromm & 
Loeb (2003) a minimal 
quantity of C and O is 
necessary to form low 
mass stars 

But we have found 
a star in the 
forbidden zone 

See also 
Starkenburg et al. 
2018 (Pristine IV)

SDSS J102915+172927:  the Caffau star

Caffau et al. 2011, Nature, 477, 67Frebel et al. 2007



• There are various definitions of carbon-enhanced stars, 
and they refer to physically very different objects:


• evolved stars in which C has been synthesized by 
nuclear reactions in the star itself (AGB “carbon-stars”)


• binary system in which the more massive star transfers 
material  processed by nuclear reactions (C-rich) to the 
companion. In this class are the so-called “CH stars” 
and some of the CEMP stars.


• stars formed from gas in which the ratio C/Fe is 
several order of magnitudes higher than the solar ratio. 
Some of the CEMP stars (?)



P. Bonifacio et al.: TOPoS. II.

Fig. 6. Carbon abundances A(C) of CEMP stars as a function of [Fe/H]. The stars in the present paper and in Caffau et al. (2013a) are shown with
big and small circles, respectively. The other turn-off stars come from the literature (Sivarani et al. 2006; Frebel et al. 2005, 2006; Thompson et al.
2008; Aoki et al. 2008; Behara et al. 2010; Masseron et al. 2010, 2012; Yong et al. 2013; Cohen et al. 2013; Li et al. 2015). The CEMP-no turn-off
stars are represented by filled blue squares. The CEMP-no giants are represented by two symbols: an open blue square for the measured value of
the C abundance, and a filled blue square for the empirically corrected (for the first dredge-up) A(C) value. The CEMP-s or -rs stars are indistinctly
represented by open red squares, but by open red triangles if they are also Pb-rich. When the Ba abundance is unknown the star is marked with a
black cross. The upper limit marked as a violet star is the only “C-normal” star that appears in this plot: SDSS J1029+1729 (Caffau et al. 2012).
The solid horizontal (black) lines represent the mean value of the carbon abundance for CEMP stars with [Fe/H] > −3.0 (A(C) = 8.25) and for
CEMP stars with [Fe/H] < −3.4 (A(C) = 6.8) as derived by Spite et al. (2013). On the upper A(C)-band all the stars but four (HE 0007-1832,
HE 022-4831, SDSS J0036-1043, and CS 22958-42) are Ba-rich. On the contrary, on the lower A(C)-band all the stars are CEMP-no.

through the third dredge-up of carbon produced in the He-
burning shell, the amount of carbon produced and dredged up
is independent of the star’s initial metallicity; ii) since the bi-
nary system is extremely metal-poor, once this material is trans-
ferred to the companion, the transferred carbon exceeds the car-
bon originally present in the companion’s atmosphere by at least
an order of magnitude (see Fig. 6), thus the metallicity of the
system is again irrelevant with respect to the final carbon abun-
dance in the companion; and iii) the dilution factor5 varies over
a limited range.

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

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

of the primary star is narrowed by the nucleosynthesis require-
ments; the mass of the secondary is even narrower. Observations
indicate that they are all of spectral type F or G, which means,
given the old age presumed from the low metallicity, they are in
the mass range 0.7 M⊙ to 0.9 M⊙. The study of Masseron et al.
(2010) also supports this point of view; they detect a strong cor-
relation between Ba and C abundances in CEMP-s stars. They
claim that this supports the operation of a 13C neutron source
in the AGB companions that are responsible for the C and s-
process enrichment in the CEMP-s stars. The orbital parameters
must also lie in a relatively narrow range to allow mass transfer
to take place during the AGB phase of the primary. The result
of Starkenburg et al. (2014) that the periods are all shorter than
20 000 days corroborates this hypothesis. We note that the study
of Aoki et al. (2015) also suggests that the binary stars among
extremely metal-poor stars are biased towards shorter periods.

This does not imply that binary systems are not created with
a wide range of mass ratios and orbital parameters, but that only
a subset of these systems may evolve in such a way as to give
rise to a high-carbon bandCEMP star. This follows from the
results of Lucatello et al. (2005) and Starkenburg et al. (2014)
on binarity and of Bisterzo et al. (2011) on nucleosynthesis.

This scenario also explains why such stars are not found at
higher metallicities. In that case the carbon initially present in
the secondary’s atmosphere is non-negligible with respect to the

A28, page 11 of 20

A&A 579, A28 (2015)

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

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

4. On the carbon abundances in CEMP stars

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

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

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

Behara et al. (2010), Masseron et al. (2010), Spite et al. (2013)
and Caffau et al. (2013a).

In Fig. 6 we have included only unevolved stars since gi-
ant stars may be internally “mixed” (Spite et al. 2005, 2006)
and the C abundance may thus be decreased by an amount that
is generally difficult to estimate. We have included in the plot
only stars from the literature that have a measured Ba abundance
or a significant upper limit (Sivarani et al. 2006; Frebel et al.
2005, 2006; Thompson et al. 2008; Aoki et al. 2008; Behara
et al. 2010; Masseron et al. 2010, 2012; Yong et al. 2013; Cohen
et al. 2013; Li et al. 2015), so as to have some indication on
their classification as CEMP-no, CEMP-s, or CEMP-rs. In or-
der to clearly define the behaviour of the carbon abundance at
low metallicity, we have also included the ultra-iron-poor sub-
giant HE 1327-2326 (Frebel et al. 2005, 2006; Cohen et al. 2013)
and SDSS J1619+1705 (Caffau et al. 2013a), even though their
Ba abundance is undetermined. We have also included the lower
RGB giants SMSS J0313-6708 (Keller et al. 2014), HE 0107-
5240 (Christlieb et al. 2004) and HE 0557-4840 (Norris et al.
2007), which are in the CEMP-no class. These stars are not more
luminous than the RGB “bump” and therefore should not be
deeply “mixed”; however, they have undergone the first dredge-
up and following Bonifacio et al. (2009) their carbon abundance
should have been lowered by 0.26 dex compared to any TO star.

The new determination of A(C) for SDSS J1742+2531,
based on the UVES spectra, has replaced the earlier value based
on X-Shooter. These new observations, especially that of SMSS
J0313-6708, confirm that all the lowest metallicity stars belong
to the low-carbon band. There is a wide scatter (over 1 dex)
in carbon abundances among these stars, yet there is no clear
trend with [Fe/H] and they are all well below the high-carbon
band defined by the other CEMP stars, which is almost at solar
C abundance. Here we redefine the class of CEMP-no stars as
[Ba/Fe] ≤ 1.2. The limit of [Ba/Fe] = 1.2 was chosen because
it is the highest value reached (LTE computation) by the normal
metal-poor stars (not C-rich) (Hill et al. 2002; François et al.
2007; Spite et al. 2014). This new definition also has the virtue
of allowing us to classify SDSS J1036+1212 and CS 29528-41
as CEMP-no; they had previously been classified as CEMP-no/s
and CEMP-s by Behara et al. (2010) and Sivarani et al. (2006),
respectively. The new definition does not require a new class to
be created for these two objects.

The vast majority (91%) of stars on the high-carbon band
are of the type CEMP-s or CEMP-rs; this population of stars is
compatible with a population of 100% binaries of shorter pe-
riods, at a maximum of 20 000 days (Starkenburg et al. 2014,
see also Lucatello et al. 2005). The stars of the low-carbon
band for which Sr and Ba have been measured are all of the
CEMP-no type. Although two of them have been found to be
binaries (Starkenburg et al. 2014), the binary frequency is sim-
ilar to that observed in the solar neighbourhood. A very clear
picture is emerging from the observations and we propose an
interpretation.

4.1. High-carbon band

As a consequence of the results of Starkenburg et al. (2014) and
Lucatello et al. (2005) on the binarity of the CEMP-s stars (100%
of binaries), we assume that the high-carbon band CEMP stars
are all post-mass transfer binary systems. The originally more
massive star of the system has gone through the AGB phase and
donated mass to its companion, and subsequently evolved to the
present white dwarf status. The high-carbon abundances in these
stars have three causes: i) the AGB stars enrich their atmospheres
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In a A(C) vs [Fe/H] plot (Spite et al. 
2013), CEMP stars concentrate in 
two bands. Bonifacio et al. (2015, 
TOPoS II): a fairly clear separation 
between the bands and, most 
importantly, ALL low C-band stars 
are CEMP-no.

Two carbon bands

The high C-band is dominantly populated by CEMP-s 
stars, that are thought to be composed by binary 
systems (Lucatello et al. 2005, Starkenburg et al. 2014, 
Hansen et al. 2016b), claimed percentages vary from 
82% to 100%. 


On the other hand CEMP-no stars seem to have a 
fraction of binaries compatible with that in carbon-
normal stars (Hansen et al. 2016a) 


So:            High-C —> mass transfer and 

                 Low-C —> formed in C-rich cloud ?



Binarity among CEMP-no stars

A&A proofs: manuscript no. CEMPpaper

Fig. 7. Left: [Ba/Fe] as a function of [Fe/H] for the compilation of CEMP stars from Yoon et al. (2016) down to [Fe/H] = �6, where CEMP-s stars
are shown in blue and the CEMP-no stars in red. Indicated are the known and new CEMP-no binaries as yellow and green stars respectively. Right:
The same but for A(C) on the y-axis. The solid and dotted black lines indicate the [C/Fe] > +0.7 and [C/Fe] > +1.0 CEMP criteria respectively. The
orange dashed line indicates the separation of the low and the intermediate/high carbon band. For both panels, typical error bars on the abundances
are shown in the lower right corner.

velocities for this star fill the gap between the measurements of
S14 and H16a, but do not help to clarify its orbit.

4.2. Enhancement in s-process elements

Enhancement in the s-process element barium is usually a sign
of mass transfer from an AGB companion. We present [Ba/Fe]
as a function of [Fe/H] in the left panel of Figure 7 for our bi-
nary stars on top of the CEMP compilation of Yoon et al. (2016),
where the CEMP-no stars are shown in red and the CEMP-s stars
in blue. The CEMP-no binaries from the literature (from S14,
H16a, Dearborn et al. 1986, Ca↵au et al. 2016 and Bandyopad-
hyay et al. 2018) are shown as yellow stars, and the new binaries
uncovered in this work as green stars. CEMP star classes are de-
fined mainly by the barium abundance, therefore the CEMP-s
stars (blue points) and the CEMP-no stars (red points) separate
almost perfectly in this diagram. There are four binaries with
upper limits on [Ba/Fe] that are above zero. HE 0107�5240 and
SDSS J0140+2344 were already discussed in Section 2.1, and
taking the revised CEMP-no definition of Matsuno et al. (2017)
SDSS J0929+0238 is also classified as CEMP-no. Even though
it does not satisfy the revised definition, the dwarf G77�61
([Ba/Fe] < +1.0) is likely a CEMP-no star too, assuming that
all ultra metal-poor low-carbon band stars are. Alternatively, it
could be the first ultra metal-poor ([Fe/H]  �4.0) CEMP-s star.
However, since no ultra metal-poor CEMP-s stars are known to
date, we assume that it belongs to the CEMP-no class.

The binaries seem to be part of the normal CEMP-no distri-
bution in the left panel of Figure 7. The low [Ba/Fe] values (or
upper limits) of most the binary stars are consistent with having
had no “classical" binary interaction with an AGB star in which
s-process elements have been transferred together with carbon.

�7 �6 �5 �4 �3 �2
[Fe/H]

5

6

7

8

9

A
(C

)
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Fig. 8. A(C) as a function of [Fe/H] for CEMP stars, where again
CEMP-no stars are shown in red and CEMP-s stars in blue. Binary stars
are indicated by a star symbol. The orange dashed line is the same as in
the right panel of Figure 7.

4.3. Absolute carbon abundance

As discussed in the introduction, in general CEMP-s and CEMP-
no stars have di↵erent absolute carbon abundances. This can be
seen in the right panel of Figure 7 for the compilation of CEMP
stars. Yoon et al. (2016) suggest that there may be three di↵er-
ent groups of CEMP stars based on their A(C) and [Fe/H]. First,
there are the Group I stars that cover the region of the CEMP-s
stars at large A(C) and higher [Fe/H]. Then there are two dif-
ferent groups of CEMP-no stars, the Group II stars that in gen-
eral have lower A(C) and exhibit a clear dependence of A(C) on

Article number, page 8 of 20

Arentsen et al. (2018) find a binary 
fraction among CEMP-no stars (32%) 
lower than among CEMP-s but higher 
than what found by Hansen et al. (2016a, 
16%)
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Fig. 3. Radial velocities for the three stars in our sample varying strongly in radial velocity (> 10 km s�1) that were not previously identified as
binaries. For SDSS J0140+2344, a zoom-in of the shaded region is shown.

3000 4000 5000 6000 7000
HJD-2450000 [days]

44

46

48

50

52

R
V

[k
m

/s
]

HE 0107-5240

Literature Priv. comm. this work

2550 2600 2650

44

45

Fig. 4. Radial velocities for HE 0107�5240, including those unpub-
lished values which we received via private communication from N.
Christlieb. A zoom-in of the shaded region is shown.

velocity uncertainties are underestimated. In the ESO archive,
there are no radial velocity standard stars that are observed on
the same nights as the two outliers, therefore we cannot correct
for any systematics. Instead, we estimate an uncertainty floor
by assuming that the star is not varying in radial velocity. We
quadratically add a constant to each of the the uncertainties un-
til a final reduced �2 of 1 is reached. This leads to an uncer-
tainty floor of 0.35 km s�1, which we have added to each mea-
surement. These inflated uncertainties are what we provide for
SMSS 0313�6708 in Table B.2. After this correction, this star
does not have P(�2) < 10�6 anymore (the updated value is pre-
sented in Table B.1). In this work we treat SMSS 0313�6708 as
single, although it could still vary in radial velocity on a longer
timescale than one year.

3.2.3. Final notes on radial velocity variations

Important to note is that radial velocity variations are not only
caused by binarity, they can also be caused for example by inho-
mogeneities on the surfaces of stars or stellar pulsations. Carney
et al. (2008) find that the velocity “jitter" due to inhomogeneities
is mainly a↵ecting evolved stars with MV  �1.4 (log g . 1.0).
None of our four new binary candidates are in this regime, nor
in parts of the HR diagram known for stellar pulsations, there-

fore we conclude that their radial velocity variations are due to
binarity.

For all remaining stars in our CFHT/SALT sample we
present the individual radial velocity measurements in Fig-
ure C.2. Our measurements agree with previous measurements
wherever there is overlap.

3.3. Orbit properties of the new binaries

We apply the code the Joker (Price-Whelan & Hogg 2017;
Price-Whelan et al. 2017) to the radial velocity data of
our four newly discovered binary systems: HE 0107�5240,
HE 2139�5432, SDSS J0140+2344 and SDSS J1422+0031.
The Joker is a Monte-Carlo sampler for orbital parameters of
binary systems that can also be applied to sparse and/or low-
quality radial velocity data. It produces a posterior sampling of
the period, eccentricity, pericentre phase and argument, velocity
semi-amplitude and the barycentre velocity. For all four of our
stars, the eccentricity and pericentre phase and argument were
not well-constrained in the analysis. The resulting corner plots
(Foreman-Mackey 2016) for the periods and semi-amplitudes
however are insightful and can be found in Figure 5. We took
106 samples per star, except for SDSS J0140+2344 where we
took 108 because the orbit is relatively well-determined with the
available radial velocity measurements, so few samples will be
accepted.

The analysis with the Joker for HE 0107�5240 results
in a period distribution that peaks between 10000 and 30000
days (27 � 82 years) and a semi-amplitude of the order of 2–
5 km s�1. HE 2139�5432 has sparse radial velocity data that
allow for many possible short-period orbits up to 300 days, or
longer period orbits of ⇠4000 days, both with semi-amplitudes
of ⇠11 km s�1. For SDSS J0140+2344 we find a narrow peak
of the period distribution at 32 days, and a semi-amplitude
of 7.5 km s�1. Finally, for SDSS J1422+0031 we find mul-
tiple peaks, the most pronounced one producing a period of
⇠1600 days and a semi-amplitude of ⇠8 km s�1. Clearly for at
least three of these stars more radial velocity measurements are
needed to determine better orbital solutions.

4. Properties of the CEMP-no radial velocity sample

By combining our four new CEMP-no binaries with the four
known binaries discussed in S14 and H16a (CS 22957�027,
HE 0219�1739, HE 1150�0428 and HE1506�0113) and
the three literature stars G77�61 (Dearborn et al. 1986),
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Strikingly HE 0107-5240 is found to be a 
binary and Arentsen et al. claim its 
abundance pattern can be explained by 
mass transfer from a (low-mass) AGB 
companion 



• SDSS J092912.32+023817.0  ( [Fe/H]=-4.97 ) is a multiple system (2 or 3 peaks in the 
CCF), CEMP star, unclear if CEMP-no.A&A 595, L6 (2016)

Fig. 1. Upper panel: three representative spectra of SDSS J0929+0238
in the range of Ca ii-K (vertical dotted line) obtained on di↵erent dates
and smoothed by 10 km s�1. The presence of several stars contributing
to the spectra is evident from the clear asymmetry of Ca ii-K (high-
lighted by the vertical dashed lines) in the spectra corresponding to
the multiple peak in the CCF. Lower panel: the corresponding cross-
correlation functions.

We present the analysis of a binary, or perhaps trinary
CEMP system, SDSS J092912.32+023817.0 (henceforth re-
ferred to as SDSS J0929+0238), selected in the TOPoS project
(Ca↵au et al. 2013).

2. Observations

We observed SDSS J0929+0238 using the UV-Visual Echelle
Spectrograph (UVES Dekker et al. 2000) mounted at the Nas-
myth platform B of the Unit 2 telescope (UT2) of the Very Large

Fig. 2. Zinc abundance as a function of metallicity. The measurement
for BS 16920-017 is from Honda et al. (2011), that of BD+44� 493 is
from Roederer et al. (2016). the open circles are giants (Cayrel et al.
2004), filled circles are dwarfs (Bonifacio et al. 2009), downward ar-
rows are upper limits for dwarfs (Bonifacio et al. 2009). The two red
open circles are CEMP-no stars. The red full circle with a question
mark is the Zn abundance derived in the case of log g = 4.5 for
SDSS J0929+0238.

Telescope (VLT, Paranal observatory, Chile). Observations were
conducted using the standard setting DIC2 437+760, which
simultaneously covers the wavelength ranges 373�499 nm and
565�946 nm, with its blue and red arms, respectively. Obser-
vations were collected in Service Mode during the period 8th
February to 11th March, 2015 (program ID: 094.D-0488(A))
and 19th November, 2015 to 5th March, 2016 (096.D-0616(A)).
A 1.600-wide slit was adopted for both arms, and the CCD was
binned two by two. The spectral resolution corresponding to the
adopted slit is R = 28 000 and R = 29 000 in the red and blue
arms, respectively. A total of 16 observations with individual
exposure times of 3005 s were taken. Spectra were reduced by
the ESO sta↵ and retrieved from the ESO archive with the ESO
Spectral Data Products Query Form. Three exposures not present
in the archive were reduced using the UVES CLP-based pipeline
version 5.5.5. Only the “scired” recipe was applied to the science
frames, using the best reduced master calibrations associated to
the frames by the archive query system.

3. Analysis and results

The X-shooter spectrum of SDSS J0929+0238 has been anal-
ysed in Bonifacio et al. (2015) with the stellar parameters Te↵ =
5894 K and log g = 3.7. At that time, we pointed out a dis-
agreement in the radial velocity derived from the X-shooter
(398 ± 10 km s�1) and the SDSS (467 ± 10 km s�1) spectra. We
could not detect any iron lines and provide an upper limit of
[Fe/H] < �3.81 from the X-shooter spectrum. There are very
few lines available to measure the radial velocity from the in-
dividual exposures due to the low metallicity and relatively
high temperature of the system. Since the system is carbon-
enhanced, the G-band is fairly prominent and we found that it
is suitable for radial velocity measurements. We cross-correlated
each exposure with a synthetic spectrum based on the results of
Bonifacio et al. (2015; Te↵ = 5894 K, log g = 3.7, A(C) = 7.7,
[Fe/H] = �4.5). In 8 out of 16 cases the cross correlation func-
tion (CCF) showed a clear double-peak and in one case we have
a tentative detection of a triple-peak. For all 16 observations,
the radial velocities and the circumstances of the observation
are listed in Table A.1. When multiple peaks are present, we re-
port the radial velocity corresponding to each peak. When there
is a single peak, the radial velocity should be accurate to bet-
ter than 1 km s�1, with the error dominated by the uncertainty
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Fig. 1. Upper panel: three representative spectra of SDSS J0929+0238
in the range of Ca ii-K (vertical dotted line) obtained on di↵erent dates
and smoothed by 10 km s�1. The presence of several stars contributing
to the spectra is evident from the clear asymmetry of Ca ii-K (high-
lighted by the vertical dashed lines) in the spectra corresponding to
the multiple peak in the CCF. Lower panel: the corresponding cross-
correlation functions.

We present the analysis of a binary, or perhaps trinary
CEMP system, SDSS J092912.32+023817.0 (henceforth re-
ferred to as SDSS J0929+0238), selected in the TOPoS project
(Ca↵au et al. 2013).

2. Observations

We observed SDSS J0929+0238 using the UV-Visual Echelle
Spectrograph (UVES Dekker et al. 2000) mounted at the Nas-
myth platform B of the Unit 2 telescope (UT2) of the Very Large

Fig. 2. Zinc abundance as a function of metallicity. The measurement
for BS 16920-017 is from Honda et al. (2011), that of BD+44� 493 is
from Roederer et al. (2016). the open circles are giants (Cayrel et al.
2004), filled circles are dwarfs (Bonifacio et al. 2009), downward ar-
rows are upper limits for dwarfs (Bonifacio et al. 2009). The two red
open circles are CEMP-no stars. The red full circle with a question
mark is the Zn abundance derived in the case of log g = 4.5 for
SDSS J0929+0238.

Telescope (VLT, Paranal observatory, Chile). Observations were
conducted using the standard setting DIC2 437+760, which
simultaneously covers the wavelength ranges 373�499 nm and
565�946 nm, with its blue and red arms, respectively. Obser-
vations were collected in Service Mode during the period 8th
February to 11th March, 2015 (program ID: 094.D-0488(A))
and 19th November, 2015 to 5th March, 2016 (096.D-0616(A)).
A 1.600-wide slit was adopted for both arms, and the CCD was
binned two by two. The spectral resolution corresponding to the
adopted slit is R = 28 000 and R = 29 000 in the red and blue
arms, respectively. A total of 16 observations with individual
exposure times of 3005 s were taken. Spectra were reduced by
the ESO sta↵ and retrieved from the ESO archive with the ESO
Spectral Data Products Query Form. Three exposures not present
in the archive were reduced using the UVES CLP-based pipeline
version 5.5.5. Only the “scired” recipe was applied to the science
frames, using the best reduced master calibrations associated to
the frames by the archive query system.

3. Analysis and results

The X-shooter spectrum of SDSS J0929+0238 has been anal-
ysed in Bonifacio et al. (2015) with the stellar parameters Te↵ =
5894 K and log g = 3.7. At that time, we pointed out a dis-
agreement in the radial velocity derived from the X-shooter
(398 ± 10 km s�1) and the SDSS (467 ± 10 km s�1) spectra. We
could not detect any iron lines and provide an upper limit of
[Fe/H] < �3.81 from the X-shooter spectrum. There are very
few lines available to measure the radial velocity from the in-
dividual exposures due to the low metallicity and relatively
high temperature of the system. Since the system is carbon-
enhanced, the G-band is fairly prominent and we found that it
is suitable for radial velocity measurements. We cross-correlated
each exposure with a synthetic spectrum based on the results of
Bonifacio et al. (2015; Te↵ = 5894 K, log g = 3.7, A(C) = 7.7,
[Fe/H] = �4.5). In 8 out of 16 cases the cross correlation func-
tion (CCF) showed a clear double-peak and in one case we have
a tentative detection of a triple-peak. For all 16 observations,
the radial velocities and the circumstances of the observation
are listed in Table A.1. When multiple peaks are present, we re-
port the radial velocity corresponding to each peak. When there
is a single peak, the radial velocity should be accurate to bet-
ter than 1 km s�1, with the error dominated by the uncertainty
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Binarity



What have we learnt ?

The hypothesis that stars found in the lower C-band  
are always CEMP-no has so-far not been contradicted



No universally accepted hypothesis currently exists to explain the origins of the C-rich stars with [Fe/H] < −3.0 
(which are almost exclusively CEMP-no stars). Different models.

Origin of the C-enhancement

                                
Owing to a low explosion energy (faint SN, <1051erg), only the outer layers of the exploding star containing 
principally lighter elements, made in the earlier phases of stellar evolution, are ultimately ejected. 

The innermost layers containing iron-peak elements, and especially iron from the last burning stage, remain 
close to the core and fall back onto the newly created black hole. 

Only a small fraction is then ejected, resulting in little or even no enrichment in these elements.

Generally good fits can be obtained with the yields of mixing and fallback core collapse supernovae.

Mixing and fallback

Frebel & Norris 2015



Orbits
29% of all known UMP stars 
([Fe/H]<-4 on prograde orbits 
confined within 3 kpc of the 
Milky Way plane.


Sestito et al. 2019

32 F. Sestito et al.
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Figure A18. Same as Figure A1, but for SDSS J102915+172927.
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Figure A33. Same as Figure A1, but for SDSS J174259.67+253135.8.
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Figure A34. Same as Figure A1, but for 2MASS J18082002-5104378.
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SDSS J102915+172927  
[Fe/H] ~ -5

2MASS J18082002-5104378  
[Fe/H] ~ -4

• “One intriguing interpretation is that these 
stars belonged to the massive building 
block(s) of the proto-Milky Way that formed 
the backbone of the Milky Way disc.” 


• “Alternatively, they may have been brought 
into the MilkyWay by one or more accretion 
events whose orbit was dragged into the 
plane by dynamical friction before disruption.”



 TOPoS VI: Kinematics - TBD

 Andreas Koch and Simone Zaggia

 Leo - Hercules



 TOPoS VI: Kinematics - TBD

 Andreas Koch and Simone Zaggia

 Hydra - PataLeo



Yong et al. 2013, 
Frebel & Norris,  2015 

Metallicity 
distribution 

function

“After accounting for the 
completeness function, the 
“corrected” MDF does not 
exhibit the sudden drop at 
[Fe/ H]=− 3.6 that was 
found in recent samples of 
dwarfs and giants from

the Hamburg/ ESO 
survey.”



The lithium content of metal-poor stars

The “cosmological  
Lithium problem” 

Spite et al. 2012

The “meltdown” of the Spite plateau 

Sbordone et al. 2010 
Aoki et al. 2009



Mucciarelli et al. 2012

The lithium content of metal-poor stars



 UVES/VLT + Mike/LCO, observations acquired

Preliminary analysis  
on archival data

The lithium content of metal-poor stars



New Li measurements in EMP starsBonifacio, Caffau, Spite et al.: TOPoS IV 7

Fig. 3. The Li abundance in the unevolved extremely metal-
poor stars. Measurements and upper limits of the programme
stars are shown in red. Measurements and upper limits from
our group’s previous papers (Bonifacio et al. 2015; Caffau et al.
2016) are shown in blue. Black are circles values taken from the
literature: Frebel et al. (2008); Sbordone et al. (2010); Caffau
et al. (2012); Bonifacio et al. (2012); Hansen et al. (2014);
Matsuno et al. (2017). The two components of the binary sys-
tem CS 22876-32 (González Hernández et al. 2008) are shown
as crosses. The upper limits shown as open symbols are G 186-
26, G 122-69 and G 139-8 from Norris et al. (1997). The green
dashed line is the level of the Spite plateau as determined by
Sbordone et al. (2010).

an effective temperature below 6000 K, it has roughly the same
metallicity ([Fe/H]=–4.0) and, like CS 22876-032 B, it has a Li
abundance well below the Spite plateau. Therefore our observa-
tions call into question the claim by Matsuno et al. (2017), that
Li abundances in the interval −4.5 ≤ [Fe/H] ≤ −3.5 are almost
constant at a value lower that the Spite plateau. For stars with
Teffgreater than 6000 K there are some stars on Spite plateau, at
least down to [Fe/H]=–4.0. On the other hand among stars with
Teff≤6000 K and [Fe/H]≤ −3.5 lithium is always below the
Spite plateau. This can be appreciated in Fig. 4 were the only
star at effective temperature below 6000 K on the Spite plateau
is SDSS J090733+024608 ([Fe/H]=–3.44). The current obser-
vations suggest the Teff for which lithium destruction in the
stellar atmospheres becomes important increases as metallicity
decreases, although it is unlikey that this is the only effect that
drives Li destruction, since there are several stars hotter than
6000 K that are found well below the Spite plateau. Bonifacio
& Molaro (1997) argued that for Teff≥5700 K Li destruction
was negligible, however their sample had only three stars with
metallicity below –3.0, from Fig. 4 it is clear that with increas-
ing Teff there are fewer stars below the Spite plateau, and, at
any rate, the average Li abundance is higher.

Our detection of Li in SDSS J103556+064143 is the mea-
surement of Li in the most iron-poor unevolved star so-far.
It poses a strong constraint on any theory that aims to ex-

Fig. 4. The Li abundance in the unevolved extremely metal-
poor stars as a function of effective temperature. The meaning
of the symbols is the same as in Fig. 3

plain the cosmological Li problem. Any theory involving
stellar destruction of Li must accomodate the fact that in
SDSS J103556+064143 Li is measurable, while in other stars
of comparable iron abundance it is either completely destroyed
or, at least, more severely depleted. Alternatively, if one tries to
explain the Li abundance in this star by a prompt enrichment in
Li, one has to explain why such a prompt enrichment has not
taken place in the other stars with [Fe/H]≤ −5.0.

4.3. Abundances of other elements

One of the main goals of the UVES observations was to in-
crease the chemical inventory of the stars at very low metallic-
ity. The data presented in Table 2 we have fulfilled this goal,
although the low metallicities of the stars imply that we have
many upper limits. Among the measurements we have two
measurements of Co, that confirm that Co is enhanced over
iron in EMP stars, as already shown in Cayrel et al. (2004)
and Bonifacio et al. (2009). In the two cases in which Sr is
measured it is enhanced over iron, however this is certainly a
selection effect.

In Fig. 5 we provide the ratios of the measured α
elements, Mg, Si and Ca, to iron. In the upper panel
SDSS J134922+140736 clearly stands out as being extremely
enhanced in Mg, although its Ca abundance seems quite nor-
mal. There is another star in our sample that is highly enhanced
in Mg, although not as much as SDSS J134922+140736:
SDSS J105002+242109 (Caffau et al. 2013b). We note that
there is a discrepancy of about 1 dex in the Ca abundance of
SDSS J105002+242109 derived from the Ca i resonance line
or from the Ca ii lines. This discrepancy, may be, partly due
to an incorrect gravity, since a discrepancy of about 0.5 dex
is found between iron abundances from Fe i and Fe ii lines
(Caffau et al. 2013b). The [Ca i/Fe i] and the [Ca ii/Fe ii] ra-
tios differ by “only” about 0.6 dex. Thus a change in gravity

• There are stars on the Spite plateau at least down to [Fe/H]=-4.0 
• Even at [Fe/H]<-5.2 Li is measurable 
• Below [Fe/H]=-3.5 stars at Teff< 6000K are Li -depleted  
• The Teff  for which lithium destruction in the stellar atmospheres 

becomes important increases as metallicity decreases (?)
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Searches for extremely metal-poor stars 

• Understand the formation of low mass stars in low metallicity gas


• Do zero-metal low-mass stars exist?


• What is the “critical metallicity” for low-mass star formation?


• The chemical composition of the most metal-poor stars gives us 
information on the first massive stars


• Lithium and primordial nucleosynthesis predictions


• Lithium abundance / destruction in EMP stars



Thank you


