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Chapter 1
Introduction

1.1 The Local Group
Out of the many millions of galaxies in the Universe, a few dozen are of particular
interest, due to their proximity to the Solar System. These galaxies belong to
the Local Group, which is dominated, in mass, by two giant spiral galaxies, the
Milky Way and Andromeda (also known as M31), which are vastly outnumbered
by ! 100 dwarf galaxies of various sizes (McConnachie 2012)1. Recently, there
has been a surge in the discovery of new galaxies, coming from large photometric
surveys, see Fig. 1.1. These numbers are expected to continue to increase over
the next few years, as surveys have not yet covered the entire sky, see Fig 1.2.

The main advantage of studying nearby galaxies is that they provide the op-
1 Including updates from: http://www.astro.uvic.ca/!alan/Nearby_Dwarf_Database.html

Figure 1.1: Number of currently known Local Group galaxies (red solid line). Those
associated with the Milky Way are shown with a blue solid line, Andromeda with long-
dashed magenta line and other galaxies with green short-dashed line. Recreation of
image from Monelli (2014), using data from McConnachie (2012), with updates (2015).
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Figure 1.2: Milky Way dwarf galaxy satellites in Galactic coordinates. Blue circles are
classical dwarf galaxies, and red symbols are the SDSS ultra-faint satellites (including
three ultra-faint star clusters). The imaging footprint of SDSS DR8 is shown in grey.
Note the Sculptor dwarf spheroidal galaxy at b = "83!. From Belokurov et al. (2014).

portunity to resolve and study the stellar populations, star by star, either through
photometry, or, in the case of the Milky Way satellites, through high-resolution
(HR) spectroscopy. The overwhelming majority of galaxies in the Universe are
dwarf galaxies, but even though these systems are typically too faint to be ob-
served at high redshifts, they are important components in understanding galaxy
evolution (e.g. Dekel & Silk 1986; Kaufman et al. 1993; Moore et al. 1999).

In the Local Group we have the most detailed information available on vari-
ous aspects of galaxy formation and evolution. The dwarf galaxies in the Local
Group have a range of properties (e.g. Tolstoy et al. 2009). The resolved pop-
ulations of stars of various ages, give detailed insights into the star formation
histories of galaxies, as well as the chemical enrichment histories, and environ-
mental influences. The Local Universe is the only place where the time dependant
properties of single galaxies can be measured from their beginnings to the present
day. These kind of studies are directly complementary to the study of galaxies
at higher redshifts, where it is possible to get large statistical samples with less
detailed information available on each galaxy.

Deep wide-field surveys like the Sloan Digital Sky Survey (SDSS) have fu-
elled the discovery of a range of ultra-faint dwarf galaxies, see Fig. 1.2, which
extend the range of dwarf galaxy properties down to a significantly lower lumi-
nosities and smaller size regime (e.g. Willman et al. 2005; Belokurov et al. 2006;
Martin et al. 2008). These small, di!use systems are thought to contain purely
old, and metal-poor stellar populations, and therefore give direct insight into the
earliest star formation in the Universe, uncomplicated by any recent star forma-
tion (e.g. Simon & Geha 2007; Salvadori & Ferrara 2009; Frebel et al. 2014).
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Figure 1.3: The central view of the Sculptor dwarf spheroidal galaxy, composed of
photometric observations in bands B, V and I (credit: Thomas de Boer).

1.1.1 Sculptor
The main target of this thesis is the low surface brightness Sculptor dwarf
spheroidal galaxy (dSph), see Fig. 1.3. Sculptor was one of the first Milky Way
satellites to be discovered, by Shapley (1938), who described it as “A Stellar sys-
tem of new type” where: “The most outstanding feature of the group is the extreme
faintness of the brightest individual members.” Through detailed Colour Magni-
tude Diagram (CMD) analysis (Hodge 1965; Kunkel & Demers 1977; Da Costa
1984; Hurley-Keller et al. 1999; Dolphin 2002; de Boer et al. 2011, 2012) we now
understand that this is a small and di!use stellar system, which predominantly
consists of old and metal-poor stars.

The Sculptor dSph is a well defined system, with a tidal radius of 76.5" on the
sky (Irwin & Hatzidimitriou 1995), located at high Galactic latitude (b = "83!),
see Fig. 1.2. The contamination by foreground Milky Way stars is therefore
minimal. This galaxy has an absolute magnitude of MV # "11.2, and a systemic
velocity of vhel = +110.6 ± 0.5 km/s (Battaglia et al. 2008). The total mass of
Sculptor is Mtot = (3.4±0.7) ·108 M# (Battaglia et al. 2008b), and it is predicted
to have formed M! = 8 ·106 M# of stars over its lifetime (de Boer et al. 2012). At
the distance of 86 ± 5 kpc (Pietrzy"ski et al. 2008), only the brightest stars, the
tip of the red giant branch (RGB), are observable with HR spectroscopy, but the
photometry can reach down to the oldest main sequence turn-o! (MSTO) stars
(e.g. Hurley-Keller et al. 1999; de Boer et al. 2011, 2012).

Early work on the Sculptor dwarf spheroidal galaxy uncovered a radially
increasing eccentricity in its two-dimensional structure (e.g. Eskridge 1988),
and abundance variations in its stellar population (Norris & Bessell 1978). The
metallicity spread in Sculptor, predicted by early CMD analysis, was confirmed
and measured with spectroscopy of the Ca II triplet at !8600 Å (Tolstoy et al.
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Figure 1.4: a) The metallicity distribution function (MDF) of stars in Sculptor
(Starkenburg et al. 2010). b) The star formation history (SFH) of Sculptor, i.e. the
star formation rate (SFR) as a function of time (de Boer et al. 2012).

2001).2 The wide-field DART survey found a clear metallicty gradient in a large
sample of RGB stars in Sculptor, where the central region is more metal rich
("1.7 ! [Fe/H] ! "0.9) with a lower velocity dispersion, compared to a more spa-
tially extended, metal-poor ("2.8 ! [Fe/H] ! "1.7) component (Tolstoy et al.
2004). A detailed dynamical analysis of the two di!erent components was car-
ried out and found to be very useful in determining the mass of the galaxy
(Battaglia et al. 2008). Starkenburg et al. (2010) refined the Ca II triplet metal-
licity scale more accurately to include the most metal-poor stars. The metallicity
distribution function (MDF) of stars in Sculptor is shown in Fig. 1.4a. Although
the MDF extends from [Fe/H] # "4 to "0.8, the majority of stars are found
around [Fe/H] = "2 ± 0.5.

In CMD analysis, the age-metallicity degeneracy results in populations of
di!erent age and metallicity with nearly identical RGB. Combining detailed pho-
tometry with spectroscopic metallicities, de Boer et al. (2012) broke this degen-
eracy, and more accurately than previous studies determined the star formation
history (SFH) of the Sculptor dSph, see Fig. 1.4b. The SFH, combined with the
MDF, shows that Sculptor experienced a fairly uniform chemical enhancement
and is dominated by an old stellar population, > 10 Gyr, without any significant
star formation over at least the last !6 Gyr. The Sculptor dSph is thus a use-
ful system to study ancient stellar populations without too much confusion from
overlying younger, brighter stars.

2 Elements heavier than helium are typically referred to as metals. Iron, [Fe/H], is often
used as a proxy for the total amount of metals in a stars, i.e. its metallicity. Individual
abundance ratios are defined as [X/Y] = log(Nx/Ny)! " log(Nx/Ny)!.
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Figure 1.5: Mean values of stellar metallicity measurements (usually of individual
red giant stars) as a function of absolute visual magnitude, for both the classical and
the ultra-faint (UF) dwarf galaxies in the Local Group (black points with error bars,
Kirby et al. 2008). Coloured dots show the simulated dwarf galaxy candidates from a
hierarchical merger tree model. From Salvadori & Ferrara (2009), more details therein.

Over the last 15 years or so, detailed chemical abundance measurements of
individual stars in the Sculptor dSph have been carried out in increasing number
and accuracy. A handful of stars were observed with VLT UVES (Shetrone et al.
2003 [5 stars]; Geisler et al. 2005 [4 stars]). Larger surveys have subsequently fo-
cused on the central 25" of Sculptor, both with medium-resolution spectroscopy,
measuring Fe, Mg, Si, Ca and Ti (Kirby et al. 2009), and with HR spectroscopy
for !100 stars by the DART survey (Tolstoy et al. 2009; Hill et al. in prep.).
Over the last few years, the low-metallicity tail of Sculptor has been
followed up (Tafelmeyer et al. 2010; Frebel et al. 2010; Kirby & Cohen 2012;
Starkenburg et al. 2013; Jablonka et al. 2015; Simon et al. 2015). Recently, sur-
veys have also focused on measuring the elements C and N (Kirby et al. 2015;
Lardo et al. 2016). With these studies we are able to get a detailed picture of
the processes that dominated the early chemical evolution of one of the most
common types of galaxies in the Universe, and the aim of this thesis is to expand
that knowledge even further.

1.2 Stellar archaeology
Stars form out of cold gas clouds, and in the course of their evolution create all
the chemical elements in the Universe heavier than lithium. Over time, various
feedback processes disperse many of these heavier elements, typically referred to
as “metals”, into their surroundings, mostly via energetic supernova explosions,
and stellar winds. The subsequent generations of stars thus form from enriched
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gas with a fraction of these metals that increases with time.
Low-mass stars have lifetimes comparable to the age of the Universe. The

majority of their lifetime is spent on the main sequence (MS), converting hydrogen
into helium. The radiation pressure balances the gravitational pull, preventing
the star from collapsing. During the later RGB phase, the surface remains mostly
unchanged as well, apart from mixing of the lighter elements (Li, C and N).
Thus, the photospheres retain (mostly) the chemical composition of their birth
environment. In our Milky Way, and nearby dwarf galaxies, we can take spectra
of these ancient fossils, and measure the chemical enrichment history of these
systems across cosmic time.

The chemical enrichment of the Universe as a whole is highly inhomogeneous.
The well known relation between mean stellar metallicity and luminosity for dwarf
galaxies in the Local Group is shown in Fig. 1.5. The chemical enrichment in the
more luminous (and hence more massive) galaxies is generally faster, and more
e#cient than in the fainter galaxies (e.g. Tremonti et al. 2004; Lee et al. 2006;
Simon & Geha 2007; McConnachie 2012). Not only the overall metallicities, but
also the more detailed abundance patterns and chemical element ratios are highly
dependent on the chemical evolution history of the system.

A short overview is given of the main elements and element groups that are
commonly measured in stars, and are of special interest for the context of this
thesis:

• Carbon: During normal stellar evolution, C is produced by He-burning. In
particular, asymptotic giant branch (AGB) stars are important processors
of carbon, which through mixing episodes is brought up to the surface of the
star and released into the environment by stellar winds and/or transferred
onto a binary companion. A significant amount of C is also ejected when
massive stars end their lives as Supernova type II (e.g. Kobayashi et al.
2006). Observational evidence, and theoretical predictions, suggest that
the yields of primordial stars also contain high fractions of C compared
to Fe (see further discussion in Section 1.3). In addition to having many
production sites, the observations of carbon in RGB stars is further com-
plicated by episodes of mixing, which result in a depleted abundance of C,
and an enhanced N abundance on the surface of stars (e.g. Gratton et al.
2000; Spite et al. 2005). A more detailed discussion of this e!ect is given in
Chapter 5.

• !-elements: Elements where the most abundant isotope is made out of
!-particles (He-nuclei), such as Mg, Si, Ca, Ti. The most notable in the
context of this thesis is S, the main subject of Chapter 3. The most impor-
tant production sites for !-elements are SNe Type II, which mark the end
of massive stars that explode ! 107 yr after formation.
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• Iron-peak elements: These are created, and distributed during supernova
explosions. Fe-peak elements are produced during SNe Type II explosions,
but even more significantly by SNe Type Ia, which are explosions induced
by mass transfer from a binary companion onto a white dwarf, generally
" 1 Gyr after the stars were formed.

• Zinc: Although o#cially belonging to the upper iron group, Zn in the Milky
Way has been shown to have a more !-like behaviour (Nissen & Schuster
2011), suggesting that more significant amounts of this element are cre-
ated in SNe Type II, compared to SN Type Ia, and this is supported by
theoretical predictions (e.g. Iwamoto et al. 1999). In addition, to explain
the observed [Zn/Fe] ratios in the Milky Way halo and disc, it has been
necessary to include significant contributions from high-energy supernovae,
so called hypernovae (e.g. Umeda & Nomoto 2002; Kobayashi et al. 2006).
For a more detailed discussion on this element, see Chapter 4.

• Neutron-capture elements: Nuclear fusion can only create elements up
to Zn, and so heavier elements can only be produced by neutron-capture
processes. There are two main paths to form these elements, depending on
if the neutron densities are high: the rapid-process (r), or low: the slow-
process (s). In the slow case, the time scales for n-capture are larger than
typical decay times of unstable isotopes created, while the rapid case oc-
curs under opposite conditions. Most of the same elements are produced in
both types of processes, but with very di!erent element and isotope ratios.
The r- and s-processes thus occur under very di!erent physical conditions.
The main s-process is believed to happen in low- and intermediate-mass
AGB stars, while the main production site of the main r-process is still
highly debated, but energetic sites such as SNe and neutron star mergers
have been proposed. Observational evidence, showing high abundances of
the lighter n-capture elements (such as Sr, Y and Zr) to the heavier n-
capture elements (such as Ba and Eu), has suggested the need for a special
weak neutron-capture process, which primarily creates the lighter elements
(François et al. 2007). For a more detailed discussion on this, see Chapter 5.

The di!erent types of chemical enrichment processes that can occur in a galaxy
all have a unique chemical fingerprint. Studying the detailed chemical abundance
patterns and ratios in individual stars of a galaxy, can thus reveal time scales and
significance of the various physical processes that played a role in the chemical
evolution.
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Figure 1.6: [!/Fe] abundance ratios of RGB stars in four nearby dwarf spheroidal
galaxies (coloured circles) and the Milky Way (grey squares). Representative error
bars for the dwarf galaxy measurements are shown. a) Mg. b) Ca. From Tolstoy et al.
(2009), see references therein.

One example of this are the ratios of !-elements to iron, see Fig. 1.6. They
are sensitive to the relative contributions of SNe Type II and SNe Type Ia. With
relatively short time scales, SNe Type II are typically the main contributors of
metals early in the star formation of any system, so [!/Fe] > 0 is expected in
stars formed during this period, and can be seen in the most metal-poor stars in
all galaxies in Fig. 1.6. The [!/Fe] can therefore be used to trace time scales, as
they decline when the contributions from SNe Type Ia start to become significant,
1 " 2 Gyr after the onset of SNe Type II. In the Milky Way, this happens at
[Fe/H] " "1, while in the smaller Sculptor dwarf spheroidal galaxy, star forma-
tion is less e#cient and the interstellar medium is only enriched to [Fe/H] # "1.8,
during the same period. In the more massive dwarf spheroidal galaxy, Sagittarius,
this occurs at higher [Fe/H]. The other two galaxies, Fornax and Carina, do not
show such clear signs of this trend, perhaps due to more extended star formation
histories (Tolstoy et al. 2009).

Another novel aspect of the dwarf spheroidal galaxies, are the low !-ratios,
[!/Fe] < 0, which are not observed in the Milky Way halo or disc. As the
star formation died out in the dwarf galaxies, the contribution of SNe Type Ia
started to become more and more significant until negative values of [!/Fe] were
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reached. In the Milky Way, however, there was a constant supply of SNe Type
II, counteracting the contribution of Type Ia, so the ratios of !-elements to iron
do not reach such low values. These subsolar [!/Fe], are thus typical for nearby
dwarf galaxies with extended star formation that stopped in the past.

One method of analysing the chemical evolution in systems with di!erent
physical properties is building a merger tree model of the formation of the Milky
Way environment. This can be used to follow the hierarchical build-up of mass,
and to trace the evolution of gas and stars along the merger tree
(e.g. Salvadori et al. 2007). The results of this model can then be used to make
predictions about observed properties of the Milky Way and its dwarf galaxy
satellites, as in Fig. 1.5 (for more detailed discussion, see Chapter 6).

1.3 Carbon-enhanced metal-poor (CEMP) stars
The initial mass function (IMF) of the very first stars was most likely di!erent
from present day star formation, and it is predicted that more massive stars
were favoured (e.g. Bromm et al. 1999; Abel et al. 2000; Hosokawa et al. 2011;
Hirano et al. 2014). If this was the case, the majority of the first stars would have
been short-lived, and therefore no longer observable in the Local Universe. No
direct observation of a zero-metallicity star has been confirmed at the present,
but the nature of the first stars can be observed indirectly, through the chemical
elements they left behind. Out of the environment polluted by these primordial
stars, low-mass long-lived stars were formed, and can still be observed today. The
abundance pattern of the yields of primordial stars, should therefore be found in
the photospheres of ancient metal-poor stars.

All surveys for metal-poor stars, [Fe/H] $ "2, in the Milky Way halo (e.g. HK;
Hamburg-ESO; SDSS follow-up), have found that !20% of stars with
[Fe/H] $ "2.0 exhibit over-abundances of carbon, ([C/Fe] % +0.7). This fraction
increases as [Fe/H] decreases to reach 80% with [Fe/H] $ "4 (Norris et al. 2007;
Ca!au et al. 2011a; Keller et al. 2014). These stars are referred to as carbon-
enhanced metal-poor (CEMP) stars, typically defined as having [Fe/H] $ "2
and [C/Fe] % +0.7 (e.g. Aoki et al. 2007; Lee et al. 2013), though other defini-
tions are also used, e.g. [C/Fe] % +1 (Beers & Christlieb 2005).

These CEMP stars are divided into subcategories, depending on their heavy
element abundance patterns. Stars with an over-abundance in s-process ele-
ments (such as Ba), are labelled CEMP-s stars, while stars with large amounts
of r-process elements (such as Eu) are called CEMP-r stars, and CEMP-r/s
are stars with enhancements of both types of the neutron-capture elements. Fi-
nally, CEMP-no stars show low values of both the r- and s-process elements
(Beers & Christlieb 2005).
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Figure 1.7: Left panel: Compilation of CEMP stars in the Milky Way halo from the
literature. Red crossed circles are CEMP-no stars. Blue dotted circles are CEMP stars
with enhancement of s- and/or r-process elements. Black filled circle and dots are
carbon-normal stars. Right panel: Histograms of the CEMP-no stars (thick red line)
and CEMP-s, r/s and r stars (thin blue line). From Norris et al. (2013), see references
therein.

The nature of the C-enrichment in CEMP-no stars on the one hand, and
in the CEMP-s, r/s, and r stars on the other, is very di!erent, and these two
groups show distinct distributions as a function of [Fe/H] (Aoki et al. 2007). This
is shown in Fig. 1.7, where it is clear that CEMP-no stars are typically found at
lower metallicities compared to the other CEMP categories.

Around 80% of all CEMP stars are CEMP-s (or r/s) stars (Aoki et al. 2007).
Their C-enhancement comes from a mass transfer from an AGB companion (e.g.
Herwig 2005), and these stars have been shown to be primarily in binary sys-
tems (Lucatello et al. 2005; Starkenburg et al. 2014; Hansen et al. 2015). Only a
handful (< 10) of CEMP-r stars have been observed (Abate et al. 2016), and the
origin for their peculiar abundance pattern is still debated.

The CEMP-no stars show no enhancements of the main r- or s-process ele-
ments, as would be expected from mass transfer from an AGB star. Moreover,
their frequency and carbon-excess is found to increase with decreasing [Fe/H],
becoming most extreme in the most iron-poor objects, see Fig. 1.7. The recently
discovered, hyper Fe-poor star with [Fe/H] < "7.1 (Keller et al. 2014) is also such
an object. In addition to the C-enhancement, CEMP-no stars at lower metallici-
ties [Fe/H] ! "3.5, often also show enhancements of the other lighter elements,
such as nitrogen and oxygen, as well as Al and Mg (Norris et al. 2013).

These results have led to the suggestion that the chemical abundance pattern
of CEMP-no stars indicates the original chemical composition of their birth envi-
ronment, possibly polluted by the first generation of stars. Several processes have
been suggested to account for the formation of CEMP-no stars in low-metallicity
environments, including zero-metallicity rapidly rotating stars that produce large
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amounts of C, N and O (Meynet et al. 2006). Another possible explanation is
that these abundance patterns of CEMP-no stars show the nucleosynthetic yields
of primordial faint supernovae, which experienced extensive mixing and fallback
during their explosions and polluted their birth environments with huge amounts
of C with respect to Fe and other heavy elements (e.g. Umeda & Nomoto 2003;
Iwamoto et al. 2005). Cosmological models for the formation of the Milky Way
and its dwarf satellites show that the CEMP fraction observed in the stellar
halo can be successfully reproduced if faint SNe dominated the primordial metal-
enrichment (de Bennassuti et al. 2014).

Outside of the Milky Way, a large fraction of RGB stars in ultra-faint dwarf
galaxies are CEMP-no stars (e.g. Norris et al. 2010; Frebel et al. 2014). Few
CEMP-no stars have been found in the classical dSph galaxies. A single (weak)
case has been found in the Draco dSph (Cohen & Huang 2009) and one in the Sex-
tans dSph (Honda et al. 2011). Detailed follow up of a sample of metal poor stars
in the Sculptor dSph (Frebel et al. 2010; Tafelmeyer et al. 2010; Starkenburg et al.
2013; Jablonka et al. 2015; Simon et al. 2015) did not reveal any CEMP stars,
nor did a survey by Kirby et al. (2015) of !400 RGB stars in Sculptor, measuring
[C/Fe] in the metallicity range "3 $ [Fe/H] $ "1. In general, the CEMP frac-
tion in dwarf galaxies is still poorly constrained, and will be discussed in more
detail in Chapters 5 and 6.

1.4 This thesis
With the work presented in this thesis, HR spectra of !100 stars were used to
further explore the chemical enrichment history of the Sculptor dwarf spheroidal
galaxy. For the first time, the elements S and Zn were measured in large sample
of stars, in any other stellar system than the Milky Way (Chapters 3 and 4).
These elements are of special interest, since they are volatile and not depleted
onto dust in interstellar gas. Therefore, S and Zn abundances can be used for
direct comparison with abundances in absorption systems observed at high red-
shifts. During the analysis of these data, the first CEMP-no star in Sculptor
was discovered, and is presented in great detail in Chapter 5. This unexpected
and exciting discovery, led to the theoretical investigation of the general CEMP
fraction in dwarf galaxies, and the result of that work is described in Chapter 6.





Chapter 2
Technical background

2.1 Stellar spectroscopy
Although photometry can be used to estimate the metallicities of stars (e.g.
Da Costa & Armandro! 1990; Armandro! et al. 1993; Saviane et al. 2000), for
detailed and accurate chemical abundance analyses, spectra are needed. In the-
ory, high-resolution (HR) spectra (typically R " 15, 000)1 have a big advantage
over intermediate- or low-resolution (LR) spectra (R ! 7, 000), since more atomic
and molecular lines are resolved, and the blending of individual lines is reduced,
thus providing more accurate abundance measurements, of more elements. In
practice, however, it is not always feasible to observe fainter stars at very HR,
due to larger relative noise per pixel, compared to LR. Also, depending on the
strength of the lines in question, not all abundance measurements require HR
(e.g. the strong Ca II triplet at !8600 Å), and exposure times can be reduced
and/or signal-to-noise increased by going for lower resolution.

Another important property of spectra is the wavelength coverage. Some
elements, like Fe, have multiple lines throughout the entire optical wavelength
range, while others, such as sulphur and carbon, can typically only be measured
at distinct wavelength ranges. This is one of the reasons why Fe is commonly used
as a reference element, since its relatively easy to measure. In low-metallicity
stars, where atomic and molecular lines are weaker and less abundant than in
their more metal-rich counterparts, carbon is most easily measured with the CH
molecular band at !4400 Å; sulphur with the S I triplet at !9200 Å, and usually
the only available lines of Zn are around !4800 Å.

Spectrographs have di!erent strengths and weaknesses, depending on the sci-
entific questions involved. The spectra used in this thesis, come from two spec-
trographs, UVES and FLAMES/GIRAFFE at the ESO Very Large Telescope
(VLT), located at the Paranal Observatory in Chile.2

1 R = "/!"
2 http://www.eso.org/sci/facilities/paranal/instruments.html
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UVES is a single-object, HR spectrograph with a resolution of !40,000, when
a slit of 1-arcsec is used. The spectrograph can cover wavelengths from 3000
to 11000 Å, though not all at once, but typically a few thousand Ångström per
spectrum. The Fibre Large Array Multi Element Spectrograph (FLAMES) is a
multi-object wide-field instrument, which can be used to measure !100 stars at
the same time. FLAMES is connected to the GIRAFFE spectrograph which has
two gratings, LR and HR. In this thesis the HR mode is used, with has a typical
R ! 20, 000, and the ability to cover 3700 to 9400 Å, although not simultaneously.
The wavelength coverage ranges from few tens of Ångström up to few hundreds,
depending on the chosen setup. In this work, the MEDUSA observation mode
was used, consisting of #130 fibres that can be placed on individual stars and
exposures of the sky.

2.1.1 Data reduction
Before observed spectra can be used for chemical abundance determination, the
data frames have to be reduced, and corrected for various instrumental e!ects. If
the goal is to measure weak lines in faint stars (as is done in Chapters 3 and 4),
these calibrations and corrections need to be handled with care. Many of these
steps are typically done via automated pipelines3:

• Bias subtraction: To ensure the positivity of the signal, a bias level is
applied to the CCD. This needs to be corrected for by subtracting bias
frames (a closed shutter readouts to determine the bias level), from the
science frame. The bias frames are generally noisy due to readout noise
(the amplifier(s) involved add some noise to the signal when reading the
detector), which can be minimized by combining several bias frames.

• Flat-fielding: This is needed to correct for the non-uniformity of the CCD,
e.g. due to the varying sensitivity of di!erent pixels, or detector defects.
The variations can be detected by imaging a spatially flat source, like the
twilight sky or an illuminated screen in the telescope dome. The science
frames are then corrected by dividing with this flat-field frame.

• Wavelength calibration: The pixels of the CCD in the dispersion di-
rection need to be calibrated onto an absolute wavelength scale, which is
typically done using arc lamps, which have emission lines with well defined
and accurately known wavelengths.

3 In the case of ESO instruments, such as UVES and FLAMES, the relevant pipelines are
provided online: www.eso.org/sci/software/pipelines/
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• Extraction: The 1D spectra are extracted from the 2D CCD. This is
straight forward for FLAMES data as the spectra all lie in a consistent
position on the CCD. For slit spectrographs observing at high spectral res-
olution, like UVES, the spectra are split into orders, to distribute the light
over the area of a CCD in an e#cient way. In this case the position of the
object in the slit needs to be identified and the orders need to be combined
into one continuous spectrum as part of the extraction process.

In addition to correcting the raw science frames for instrumental e!ects to
obtain 1D spectra, various other corrections need to be made before the spectra
can be used for accurate abundance analysis:

• Sky subtraction: The contribution from the sky, both via sky lines and
continuous emission, needs to be subtracted from the spectra. With slit
spectroscopy, like UVES in slit mode, typically enough sky is observed be-
side the object to use for this correction (and that is often done via pipelines,
simultaneously with the extraction of the spectra). Otherwise, the sky needs
to be observed separately, before or after the science exposure. With multi-
fibre spectrographs such as GIRAFFE, some of the fibres must be put on
the sky. These di!erent exposures can then be combined into a master sky
(to minimize the e!ects of readout noise), and subtracted from the science
fibres.

• Telluric lines: Some of the light of the target stars is absorbed by molecules
in the Earth’s atmosphere, creating absorption lines in the spectra that do
not originate from the stars. The severity of the e!ect varies greatly with
wavelength range, and in some cases, especially in the near-IR (e.g. around
the S I triplet at !9200 Å), needs to be accounted for. Contamination from
telluric lines can be corrected for, either with synthetic spectra of the tel-
luric lines (as in Chapter 3), scaling this to match the observed spectrum,
or by observing a bright star with few or no intrinsic absorption lines (as
in Chapter 5).

• Heliocentric velocity correction: The observed spectra need to be cor-
rected for the movement of the Earth around the Sun with respect to the
target of the observations.
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• Cosmic ray removal: High energy particles from space randomly hit the
CCD, and can generate spikes distributed over a few pixels. If only a single
frame is observed, cosmic rays can be removed by interpolation. For multi-
ple frames, as in all the cases presented in this thesis, the cosmic rays can
be rejected when the di!erent exposures are combined and sigma clipping is
applied to remove pixels with much higher values than that expected from
the typical scatter of the observations for a given pixel.

• Continuum evaluation: The spectra are normalized, generally by di-
viding with a polynomial, fitting the continuum in line free regions of the
spectra. Errors in continuum evaluation will e!ect the abundance measure-
ments directly, and also, to a lesser degree, the abundance ratios.

2.2 Stellar atmosphere models
In addition to the abundance of a given element, the physical conditions in the
photosphere of stars directly influence the line profile of a given element in a
spectrum. Generally the stellar atmosphere models used, are calculated assuming
1D and local thermodynamic equilibrium (LTE) where the line is formed. These
models can be described using only few parameters: E!ective temperature Te!,
surface gravity log g, microturbulence velocity vt and the metallicity.

In this thesis, spectra for !85 RGB stars were taken, overlapping with a
sample previously observed by the DART team. For these stars, the stellar pa-
rameters and [Fe/H], were determined by Hill et al. in prep, using spectroscopic
temperatures and gravity, and equivalent width (EW) measurements were used
to determine abundances. For the CEMP-no star, observed with UVES in slit
mode (Chapter 5), and a sample of 15 new stars (Chapter 4), the stellar param-
eters were determined using photometric Te! and log g, and synthetic spectra for
abundance determination. This approach will be described briefly in the following
sections.

2.2.1 E!ective temperature, Te!

The e!ective temperature, Te!, of a star is the temperature of a black body
which emits the same amount of radiation, F! = "T 4

e!. The e!ective temperature
can be derived in many ways. One of the more commonly used methods is
determining Te! spectroscopically (as done by Hill et al. in prep.), by requiring
that the abundance of an element is independent of the excitation potential of
individual lines, #ex. This is to ensure the stellar atmosphere model is accurate
and gives robust abundances for all lines i.e. that there is no trend in abundance
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measurements with #ex. Since this puts some constraints on the surface gravity,
log g, as well, degenerate solutions may be formed.

Another method is the so called Infrared flux method (IRFM), where the flux
in the IR to the total bolometric flux is compared to models, to find the best
fit for Te! (Blackwell et al. 1979, 1980; Ramírez & Meléndez 2005a). Although
this method is very accurate, it is iterative and time consuming, so an empirical
relation has been calculated between photometric colours and Te! derived with
this method (Alonso et al. 1999; Ramírez & Meléndez 2005):

Te! = 5040
$e!

+ P (X, [Fe/H]) (2.1)

where

$e! = a0 + a1X + a2X
2 + a3XFe/H] + a4[Fe/H] + a5[Fe/H]2 (2.2)

Here, X is the colour (such as B-V or V-I), and ai are the coe#cients of the fit,
provided for various photometric colours, both for dwarf and giant stars. The
correction polynomial is !5

i=0 Pixi, where the coe#cients Pi are dependent on
colour and metallicity, given specifically for dwarfs and giant stars. If enough
photometry is available, several di!erent colours can be used to derive Te!, to
make the determination more accurate.

2.2.2 Surface gravity, log g

The surface gravity of a star is defined as g! = GM!/R2
!, where M! is the star’s

mass, and R! its radius. Among other methods, such as using isochrones or
pressure broadening in the wings of strong lines, the surface gravity can be mea-
sured spectroscopically. Electron pressure in a stellar atmosphere changes the line
strengths, and this a!ects the ionization species di!erently (high pressure drives
the equilibrium towards a neutral state). Therefore the log g can be determined
by requiring that two ionization states of the same element, such as Fe I and
Fe II, or Ti I and Ti II, give the same result. To some degree the pressure is
influenced both by Te! and log g, so degenerate solutions may occur. While using
this method, it is also important to be aware of deviation from the normally as-
sumed local thermodynamic equilibrium, i.e. non-LTE e!ects, that might a!ect
the ionization states di!erently.

If the distance to the star is known, its absolute bolometric magnitude, Mbol,!
can be calculated, and the photometric gravity obtained using the standard re-
lation:

log g! = log g# + log M!

M#
+ 4 log Te!,!

Te!,#
+ 0.4(Mbol,! " Mbol,#) (2.3)
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Figure 2.1: Example of equivalent widths (EW) for two lines. In a normalized spec-
trum the continuum level is CL = 1.

2.2.3 Microturbulence velocity, vt

The microturbelent velocity of a star, vt, is scaled to ensure that the abun-
dance measurements are not dependent on the strength of the individual lines
that are being used. Therefore, vt can be determined by requiring that abun-
dances measured from lines of a single species, typically Fe I, show no trend
with the strength of the line, log(EW/%). Typical values for low mass giants are
vt = 1 " 2 km/s.

2.2.4 Metallicity, [Fe/H]
The metal content of a star is an important parameter in determining its photo-
spheric properties. Typically, [Fe/H] is used as proxy for metallicty, and the rest
of the element abundances in the stellar models are scaled to the same abundance
ratios to Fe as in the Sun. However, some models also include di!erent variations,
such as enhanced or depleted !-element abundances.4

2.3 Abundance determination
2.3.1 EW vs synthetic spectra method
Once the stellar parameters, needed to describe the stellar atmosphere model,
have been determined, a synthetic spectrum can accurately be created where the
only variables are the abundances of the di!erent elements seen in the spectrum.
Traditionally this has not been easy to do for a number of reasons and hence the
4 http://marcs.astro.uu.se/
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classical approach is to measure the EWs of the individual absorption lines and
compare them with model predictions for the same.

The EW is defined as the width of a rectangle going from 0 to the level of
the continuum (1 in normalized spectra), which covers the same area as the real
line, see Fig. 2.1. For given stellar parameters, the EW can be converted into
a chemical abundance. One of the main advantages of this method is that the
EW is straight forward to measure, and for weak lines grows proportionally with
abundance. Published EWs are also easy to transform into new abundances, with
alternative models of the star.

Synthetic spectra can be built up using stellar atmosphere models, and atomic
libraries, in the relevant wavelength range, at the appropriate resolution. Sev-
eral synthetic spectra are made, assuming di!erent chemical abundances for the
element being measured. The synthetic spectrum that gives the best fit to the
observed line, reveals the measured chemical abundance. An advantage of this
method is that it takes the entire line profile into account when measuring the
abundance, instead of parametrizing it into a single number. With this method,
accounting for blending from contaminating lines comes automatically, and there-
fore it is easy to recognize unblended lines, given, of course, that the atomic library
used is reliable.

2.3.2 Line list

An important aspect of stellar abundance measurements is choosing the appro-
priate line list to measure a given element. With HR spectroscopy, for several
elements, such as Fe, usually many di!erent absorption lines are available. There-
fore it becomes important to choose lines that have reliable atomic parameters,
and are strong enough to be reliable at the given S/N, but not so strong that the
wings dominate. Also, when possible it is good to limit the choice to lines that
are not heavily contaminated by neighbouring lines. For other elements, such as
S, sometimes there are only few available lines, and it becomes more important
to ensure in advance that the spectra will be of su#cient quality for the abun-
dance measurement. Which lines of an element are appropriate for a given star
is completely dependent on its stellar parameters and metallicity, as well as the
spectral resolution and S/N of the spectra.

With the synthetic spectra method, the easiest way to build a line list, is
simply to make a synthetic spectra for the problem star, with and without the
relevant element, and choose lines that are strong enough, and not too blended.
Another common way is to use a line list from the literature as a base, and
add/subtract lines as required.
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2.3.3 Corrections
Once the line list has been chosen, it is important to keep in mind that the
stellar atmosphere models assume 1D and LTE. Although, in most cases this
is a reasonable assumption, for some lines the e!ects of 3D and NLTE can be
significant, and corrections to the measured abundance are needed. One example
of this are the lines of the S I triplet at !9200 Å, which su!er from NLTE e!ects
that need to be accounted for (see Chapter 3).
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Abstract

In Galactic halo stars, sulphur has been shown to behave like other !-elements,
but until now, no comprehensive studies have been done on this element in stars
of other galaxies. Here, we use high-resolution ESO VLT/FLAMES/GIRAFFE
spectra to determine sulphur abundances for 85 stars in the Sculptor dwarf
spheroidal galaxy, covering the metallicity range "2.5 $ [Fe/H] $ "0.8. The
abundances are derived from the S I triplet at 9213, 9228, and 9238 Å. These
lines have been shown to be sensitive to departure from local thermodynamic equi-
librium, i.e. NLTE e!ects. Therefore, we present new NLTE corrections for a
grid of stellar parameters covering those of the target stars. The NLTE-corrected
sulphur abundances in Sculptor show the same behaviour as other !-elements in
that galaxy (such as Mg, Si, and Ca). At lower metallicities ([Fe/H] ! "2) the
abundances are consistent with a plateau at [S/Fe] # +0.16, similar to what is
observed in the Galactic halo, [S/Fe] # +0.2. With increasing [Fe/H], the [S/Fe]
ratio declines, reaching negative values at [Fe/H] " "1.5. The sample also shows
an increase in [S/Mg] with [Fe/H], most probably because of enrichment from
Type Ia supernovae.
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3.1 Introduction
The chemical abundances of the photospheres of stars reveal the composition of
their birth environment; studying stars of di!erent ages, therefore, gives infor-
mation about the chemical enrichment history of the galaxy in which they dwell.
The element sulphur is one of the least studied !-elements in stars of the Galac-
tic halo and the dwarf galaxies surrounding the Milky Way. This is unfortunate,
since sulphur is not believed to be heavily bound onto interstellar dust (Jenkins
2009), and the abundances of sulphur in stars can therefore be directly compared
to measurements in interstellar medium, such as damped Lyman-! absorption
(DLA) systems (Nissen et al. 2007).

In general, most stellar abundance analysis is done by assuming local ther-
modynamic equilibrium (LTE). Depending on the lines in question, this can be a
reasonable assumption, but sulphur lines have been shown to be sensitive to e!ects
caused by deviation from LTE, i.e. NLTE corrections are needed (Takeda et al.
2005; Korotin 2008). Furthermore, the S I lines of multiplet 1, which is most com-
monly used to measure sulphur in metal-poor stars, sit in a rather challenging
wavelength region, 9210-9240 Å, which is covered with telluric absorption lines.

Two recent surveys of sulphur in the Galactic halo, by Nissen et al. (2007)
and Spite et al. (2011), measure sulphur abundances from multiplet 1, properly
treating the NLTE e!ects on the measured lines. The observed trend of [S/Fe]
with [Fe/H] in these studies1 is very similar to other !-elements (such as Mg, Si,
and Ca). The main production sites of the !-elements are core-collapse Type II
Supernovae (SNe). Early in the star formation history of any galaxy, Type II
SNe are believed to be the main contributors of metals, so the early interstel-
lar medium (ISM) holds the imprint of their yields, and ancient stars typically
show an enhancement in [!/Fe]. This is consistent with the sulphur results from
Nissen et al. (2007) and Spite et al. (2011), which show an approximately con-
stant value of [S/Fe] # +0.2 at low metallicities.

Other studies of sulphur have been done for metal-poor stars, using multi-
plet 3 at 10455-10459 Å, which is relatively free from telluric contamination.
These studies are also consistent with a plateu of enhanced [S/Fe] values at
low metallicities, both in the Galactic halo (Ca!au et al. 2010; Jönsson et al.
2011; Takeda & Takada-Hidai 2012) and also in globular clusters (Kacharov et al.
2015).

At higher metallicities, [Fe/H] " "1, there is a decline in [S/Fe] with [Fe/H] in
Galactic disc stars (Clegg et al. 1981; Francois 1987, 1988; Chen et al. 2002). This
mirrors the trends of other !-elements, and is believed to be caused by the yields
from Type Ia SNe, which start to explode about 1-2 Gyr after the first Type II
SNe (e.g. Matteucci & Greggio 1986; Wyse & Gilmore 1988; de Boer et al. 2012)
and produce large amounts of the iron-peak elements compared to the !-elements
(Iwamoto et al. 1999), leading to a decrease in the [!/Fe] ratio.
1 [S/Fe] = log10(NS/NFe)! " log10(NS/NFe)!
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Until now, no surveys of sulphur have been made of individual stars in galaxies
other than the Milky Way. Various !-elements in stars in dwarf spheroidal (dSph)
galaxies have been shown to have a di!erent behaviour from the Milky Way (e.g.
Shetrone et al. 2001, 2003; Tolstoy et al. 2003, 2009; Kirby et al. 2011). At the
lowest metallicities they show a high abundance in [!/Fe] similar to the Galactic
halo, but the decline due to Type Ia SNe starts at a lower [Fe/H] than in the
Milky Way, the exact value depending on the galaxy. At the highest metallicities
in these galaxies, these ratios reach negative values, [!/Fe] < 0, while in the
Galactic disc, these elements settle around [!/Fe] # 0, at [Fe/H] = 0.

Sculptor is a well-studied system, with an absolute magnitude of MV # "11.2
and a distance of 86 ± 5 kpc (Pietrzy"ski et al. 2008). It is at high Galactic
latitude (b = "83!) with a systemic velocity of vhel = +110.6 ± 0.5 km/s.
The contamination by foreground Galactic stars is not significant, and most of it
can easily be distinguished by velocity (e.g. Battaglia et al. 2008). The galaxy is
dominated by an old stellar population (>10 Gyr), and does not appear to have
experienced any episodes of star formation over the last !6 Gyr (de Boer et al.
2012).

Large spectroscopic surveys of individual stars have been carried out in the
central field of Sculptor. Abundances have been measured for Fe, Mg, Si, Ca, and
Ti with intermediate-resolution (IMR) spectroscopy (Kirby et al. 2009) and high-
resolution (HR) spectroscopy for !100 stars by the DART survey (Tolstoy et al.
2009; Hill et al. in prep.). These works have shown that the ‘knee’ in Sculptor,
where the contribution from Type Ia SN leads to a decline in [!/Fe], happens
around [Fe/H] ! "1.8.

Similar to S, the iron-peak element Zn is volatile and not heavily depleted onto
dust in interstellar gas (Jenkins 2009). The [S/Zn] ratios in stars can therefore be
directly compared to these ratios measured in DLA systems (Nissen et al. 2007).
In this paper we present the results for sulphur in 85 stars in Sculptor, and in an
upcoming paper (Skúladóttir et al. in prep.) we will present Zn abundances for
the same target stars and use these results to make a detailed comparison with
DLA systems and the Galactic halo.

3.2 Observations and data reduction
3.2.1 Observations
From the DART survey (Tolstoy et al. 2006), detailed abundance measurements
are known for !100 stars spread over a 25" diameter field of view in the Sculptor
dSph (Tolstoy et al. 2009; Hill et al. in prep.). Because of the distance to Sculp-
tor, only the brightest stars are available for HR spectroscopy. This sample, there-
fore, consists of relatively cool red giant branch (RGB) stars, with Te! ! 4700 K.
For an overlapping sample of 86 stars in Sculptor, ESO VLT/GIRAFFE spec-
troscopy was carried out to measure sulphur.
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Table 3.1: Log of the VLT/GIRAFFE service mode observations.

Date Plate Exp.time Airmass Seeing
(min) (average) (arcsec)

2012-Jul-15 MED1 51.25 1.078 1.46
2012-Jul-15 MED1 51.25 1.026 1.43
2012-Jul-27 MED2 51.25 1.028 1.53
2012-Jul-27 MED2 51.25 1.020 1.59
2012-Jul-27 MED2 51.25 1.100 1.48
2012-Aug-21 MED2 51.25 1.025 1.58
2012-Aug-21 MED1 51.25 1.027 1.41
2012-Aug-21 MED2 51.25 1.104 1.44
2012-Aug-21 MED2 51.25 1.211 1.43
2012-Aug-21 MED2 51.25 1.082 1.47
2012-Aug-23 MED2 51.25 1.242 1.56
2012-Aug-23 MED2 51.25 1.107 1.62

GIRAFFE (Pasquini et al. 2002) is a medium- to high-resolution spectro-
graph, with settings covering the entire visible range and near-infrared (IR) range,
3700-9500 Å. The GIRAFFE/MEDUSA fibres allow up to !130 separate objects
(including sky fibres) to be observed in one go. Two separate sets of MEDUSA
fibres exists, one per positioner plate, and each fibre has an aperture of 1.2 arc-
sec on the sky. The observations presented here were taken in service mode in
July and August of 2012, all using the HR22B grating, which covers the wave-
length range 8960-9420 Å, with resolution R!19,000. The observational details
are listed in Table 3.1.

One of the target stars, ET0097, showed very strong CN molecular lines. A
higher resolution, follow-up spectrum for that star was taken with ESO
VLT/UVES, covering a longer wavelength range. The stellar parameters and
LTE abundances for sulphur presented here for this star are taken from these
extended data (Skúladóttir et al. 2015).

3.2.2 Data reduction
The GIRAFFE spectra were reduced, extracted, and wavelength calibrated using
the ESO pipeline2. Observations taken on the same date with the same MEDUSA
plate were co-added before extraction with the OPTIMAL method provided by
the pipeline. Only one set of spectra was taken on 2012-Aug-21, with the MED1
plate. This was reduced separately via the SUM method, also provided by the
pipeline, since the signal was too weak for the optimal extraction to work ade-
quately.
2 ftp://ftp.eso.org/pub/dfs/pipelines/gira!e/giraf-pipeline-manual-2.14.pdf
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The final reduced sets of spectra were sky-subtracted using a routine written
by M. Irwin (also used by Battaglia et al. 2008; Hill et al. in prep.), which
scales the sky background to be subtracted from each object spectrum to match
the observed sky emission lines. Correction for telluric absorption was done using
synthetic telluric spectra from TAPAS3 (Bertaux et al. 2014), scaled to match the
observed telluric lines in each set of stellar spectra. An example of the spectra,
before and after telluric correction, is shown in Fig. 3.1.

Since the sets of spectra were combined from di!erent numbers of observations,
for each star they were co-added using the weighted median of the counts going
into the spectra. The signal-to-noise (S/N) ratios of the final co-added spectra
were evaluated as the mean value over the standard deviation of the continuum
in line-free regions. The average ratio of the sample is <S/N> = 62 with a
dispersion of " = 12. Table A3.1 lists the targets with positions, their velocity
measurements and S/N ratios.

3.3 Stellar parameters and model atmospheres
The analysis was carried out using the spectral synthesis code TURBOSPEC4

developed by Bernand Plez (Alvarez & Plez 1998; Plez 2012). The stellar at-
mosphere models are adopted from MARCS5 (Gustafsson et al. 2008) for stars
with standard composition, 1D and assuming LTE, interpolated to match the ex-
act stellar parameters for the target stars. Atomic parameters are adopted from
the DREAM data base (Biémont et al. 1999), extracted via VALD6 (Kupka et al.
1999 and references therein). The CN molecular parameters are from T. Masseron
(private communication), derived with similar methods and laboratory data to
those in Brooke et al. (2014) and Sneden et al. (2014).

Following Spite et al. (2011), the adopted solar abundance is log &(S)# = 7.16
(Ca!au et al. 2011), where we use the standard notation log &(X) = log(NX/NH)+
12. Other solar abundances used here are log &(Fe)# = 7.50 and log &(Mg)# =
7.58, adopted from Grevesse & Sauval (1998). Literature data used in this paper
are scaled to match these solar abundances.

3.4 Abundance measurements
The sulphur abundances were determined from the high excitation multiplet 1
of S I, at 9213, 9228, and 9238 Å. The atomic data for these lines are listed in
Table 3.2. The central line, at 9228 Å, is located in the wing of the Paschen '
line, which is taken into account with the synthetic spectra. In these relatively
3 http://ether.ipsl.jussieu.fr/tapas/
4 ascl.net/1205.004
5 marcs.astro.uu.se
6 http://vald.astro.uu.se
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Figure 3.1: Top four panels show spectra of the star ET0048, for the dates of obser-
vation, in the rest frame of the Earth, before (red) and after (black) telluric correction.
Bottom panel shows the final telluric-corrected, co-added spectrum, in the rest frame
of the Sun. Blue dotted lines show the synthetic telluric spectra.

Table 3.2: Atomic data for the measured S I lines, adopted from the VALD database.

Wavelength Transition log gf #ex

(Å) (eV)
9212.863 4s-4p 5S0

2"5P3 0.42 6.525
9228.093 4s-4p 5S0

2"5P2 0.26 6.525
9237.538 4s-4p 5S0

2"5P1 0.04 6.525
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cold RGB stars (Te! ! 4700 K), most of the observed wavelength range is covered
with CN molecular lines, which were used to estimate the [C/Fe] ratios in these
stars (for more detail see Skúladóttir et al. 2015). An example of spectra around
the measured sulphur lines is shown in Fig. 3.2 for three target stars of typical
S/N ratios for the sample.

Sulphur abundances of the first two lines (at 9213 and 9228 Å) could be
measured for all stars with the VLT/FLAMES spectra. The weakest S line, at
9238 Å, could not be measured in four of the more metal-poor stars ([Fe/H] !
"2), and in those cases the abundance was determined from the other two lines.
The abundance measurements for individual sulphur lines with their respective
errors are listed in Table A3.2.

The abundances from the three di!erent sulphur lines are generally in good
agreement with each other, as is shown in Fig. 3.3. The average dispersion be-
tween lines in the sample of stars with three measured lines is <"> = 0.14,
and the average di!erence between lines is < log &(S)1 " log &(S)2)> = "0.07 and
< log &(S)1 " log &(S)3)> = 0.02, with a dispersion of 0.21 and 0.23, respectively.

3.4.1 Errors
The error for individual sulphur lines is determined from the #2 fit. The upper
and lower error bars are defined as the moment the #2 reaches a certain deviation
from the best fit

#2
err = (1 + f)#2

bf, (3.1)

where #2
bf is the best fit and the constant factor f is calibrated over the sample so

that the average error is equal to the average dispersion between lines, <(noise> =
<"> = 0.14. The final error of a line, (noise,i, is taken as the maximum value of
the upper and lower error bars.

In some cases the weakest line, at 9238 Å, had a bigger error than the other
lines, while in other cases the blending with the P" or CN lines, resulted in some
lines being less reliable. To account for these e!ects, the abundance measurements
of di!erent S lines, log &(S)i, are weighted with their errors, wi, as

log &(S) =

NS!
i=1

log &(S)i · wi

NS!
i=1

wi

, (3.2)

where the sum goes over the number of S lines included. In most cases NS = 3,
except the few cases where the line at 9238 Å could not be measured. The weights
of individual lines are defined as

wi = 1
(2

noise,i
, (3.3)



28 chapter 3: Sulphur in Sculptor

Figure 3.2: Spectra around the observed sulphur lines in three stars (ET0121, ET0027,
ET0232) as (black) crosses. Solid (red) lines show the best fits to each line, as listed
in Table A3.2. These three stars cover the metallicity range of the sample ([Fe/H] =
"2.35, "1.50, "1.00), and have typical S/N ratios for the target stars, within 1# from
the mean (S/N = 68, 69, 54).
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Figure 3.3: Relative LTE abundance measurements for the three sulphur lines for all
the target stars.

where (noise,i is the statistical uncertainty of the abundance measurement of line i.

The final error is calculated as follows:

(noise =
"##$ NS
!NS

i wi

. (3.4)

The systematic errors coming from the uncertainties of the stellar parameters
Te!, log g, and vt are measured for abundance ratios ![S/Fe]sp and ![S/Mg]sp,
assuming !Te! = 100 K, ! log g = 0.3, and !vt = 0.3, as determined by Hill et
al. in prep.7 They are added quadratically to the measurement error, (noise, to
get the adopted error:

([S/X] =
%
(noise(S)2 + (noise(X)2 + ![S/X]2sp. (3.5)

3.5 NLTE corrections
The S I lines of the high excitation multiplet 1, which are used here for the
abundance determination, have previously been shown to be sensitive to NLTE
e!ects (Takeda et al. 2005; Korotin 2008). An extensive grid of NLTE corrections
for F, G, and K stars was calculated in Takeda et al. (2005). However, the target
stars selected here are all high up on the RGB, and go lower in both Te! and
log g than in the grid provided by Takeda et al. (2005). Therefore, a new grid of
NLTE corrections was calculated to fit the stellar parameters in our sample and
is provided in Table A3.3.
7 This is with the exception of the star ET0097, which has !Te! = 35 K, ! log g = 0.13,

and !vt = 0.20 (Skúladóttir et al. 2015).
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Figure 3.4: Left panel: Solid lines show NLTE corrections for the S I line at 9228 Å
as a function of Te! for di!erent log g, assuming [Fe/H] = "1.5 and [S/Fe] = 0. For
log g = 1.5 the corrections for 9212 Å are shown with a dashed line and with a dotted
line for 9238 Å. Right panel: NLTE corrections for the sulphur line at 9228 Å as a
function of [Fe/H] for di!erent [S/Fe], assuming Te! = 4500 K and log g = 0.5.

The NLTE atomic model for sulphur includes 64 lower singlet, triplet, and
quintet systems of S I and the ground level of S II (Korotin 2008, 2009). Oscil-
lator strengths are adopted from TOP-base8, and photoionization cross sections
are calculated assuming a hydrogen-like structure. The LTE stellar atmospheric
models are from MARCS, and are used for the S abundance measurements of the
target stars.

As carefully described in Takeda et al. (2005), the NLTE e!ects of the S I
lines at 9213, 9228, and 9238 Å generally act in the direction of strengthening
the lines, i.e. the correction is negative, !NLTE = [S/H]NLTE " [S/H]LTE < 0.
The dependence of the NLTE correction on Te! and log g is shown in Fig. 3.4.
The NLTE e!ect clearly becomes stronger for lower gravity, higher temperature,
and higher metallicity. However, the hotter stars tend to have higher log g, so
the trends of the NLTE corrections in the sample are not as strong as shown in
Fig 3.4. The average NLTE correction for the target stars is <!NLTE> = "0.29
with a dispersion of " = 0.05. The NLTE corrections, !NLTE, for individual stars
are listed in Table A3.1, and for individual lines of each star in Table A3.2.

The NLTE corrections are sensitive to the strength of the S lines, which is here
parameterized with [Fe/H] and [S/Fe]. The grid covers [Fe/H] = "2.5, "2, "1.5,
"1, assuming LTE values: [S/Fe] = 0.0, 0.2, 0.4, 0.6. The temperature range
8 http://cdsweb.u-strasbg.fr/topbase/topbase.html
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Figure 3.5: Comparison of the h = 0, NLTE calculations of Takeda et al. (2005) and
this work. The results from Takeda et al. (2005) for Te! % 4500 K are shown in pink and
light blue, while the results from this work are shown in red and blue for Te! $ 4750 K.
The result is shown both for the smaller correction of [Fe/H] = "1 (blue and light
blue) and the larger e!ect of [Fe/H] = "2 (red and pink). The calculations for all
three S lines are shown, 9213 Å (dashed lines), 9228 Å (solid lines), and 9238 Å (dotted
lines). In all cases log g = 1 and [S/Fe] = 0.2 are assumed. We note that Takeda et al.
(2005) assumed a solar value of log $(S)# = 7.21, while here a value of 7.16 is adopted,
so there is a di!erence of 0.05 in [S/Fe]. In the case of Takeda et al. (2005), vt = 2 km/s
is assumed, but vt = 1.7 km/s in this work. These small discrepancies do not have a
significant e!ect on the comparison.

is Te! = 4000, 4250, 4500, 4750 K, and the entire grid is calculated for log g =
0, 0.5, 1. One exception to this is the case where log g = 1, [Fe/H] = "2.5, and
Te! = 4000 K, which is not included. Finally, NLTE corrections for log g=1.5 were
calculated for the hottest temperatures, 4500 and 4750 K. The value vt = 1.7 km/s
is adopted for the entire grid since the NLTE e!ects are not very sensitive to the
turbulence velocity. Assuming vt = 2.5 km/s instead will make a ! 0.04 dex
change in the correction, which is much smaller than the measurement errors.
Close to 90% of the target stars have 1.4 km/s $ vt $ 2 km/s, and only one star
is more than 0.7 km/s from the assumed value.

The grid of NLTE corrections provided by Takeda et al. (2005) goes down to
Te! = 4500 K, and log g = 1.0, so it is possible to make a comparison with their
work, see Fig 3.5. The two di!erent calculations show comparable results over
the small overlapping region of stellar parameters.9

9 For Takeda et al. (2005), we plot the fiducial case of h = 0, where h is the logarithm of
the H I correction factor applied to the classical formula (see their paper for details).
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Figure 3.6: [S/Fe] vs. [Fe/H] for the target stars. Upper panel: Assuming LTE. Lower
panel: Including NLTE corrections.

3.6 Results and discussion
The final sulphur abundances with NLTE corrections are provided in Table A3.1.
The measured values of [S/Fe], under the assumptions of LTE and NLTE, are
shown in Fig. 3.6. The negative correction lowers the measured abundances, and
slightly reduces the scatter, from " = 0.19 to 0.16 at [Fe/H] $ "2 and from
" = 0.15 to 0.14, both at "2 < [Fe/H] $ "1.5 and "1.5 < [Fe/H]. A comparison
between the NLTE-corrected sulphur abundances in Sculptor and the Galactic
halo is shown in Fig. 3.7.

3.6.1 Possible outliers
The scatter of [S/Fe] measurements in Sculptor seems to increase below [Fe/H] #
"1.8, see Fig. 3.7, where " = 0.17, slightly exceeding what is expected from the
typical error in this region, <([S/Fe]> = 0.15. It is important to take into account
that at these low metallicities, the sulphur lines are often very weak, so for three
of the stars below [Fe/H] $ "2.2, the S abundance is determined from only two
lines, and the other two stars in this metallicity range show significant scatter
between the three lines, " # 0.27.
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Figure 3.7: NLTE-corrected values of [S/Fe] for the target stars in Sculptor (blue
circles). Filled squares show NLTE sulphur measurements from multiplet 1 in Galactic
halo stars taken from Nissen et al. (2007) (light grey) and Spite et al. (2011) (dark
grey). Sulphur abundances in halo stars determined from multiplet 3 are shown
with pluses (Takeda & Takada-Hidai 2012), asterisks (Jönsson et al. 2011), and exes
(Ca!au et al. 2010). In all cases, NLTE corrections have been applied. Milky Way disc
stars from Chen et al. (2002) are shown with open grey squares. The disc stars have
not been corrected for NLTE e!ects, but these sulphur abundances are measured with
lines that are not believed to be sensitive to NLTE e!ects, so any corrections applied
would be small (and negative). No 3D corrections have been applied to any of the data,
but are expected to be positive for both multiplet 1 and 3. A representative error bar
for the Sculptor data is shown.

However, two stars at [Fe/H] # "2, ET0112 and ET0109, show [S/Fe] of
about ! 0.65 dex higher than two S-poor stars at similar metallicities, ET0322
and ET0373, see Fig. 3.7. The S-rich stars, ET0112 and ET0109, both have
high S/N ratios, more than 1" above the mean of the sample, and are consistent
(within the errors) with the trend seen in the Galactic halo. The S-poor stars,
ET0322 and ET0373, have S/N lower than average, but within 1" of the mean.
Of these, ET0373 only has two measurable S lines, but has a normal value of
sulphur when compared to magnesium, [S/Mg] = "0.50, and could therefore
be slightly low in !-elements in general. However, ET0322 shows the very low
value of [S/Mg] = "0.95, and seems to be an outlier in sulphur. If that one star
is ignored, the scatter below [Fe/H] $ "1.8 is consistent with the errors.

Another clear outlier is seen at a higher metallicity, ET0147 at [Fe/H] =
"1.15, which is also low in [S/Mg]. Neither of these stars that seem low in
sulphur, ET0322 or ET0147, stand out in measurements of other elements (such
as Mg, Ca, Ti, Cr, Ba, and La) when compared to other stars in Sculptor (Hill et
al. in prep.). Both ET0322 and ET0147 have reasonable S/N ratios, within 1" of
the mean value, and we have checked that these low S values are not being driven
by poor placement of continuum, and ensured that the error estimates, # 0.2 dex
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Figure 3.8: Spectra for the S-low stars, ET0322 and ET0147, are shown with black
crosses. Red solid lines are the best fits of each S line, and blue dashed lines are the
measurement errors, %noise, as listed in Table A3.2. Green solid lines show [S/Fe]=0.40
in the upper panel, and [S/Fe]=0.15 in the lower panel, which are the average (LTE)
S abundances in the sample, in the range ±0.25 from the [Fe/H] of each star.

in both cases, are reasonable. We do note, however, that for the star ET0147,
there is a di!erence of 160 K in Te! as determined by Hill et al. in prep, which
is used here, and by photometry from de Boer et al. (2011) following the recipe
from Ramírez & Meléndez (2005). This is the largest deviation in the sample,
and it is therefore possible that we are underestimating the errors coming from
the stellar parameters for this particular star. For ET0322, the di!erence in Te!
between these two methods is well within the errors, and similar to other stars
in the sample.

The spectra for these possible outliers, ET0322 and ET0147 are shown in
Fig. 3.8. In the case of ET0322, the central line at 9228 Å is consistent with
the average value of [S/Fe] in the sample of stars with similar [Fe/H]. However,
in this case the blending with the Paschen ' line is not perfectly reproduced by
the synthetic spectra, and causes it to be the least reliable of the three available
lines. The other two lines are not consistent with the normal trend. For ET0147,
Fig. 3.8 shows that this star is not consistent with the average [S/Fe] of the sample
with similar [Fe/H] unless we are severely underestimating the errors of the stellar
parameters. There is, however, no obvious scenario where stars are expected to
be low in sulphur and not in the other !-elements, so these outliers should not be
interpreted too strictly, especially without further confirmation since, considering
the errors, they are still consistent with the range of scatter.
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3.6.2 The trend of [S/Fe] with [Fe/H]

The measurements of [S/Fe] in the Galactic halo show a plateau at low metal-
licities, both when measured with multiplet 1 at 9210-9240 Å, and multiplet 3
at 10455-10459 Å, see Fig. 3.7. The level of this plateau is, however, higher
when measured with multiplet 3 compared to multiplet 1. The statistical er-
rors of the mean can be defined as (SE = "/

&
N " 1, where N is the number

of stars in each sample. Therefore, we get <[S/Fe]>mul1 = 0.22 with " = 0.09
and (SE = 0.01, while <[S/Fe]>mul3 = 0.36 with " = 0.14 and (SE = 0.03.
Even when the two possible outliers, high in S, at [Fe/H] = "1.19 (Ca!au et al.
2010) and [Fe/H] = "3.16 (Takeda & Takada-Hidai 2012) are excluded, we get
<[S/Fe]>mul3 = 0.33 with " = 0.12 and (SE = 0.02.

The reason for this discrepancy is unknown, but possibly arises from the NLTE
corrections or a di!erence in 3D corrections between the two multiplets, which
have not been applied here. The 3D correction for multiplet 1 is expected to be
small and positive, ! +0.1 (Nissen et al. 2004; Spite et al. 2011). For multiplet
3, however, the 3D corrections are expected to be larger, ! +0.2 (Jönsson et al.
2011), making the discrepancy between the results from the two multiplets even
larger. An extensive sample of sulphur measurements from both multiplets in
the same stars would be helpful to explore this issue further and determine the
exact level of the plateau. Here, however, our main interest lies in comparing
the Sculptor results with the Galactic halo, so in order to avoid this issue, we
will limit our comparison to the results of Nissen et al. (2007) and Spite et al.
(2011), which use the same S lines as the results obtained here. We note that
Spite et al. (2011) use the same atomic model for the NLTE corrections as is used
here (Korotin 2008), while Nissen et al. (2007) use the NLTE calculations from
Takeda et al. (2005).

The chemical enrichment of the Milky Way was apparently a much more
rapid process than in Sculptor, the small dwarf spheroidal galaxy, where star
formation was ine#cient. During the first 1-2 Gyr of star formation, before
Type Ia SNe started to contribute, the Galactic halo was enriched to much higher
metallicities ([Fe/H] ! "1) than Sculptor ([Fe/H] ! "1.8). Therefore, the ‘knee’
of [S/Fe], where this abundance ratio starts to decrease as a result of a growing
contribution from SNe Type Ia to [Fe/H], is seen at a higher metallicity in the
Galactic halo, where S also shows similar behaviour to other !-elements, e.g. Si
and Ca (Chen et al. 2002; Cayrel et al. 2004). The position of the knee of [S/Fe]
in Sculptor is comparable to what is previously measured in the other !-elements
in this galaxy (Tolstoy et al. 2009; Hill et al. in prep); as is shown for example
in Fig. 3.9, S follows the !-element Ca over the observed iron range.

If a plateau-like behaviour of [S/Fe] in Sculptor is assumed at lower metal-
licities, [Fe/H] $ "2, the plateau lies at <[S/Fe]Scl> = 0.16, with " = 0.18
and (SE = 0.06. If the outlier ET0322 is not included, we get the higher value
of <[S/Fe]Scl> = 0.19 with " = 0.15 and (SE = 0.05. In the Galactic halo,
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Figure 3.9: [S/Ca] vs. [Fe/H] for the target stars.

Nissen et al. (2007) found an average value of <[S/Fe]halo,N> = 0.21 with " =
0.07 (SE = 0.01, and in the sample of Spite et al. (2011), <[S/Fe]halo,S> = 0.23
with " = 0.12 and (SE = 0.02. Adopting (SE as the error of the mean, all three
surveys are in agreement (even when the possible outlier in Sculptor is included).
Although in this case the errors are underestimated since we are not taking into
account any possible systematic errors of the samples such as the determination
of stellar parameters or possible di!erences in the NLTE corrections between
surveys.

The Sculptor sample is therefore consistent with having experienced the same
early chemical enrichment of sulphur as observed in the Galactic halo, although
S measurements of stars with [Fe/H] $ "2.5 are needed to further confirm this.

3.6.3 Comparison of [S/Fe] and [S/Mg]
It has been noted by Spite et al. (2011) that the scatter of S abundance ratios
in the Galactic halo is slightly larger when Mg is used as a reference element
instead of Fe. This is not expected since Mg and S are believed to form in similar
processes, normally the hydrostatic burning of C, O, and Ne, while Fe is more
a!ected by explosive nucleosynthesis, mixing, and fallback.

The S abundances of our target stars are shown with respect to Mg in Fig. 3.10,
and the scatter is clearly bigger than when compared to Fe. In addition, the
average level of [S/Mg] is higher over the entire Sculptor sample, <[S/Mg]Scl> =
"0.23 with (SE = 0.02, compared to the Galactic halo, <[S/Mg]halo,S> = "0.39
with (SE = 0.03.

It should be noted that the Mg abundances in Sculptor have not been corrected
for NLTE e!ects as has been done for the Spite et al. (2011) sample. As shown in
Andrievsky et al. (2010), this correction is expected to be positive thus lowering
the [S/Mg] ratio, but this e!ect is weaker at higher metallicities and in colder
stars (the average Te! of the Sculptor stars is # 4300 K, while it is # 4900 K
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Figure 3.10: Abundance ratios [SNLTE/Mg] with [Mg/H]. Grey squares show Galactic
halo stars with S measurements from Spite et al. (2011), and Mg from Andrievsky et al.
(2010). Circles, pentagons, and hexagons show the target stars in Sculptor; the most
iron-poor stars ([Fe/H] $ "1.7) as dark blue circles, the most iron-rich ("1.3 $ [Fe/H])
are shown as cyan hexagons, and other stars as blue pentagons. Note that in Sculptor,
the Mg abundances have not been corrected for NLTE e!ects. However, these are
expected to be small (and positive) for the target stars (! 0.1 dex).

Figure 3.11: Results of [SNLTE/Mg] versus [Fe/H] for the Sculptor sample. Ages are
shown with colours, as estimated by de Boer et al. (2012), while grey triangles show
stars with no age estimate. The average error on the ages is 1.8 Gyr.
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for the giants in Spite et al. 2011), so these corrections are expected to be small
(! 0.1 dex) in the Sculptor sample.

Another possible reason for the shift in the average value of [S/Mg] in Sculptor
compared to the halo is that [S/Mg] shows a slightly increasing trend with [Fe/H],
see Fig. 3.11, where there is also an age gradient. Although Mg and S form in
similar processes, it is possible that they have slightly di!erent production chains
(Limongi & Chie# 2003); this, however, does not explain the trend seen with age
and metallicity. The observed slope is not created by the lack of NLTE corrections
for Mg; those corrections would create a slope in the opposite direction, since the
correction is higher at lower metallicities.

Therefore, this trend of [S/Mg] as [Fe/H] increases, most probably comes
from an increasing SN Ia contribution. Although SN Ia yields have very high
ratios of iron-peak elements, they also produce a non-negligible amount of some
of the !-elements (such as Si, S, and Ca). In particular, the [S/Mg] ratio in
Type Ia SNe yields is more than an order of magnitude higher than predicted for
SN II (Iwamoto et al. 1999). This can explain the increasing [S/Mg] ratio as the
SN Ia contribution becomes more important. In fact, a similar trend of [Ca/Mg]
with [Fe/H] is seen in the data of Hill et al. in prep. that is consistent with this
explanation.

To make a meaningful comparison with the Galactic halo sample, we therefore
only use stars with [Fe/H] $ "2, where the contribution from Type Ia SNe is
thought to be minimal. This gives a mean of <[S/Mg]Scl> = "0.37, with " =
0.25 and (SE = 0.08. If the star ET0322, with [SNLTE/Mg] = "0.95, is excluded
the result is <[S/Mg]Scl> = "0.30, with " = 0.16 and (SE = 0.06. This is in
agreement with the value observed in the Galactic halo, <[S/Mg]Halo> = "0.39,
with " = 0.15 (SE = 0.03 (Spite et al. 2011). If the average NLTE correction of
Mg in Sculptor is 0.2 dex or more, these results would no longer be in agreement,
which supports the assumption that only a modest correction is needed for our
sample stars.

As was seen in the Spite et al. (2011) sample for the Galactic halo, in Sculptor
stars with [Fe/H] $ "2, the scatter of [S/Mg]Scl (" = 0.25) is larger than for
[S/Fe]Scl (" = 0.18). However, the measurement errors of [Mg/H] are bigger on
average than for [Fe/H] in the Sculptor sample, giving the final average error
<([S/Mg]> = 0.27, while <([S/Fe]> = 0.16. In our sample, it therefore seems likely
that the scatter is dominated by measurement errors, rather than showing an
intrinsic scatter, and more precise measurements are needed to clarify this issue.
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3.7 Conclusions
From the DART survey, detailed abundance measurements are known for !100
RGB stars in Sculptor, covering the metallicity range "2.5 $ [Fe/H] $ "0.8
(Tolstoy et al. 2009; Hill et al. in prep.). High-resolution VLT/GIRAFFE spec-
tra, with grating HR22B, were acquired for 86 of those stars to measure the sul-
phur abundances from the triplet at 9213, 9228, and 9238 Å. These sulphur lines
have been shown to be sensitive to NLTE e!ects (Takeda et al. 2005; Korotin
2008). Therefore, NLTE corrections have been calculated for a grid of stellar
parameters covering the observed sample, and are available in Table A3.3.

Although the sample includes only 12 stars with [Fe/H] $ "2, we find tenta-
tive evidence for a plateau in the ratio [S/Fe] at [Fe/H] $ "2, similar to that seen
for sulphur in the Milky Way halo (Nissen et al. 2007; Spite et al. 2011) and for
other !-elements both in Sculptor (Tolstoy et al. 2009; Hill et al. in prep) and
the halo (e.g. Cayrel et al. 2004). At the lowest metallicity end, [Fe/H] $ "2,
the scatter is rather large, "[S/Fe] = 0.18, but if one possible outlier is excluded, it
is consistent with measurement errors. At higher metallicities, [S/Fe] decreases
with increasing [Fe/H], reaching subsolar values at [Fe/H] " "1.5, similar to
what is seen in other !-elements in Sculptor (Tolstoy et al. 2009; Hill et al. in
prep.). This occurs at lower [Fe/H] than the halo, likely owing to a less e#cient
star formation.

Similarly to the sample of Spite et al. (2011), the scatter in S is bigger when
Mg is used as a reference element rather than Fe, contrary to theoretical predic-
tions. However, for our results, this is consistent with the errors on the measure-
ments of these elements. Our sample of Sculptor stars also shows an increase
in [S/Mg] with [Fe/H], presumably due to an increasing SN Ia contribution to
[S/Mg].
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Table A3.2: Abundances for individual sulphur lines with their associated measure-
ment errors and NLTE corrections.

Star log $(S1) %noise,1 !NLTE,1 log $(S2) %noise,2 !NLTE,2 log $(S3) %noise,3 !NLTE,3
(9213 Å) (9213 Å) (9213 Å) (9228 Å) (9228 Å) (9228 Å) (9238 Å) (9238 Å) (9238 Å)

ET0024 5.93 0.14 "0.22 6.01 0.14 "0.21 5.95 0.14 "0.19
ET0026 5.68 0.10 "0.29 5.86 0.12 "0.26 5.60 0.12 "0.22
ET0027 5.92 0.08 "0.33 6.06 0.10 "0.30 6.14 0.08 "0.25
ET0028 5.98 0.16 "0.28 5.88 0.12 "0.25 6.00 0.12 "0.22
ET0031 5.93 0.10 "0.38 5.99 0.10 "0.34 5.77 0.10 "0.28
ET0033 5.86 0.10 "0.34 5.68 0.12 "0.30 5.64 0.10 "0.25
ET0043 5.99 0.14 "0.32 6.03 0.14 "0.29 5.65 0.14 "0.25
ET0048 5.82 0.08 "0.43 5.52 0.08 "0.38 5.72 0.08 "0.33
ET0051 6.03 0.18 "0.20 6.43 0.12 "0.18 6.31 0.12 "0.17
ET0054 5.70 0.10 "0.31 5.68 0.12 "0.27 5.78 0.16 "0.23
ET0057 6.05 0.14 "0.30 6.11 0.14 "0.26 6.15 0.08 "0.22
ET0059 5.91 0.12 "0.38 5.71 0.08 "0.34 5.77 0.14 "0.29
ET0060 5.92 0.14 "0.38 5.80 0.10 "0.34 5.80 0.12 "0.29
ET0062 5.07 0.28 "0.23 5.41 0.18 "0.20 5.63 0.18 "0.17
ET0063 5.91 0.20 "0.29 6.27 0.10 "0.26 6.09 0.16 "0.22
ET0064 5.97 0.14 "0.32 5.95 0.10 "0.28 5.73 0.14 "0.24
ET0066 6.10 0.12 "0.38 5.90 0.10 "0.34 5.96 0.12 "0.29
ET0067 5.92 0.20 "0.35 6.16 0.12 "0.31 5.94 0.18 "0.26
ET0069 5.27 0.16 "0.26 5.49 0.14 "0.23 5.37 0.16 "0.20
ET0071 6.07 0.12 "0.35 6.09 0.12 "0.31 6.05 0.12 "0.26
ET0073 5.91 0.12 "0.33 5.89 0.14 "0.30 5.99 0.14 "0.25
ET0083 5.58 0.10 "0.34 5.48 0.10 "0.30 5.16 0.18 "0.25
ET0094 5.59 0.08 "0.29 5.79 0.20 "0.26 5.45 0.16 "0.21
ET0095 5.29 0.12 "0.28 5.33 0.12 "0.24 5.25 0.12 "0.20
ET0097 5.42 0.32 "0.26 5.46 0.26 "0.23 ... ... ...
ET0103 6.14 0.18 "0.35 6.18 0.12 "0.32 5.76 0.20 "0.27
ET0104 5.81 0.14 "0.30 5.95 0.10 "0.27 5.53 0.14 "0.23
ET0109 6.15 0.08 "0.35 5.55 0.26 "0.31 5.93 0.14 "0.26
ET0112 5.83 0.08 "0.31 6.03 0.20 "0.27 5.83 0.10 "0.23
ET0113 5.38 0.10 "0.29 5.58 0.08 "0.25 5.46 0.12 "0.21
ET0121 4.72 0.14 "0.19 5.22 0.08 "0.17 5.06 0.12 "0.15
ET0126 5.86 0.18 "0.24 6.42 0.14 "0.22 5.90 0.14 "0.19
ET0132 6.00 0.18 "0.31 5.94 0.08 "0.28 6.22 0.12 "0.23
ET0133 5.95 0.16 "0.26 6.25 0.12 "0.24 6.15 0.18 "0.20
ET0137 6.15 0.16 "0.20 6.25 0.18 "0.19 6.31 0.28 "0.18
ET0138 5.83 0.10 "0.32 5.79 0.08 "0.28 5.85 0.12 "0.24
ET0139 5.67 0.10 "0.24 5.85 0.16 "0.21 5.79 0.10 "0.18
ET0141 5.79 0.10 "0.31 5.91 0.08 "0.28 6.01 0.12 "0.24
ET0145 5.52 0.14 "0.26 5.78 0.08 "0.23 5.76 0.10 "0.20
ET0147 5.57 0.16 "0.31 5.81 0.12 "0.28 5.41 0.34 "0.22
ET0150 6.28 0.10 "0.27 6.14 0.16 "0.25 6.44 0.10 "0.22
ET0151 5.94 0.12 "0.34 5.96 0.08 "0.31 5.66 0.10 "0.26
ET0158 6.14 0.14 "0.41 5.96 0.10 "0.36 5.96 0.10 "0.31
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Table A3.2: continued.

Star log $(S1) %noise,1 !NLTE,1 log $(S2) %noise,2 !NLTE,2 log $(S3) %noise,3 !NLTE,3
(9213 Å) (9213 Å) (9213 Å) (9228 Å) (9228 Å) (9228 Å) (9238 Å) (9238 Å) (9238 Å)

ET0160 6.00 0.14 "0.30 6.36 0.10 "0.27 5.94 0.14 "0.23
ET0163 5.57 0.16 "0.34 5.57 0.12 "0.30 5.53 0.12 "0.26
ET0164 5.04 0.20 "0.22 5.56 0.20 "0.20 5.50 0.12 "0.17
ET0165 6.12 0.16 "0.28 6.38 0.10 "0.25 6.26 0.12 "0.21
ET0166 6.04 0.16 "0.35 6.16 0.12 "0.31 6.14 0.14 "0.27
ET0168 5.71 0.32 "0.29 5.93 0.24 "0.26 6.13 0.16 "0.22
ET0173 5.86 0.14 "0.24 5.92 0.18 "0.22 5.70 0.18 "0.19
ET0198 6.27 0.12 "0.41 6.17 0.10 "0.37 6.19 0.10 "0.32
ET0200 6.21 0.12 "0.36 6.13 0.10 "0.32 6.09 0.12 "0.27
ET0202 6.18 0.12 "0.43 5.86 0.20 "0.38 5.68 0.20 "0.33
ET0206 6.01 0.16 "0.37 5.85 0.12 "0.33 5.87 0.10 "0.29
ET0232 6.46 0.12 "0.48 6.42 0.14 "0.43 6.22 0.10 "0.37
ET0236 5.00 0.26 "0.21 5.34 0.12 "0.19 ... ... ...
ET0237 5.82 0.14 "0.38 5.84 0.20 "0.34 5.74 0.16 "0.29
ET0238 5.84 0.10 "0.38 5.94 0.14 "0.34 5.94 0.18 "0.29
ET0239 5.19 0.16 "0.25 5.37 0.16 "0.23 ... ... ...
ET0240 6.14 0.14 "0.35 6.38 0.10 "0.31 6.06 0.16 "0.27
ET0241 6.17 0.14 "0.38 5.93 0.14 "0.34 5.99 0.16 "0.29
ET0242 5.97 0.14 "0.35 6.13 0.12 "0.32 5.77 0.22 "0.27
ET0244 6.06 0.12 "0.38 6.02 0.16 "0.34 5.98 0.12 "0.29
ET0275 5.99 0.20 "0.35 5.83 0.20 "0.31 6.17 0.18 "0.27
ET0299 5.46 0.18 "0.29 5.50 0.26 "0.26 5.76 0.14 "0.22
ET0300 5.62 0.24 "0.25 6.28 0.18 "0.22 6.08 0.18 "0.19
ET0317 5.78 0.08 "0.34 5.80 0.12 "0.30 5.80 0.16 "0.26
ET0320 5.84 0.14 "0.37 6.08 0.12 "0.33 5.62 0.16 "0.28
ET0321 5.57 0.14 "0.35 5.63 0.16 "0.31 5.19 0.18 "0.26
ET0322 5.11 0.14 "0.27 5.35 0.22 "0.24 5.11 0.16 "0.21
ET0327 6.10 0.14 "0.35 6.14 0.14 "0.32 6.32 0.16 "0.27
ET0330 5.60 0.14 "0.34 5.64 0.14 "0.30 5.90 0.14 "0.25
ET0339 6.10 0.12 "0.34 6.10 0.16 "0.30 5.76 0.26 "0.26
ET0342 6.24 0.28 "0.37 6.06 0.22 "0.33 5.90 0.34 "0.28
ET0350 5.94 0.22 "0.39 5.96 0.10 "0.34 5.64 0.16 "0.29
ET0354 6.45 0.14 "0.47 6.57 0.14 "0.42 5.79 0.28 "0.36
ET0363 5.85 0.20 "0.34 6.01 0.20 "0.30 5.89 0.20 "0.25
ET0369 5.05 0.12 "0.25 5.09 0.18 "0.23 ... ... ...
ET0373 5.38 0.12 "0.28 5.20 0.14 "0.25 ... ... ...
ET0376 6.31 0.12 "0.34 6.19 0.14 "0.30 6.27 0.18 "0.26
ET0378 6.11 0.14 "0.34 6.21 0.10 "0.31 6.31 0.12 "0.26
ET0379 5.58 0.16 "0.31 5.94 0.14 "0.28 5.54 0.16 "0.24
ET0382 5.66 0.14 "0.35 5.54 0.16 "0.31 5.72 0.22 "0.26
ET0384 5.78 0.12 "0.30 5.72 0.24 "0.27 5.68 0.18 "0.23
ET0389 5.86 0.16 "0.34 5.94 0.12 "0.30 5.90 0.12 "0.25
ET0392 5.94 0.20 "0.37 6.08 0.14 "0.33 5.74 0.18 "0.28
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Table A3.3: The NLTE corrections for a grid of stellar parameters fitting the target
stars, assuming vt = 1.7 km/s.

Te! [Fe/H] log g [S/Fe] !NLTE !NLTE !NLTE Te! [Fe/H] log g [S/Fe] !NLTE !NLTE !NLTE
(K) (9213 Å) (9228 Å) (9238 Å) (K) (9213 Å) (9228 Å) (9238 Å)
4000 $2.5 0.0 0.0 $0.125 $0.109 $0.089 4250 $2.5 0.0 0.0 $0.122 $0.093 $0.049
4000 $2.5 0.5 0.0 $0.033 $0.008 $0.008 4250 $2.5 0.5 0.0 $0.124 $0.106 $0.081
4000 $2.0 0.0 0.0 $0.151 $0.124 $0.089 4250 $2.5 1.0 0.0 $0.110 $0.099 $0.086
4000 $2.0 0.5 0.0 $0.130 $0.113 $0.092 4250 $2.0 0.0 0.0 $0.247 $0.216 $0.180
4000 $2.0 1.0 0.0 $0.099 $0.089 $0.077 4250 $2.0 0.5 0.0 $0.200 $0.178 $0.154
4000 $1.5 0.0 0.0 $0.240 $0.213 $0.180 4250 $2.0 1.0 0.0 $0.153 $0.138 $0.121
4000 $1.5 0.5 0.0 $0.184 $0.164 $0.141 4250 $1.5 0.0 0.0 $0.353 $0.314 $0.266
4000 $1.5 1.0 0.0 $0.138 $0.123 $0.105 4250 $1.5 0.5 0.0 $0.277 $0.246 $0.210
4000 $1.0 0.0 0.0 $0.303 $0.274 $0.237 4250 $1.5 1.0 0.0 $0.208 $0.185 $0.158
4000 $1.0 0.5 0.0 $0.234 $0.211 $0.183 4250 $1.0 0.0 0.0 $0.438 $0.397 $0.335
4000 $1.0 1.0 0.0 $0.175 $0.158 $0.137 4250 $1.0 0.5 0.0 $0.347 $0.312 $0.267
4000 $2.5 0.0 0.2 $0.153 $0.136 $0.114 4250 $1.0 1.0 0.0 $0.270 $0.241 $0.206
4000 $2.5 0.5 0.2 $0.069 $0.047 $0.011 4250 $2.5 0.0 0.2 $0.168 $0.139 $0.097
4000 $2.0 0.0 0.2 $0.189 $0.160 $0.123 4250 $2.5 0.5 0.2 $0.146 $0.128 $0.104
4000 $2.0 0.5 0.2 $0.157 $0.137 $0.113 4250 $2.5 1.0 0.2 $0.130 $0.118 $0.103
4000 $2.0 1.0 0.2 $0.118 $0.104 $0.090 4250 $2.0 0.0 0.2 $0.296 $0.259 $0.215
4000 $1.5 0.0 0.2 $0.277 $0.247 $0.209 4250 $2.0 0.5 0.2 $0.234 $0.207 $0.176
4000 $1.5 0.5 0.2 $0.212 $0.190 $0.163 4250 $2.0 1.0 0.2 $0.175 $0.156 $0.135
4000 $1.5 1.0 0.2 $0.157 $0.139 $0.119 4250 $1.5 0.0 0.2 $0.399 $0.356 $0.310
4000 $1.0 0.0 0.2 $0.339 $0.306 $0.264 4250 $1.5 0.5 0.2 $0.316 $0.281 $0.239
4000 $1.0 0.5 0.2 $0.262 $0.236 $0.204 4250 $1.5 1.0 0.2 $0.240 $0.213 $0.181
4000 $1.0 1.0 0.2 $0.198 $0.178 $0.153 4250 $1.0 0.0 0.2 $0.486 $0.440 $0.383
4000 $2.5 0.0 0.4 $0.177 $0.156 $0.133 4250 $1.0 0.5 0.2 $0.384 $0.345 $0.296
4000 $2.5 0.5 0.4 $0.104 $0.082 $0.050 4250 $1.0 1.0 0.2 $0.301 $0.269 $0.230
4000 $2.0 0.0 0.4 $0.228 $0.196 $0.156 4250 $2.5 0.0 0.4 $0.208 $0.176 $0.135
4000 $2.0 0.5 0.4 $0.185 $0.162 $0.134 4250 $2.5 0.5 0.4 $0.181 $0.159 $0.133
4000 $2.0 1.0 0.4 $0.139 $0.122 $0.103 4250 $2.5 1.0 0.4 $0.145 $0.131 $0.115
4000 $1.5 0.0 0.4 $0.314 $0.281 $0.238 4250 $2.0 0.0 0.4 $0.348 $0.305 $0.254
4000 $1.5 0.5 0.4 $0.242 $0.216 $0.185 4250 $2.0 0.5 0.4 $0.276 $0.243 $0.205
4000 $1.5 1.0 0.4 $0.176 $0.156 $0.132 4250 $2.0 1.0 0.4 $0.206 $0.183 $0.156
4000 $1.0 0.0 0.4 $0.376 $0.339 $0.292 4250 $1.5 0.0 0.4 $0.454 $0.408 $0.350
4000 $1.0 0.5 0.4 $0.293 $0.263 $0.227 4250 $1.5 0.5 0.4 $0.359 $0.322 $0.268
4000 $1.0 1.0 0.4 $0.222 $0.199 $0.171 4250 $1.5 1.0 0.4 $0.272 $0.241 $0.204
4000 $2.5 0.0 0.6 $0.216 $0.191 $0.161 4250 $1.0 0.0 0.4 $0.534 $0.484 $0.421
4000 $2.5 0.5 0.6 $0.140 $0.116 $0.084 4250 $1.0 0.5 0.4 $0.433 $0.391 $0.330
4000 $2.0 0.0 0.6 $0.271 $0.236 $0.192 4250 $1.0 1.0 0.4 $0.333 $0.297 $0.253
4000 $2.0 0.5 0.6 $0.212 $0.186 $0.155 4250 $2.5 0.0 0.6 $0.262 $0.224 $0.178
4000 $2.0 1.0 0.6 $0.159 $0.141 $0.119 4250 $2.5 0.5 0.6 $0.222 $0.194 $0.163
4000 $1.5 0.0 0.6 $0.353 $0.315 $0.268 4250 $2.5 1.0 0.6 $0.174 $0.155 $0.135
4000 $1.5 0.5 0.6 $0.273 $0.243 $0.207 4250 $2.0 0.0 0.6 $0.397 $0.351 $0.292
4000 $1.5 1.0 0.6 $0.196 $0.180 $0.147 4250 $2.0 0.5 0.6 $0.318 $0.280 $0.235
4000 $1.0 0.0 0.6 $0.415 $0.373 $0.322 4250 $2.0 1.0 0.6 $0.240 $0.212 $0.178
4000 $1.0 0.5 0.6 $0.326 $0.292 $0.250 4250 $1.5 0.0 0.6 $0.505 $0.455 $0.391
4000 $1.0 1.0 0.6 $0.248 $0.222 $0.189 4250 $1.5 0.5 0.6 $0.404 $0.362 $0.310

4250 $1.5 1.0 0.6 $0.304 $0.270 $0.228
4250 $1.0 0.0 0.6 $0.595 $0.528 $0.459
4250 $1.0 0.5 0.6 $0.476 $0.430 $0.372
4250 $1.0 1.0 0.6 $0.365 $0.326 $0.278
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Table A3.3: continued.

Te! [Fe/H] log g [S/Fe] !NLTE !NLTE !NLTE Te! [Fe/H] log g [S/Fe] !NLTE !NLTE !NLTE
(K) (9213 Å) (9228 Å) (9238 Å) (K) (9213 Å) (9228 Å) (9238 Å)
4500 $2.5 0.0 0.0 $0.203 $0.180 $0.153 4750 $2.5 0.0 0.0 $0.244 $0.220 $0.194
4500 $2.5 0.5 0.0 $0.183 $0.168 $0.150 4750 $2.5 0.5 0.0 $0.230 $0.211 $0.193
4500 $2.5 1.0 0.0 $0.159 $0.148 $0.137 4750 $2.5 1.0 0.0 $0.204 $0.191 $0.179
4500 $2.5 1.5 0.0 $0.131 $0.124 $0.117 4750 $2.5 1.5 0.0 $0.181 $0.173 $0.165
4500 $2.0 0.0 0.0 $0.335 $0.296 $0.252 4750 $2.0 0.0 0.0 $0.402 $0.356 $0.304
4500 $2.0 0.5 0.0 $0.272 $0.243 $0.210 4750 $2.0 0.5 0.0 $0.342 $0.304 $0.263
4500 $2.0 1.0 0.0 $0.213 $0.191 $0.169 4750 $2.0 1.0 0.0 $0.280 $0.251 $0.221
4500 $2.0 1.5 0.0 $0.160 $0.146 $0.131 4750 $2.0 1.5 0.0 $0.220 $0.199 $0.178
4500 $1.5 0.0 0.0 $0.470 $0.420 $0.358 4750 $1.5 0.0 0.0 $0.574 $0.514 $0.438
4500 $1.5 0.5 0.0 $0.379 $0.338 $0.287 4750 $1.5 0.5 0.0 $0.485 $0.431 $0.367
4500 $1.5 1.0 0.0 $0.297 $0.263 $0.223 4750 $1.5 1.0 0.0 $0.393 $0.348 $0.296
4500 $1.5 1.5 0.0 $0.223 $0.197 $0.167 4750 $1.5 1.5 0.0 $0.306 $0.270 $0.228
4500 $1.0 0.0 0.0 $0.590 $0.540 $0.457 4750 $1.0 0.0 0.0 $0.731 $0.665 $0.580
4500 $1.0 0.5 0.0 $0.484 $0.436 $0.376 4750 $1.0 0.5 0.0 $0.628 $0.568 $0.476
4500 $1.0 1.0 0.0 $0.387 $0.348 $0.298 4750 $1.0 1.0 0.0 $0.513 $0.460 $0.393
4500 $1.0 1.5 0.0 $0.292 $0.258 $0.217 4750 $1.0 1.5 0.0 $0.408 $0.364 $0.308
4500 $2.5 0.0 0.2 $0.239 $0.211 $0.179 4750 $2.5 0.0 0.2 $0.292 $0.259 $0.224
4500 $2.5 0.5 0.2 $0.209 $0.188 $0.166 4750 $2.5 0.5 0.2 $0.258 $0.233 $0.207
4500 $2.5 1.0 0.2 $0.175 $0.160 $0.146 4750 $2.5 1.0 0.2 $0.230 $0.212 $0.194
4500 $2.5 1.5 0.2 $0.140 $0.131 $0.122 4750 $2.5 1.5 0.2 $0.195 $0.183 $0.172
4500 $2.0 0.0 0.2 $0.400 $0.345 $0.292 4750 $2.0 0.0 0.2 $0.465 $0.412 $0.350
4500 $2.0 0.5 0.2 $0.320 $0.283 $0.242 4750 $2.0 0.5 0.2 $0.393 $0.348 $0.299
4500 $2.0 1.0 0.2 $0.248 $0.221 $0.190 4750 $2.0 1.0 0.2 $0.325 $0.289 $0.248
4500 $2.0 1.5 0.2 $0.183 $0.164 $0.143 4750 $2.0 1.5 0.2 $0.253 $0.226 $0.197
4500 $1.5 0.0 0.2 $0.531 $0.476 $0.407 4750 $1.5 0.0 0.2 $0.651 $0.587 $0.492
4500 $1.5 0.5 0.2 $0.434 $0.388 $0.330 4750 $1.5 0.5 0.2 $0.549 $0.490 $0.416
4500 $1.5 1.0 0.2 $0.341 $0.303 $0.256 4750 $1.5 1.0 0.2 $0.451 $0.400 $0.339
4500 $1.5 1.5 0.2 $0.256 $0.226 $0.190 4750 $1.5 1.5 0.2 $0.348 $0.306 $0.257
4500 $1.0 0.0 0.2 $0.650 $0.594 $0.510 4750 $1.0 0.0 0.2 $0.791 $0.724 $0.635
4500 $1.0 0.5 0.2 $0.532 $0.481 $0.416 4750 $1.0 0.5 0.2 $0.689 $0.627 $0.545
4500 $1.0 1.0 0.2 $0.431 $0.388 $0.333 4750 $1.0 1.0 0.2 $0.564 $0.507 $0.435
4500 $1.0 1.5 0.2 $0.325 $0.288 $0.242 4750 $1.0 1.5 0.2 $0.454 $0.406 $0.345
4500 $2.5 0.0 0.4 $0.295 $0.259 $0.219 4750 $2.5 0.0 0.4 $0.348 $0.307 $0.260
4500 $2.5 0.5 0.4 $0.248 $0.222 $0.193 4750 $2.5 0.5 0.4 $0.303 $0.271 $0.235
4500 $2.5 1.0 0.4 $0.203 $0.184 $0.164 4750 $2.5 1.0 0.4 $0.264 $0.239 $0.213
4500 $2.5 1.5 0.4 $0.159 $0.146 $0.134 4750 $2.5 1.5 0.4 $0.216 $0.198 $0.182
4500 $2.0 0.0 0.4 $0.451 $0.400 $0.339 4750 $2.0 0.0 0.4 $0.538 $0.478 $0.404
4500 $2.0 0.5 0.4 $0.369 $0.326 $0.275 4750 $2.0 0.5 0.4 $0.459 $0.406 $0.345
4500 $2.0 1.0 0.4 $0.289 $0.255 $0.216 4750 $2.0 1.0 0.4 $0.374 $0.330 $0.279
4500 $2.0 1.5 0.4 $0.214 $0.189 $0.162 4750 $2.0 1.5 0.4 $0.292 $0.257 $0.220
4500 $1.5 0.0 0.4 $0.589 $0.530 $0.454 4750 $1.5 0.0 0.4 $0.730 $0.660 $0.544
4500 $1.5 0.5 0.4 $0.489 $0.437 $0.373 4750 $1.5 0.5 0.4 $0.623 $0.560 $0.465
4500 $1.5 1.0 0.4 $0.388 $0.346 $0.294 4750 $1.5 1.0 0.4 $0.507 $0.452 $0.382
4500 $1.5 1.5 0.4 $0.290 $0.255 $0.214 4750 $1.5 1.5 0.4 $0.389 $0.343 $0.287
4500 $1.0 0.0 0.4 $0.705 $0.646 $0.550 4750 $1.0 0.0 0.4 $0.870 $0.804 $0.714
4500 $1.0 0.5 0.4 $0.579 $0.525 $0.454 4750 $1.0 0.5 0.4 $0.744 $0.680 $0.595
4500 $1.0 1.0 0.4 $0.474 $0.427 $0.368 4750 $1.0 1.0 0.4 $0.632 $0.574 $0.498
4500 $1.0 1.5 0.4 $0.357 $0.317 $0.267 4750 $1.0 1.5 0.4 $0.497 $0.446 $0.380
4500 $2.5 0.0 0.6 $0.350 $0.306 $0.256 4750 $2.5 0.0 0.6 $0.405 $0.356 $0.300
4500 $2.5 0.5 0.6 $0.295 $0.261 $0.223 4750 $2.5 0.5 0.6 $0.349 $0.310 $0.267
4500 $2.5 1.0 0.6 $0.238 $0.212 $0.185 4750 $2.5 1.0 0.6 $0.306 $0.273 $0.238
4500 $2.5 1.5 0.6 $0.183 $0.165 $0.147 4750 $2.5 1.5 0.6 $0.244 $0.220 $0.195
4500 $2.0 0.0 0.6 $0.517 $0.459 $0.389 4750 $2.0 0.0 0.6 $0.615 $0.550 $0.465
4500 $2.0 0.5 0.6 $0.426 $0.378 $0.319 4750 $2.0 0.5 0.6 $0.526 $0.466 $0.394
4500 $2.0 1.0 0.6 $0.331 $0.291 $0.244 4750 $2.0 1.0 0.6 $0.433 $0.383 $0.324
4500 $2.0 1.5 0.6 $0.248 $0.218 $0.183 4750 $2.0 1.5 0.6 $0.332 $0.292 $0.245
4500 $1.5 0.0 0.6 $0.662 $0.601 $0.510 4750 $1.5 0.0 0.6 $0.787 $0.716 $0.623
4500 $1.5 0.5 0.6 $0.540 $0.485 $0.414 4750 $1.5 0.5 0.6 $0.688 $0.622 $0.530
4500 $1.5 1.0 0.6 $0.434 $0.388 $0.330 4750 $1.5 1.0 0.6 $0.560 $0.500 $0.425
4500 $1.5 1.5 0.6 $0.323 $0.285 $0.238 4750 $1.5 1.5 0.6 $0.449 $0.399 $0.336
4500 $1.0 0.0 0.6 $0.780 $0.710 $0.614 4750 $1.0 0.0 0.6 $0.921 $0.856 $0.766
4500 $1.0 0.5 0.6 $0.644 $0.589 $0.500 4750 $1.0 0.5 0.6 $0.818 $0.755 $0.641
4500 $1.0 1.0 0.6 $0.514 $0.465 $0.401 4750 $1.0 1.0 0.6 $0.680 $0.621 $0.542
4500 $1.0 1.5 0.6 $0.405 $0.364 $0.311 4750 $1.0 1.5 0.6 $0.535 $0.483 $0.414
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Abstract

Abundance measurements (and upper limits) have been made of Zn in !100 in-
dividual red giant branch stars in the Sculptor dwarf spheroidal galaxy, covering
the metallicity range "2.7 $ [Fe/H] $ "0.9. This is the largest available sample
of Zn abundance measurements within a stellar system beyond the Milky Way.
Our results are consistent with previous observations of a limited number of stars
in Sculptor and in other dwarf galaxies. In our results we see an !-element-like
behaviour of Zn, as seen e.g. in the Milky Way. That is, super solar values at low
metallicities, and decreasing [Zn/Fe] with increasing [Fe/H]. At higher metallici-
ties in Sculptor, [Fe/H] " "1.8, we find low values of Zn and a significant scatter,
"0.8 ! [Zn/Fe] ! +0.4. These results suggest that zinc has a complicated nu-
cleosynthetic origin in Sculptor, neither being an !- nor an iron peak element,
possibly having several production sites. Due to its volatile nature, Zn is not sig-
nificantly depleted onto dust, and is therefore used as an alternative metallicity
indicator to Fe, in Damped Lyman-alpha systems. However, from our results it
seems that using Zn as a proxy for Fe is not always a good assumption. Under-
standing how Zn builds up in di!erent environments is crucial to understand the
complete network of production of this important, but complicated element.
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4.1 Introduction
The early chemical evolution path of a galaxy is preserved in the photospheres
of its long-lived, low-mass stars. Studying chemical abundances of stars, from
di!erent stages of a galaxy’s evolution, provides vital information about the pro-
cesses that dominated in the production of each element. The bulk of chemical
elements in the solar neighbourhood comes from intermediate stars (AGB) and
two main types of supernovae, which pollute the environment with their chem-
ical yields: i) Core collapse supernovae, i.e. SNe Type II, which occur on time
scales of the order of ! 107 yr, and produce large amounts of the !-elements
compared to the iron peak elements, [!/Fe] > 0 (e.g. Heger & Woosley 2010);
ii) Type Ia supernovae are induced via mass-transfer onto a white dwarf from a
binary companion. They produce a large amount of iron peak elements, [!/Fe]<0
(Iwamoto et al. 1999), and have longer and more spread out time scales, on the
order of ! 107 yr up to " 109 yr (e.g. Matteucci & Recchi 2001; Mannucci et al.
2006).

Early in the chemical evolution of any system, the dispersion of the chemical
elements into the surrounding interstellar medium (ISM) is dominated by SNe
Type II, and high ratios of [!/Fe] are typically observed. As SNe Type Ia start
to become more significant, the [!/Fe] ratios in the interstellar medium decrease;
by how much depends on the overall star formation rate of the system and how
it varies with time (e.g. Matteucci & Brocato 1990; Gilmore & Wyse 1991).

Although Zn belongs to the upper iron group, its nucleosynthetic origin ap-
pears to be quite complex and a complete picture for the production of this
element has still not been established. Since Zn is not significantly depleted onto
dust, traditionally it is often used as a proxy for Fe in Damped Lyman-alpha
systems observed over a large range of redshifts, usually assuming [Zn/Fe]=0
(Wolfe et al. 2005). Over the past few years, however, it has become clear that
this is not always a good assumption.

At low metallicity, [Fe/H] $ "2.5, stars in the Milky Way halo have an
enhanced ratio of [Zn/Fe] > 0 (Primas et al. 2000; Cayrel et al. 2004). In the
metallicity range "1.6 ! [Fe/H] ! "0.6, Nissen & Schuster (2011) observed two
distinct halo populations in the solar neighbourhood, showing low- and high-!
populations. In their sample, [Zn/Fe] showed low values for the low-! sample,
similar to the [!/Fe] ratios. On the other hand, high metallicity red giant stars
in the MW bulge, with [Fe/H] % "0.1, show a spread of "0.60 < [Zn/Fe] <
+0.15, where most stars have subsolar abundance ratios (Barbuy et al. 2015).
Similarly, [Zn/Fe] abundance ratio measurements in the dwarf galaxies Sagittarius
and Carina show low values, and some spread (Sbordone et al. 2007; Venn et al.
2012).

The [Zn/Fe] enhancement at lower metallicities observed in the MW, and
decreasing values with increasing [Fe/H] at the later stages of the chemical evo-
lution, seem to suggest an !-like behaviour of this chemical element. This can be
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explained if, like !-elements, Zn is produced mainly by core-collapse supernovae,
while contributions from SNe Type Ia are less significant. This is in agreement
with theoretical calculations, which predict the [Zn/Fe] ratio in the yields of
Type Ia SNe to be negative (e.g. Iwamoto et al. 1999). However, the observed
trend of [Zn/Fe] with [Fe/H] in the Milky Way, cannot be fully explained only
with a mixture of normal core-collapse SNe Type II and SNe Type Ia. To re-
produce the high values observed at the lowest metallicities ([Zn/Fe] ! +0.5, at
[Fe/H] < "3), Umeda & Nomoto (2002) showed that SNe with higher explosion
energies, so called Hypernovae (HNe), are required. Similarly, Kobayashi et al.
(2006) concluded that significant contribution of HNe are needed to reproduce the
values observed in the solar neighbourhood, namely [Zn/Fe] = 0 at [Fe/H] = 0.

In addition to classical SNe explosions, other production sites have been pro-
posed. Ho!man et al. (1996) predicted a significant contribution of Zn production
from !-rich neutrino-driven winds, following the delay of supernovae explosions.
The weak s-process in massive stars and the main s-process occurring in AGB
stars are also predicted to account for a total of #11% of the Zn in the solar
neighboorhood (Travaglio et al. 2004).

Furthermore, it has been predicted that the initial mass function (IMF) of
the very first stars was most likely quite di!erent from present day stars, and
more massive stars were more abundant (e.g. Hosokawa et al. 2011; Hirano et al.
2014). These high-mass (130 ! M!/M# ! 260), zero-metallicity stars, Pair
instability supernovae (PISN), are expected to have yields with peculiar abun-
dance patterns, including very low Zn values, [Zn/Fe] < "1.5 (Umeda & Nomoto
2002), accompanied with high abundances ratios between even- and odd-elements
(Heger & Woosley 2002).

To get a global overview of the complicated production of Zn, it is important
to provide observational constraints in as many di!erent environments as possible.
The Sculptor dwarf spheroidal galaxy (dSph) in the Local Group is one of the few
places where we are able to obtain an unobscured and less complicated picture of
the early star formation and chemical enrichment from abundance measurements
in individual stars. This ancient galaxy had a simple star formation history, with
a peak in star formation !13 Gyr ago and a slow decrease, so the majority of
the stars were formed during the first 1-2 Gyr (de Boer et al. 2012). This galaxy
is thus dominated by an old stellar population (>10 Gyr), so it gives us a clear
view back to the star formation and chemical enrichment processes in the early
Universe.
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Table 4.1: Log of the VLT/GIRAFFE service mode observations.

Date Plate Exp.time Airmass Seeing
(min) (average) (arcsec)

2013-Oct-08 MED2 60.00 1.09 1.46
2013-Oct-30 MED1 56.25 1.23 1.58
2013-Nov-01 MED2 56.25 1.09 1.29
2013-Nov-27 MED1 56.25 1.07 1.38
2013-Nov-27 MED1 56.25 1.17 1.37
2013-Nov-28 MED2 56.25 1.10 1.49

4.2 Observations and data reduction
The observations were taken in service mode with VLT FLAMES/GIRAFFE in
October and November of 2013, using the HR7A grating, which covers the wave-
length range 4700-4970 Å with resolution R!19,500. The observational details
are listed in Table 4.1.

In the 25" diameter center field of the Sculptor dShp, detailed abundance
measurements are known for !100 stars. For an overlapping sample of 86 stars,
high-resolution (HR) VLT/GIRAFFE spectroscopy has previously been carried
out to measure S (Skúladóttir et al. 2015a), and now the same stars were targeted
with the HR7A grating to measure Zn. At the distance of Sculptor, only the
brightest stars are available for HR spectroscopy. This sample, therefore, consists
of relatively cool red giant branch (RGB) stars, with Te! ! 4700 K.

The GIRAFFE spectra were reduced, extracted, and wavelength calibrated
using the ESO pipeline1. Each observation was reduced separately via the SUM
method, provided by the pipeline. The final reduced sets of spectra were sky-
subtracted using a routine written by M. Irwin (also used by Battaglia et al. 2008;
Skúladóttir et al. 2015a; Hill et al. in prep.), which scales the sky background
to be subtracted from each object spectrum to match the observed sky emission
lines. Each set of spectra was combined using a weighted mean of the counts
going into each observation, excluding pixels with extreme outliers in individual
exposures.

The signal-to-noise ratio, S/N, was evaluated as the mean value over the stan-
dard deviation of the continuum in line-free regions. The flux at this wavelength
range is low in these RGB stars, especially at the blue end. Due to the relatively
steep slope of the flux, the S/N was measured in two parts of the spectra, in the
region 4750-4850 Å, where we measured Zn, and in the red part, 4850-4950 Å.
This is shown in Fig. 4.1 and listed in Table A4.1. The S/N at the bluest end
of the spectra, 4700-4750 Å was very low (!10), and in general not usable for
accurate abundance measurements, with the exception of the brightest stars.

1 ftp://ftp.eso.org/pub/dfs/pipelines/gira!e/giraf-pipeline-manual-2.14.pdf
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Figure 4.1: The signal-to-noise, per pixel, achieved for all the stars in the sample, in
the regions 4750-4850 Å (blue solid line), and 4850-4950 Å (red dashed line).

4.3 Velocity measurements
A large fraction of our target stars have previously been observed in other wave-
length regions: with the low-resolution setting LR8, R ! 6, 500, in September
2004 (Battaglia et al. 2008); high-resolution settings HR10, R ! 20, 000, in Au-
gust 2003 (Hill et al. in prep.); and HR22B, R ! 20, 000, in July and August
2012 (Skúladóttir et al. 2015a). These observations span 9 years, and the velocity
measurements of individual stars, see Table A4.2, can be used to identify those
with high velocity variation, i.e. stars with a binary companion. In all cases the
velocities are measured using a cross-correlation with di!erent templates. The
results from Battaglia et al. (2008) are obtained with a single exposure, while the
HR results are taken from multiple exposures either over few days (Hill et al. in
prep.), or approximately a month (Skúladóttir et al. 2015a; this work), and the
average of the exposures is listed. None of the individual HR settings showed
a significant velocity variation between them for any of the stars in the sample,
beyond what can be expected from measurement errors.

How much these sets of velocity measurements, taken over years, di!er from
the mean of each star, (vr,i = vr,i " v̄r, is shown in Fig 4.2. The total error
of the velocity values, is the combination of random measurement errors due
to noise and possible biases because of the di!erence in templates used for the
cross-correlation, and possible uncertainties in the wavelength calibration of each
observed FLAMES setting. This is best estimated over the whole sample. The
median deviation from the mean in each case is: (&vr,1 = 0.0 (Hill et al. in prep.),
(&vr,2 = "0.2 km/s (Battaglia et al. 2008), (&vr,3 = "0.3 km/s (Skúladóttir et al.
2015a), and (&vr,4 = +0.6 km/s (this work). We note that the intrinsic error of
the velocity measurements are highest for the LR setting, vr,2, on the order of
few km/s, while for the HR settings the measurement error is ! 1 km/s.
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Figure 4.2: The deviation from the average value of the stars’ velocities, %vr,i = vr,i "
v̄r, for a series of velocity measurements. The red hexagon is ET0097, the only known
CEMP-no star in Sculptor (Skúladóttir et al. 2015b), and the light blue circles are stars
with less than four velocity measurements. From top to bottom, the measurements
come from: Hill et al. in prep.; Battaglia et al. (2008); Skúladóttir et al. (2015a); this
work.
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Figure 4.3: Maximum velocity variation for each star, between the four di!erent
measurements. The dashed line shows the median of !vr,max, and the dotted lines
show 1# and 2# variations from this value. Symbols are the same as in Fig. 4.2.

The maximum velocity variations for each star, !vr,max, between these four
measurements, are shown in Fig. 4.3. The median value over the whole sample is
!v̄r,max = 2.1 km/s, which arises mostly due to errors, with a standard deviation
of " = 2.6 km/s. The stars that show a variation that is 1" and 2" greater than
the median value, !&vr,max, are labelled possible and likely binaries respectively in
Table A4.2. Out of these, all would still be considered possible/likely binaries if
measurements from the LR setting, vr,2 were excluded.

In our sample, 8 stars out of 87 fall into this category, or 9%. This should be
considered a lower limit on the binary fraction in this sample, since the velocity
measurements are limited. In particular, we note that ET0097, the only carbon-
enhanced metal-poor (CEMP) star in the sample (Skúladóttir et al. 2015b) is a
possible binary. This star shows no Ba enhancement, and is therefore a CEMP-no
star, which are not typically binaries, though some of them are (Starkenburg et al.
2014; Hansen et al. 2015). In the case of ET0097, its carbon enhancement cannot
be easily explained with mass transfer from a binary companion and there are no
clear signs of mass transfer in the abundance patterns (Skúladóttir et al. 2015b).

4.4 Abundance analysis
The analysis was carried out using the spectral synthesis code TURBOSPEC2

developed by Bernand Plez (Alvarez & Plez 1998; Plez 2012). The stellar atmo-
sphere models are adopted from MARCS3 (Gustafsson et al. 2008) for stars with
standard composition, 1D and assuming LTE, interpolated to match the exact
stellar parameters for the target stars. Atomic parameters are adopted from the
2 ascl.net/1205.004
3 marcs.astro.uu.se
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Figure 4.4: All individually measured Fe I lines as a function of wavelength. In each
star, line l, deviates from the measured mean by amount ![Fe/H]l = [Fe/H]l " [Fe/H].
On this plot, the mean of this di!erence, is shown for individual lines. The standard
error of the mean over the sample of stars using each line, is shown as an error bar.
Note that a di!erent number of measurements goes into each point, depending on for
how many stars the line could be measured. The dotted lines show the 2# of the scatter.

DREAM data base (Biémont et al. 1999), extracted via VALD4 (Kupka et al.
1999 and references therein). All lines used for abundance measurements are
listed in Table A4.3. The adopted solar abundances are from Grevesse & Sauval
(1998). Literature data used in this paper are scaled to match these solar abun-
dances.

4.4.1 Stellar parameters
The stellar parameters (Te!, log g, and vt) and [Fe/H] for most of the target stars
were determined by Hill et al. in prep., and are listed in Table A4.1 (also used in
Skúladóttir et al. 2015a). The wavelength range observed here, with the HR7A
setting, includes !60 measurable Fe I lines in these RGB stars at our observed
resolution and S/N. To make a comparison with the results obtained by Hill et
al., [Fe/H] was compared in the overlapping 86 stars. In total 39 Fe I lines were
measured with HR7A, but many had to be excluded in some cases due to bad
S/N, the lines being too weak, or too blended. The total number of lines used
for each star ranged from 13-37, depending on the metallicity of the star, and the
quality of the spectra.

For all stars, we measured the deviation of the [Fe/H]l measurement, for
each line l, from the average, ![Fe/H]l = [Fe/H]l " [Fe/H]. The mean value of
this di!erence, over the sample of stars using each line, <![Fe/H]l>, is shown in
Fig. 4.4. Lines that in general deviate more than 2" from the average, are deemed
unreliable and are excluded from the final result (dark green points in Fig. 4.4).
4 http://vald.astro.uu.se
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Figure 4.5: The di!erence between the [Fe/H] measurements from this work, and Hill
et al. (in prep.): a) as a function of [Fe/H]Hill; b) as a function of the scatter among
Fe I lines, #Fe, as measured here. The dotted line shows the average di!erence between
the two measurements.

The reason for the large deviation in these lines is either blending that is not
correctly accounted for in the synthetic spectra, or incorrect atomic parameters.

The comparison with Hill et al. is shown in Fig. 4.5. The results obtained
here for [Fe/H] are systematically 0.01 ± 0.01 dex lower than the results obtained
by Hill et al. (in prep). The same stellar parameters are assumed, however the
abundances by Hill et al. are determined from EWs and not synthetic spectra
analysis, as is done here.

We note that two stars with [Fe/H]Hill # "1.2, have [Fe/H] " [Fe/H]Hill <
"0.2 dex. One of these stars, ET0342, has the largest standard deviation between
individual Fe I lines in the sample, "Fe = 0.28, so the measured Fe I lines do not
agree well with each other. It also has the lowest S/N of the target stars, so the
quality of the spectrum is not good enough for reliable abundance measurements,
and so we exclude it from further analysis. The other star, ET0147, has a "Fe =
0.18, which is quite typical for the target stars, yet the two [Fe/H] measurements
show a large di!erence. This star, ET0147, has a very low S abundance, and,
as noted in Skúladóttir et al. (2015b), has the biggest di!erence between Te!, as
determined with photometry or spectroscopy, in the entire sample. Therefore, we
will re-evaluate the stellar parameters of ET0147 along with our new targets in
the next section.
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Table 4.2: Reddening corrections.

Colour Red. Corr., E(C)
B-V 0.016
V-I 0.023
V-J 0.037
V-H 0.042
V-K 0.045

4.4.2 New targets
In addition to the targets overlapping with Hill et al., 15 new stars were observed.
The stellar parameters for these stars, and the star ET0147, were determined from
photometry (using B, V, I, J, H and K filters) and the HR7A spectra.

The e!ective temperature, Te!, was determined with photometry, following the
recipe from Ramírez & Meléndez (2005), assuming reddening correction, E(C),
in the direction of the Sculptor dSph as given by Schlegel et al. (1998), listed in
Table 4.2. The photometry for these 16 stars is listed in Table 4.3 with errors,
and comes from de Boer et al. (2011) and VISTA survey observations (M. Irwin,
private communication).

The estimates from di!erent colors, Te!(C), are listed in Table 4.4. In few
cases the photometry falls out of the range provided by Ramírez & Meléndez
(2005), and Te!(C) is not calculated. The final value Te! is determined to be
the average of the available Te!(C). The error is determined as defined by the
quadratic sum of relevant factors:

(T =
'
"2

T + (Te!(([Fe/H])2 +
(

X

(Te!((X)2 (4.1)

where "T is the scatter between the available Te!(C), (Te!(([Fe/H]) is the error in
Te! arising from the uncertainty in [Fe/H], and (Te!((X) comes from the uncer-
tainty in filter X, where X stands for: B, V, I, J, H and K. In general, "T is the
biggest source of error, while the error arising from the photometry is minimal.

The surface gravities are obtained using photometry and the standard relation

log g! = log g# + log M!

M#
+ 4 log Te!,!

Te!,#
+ 0.4(Mbol,! " Mbol,#) (4.2)

The absolute bolometric magnitudes for the stars, Mbol,! are calculated using a
calibration for the V-band magnitude (Alonso et al. 1999) and a distance modulus
of (m " M)0 = 19.68 ± 0.08, from Pietrzy"ski et al. (2008). The mass of each
star is assumed to be M! = 0.8±0.2 M#. The solar values used are the following:
log g# = 4.44, Te!,# = 5790 K and Mbol,# = 4.72. The errors of the surface
gravities are determined as the quadratic sum of the errors due to each variable
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Table 4.3: Photometry of the new targets and ET0147.

Star B %B V %V I %I J %J H %H K %K
ET0034 18.545 0.007 17.490 0.003 16.309 0.007 15.509 0.004 14.965 0.004 14.860 0.006
ET0135 18.380 0.003 17.070 0.003 15.648 0.006 14.678 0.002 14.053 0.002 13.922 0.003
ET0156 18.911 0.003 17.620 0.003 16.277 0.007 15.318 0.003 14.688 0.003 14.536 0.005
ET0223 19.353 0.003 18.350 0.002 17.218 0.005 16.384 0.007 15.873 0.007 15.764 0.011
ET0332 19.074 0.003 18.070 0.002 16.944 0.007 16.116 0.006 15.602 0.006 15.490 0.009
ET0351 19.477 0.004 18.300 0.002 17.102 0.006 16.182 0.006 15.591 0.006 15.459 0.009
ET0359 19.351 0.005 18.410 0.004 17.326 0.006 16.540 0.008 16.058 0.008 15.937 0.012
ET0375 18.863 0.004 17.970 0.004 16.918 0.006 16.172 0.006 15.695 0.006 15.587 0.009
ET0388 19.601 0.014 18.140 0.006 16.959 0.007 16.106 0.006 15.578 0.006 15.483 0.009
ET0393 19.259 0.003 18.170 0.003 17.092 0.007 16.236 0.006 15.704 0.006 15.591 0.009
ET0394 19.309 0.003 18.160 0.003 16.963 0.006 16.042 0.006 15.435 0.006 15.313 0.008
ET0396 19.240 0.004 18.210 0.002 17.095 0.006 16.256 0.006 15.715 0.006 15.633 0.010
ET0398 19.376 0.003 18.200 0.003 16.992 0.007 16.052 0.006 15.450 0.006 15.321 0.008
ET0402 19.378 0.003 18.270 0.002 17.096 0.006 16.211 0.006 15.640 0.006 15.521 0.009
ET0408 19.437 0.004 18.380 0.003 17.244 0.005 16.415 0.007 15.858 0.007 15.747 0.011
ET0147 18.795 0.003 17.459 0.002 16.083 0.005 15.078 0.003 14.431 0.003 14.268 0.004

in the equation (where the uncertainty of (m " M)0 is the dominating factor),
and are listed with log g! in Table 4.4.

The turbulence velocity, vt was determined from minimizing the slope of
[Fe/H] with log(EW/%). A typical error of 0.2 km/s was adopted, from the
errors on the slope. In some cases, the available Fe I lines were too few to ro-
bustly determine this slope. In these cases, the value vt = 1.70 ± 0.25 km/s was
adopted, since this is the median value of the entire sample as determined by Hill
et al. where the error comes from the standard deviation.

The [Fe/H] of these stars was determined using the available Fe I lines in the
wavelength region 4740-4970 Å. The lines from Fig. 4.4, that did not systemat-
ically show greater than 2" deviation from the mean were used and a few more
lines were added for a more accurate measurement. In total 54 lines were used,
all listed in Table A4.3, where the main contribution of the line strength is Fe I
though minor blending with Fe II lines is sometimes present. Table 4.4 shows
the number of lines used for our targets, NFe, which ranges from 11-42, with the
scatter between lines, "Fe, the final result, [Fe/H], and the error:

(Fe =
%
(2

noise + ![Fe/H]2sp (4.3)

where ![Fe/H]sp is the uncertainty coming from the stellar parameters and:

(noise = "Fe&
NFe " 1 (4.4)

The metallicities of all the new stars lie within "2.7 $ [Fe/H] $ "1.3.
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Table 4.4: Stellar parameters for the new targets and ET0147.

Star Te!(B-V) Te!(V-I) Te!(V-J) Te!(V-H) Te!(V-K) "T Te! (T log g (log(g) vt (vt NFe "Fe [Fe/H] ([Fe/H]
(K) (K) (K) (K) (K) (K) (K) (K) km/s km/s

ET0034 4418 4495 4526 4516 4540 48 4499 49 0.94 0.12 1.70 0.25 17 0.16 -2.41 0.09
ET0135 4176 ... 4182 4163 4185 10 4176 18 0.56 0.12 1.65 0.20 32 0.20 -2.32 0.06
ET0147a 4089 4189 4075 4108 4095 45 4111 51 0.66 0.12 1.30 0.20 30 0.16 -1.39 0.08
ET0156 4188 4240 4186 4211 4208 22 4207 32 0.77 0.12 1.25 0.20 42 0.17 -1.37 0.06
ET0223 4511 4532 4499 4548 4558 25 4529 25 1.31 0.12 1.60 0.20 26 0.23 -1.91 0.07
ET0332 4491 4557 4530 4559 4571 32 4542 32 1.20 0.12 1.70 0.25 21 0.26 -2.17 0.08
ET0351 4305 4404 4286 4328 4317 45 4328 48 1.16 0.12 1.45 0.20 29 0.19 -1.27 0.09
ET0359 4564 4629 4627 4655 ... 38 4619 41 1.37 0.12 1.70 0.25 11 0.22 -2.67 0.11
ET0375 4643 4691 4723 4740 4751 44 4710 46 1.14 0.13 1.70 0.25 15 0.24 -2.28 0.10
ET0388 ... 4447 4418 4476 4498 35 4460 41 1.19 0.12 1.70 0.25 25 0.25 -1.97 0.08
ET0393 4382 4634 4551 4561 4572 37 4579 39 1.26 0.12 1.35 0.20 22 0.28 -2.12 0.09
ET0394 4336 4409 4289 4316 4313 46 4333 48 1.11 0.12 1.50 0.20 40 0.21 -1.39 0.08
ET0396 4489 4551 4502 4531 4561 31 4527 33 1.24 0.12 1.55 0.20 35 0.17 -1.59 0.06
ET0398 4310 4388 4257 4297 4290 49 4309 49 1.11 0.12 1.55 0.20 38 0.24 -1.29 0.08
ET0402 4397 4442 4345 4389 4384 35 4391 38 1.19 0.12 1.40 0.20 40 0.22 -1.30 0.08
ET0408 4452 4517 4490 4509 4517 28 4497 30 1.28 0.12 1.40 0.20 32 0.19 -1.49 0.07
a From Hill et al. (in prep.), reanalysed.
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Figure 4.6: The same as Fig. 4.4 for Ti lines. We note that the bluest part of the
spectrum (<4740 Å) is only usable for the brightest stars, so these points and their
standard deviation are determined from measurements in $ 6 stars.

The newly measured stellar parameters of ET0147 are Te! = 4111±51 K, log g =
0.66 ± 0.12 and [Fe/H] = "1.39 ± 0.08, while the values obtained by Hill et al.
are Te! = 4261 ± 100 K, log g = 0.0 ± 0.5 and [Fe/H] = "1.15 ± 0.16.

4.4.3 Titanium
The wavelength region observed with the HR7A setting is ideal to measure tita-
nium, with !40 measurable lines, given the S/N ratios and stellar parameters of
the sample. Ti abundances were measured, using 38 lines, which are shown in
Fig. 4.6. One of these lines was excluded, since it showed a systematic deviation
from the average that was more than 2" from the mean. The scatter between
lines is larger than for Fe I lines, because a larger fraction of the lines are at bluer
wavelengths ($4800 Å) where the S/N is lower. The fact that both Ti I and Ti II
lines are used can also increase the scatter.

Hill et al. (in prep.) measured both [Ti I/H] and [Ti II/H], while here the
di!erent species are measured together (see Table A4.3). Since the lines used here
are more dominated by contribution from Ti I, a comparison between [Ti/H] and
[Ti I/H]Hill is shown in Fig. 4.7. The result obtained here is on average 0.03±0.01
lower than [Ti I/H]Hill, and 0.07 ± 0.02 lower than [Ti II/H]Hill.

4.4.4 Neodymium
A neodymium line is present at 4811.3 Å, and at our resolution it is relatively
close to the Zn I line at 4810.5 Å. To ensure that Nd was accurately corrected
for in the measurement of Zn, it was measured for the sample stars. Excluding
lines bluer than 4750 Å, due to poor S/N, a total of 11 Nd lines were used
for the abundance measurement as shown in Fig. 4.8. In stars with 3 or more
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Figure 4.7: The di!erence between [Ti/H] from this work, and [Ti I/H]Hill from Hill
et al. (in prep.): a) as a function of [Fe/H]; b) as a function of the standard deviation
between Ti lines, #Ti, measured here. The dotted line shows the average di!erence
between the two measurements.

measured lines, the average scatter between lines was < "Nd >= 0.30. In total
13 stars from Hill et al. overlapping our sample have Nd measurements. As a
whole our results are typically 0.03 ± 0.09 lower than the results from Hill et al.
(in prep.) The average di!erence between measurements of individual stars was
< [Nd/H] " [Nd/H]Hill >= 0.26.

4.4.5 Zinc
For the measurements of zinc, two Zn I lines are available in the observed wave-
length range, at 4722.2 Å and 4810.5 Å, see Table A4.3. The S/N ratio at the
bluest end of the spectra was generally too low for reliable abundance measure-
ments with the 4722.2 Å line. Even though the bluer Zn I line could be measured
in the brightest stars, the line at 4810.5 Å was always more reliable, and is
therefore used for all stars. But where usable, the line at 4722.2 Å was in good
agreement with that at 4810.5 Å.

Previous measurements of zinc in Sculptor have all been made using EWs for
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Figure 4.8: The same as Fig. 4.4, except for Nd lines.

the abundance determination (Shetrone et al. 2003; Geisler et al. 2005;
Jablonka et al. 2015; Hill et al. in prep), while here we use synthetic spectra
analysis. To ensure the two methods are in agreement, we used our method
on the reduced and normalized spectra from Shetrone et al. (2003) and Hill et
al (in prep.), obtained with UVES slit and FLAMES/UVES fibres, respectively
(received via private communication).

Hill et al. (in prep) measured Zn in 7 stars, of which one star is in our sample
here (ET0112). In total 5 stars in Sculptor were observed by Shetrone et al.
(2003). For one of these stars, ET0158 (Shet-400), the Zn abundance was not
determined, but out of the other four, three are in our sample.

The EWs were measured from the synthetic spectra that gave the best fit
to the real UVES spectra around the Zn I line at 4810 Å, and compared with
those from the literature see Fig. 4.9a. In general the agreement is good, with
the exception of ET0071 (Shet-482) at [Fe/H] = "1.35 ([Fe/H]Shet = "1.24),
which we note has a large (negative) spike in the red wing of the line. This may
cause errors with both methods, but using synthetic spectra has the advantage
of taking the expected line profile into account.

With the same normalized spectra, and stellar parameters as used in the lit-
erature, the Zn abundances were measured using synthetic spectra and compared
to the original values, as is shown in Fig. 4.9b. Similarly to the previous panel,
this comparison is in good agreement with the exception of the star ET0071
(Shet-482), for similar reasons.

Finally, Fig. 4.9c shows the comparison of Zn abundance measurements from
GIRAFFE and UVES spectra, where continuum evaluation and abundance de-
termination is carried out with synthetic spectra analysis in both cases. In this
figure we use the stellar parameters as determined by Hill et al. (in prep.) for
the Shetrone stars. Here all measured stars are in good agreement, whether the
UVES or the FLAMES/GIRAFFE spectra are used for the measurements.
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Figure 4.9: Comparison of our Zn measurements with those from the literature.
Downward pointing violet triangles are stars from Shetrone et al. (2003), using UVES
slit spectra, and the orange triangles are stars measured by Hill et al. (in prep.)
with FLAMES/UVES spectra. The error bar in each case shows the combined un-
certainties of both measurements. a) The di!erence between measured EW in the
synthetic spectra, and as determined in the literature, !EWUVES = EWsynt " EWorig,
in all cases using the same UVES spectra; b) The di!erence in Zn measurements, us-
ing the synthetic spectra and the original literature measurements, ![Zn/H]UVES =
[Zn/H]synt " [Zn/H]orig, in all cases using the same UVES spectra; c) The di!er-
ence between Zn measurement from the FLAMES/GIRAFFE and UVES spectra,
![Zn/H]GIR-UVES = [Zn/H]GIR"[Zn/H]UVES, using synthetic spectra analysis for both,
and assuming the same stellar parameters in all cases.

To avoid confusion, we note that the star at [Fe/H] = "1.80 in Fig. 4.9c, is
ET0158 (Shet-400), which is not pictured in the above panels, since Shetrone et al.
(2003) did not measure the Zn abundance for this star. The star Shet-479,
at [Fe/H] = "1.77, is not present in panel c) since it is not included in our
FLAMES/GIRAFFE sample.

A comparison with our final measured values of [Zn/Fe], and those in the liter-
ature in the overlapping sample of stars is shown in Fig. 4.10. We note that two of
the stars in common with the Shetrone et al. (2003) sample, ET0071 (Shet-482)
at [Fe/H] = "1.35 and ET0389 (Shet-459) at [Fe/H] = "1.60, show a significant
di!erence between the two measurements ![Zn/Fe] # "0.7. As previously men-
tioned, ET0071, has a noisy feature in one of the wings of the Zn I line, which
contributes to the EW. This is the most likely reason why the EW measurement



4.4: Abundance analysis 63

Figure 4.10: The di!erence between [Zn/Fe] measurements from six stars in this work,
and the literature, with the sum of both errors. The [Fe/H] is as listed in Table A4.1.
Downward pointing violet triangles are stars from Shetrone et al. (2003), and cyan
diamonds from Geisler et al. (2005), both using UVES slit spectra. The orange triangle
is a star measured by Hill et al. (in prep.) with FLAMES/UVES spectra.

from the best fit of the synthetic spectra, gives a lower value than measured by
Shetrone et al. (2003), see Fig. 4.9a at [Fe/H]Shet = "1.24. Regarding the star
ET0389, the continuum as evaluated by Shetrone et al. (2003) is higher than de-
termined here using synthetic spectra. When the same continuum is used, the
measurements of [Zn/Fe] agree whether EW or synthetic spectra methods are
used (see Fig. 4.9b, [Fe/H]Shet = "1.66). When the method for evaluating con-
tinuum that is used here is also used on the UVES spectrum, the two di!erent
spectra also agree within error bars (see Fig. 4.9c).

4.4.6 Errors
In the cases where four or more lines of a particular element X were measured
in the same star, the final abundance was determined to be the average of the
measurements, and the error due to the noise was defined as:

(noise = "X&
NX " 1 (4.5)

where NX is the number of measured lines of element X, while "X is the standard
deviation of the measurements.

For elements with less than four measured lines, the error for an individual
line was determined from the #2 fit. The upper and lower error bars are defined
as the values when #2 reaches a certain deviation from the best fit

#2
err = (1 + f)#2

bf (4.6)
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where #2
bf is the best fit and the constant factor f = 0.35 is calibrated over the

sample so that the average error of Ti is equal to the average dispersion between
lines, <(noise(Ti)> = <"Ti>. The error of a line, (noise,i, is taken as the maximum
value of the upper and lower error bars.

The final error of an element X, due to noise in this case, is then weighted
with the errors, as

(noise(X) =
"##$ NX
!NX

i wi

(4.7)

where the sum goes over NX , the number of lines included of element X. The
weights of individual lines are defined as

wi = 1
(2

noise,i
(4.8)

The final abundance is the weighted average

log &(X) =

NX!
i=1

log &(X)i · wi

NX!
i=1

wi

(4.9)

The uncertainties of the stellar parameters, Te!, log g, and vt, result in a
systematic errors in abundance ratios, ![X/Y]sp. This is quadratically added to
the measurement error, (noise, to get the final adopted error of abundance ratios:

([X/Y] =
%

![X/Y]2sp + (noise(X)2 + (noise(Y)2. (4.10)

4.5 Results and discussion
All abundance measurements are listed with errors, in Table A4.1.

4.5.1 Titanium
The trend of decreasing [Ti/Fe] with increasing [Fe/H] in Sculptor is well known,
and has previously been measured by e.g. Shetrone et al. (2003); Geisler et al.
(2005); Kirby et al. (2009); Hill et al. (in prep.). The results of the titanium
measurements with the HR7 setting are shown in Fig. 4.11. As expected, [Ti/Fe]
shows a clear decreasing trend with [Fe/H], like has previously been published.
This is a typical trend for !-elements in dwarf spheroidal galaxies. This is at-
tributed to an increasing contribution of SN Type Ia, and is the same behaviour
as seen in other !-elements in Sculptor, e.g. in sulphur (Skúladóttir et al. 2015a).
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Figure 4.11: Titanium abundances in Sculptor. Stars from Hill et al. (in prep) are
blue, while the stars observed here for the first time (listed in Table. A4.1) are dark
blue.

Figure 4.12: Neodymium abundances in Sculptor. Symbols are the same as in
Fig. 4.11.
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4.5.2 Neodymium
The results for [Nd/Fe] measurements, in Fig. 4.12, show a decreasing trend with
[Fe/H], similar to what is seen in !-elements. However, we note that there are
four upper limits in the region [Fe/H] ! "2.2. Given the quality of the spectra, it
is possible that we are not able to measure abundances when [Nd/Fe] ! 0.1 at low
metallicities. With the exception of the faint star ET0236 at [Fe/H] = "2.41, the
S/N ratios of the stars that have only upper limits are within 1" of the average
over the sample.

For a given [Fe/H], there is a larger scatter of [Nd/Fe] compared to [Ti/Fe],
see Fig. 4.11 and 4.12. In the metallicity range "2.2 < [Fe/H] $ "1.8 the
scatter is "[Nd/Fe],1 = 0.24, for "1.8 < [Fe/H] $ "1.4 we have "[Nd/Fe],2 = 0.23,
and in the most metal-rich region [Fe/H] > "1.4, "[Nd/Fe],3 = 0.14. The typical
errors are < ([Nd/Fe],1 >= 0.22, < ([Nd/Fe],2 >= 0.17, < ([Nd/Fe],3 >= 0.18. At
lower metallicities, "2.2 < [Fe/H] $ "1.4 the scatter therefore exceeds what is
expected from the errors. A possible explanation is that more than one production
channel is important in the creation of Nd, or that the [Nd/Fe] ratios in the
relevant supernovae yields have large intrinsic scatter for di!erent stellar masses.

4.5.3 Zinc in Sculptor
The results of the Zn abundance measurements are shown in Fig. 4.13. No correc-
tions for non-LTE e!ects have been applied, but these are expected to be positive
and small, ! 0.1 (Takeda et al. 2005).

The scatter in [Zn/Fe] as a function of [Fe/H] is quite significant, and larger
than both for Ti and Nd (see Fig. 4.11 and 4.12). This is also seen in the data
from the literature, obtained from spectra with higher resolution (Shetrone et al.
2003; Geisler et al. 2005; Jablonka et al. 2015; Hill et al. in prep). The scatter
is mostly consistent with the error bars, which on average are < ([Zn/Fe] >= 0.34
(for the FLAMES/GIRAFFE data), while the typical scatter is "[Zn/Fe] # 0.3.

However, while all the stars at a given [Fe/H] are consistent with having the
same [Ti/Fe] value, the same is not true for [Zn/Fe]. A few examples of stars
with similar [Fe/H] and stellar parameters, but clearly di!erent [Zn/Fe] values
are shown in Fig. 4.14. Therefore, it is possible that the sample includes a few
outliers in [Zn/Fe].

In particular, we note the star ET0026 at [Fe/H] = "1.80, with [Zn/Fe] =
"0.74 ± 0.32, see Fig 4.13 and 4.14a, seems to fall out of the typical trend of
the other Sculptor stars. This star does not show any peculiar abundances in
other !- (such as Mg, S, Ca) or iron-peak (such as Ni) elements that have been
measured for this star. Even though low [Zn/Fe] are the signatures of massive
zero metallicity pair instability supernovae, PISN, this star does not have any
signs of other abundance peculiarities associated with them.

Another notable outlier, in Fig. 4.13 is the low upper value of ET0381 from
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Figure 4.13: The relation between [Zn/Fe] and [Fe/H]. Upper limits where [Zn/Fe] >
0.6 are not included. Symbols are the same as in Fig. 4.11. Where light blue circles
show results from the literature, using high-resolution UVES data (Shetrone et al. 2003;
Geisler et al. 2005; Jablonka et al. 2015; Hill et al. in prep).

Jablonka et al. (2015) at [Fe/H] = "2.4, with [Zn/Fe] < "0.3. This star has
an overall abnormal abundance pattern, with low values of !-elements and other
iron-peak values compared to Fe. The peculiarity of this star can be explained
with inhomogeneous mixing, where it formed out of an environment rich in SNe
Type Ia yields compared to SNe II yields, for its [Fe/H].

The relation of Zn with [Fe/H]

There is a clear downwards trend of [Zn/Fe] with [Fe/H], see Fig. 4.13, similar
to what is seen in !-elements. In the early chemical enrichment of any galaxy,
the main contribution of metals come from Type II supernovae with short time
scales, which produce a lot of the ! elements (e.g. Mg, S, Ti) compared to Fe
([!/Fe] > 0). After 1-2 Gyr of the onset of star formation, SNe Type Ia start
to explode and enrich the environment primarily with Fe-peak elements, and
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Figure 4.14: The Zn I line at 4810.5 Å for 3 pairs of stars with similar stellar pa-
rameters but very di!erent [Zn/Fe] values: a) and b) show stars with [Fe/H] # "1.8;
c) and d) stars with [Fe/H] # "1.5; e) and f) stars with [Fe/H] # "1.1. In each case,
the spectrum is shown with black exes, while the best fit is shown with a red solid line,
and blue dashed lines show upper and lower error bars (including error due to stellar
parameters). The green solid line shows the case where there is no Zn present.

the [!/Fe] ratio decreases as the contribution from these SNe Type Ia increases.
This !-like behaviour of Zn has previously also been observed in the Milky Way
(Nissen & Schuster 2011; Barbuy et al. 2015).

This is shown in Fig. 4.15, where the average measured values of Nd, Ti
and Zn over Fe are shown for four metallicity bins: i) "2.5 < [Fe/H] $ "2.1;
ii) "2.1 < [Fe/H] $ "1.7; iii) "1.7 < [Fe/H] $ "1.3; iv) "1.3 < [Fe/H] $ "0.9.
The errorbars of these mean values are defined as (avg = "/

)
(N " 1), where " is

the standard deviation of the scatter, and N is the number of stars in each bin.
Region i) is the lowest metallicity bin of our sample, where the contribution of

SN Type Ia is negligible, and all three elements show super solar abundance ratios.
In the case of Nd, the value shown is only an upper limit, since our ability to
measure low Nd values at this metallicity starts to break down. For Zn, however,
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Figure 4.15: Average abundance ratios of: Nd (magenta), Ti (green), and Zn (cyan),
over Fe in four metallicity bins, from our FLAMES data. The error bars show %avg =
#/
*

(N " 1) where N is the number of stars in each bin.

all stars with only upper limits (shown in Fig. 4.13 and listed in Table A4.1) are
not preferentially at lower metallicities and all have low quality spectra, 11 $
S/Nblue $ 18 (sometimes also accompanied with low [Zn/Fe] values), while the
average of the sample is < S/Nblue >= 24 with a standard deviation of "S/N = 6.
Therefore, we will assume here that the average value of [Zn/H] for the stars with
only upper limits is not significantly di!erent from the rest of the sample, and
are thus not included into the data shown in Fig. 4.15.

The transition region in Sculptor, where SN Type Ia start to contribute, falls
into region ii), though the exact [Fe/H] value where this happens is not perfectly
constrained. For all elements, the abundance ratios [X/Fe] start to decrease,
and continue to do so with higher [Fe/H]. Even though neither Zn or Nd are
!-elements, it is natural to assume the same e!ect, that the [Nd/Fe] and [Zn/Fe]
ratios in the yields of SN Type Ia are subsolar, and lower than in the other
processes that produced these elements before the onset of SN Ia. Curiously,
there is not a significant di!erence in the [Zn/Fe] ratio in the intermediate region
iii), and where the galaxy reached its end of starformation iv).

A comparison of Zn and Ti abundance measurements is shown in Fig. 4.16,
where [Zn/Ti] shows a fairly flat trend with [Fe/H], with a small upwards trend
at the highest metallicities.
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Figure 4.16: The relation between [Zn/Ti] and [Fe/H]. Upper limits are not included.
Symbols are the same as in Fig. 4.11.

4.5.4 Zinc in the Local Group and beyond
At present time, stellar abundances of Zn have only been measured in a handful
of galaxies in the Local Group, see Fig. 4.17. Similar to Sculptor, measurements
of stars from Sagittarius dSph show low values of [Zn/Fe] (Sbordone et al. 2007),
and some spread. No error estimates were published for these results, so it is pos-
sible that the spread is within what is expected from measurement uncertainties.
In this metallicity range, "1 ! [Fe/H] ! 0, the measurements of !-elements show
a declining trend in Sagittarius, from [!/Fe] # 0 down to # "0.4 (Sbordone et al.
2007). This is consistent with the explanation that the low [Zn/Fe] values arise
from an increased contribution from SNe Type Ia.

A decreasing trend with [Fe/H] due to SNe Type Ia contribution, is not clearly
seen in the available measurements of !-elements in the Carina dSph (Venn et al.
2012; Lemasle et al. 2012; Fabrizio et al. 2015), yet low [Zn/Fe] abundances are
observed. However, we note that, the star Venn612 in Carina (Venn et al. 2012),
with [Zn/Fe] = "0.8 (see Fig. 4.17), has an abnormal chemical abundance pattern
with low values of the !-elements in general, and some of the iron-peak elements,
compared to other stars in Carina. Venn et al. (2012) concluded that this arises
from inhomogeneous mixing, where this star was formed in a pocket of interstellar
medium rich in SNe Type Ia ejecta, relative to SNe Type II, similar to the inter-
pretation for the star ET0381 at [Fe/H] = "2.4 in Sculptor from Jablonka et al.
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Figure 4.17: [Zn/Fe] measurements for individual stars in the Local Group. Circles
show stars from the Sculptor dwarf spheroidal, blue and dark blue from this work, and
light blue circles show stars from the literature. Upper limits larger than [Zn/Fe] = 0.7
are excluded from the plot, and only stars with errors %[Zn/Fe] < 0.5 are included. A
typical errorbar for the measurements from this work is shown in blue. Triangles are
stars from other dwarf galaxies, yellow for Carina and red for Sagittarius. Squares are
Milky way stars, where giant stars are dark gray and dwarf stars light gray. References:
Sculptor: Hill et al. in prep (6 stars); Shetrone et al. 2003 (1 star); Geisler et al. 2005 (1
star); Skúladóttir et al. 2015b (1 star); Jablonka et al. 2015 (4 upper limits). Carina:
Shetrone et al. 2003 (5 stars); Venn et al. 2012 (5 stars). Sagittarius: Sbordone et al.
2007. Milky Way: Reddy et al. 2003, 2006; Cayrel et al. 2004; Nissen & Schuster 2011;
Ishigaki et al. 2013; Bensby et al. 2014 (only including stars with errors %[Zn/Fe] $ 0.2);
Barbuy et al. 2015.

(2015). If this outlier in Carina, Venn612, is excluded, the other measurements
agree within the error bars, with subsolar mean value of [Zn/Fe] = "0.14 ± 0.07,
where the error here is (avg.

The available [Zn/Fe] measurements in dwarf galaxies are not abundant and
only cover a restricted range of [Fe/H] in each system, which limits conclusions re-
garding the entire chemical enrichment history of Zn in these galaxies. Although,
the current observations appear to show similar trends in Sculptor, Carina and
Sagittarius.

The trend of [Zn/Fe] with [Fe/H] in the Milky Way cannot be explained with
a simple model of SNe Type II and Ia. Typical !-elements in the Milky Way,
show a decline in [!/Fe] in the range "1 $ [Fe/H] $ 0 (e.g. Ryan et al. 1996;
Chen et al. 2002; Venn et al. 2004). This is not clearly seen in [Zn/Fe]. However,
there is a clear decline of [Zn/Fe] in the Milky Way bulge, at [Fe/H] % "0.1, and a
significant scatter. Barbuy et al. (2015) explained this with SN Type Ia contribu-
tion. Theoretical calculations have concluded that a significant amounts of Zn in
the Milky Way come from Hypenovae (Umeda & Nomoto 2002; Kobayashi et al.



72 chapter 4: Zinc in Sculptor

2006; Barbuy et al. 2015). Whether these high energy supernovae play an im-
portant role in the chemical evolution histories of dwarf galaxies is still not well
understood.

Due to its volatile nature, Zn is not significantly depleted onto dust, and can
therefore be accurately measured in the interstellar medium of Damped Lyman-
alpha systems. Since it belongs to the upper group of iron-peak elements, it has
often been used as a proxy for Fe. Although, this might be reasonable in some
cases, caution should be advised, since it is clear from measurements of stellar
abundances in the Local Group that the behaviour of [Zn/Fe] with [Fe/H] is
complicated, and environment dependent.

4.6 Conclusions
A sample of !100 stars in Sculptor was observed with VLT FLAMES/GIRAFFE,
using the HR7A setting, which covers the wavelength range !4800-4970 Å. Out
of these, 15 new stars were included, while the rest of the sample has previously
been observed in other wavelength regions (Tolstoy et al. 2009; Skúladóttir et al.
2015a, Hill et al. in prep.). Measured [Fe/H] and [Ti/H] values, with the spectra
from the HR7A setting, agree well with previously measured values from other
HR FLAMES/GIRAFFE settings.

Stars in Sculptor have a large range of Zn relative abundances, "0.9 !
[Zn/Fe] ! 0.6. The [Zn/Fe] ratios decline with increasing [Fe/H], presumably
because of an increasing contribution of SNe Type Ia yields to the environ-
ment, which contain large amounts of Fe compared to Zn and the !-elements
([Zn/Fe]<0, [!/Fe]<0). These results in Sculptor are consistent with stellar abun-
dance measurements in the dwarf galaxies Carina and Sagittarius which also show
subsolar values of [Zn/Fe].

In addition, Nd abundances were measured, showing a declining trend of
[Nd/Fe] with [Fe/H], similar to what is observed in !-elements.
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Table A4.1: Stellar abundances.

Star [Fe/H] ![Fe/H] S/Nblue S/Nred NTi !noise(Ti) [Ti/Fe] ![Ti/Fe] NZn !noise(Zn) [Zn/Fe] ![Zn/Fe] NNd !noise(Nd) [Nd/Fe] ![Nd/Fe]
ET0024 !1.24 0.10 23 36 22 0.39 !0.09 0.16 1 0.40 !0.20 0.41 9 0.29 !0.13 0.20
ET0026 !1.80 0.16 34 47 19 0.31 !0.04 0.09 1 0.34 !0.74 0.36 6 0.24 !0.03 0.15
ET0027 !1.50 0.13 31 53 27 0.28 !0.23 0.10 1 0.16 !0.40 0.21 9 0.22 !0.15 0.13
ET0028 !1.22 0.11 31 39 25 0.26 !0.39 0.11 1 0.38 !0.38 0.39 10 0.26 !0.10 0.15
ET0031 !1.68 0.17 29 51 19 0.28 !0.03 0.09 1 0.18 !0.24 0.23 11 0.24 0.21 0.14
ET0033 !1.77 0.16 24 40 19 0.21 !0.11 0.13 1 0.24 !0.14 0.29 7 0.25 0.23 0.16
ET0043 !1.24 0.16 22 34 20 0.29 !0.24 0.13 1 0.46 !0.72 0.48 8 0.28 !0.13 0.20
ET0048 !1.90 0.19 46 71 14 0.25 0.14 0.10 1 0.20 0.20 0.25 7 0.31 !0.01 0.18
ET0051 !0.92 0.12 31 47 23 0.33 !0.36 0.17 1 0.34 !0.32 0.35 9 0.41 !0.05 0.24
ET0054 !1.81 0.16 31 56 20 0.30 0.06 0.09 1 0.20 !0.06 0.25 6 0.17 !0.08 0.14
ET0057 !1.33 0.13 36 48 24 0.26 !0.15 0.10 1 0.22 !0.36 0.24 11 0.22 0.16 0.11
ET0059 !1.53 0.16 34 50 24 0.31 !0.25 0.11 1 0.32 !0.50 0.34 9 0.34 !0.16 0.17
ET0060 !1.56 0.15 28 46 12 0.34 !0.14 0.12 1 0.18 !0.60 0.21 9 0.24 !0.08 0.14
ET0062 !2.27 0.18 18 33 11 0.42 0.24 0.17 1 0.36 0.34 0.41 5 0.47 0.20 0.27
ET0063 !1.18 0.19 26 41 22 0.25 !0.38 0.13 1 0.28 !0.02 0.30 10 0.28 !0.04 0.18
ET0064 !1.38 0.14 34 41 20 0.28 !0.10 0.11 1 0.24 !0.36 0.26 11 0.24 0.06 0.13
ET0066 !1.30 0.14 24 38 20 0.34 !0.23 0.11 1 0.48 !0.48 0.49 7 0.37 !0.09 0.19
ET0067 !1.65 0.16 26 40 23 0.36 0.13 0.09 1 0.22 !0.26 0.26 10 0.30 0.47 0.14
ET0069 !2.11 0.20 28 47 11 0.24 0.20 0.13 1 0.34 0.02 0.37 7 0.36 0.14 0.21
ET0071 !1.35 0.14 30 48 24 0.36 !0.16 0.11 1 0.32 !0.62 0.34 9 0.18 !0.01 0.12
ET0073 !1.53 0.17 27 39 23 0.22 !0.07 0.09 1 0.38 0.04 0.41 7 0.31 0.11 0.17
ET0083 !1.97 0.18 29 49 17 0.29 0.17 0.10 1 0.30 !0.38 0.34 7 0.21 0.06 0.15
ET0094 !1.86 0.15 16 27 17 0.32 0.07 0.11 1 0.46 !0.34 0.49 7 0.24 !0.08 0.16
ET0095 !2.16 0.20 30 44 13 0.29 0.16 0.11 1 0.26 !0.26 0.31 6 0.28 0.29 0.18
ET0103 !1.21 0.13 18 29 18 0.28 !0.27 0.11 1 0.34 !0.10 0.36 7 0.27 !0.17 0.16
ET0104 !1.62 0.17 22 35 16 0.33 0.02 0.11 1 0.38 !0.36 0.41 9 0.30 0.27 0.17
ET0109 !1.85 0.11 30 48 30 0.35 0.02 0.13 1 0.26 !0.06 0.29 11 0.20 0.21 0.13
ET0112 !2.04 0.14 37 56 19 0.31 0.07 0.09 1 0.12 0.18 0.17 7 0.26 0.06 0.13
ET0113 !2.18 0.19 37 58 17 0.28 0.17 0.10 1 0.18 !0.04 0.24 8 0.26 0.22 0.17
ET0121 !2.35 0.20 22 43 10 0.28 0.17 0.16 1 0.20 0.34 0.25 2 ... 0.17 0.51
ET0126 !1.11 0.16 28 43 21 0.29 !0.37 0.11 1 0.34 !0.18 0.36 10 0.38 0.14 0.18
ET0132 !1.50 0.15 29 47 22 0.29 0.05 0.09 1 0.22 !0.50 0.26 10 0.12 0.46 0.13
ET0133 !1.07 0.15 26 39 22 0.26 !0.20 0.14 1 0.26 !0.40 0.28 9 0.19 !0.07 0.15
ET0137 !0.89 0.18 28 46 18 0.28 !0.56 0.19 1 0.28 0.04 0.29 9 0.53 !0.06 0.23
ET0138 !1.70 0.15 24 42 16 0.26 !0.14 0.10 1 0.24 !0.16 0.28 8 0.29 0.07 0.15
ET0139 !1.41 0.11 29 37 17 0.33 !0.28 0.13 1 0.22 !0.56 0.25 9 0.19 !0.15 0.13
ET0141 !1.68 0.15 28 48 19 0.36 !0.04 0.10 1 0.24 !0.20 0.28 10 0.29 0.05 0.15
ET0145 !1.51 0.14 34 47 13 0.32 !0.31 0.10 1 0.22 !0.12 0.25 6 0.29 !0.35 0.15
ET0150 !0.93 0.11 22 34 13 0.29 !0.45 0.16 1 0.36 !0.46 0.37 8 0.34 !0.41 0.18
ET0151 !1.77 0.16 25 42 18 0.35 0.11 0.10 1 0.22 !0.20 0.26 6 0.30 !0.04 0.18
ET0158 !1.80 0.21 27 45 12 0.24 0.08 0.10 1 0.36 0.20 0.39 10 0.29 0.29 0.17
ET0160 !1.16 0.14 26 36 13 0.30 !0.28 0.13 1 0.52 !0.50 0.54 6 0.28 0.08 0.20
ET0163 !1.86 0.21 25 38 12 0.43 !0.01 0.16 1 0.20 0.40 0.26 5 0.40 0.04 0.27
ET0164 !1.89 0.22 24 42 17 0.20 0.11 0.11 1 0.20 !0.38 0.25 5 0.24 0.28 0.23
ET0165 !1.10 0.17 25 38 19 0.36 !0.31 0.13 1 0.22 !0.36 0.25 8 0.38 0.07 0.19
ET0166 !1.49 0.15 21 35 16 0.28 0.02 0.09 1 0.44 !0.06 0.46 9 0.22 0.13 0.15
ET0168 !1.10 0.17 18 31 16 0.36 !0.29 0.13 1 0.38 !0.64 0.40 8 0.20 !0.23 0.18
ET0173 !1.47 0.10 20 34 17 0.40 !0.31 0.15 1 0.20 !0.80 0.22 9 0.27 !0.26 0.15
ET0198 !1.16 0.17 22 31 15 0.32 !0.32 0.11 1 0.22 0.08 0.26 7 0.11 !0.12 0.13
ET0200 !1.49 0.19 23 39 15 0.31 !0.07 0.12 1 0.38 0.22 0.42 9 0.32 0.38 0.20
ET0202 !1.32 0.19 21 35 19 0.33 !0.21 0.11 1 0.38 !0.52 0.40 8 0.24 !0.17 0.17
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Star [Fe/H] ![Fe/H] S/Nblue S/Nred NTi !noise(Ti) [Ti/Fe] ![Ti/Fe] NZn !noise(Zn) [Zn/Fe] ![Zn/Fe] NNd !noise(Nd) [Nd/Fe] ![Nd/Fe]
ET0206 !1.33 0.17 24 41 16 0.27 !0.13 0.09 1 0.38 !0.04 0.41 9 0.26 0.13 0.17
ET0232 !1.00 0.18 24 41 16 0.27 !0.26 0.10 1 0.30 !0.80 0.32 6 0.28 !0.05 0.19
ET0236 !2.41 0.21 16 29 8 0.22 0.28 0.22 1 0.74 < 0.72 ... 0 ... < 0.44 ...
ET0237 !1.61 0.18 20 36 16 0.34 0.05 0.11 1 0.36 !0.46 0.38 6 0.27 !0.23 0.19
ET0238 !1.57 0.17 24 38 16 0.32 !0.09 0.10 1 0.30 !0.48 0.34 7 0.31 !0.10 0.20
ET0239 !2.26 0.21 23 41 13 0.32 0.30 0.15 1 0.22 0.50 0.26 2 ... 0.53 0.36
ET0240 !1.15 0.17 24 37 15 0.31 !0.31 0.14 1 0.20 !0.56 0.23 8 0.36 !0.02 0.19
ET0241 !1.41 0.17 26 43 14 0.34 !0.12 0.11 1 0.30 !0.24 0.34 7 0.26 0.00 0.17
ET0242 !1.32 0.17 22 34 19 0.31 !0.22 0.09 1 0.30 0.00 0.33 8 0.42 0.03 0.21
ET0244 !1.24 0.17 24 34 17 0.42 !0.13 0.12 1 0.52 0.18 0.54 7 0.19 0.07 0.15
ET0270 !1.56 0.16 23 35 17 0.31 !0.08 0.13 1 0.52 !0.28 0.54 5 0.21 0.13 0.18
ET0275 !1.21 0.16 18 30 5 0.42 !0.33 0.23 1 0.42 !0.60 0.44 7 0.39 0.13 0.20
ET0299 !1.83 0.18 18 29 7 0.33 0.11 0.17 1 9.21 < !0.38 ... 4 0.10 0.21 0.18
ET0300 !1.39 0.20 11 22 8 0.24 !0.01 0.13 1 8.59 < !0.56 ... 5 0.26 0.32 0.21
ET0317 !1.69 0.19 25 45 15 0.28 0.02 0.11 1 0.26 0.00 0.30 5 0.28 !0.06 0.20
ET0320 !1.71 0.21 27 47 13 0.33 0.02 0.12 1 0.20 !0.14 0.24 7 0.43 0.13 0.22
ET0321 !1.93 0.18 25 39 12 0.41 0.01 0.14 1 0.28 !0.20 0.31 5 0.35 !0.22 0.20
ET0322 !2.04 0.27 25 40 10 0.39 0.15 0.17 1 0.44 0.30 0.46 4 0.21 !0.16 0.23
ET0327 !1.32 0.16 26 38 13 0.27 !0.19 0.10 1 0.32 !0.46 0.35 9 0.27 0.01 0.15
ET0330 !2.00 0.24 25 37 10 0.26 0.14 0.13 1 0.18 !0.34 0.23 3 0.23 0.41 0.64
ET0339 !1.08 0.14 27 34 18 0.36 !0.30 0.12 1 0.18 !0.24 0.21 9 0.30 !0.06 0.15
ET0342(a) !1.35 0.20 10 17 ... ... ... ... ... ... ... ... ... ... ... ...
ET0350 !1.90 0.21 18 30 7 0.34 0.18 0.22 1 0.36 !0.44 0.40 5 0.35 0.60 0.24
ET0354 !1.07 0.20 20 35 13 0.38 !0.17 0.13 1 0.40 !0.18 0.43 4 0.32 !0.17 0.23
ET0363 !1.28 0.17 16 30 11 0.38 !0.09 0.15 1 0.34 !0.46 0.37 5 0.45 0.16 0.28
ET0369 !2.35 0.20 27 42 12 0.27 0.21 0.15 1 0.18 0.06 0.22 5 0.47 0.16 0.29
ET0373 !1.96 0.21 19 35 10 0.32 0.22 0.19 1 0.46 0.32 0.49 4 0.27 !0.01 0.23
ET0376 !1.17 0.17 23 33 15 0.38 !0.20 0.13 1 0.26 !0.66 0.29 7 0.50 !0.01 0.26
ET0378 !1.18 0.15 23 34 18 0.33 !0.31 0.12 1 0.22 !0.28 0.26 8 0.36 !0.10 0.20
ET0379 !1.65 0.18 22 37 13 0.20 !0.16 0.09 1 0.26 !0.20 0.29 4 0.23 !0.17 0.18
ET0382 !1.74 0.23 23 38 10 0.24 !0.06 0.11 1 0.48 0.80 0.51 7 0.28 0.21 0.18
ET0384 !1.46 0.22 18 30 11 0.31 !0.04 0.12 1 0.36 !0.28 0.39 5 0.24 0.24 0.17
ET0389 !1.60 0.22 21 33 15 0.32 !0.04 0.11 1 0.26 !0.56 0.30 9 0.38 0.40 0.20
ET0392 !1.48 0.20 15 26 12 0.37 !0.01 0.14 1 0.46 !0.02 0.48 5 0.40 !0.02 0.24
ET0034 !2.41 0.09 29 47 8 0.12 0.32 0.07 1 0.42 0.10 0.43 4 0.20 0.28 0.14
ET0135 !2.32 0.06 29 46 12 0.14 0.10 0.06 1 0.20 0.18 0.21 7 0.43 0.25 0.20
ET0147 !1.39 0.08 16 24 16 0.38 !0.31 0.14 0 ... < !1.21 ... 8 0.39 0.01 0.16
ET0156 !1.37 0.06 23 35 23 0.28 !0.08 0.11 1 0.50 !0.42 0.50 6 0.51 0.19 0.23
ET0223 !1.91 0.07 16 30 11 0.31 0.25 0.11 1 0.56 !0.22 0.56 4 0.53 0.38 0.31
ET0332 !2.17 0.08 22 36 10 0.27 0.22 0.15 1 0.24 0.10 0.25 0 ... < 0.20 ...
ET0351 !1.27 0.09 17 33 16 0.29 !0.03 0.11 1 0.32 0.32 0.33 6 0.33 0.03 0.16
ET0359 !2.67 0.11 18 31 6 0.38 0.42 0.19 1 0.46 0.46 0.47 0 ... < 0.50 ...
ET0375 !2.28 0.10 26 41 7 0.34 0.26 0.16 1 0.46 !0.14 0.47 0 ... < 0.38 ...
ET0388 !1.97 0.08 14 25 10 0.40 0.23 0.15 0 ... < !0.34 ... 3 0.49 0.31 0.37
ET0393 !2.12 0.09 18 30 10 0.39 0.19 0.15 0 ... < 0.02 ... 6 0.32 0.77 0.16
ET0394 !1.39 0.08 19 33 18 0.26 !0.23 0.10 1 0.36 !0.08 0.37 9 0.35 0.19 0.14
ET0396 !1.59 0.06 17 28 14 0.25 !0.04 0.08 0 ... < 0.98 ... 5 0.34 0.34 0.18
ET0398 !1.29 0.08 19 29 22 0.43 !0.11 0.12 1 0.40 !0.50 0.41 7 0.24 0.26 0.12
ET0402 !1.30 0.08 18 33 18 0.43 !0.10 0.13 1 0.48 0.16 0.49 6 0.33 !0.02 0.16
ET0408 !1.49 0.07 14 29 12 0.35 !0.15 0.12 0 ... < !0.22 ... 6 0.40 0.43 0.19
(a) S/N too low.
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Table A4.2: Velocity measurements for the sample of stars, over a period ranging
from 2003-2013.

Star vr,1 (1) vr,2 (2) vr,3 (3) vr,4 (4) Comment
(km/s) (km/s) (km/s) (km/s)

ET0024 112.9 112.7 113.3 110.8
ET0026 98.4 99.2 97.1 97.4
ET0027 112.3 114.3 111.8 113.0
ET0028 120.2 118.7 119.8 121.5
ET0031 115.1 115.4 113.3 116.6
ET0033 108.7 107.5 106.9 108.8
ET0043 110.2 109.9 110.2 110.3
ET0048 120.5 120.5 121.4 121.7
ET0051 108.5 110.3 107.0 108.7
ET0054 103.5 102.9 102.1 102.9
ET0057 99.3 98.0 97.3 100.6
ET0059 115.9 115.7 118.2 118.7
ET0060 96.6 96.3 97.1 97.2
ET0062 105.0 105.1 103.5 105.2
ET0063 109.4 108.8 108.5 109.9
ET0064 113.3 114.2 113.4 114.8
ET0066 118.6 116.9 118.2 121.1
ET0067 99.8 99.8 100.4 100.6
ET0069 101.9 101.4 100.2 102.4
ET0071 106.5 104.7 106.8 106.3
ET0073 121.9 122.3 123.1 124.3
ET0083 122.2 122.9 121.6 123.2
ET0094 119.4 106.8 116.6 110.3 Likely binary
ET0095 109.5 111.0 108.4 112.1
ET0097(a) 105.4 112.6 106.8 111.4 Possible binary
ET0103 116.0 115.0 116.8 118.0
ET0104 110.6 ... 110.2 112.5
ET0109 102.5 101.4 108.4 103.7 Possible binary
ET0112 ... ... 118.2 117.0
ET0113 122.6 121.4 119.8 121.0
ET0121 113.9 116.9 116.6 113.6
ET0126 102.7 103.1 101.9 103.6
ET0132 101.6 100.1 100.4 101.7
ET0133 111.8 111.4 111.7 112.5
ET0137 114.5 115.1 114.0 115.2
ET0138 110.2 108.4 108.5 110.2
ET0139 91.1 90.5 100.3 100.0 Likely binary
ET0141 120.4 122.7 121.5 122.5
ET0145 ... ... 106.9 110.3
ET0147 111.8 110.7 111.8 112.5
ET0150 100.0 98.9 97.5 101.0
ET0151 104.0 105.6 103.5 106.3
ET0158 111.0 111.2 111.6 112.3
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Table A4.2: Velocity measurements for the sample of stars, continued.

Star vr,1 (1) vr,2 (2) vr,3 (3) vr,4 (4) Comment
(km/s) (km/s) (km/s) (km/s)

ET0160 112.7 113.5 111.9 113.2
ET0163 121.2 116.6 126.3 117.0 Likely binary
ET0164 112.7 114.4 113.2 113.3
ET0165 113.2 112.0 111.8 112.9
ET0166 117.4 118.7 118.2 118.3
ET0168 113.2 113.1 113.3 113.2
ET0173 103.6 107.0 113.6 108.2 Likely binary
ET0198 119.4 119.1 120.0 120.9
ET0200 104.0 103.0 103.6 104.5
ET0202 108.6 107.3 107.0 108.3
ET0206 95.4 105.4 92.2 107.4 Likely binary
ET0232 102.6 102.3 103.4 103.6
ET0236 107.1 102.9 105.3 104.9
ET0237 111.3 108.9 111.7 111.1
ET0238 115.8 114.1 111.7 114.2
ET0239 116.3 117.4 118.3 117.6
ET0240 106.6 105.3 105.3 107.0
ET0241 111.4 109.2 111.6 112.5
ET0242 117.5 117.5 118.1 118.6
ET0244 112.4 113.3 113.3 114.6
ET0270 109.5 ... ... 109.9
ET0275 112.5 ... 113.5 113.9
ET0299 93.4 ... 88.9 92.5
ET0300 119.1 119.7 119.8 121.8
ET0317 103.9 103.6 103.5 104.3
ET0320 119.8 120.7 119.8 120.7
ET0321 112.6 112.4 111.6 113.2
ET0322 104.5 103.3 100.3 103.6
ET0327 119.1 119.0 118.4 119.1
ET0330 114.4 112.4 113.3 114.0
ET0339 100.6 98.5 100.2 101.4
ET0342 119.9 120.3 118.2 120.0
ET0350 110.9 110.3 108.5 110.3
ET0354 105.6 104.6 105.1 106.3
ET0363 118.4 119.1 116.5 118.8
ET0369 103.9 101.2 105.2 110.2 Likely binary
ET0373 130.8 130.5 129.5 128.0
ET0376 105.8 106.7 103.6 105.2
ET0378 109.7 109.0 107.0 107.3
ET0379 105.5 105.6 105.2 105.5
ET0382 103.0 101.9 102.1 102.2
ET0384 124.6 124.1 124.9 126.1
ET0389 115.1 116.7 114.9 115.5
ET0392 124.6 124.9 124.6 126.4
(1) Battaglia et al. (2008)
(2) Hill et al. in prep.
(3) Skúladóttir et al. (2015a)
(4) This work
(a) vr,5 = 109.0 km/s, from Skúladóttir et al. (2015b)
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Table A4.3: Linelist. Horizontal lines separate which lines are fitted together.

El. # $ex log(gf) El. # $ex log(gf) El. # $ex log(gf) El. # $ex log(gf)
Ti lines Ti I 4940.623 2.677 !3.188 Fe I 4779.259 4.209 !4.932 Fe I 4834.507 2.424 !3.410

Ti I 4708.415 3.199 !3.799 Ti I 4940.881 1.887 !2.857 Fe I 4779.439 3.415 !2.020 Fe I 4834.657 4.580 !6.370
Ti I 4708.429 1.873 !6.885 Ti I 4940.969 1.981 !1.880 Fe II 4779.016 1.426 !4.049 Fe II 4834.256 1.145 !5.035
Ti I 4708.951 2.160 !1.053 Ti I 4941.303 0.826 !2.929 Fe II 4779.059 1.426 !4.067 Fe II 4834.301 0.329 !2.108
Ti II 4708.662 1.237 !2.340 Ti I 4941.542 3.215 !3.420 Fe II 4779.551 1.463 !4.149 Fe II 4834.337 1.547 !4.986
Ti I 4715.302 0.048 !2.680 Ti I 4941.571 2.160 !1.010 Fe II 4779.657 0.845 !5.302 Fe II 4834.357 9.100 !7.481
Ti I 4722.293 3.399 !4.053 Ti I 4941.698 2.677 !3.899 Fe II 4779.793 1.446 !2.924 Fe II 4834.646 0.329 !2.708
Ti I 4722.606 1.053 !1.330 Ti I 4947.647 3.546 !1.670 Fe I 4787.495 3.018 !4.162 Fe II 4834.763 0.906 !6.481
Ti I 4723.097 2.578 !4.589 Ti I 4947.973 0.818 !2.882 Fe I 4787.586 3.252 !5.809 Fe II 4834.817 1.547 !5.379
Ti I 4723.163 1.067 !1.335 Ti I 4948.152 2.396 !2.531 Fe I 4787.827 2.998 !2.530 Fe II 4834.868 9.100 !2.852
Ti I 4730.955 3.409 !3.977 Ti I 4948.162 3.441 !3.551 Fe I 4788.219 4.446 !2.733 Fe II 4834.881 1.547 !5.439
Ti I 4731.165 2.175 !0.134 Ti I 4948.189 2.175 !1.323 Fe II 4787.301 0.731 !3.970 Fe II 4834.922 0.711 !3.298
Ti I 4741.919 0.048 !4.638 Ti I 4967.296 0.000 !3.744 Fe II 4787.430 1.125 !3.462 Fe I 4839.544 3.267 !1.822
Ti I 4741.998 2.231 !2.346 Ti II 4967.163 4.009 !4.607 Fe II 4787.464 0.678 !7.176 Fe I 4839.556 4.796 !8.029
Ti I 4742.106 2.154 !0.670 Ti II 4763.881 1.221 !2.360 Fe II 4787.496 0.714 !4.501 Fe I 4839.556 4.796 !8.485
Ti I 4742.200 2.480 !2.153 Ti I 4771.099 0.826 !2.380 Fe II 4787.988 0.480 !3.998 Fe I 4839.768 4.607 !1.988
Ti I 4742.303 1.460 !1.120 Ti II 4779.985 2.048 !1.260 Fe II 4787.993 1.051 !5.895 Fe I 4839.886 4.733 !1.329
Ti I 4742.678 0.826 !4.969 Ti I 4781.711 0.848 !1.960 Fe II 4788.170 0.459 !2.539 Fe II 4839.244 1.653 !4.019
Ti I 4742.789 2.236 0.210 Ti II 4782.064 1.231 !9.985 Fe I 4788.724 0.958 11.545 Fe II 4839.411 1.653 !3.877
Ti I 4758.118 2.249 0.425 Ti I 4797.929 3.458 !3.506 Fe I 4788.757 3.237 !1.763 Fe II 4839.570 1.448 !3.894
Ti I 4758.901 0.836 !2.170 Ti I 4797.975 2.334 !0.768 Fe I 4788.779 4.143 !2.629 Fe II 4839.619 1.463 !4.747
Ti I 4759.054 1.739 !5.399 Ti II 4798.521 1.080 !2.680 Fe I 4789.199 0.000 !9.035 Fe II 4839.787 9.112 !2.693
Ti I 4759.055 3.179 !3.231 Ti I 4820.411 1.502 !0.441 Fe II 4788.413 1.427 !5.271 Fe II 4839.798 7.727 !5.962
Ti I 4759.142 2.778 !2.543 Ti II 4820.368 5.905 !2.116 Fe II 4788.431 1.427 !4.013 Fe I 4841.382 4.733 !3.488
Ti I 4759.270 2.256 0.514 Fe lines Fe II 4788.472 1.451 !2.909 Fe I 4841.663 3.301 !2.893
Ti I 4759.638 2.175 !1.514 Fe I 4741.287 4.220 !4.719 Fe II 4788.525 1.435 !4.497 Fe I 4841.785 4.191 !1.880
Ti II 4764.524 1.237 !2.950 Fe I 4741.529 2.831 !1.765 Fe II 4788.551 1.435 !4.868 Fe I 4841.844 4.473 !3.437
Ti I 4775.288 3.062 !2.969 Fe II 4741.305 0.629 !5.752 Fe I 4789.391 4.638 !2.215 Fe I 4842.121 4.584 !5.706
Ti I 4775.819 2.305 !5.355 Fe II 4741.383 2.187 !8.869 Fe I 4789.576 4.473 !3.134 Fe II 4841.380 1.463 !5.174
Ti I 4775.934 2.250 !2.673 Fe II 4741.580 1.409 !5.682 Fe I 4789.651 3.546 !0.958 Fe II 4841.406 1.463 !4.938
Ti II 4775.635 1.243 !2.810 Fe II 4741.687 1.518 !6.064 Fe I 4789.709 4.154 !3.895 Fe II 4841.424 0.906 !6.718
Ti I 4778.225 3.441 !3.791 Fe I 4745.742 3.301 !4.383 Fe I 4789.925 4.593 !3.045 Fe I 4842.378 5.070 !8.691
Ti I 4778.255 2.236 !0.220 Fe I 4745.800 3.654 !1.270 Fe II 4789.250 0.459 !4.824 Fe I 4842.715 4.220 !2.048
Ti I 4796.207 2.333 !0.665 Fe I 4745.840 4.103 !2.801 Fe II 4789.299 1.427 !4.189 Fe I 4842.788 4.103 !1.560
Ti I 4796.353 1.879 !2.656 Fe II 4745.480 0.232 !9.482 Fe II 4789.324 1.427 !3.688 Fe I 4842.853 4.584 !7.983
Ti I 4801.901 0.818 !3.111 Fe II 4745.596 2.167 !8.732 Fe II 4789.496 1.433 !5.827 Fe II 4842.355 0.329 !9.041
Ti I 4801.948 0.826 !3.254 Fe II 4745.620 1.460 !4.723 Fe II 4789.530 1.433 !6.194 Fe II 4842.596 7.940 !3.412
Ti I 4802.137 2.249 !3.454 Fe II 4745.648 1.460 !5.581 Fe II 4789.586 1.428 !4.892 Fe II 4842.758 0.909 !5.799
Ti I 4802.207 3.460 !3.669 Fe II 4745.693 0.845 !6.120 Fe II 4789.605 1.428 !5.495 Fe I 4843.030 5.012 !6.803
Ti I 4805.415 2.345 0.150 Fe II 4745.875 0.861 !8.524 Fe II 4789.835 1.451 !4.170 Fe I 4843.077 5.012 !6.058
Ti I 4805.443 3.062 !3.409 Fe II 4746.082 7.769 !6.188 Fe II 4789.854 0.987 !5.392 Fe I 4843.128 5.012 !5.951
Ti II 4805.085 2.061 !0.960 Fe I 4757.578 3.274 !2.040 Fe I 4800.507 4.220 !2.257 Fe I 4843.128 5.012 !6.861
Ti I 4806.759 0.813 !3.113 Fe I 4757.580 4.260 !4.744 Fe I 4800.554 3.301 !3.861 Fe I 4843.143 3.396 !1.840
Ti II 4806.321 1.084 !3.380 Fe I 4757.674 4.966 !6.889 Fe I 4800.649 4.143 !1.029 Fe I 4843.348 0.000 !7.894
Ti I 4840.874 0.900 !0.509 Fe I 4757.731 4.966 !6.357 Fe I 4800.697 4.549 !2.010 Fe I 4843.365 4.473 !3.755
Ti II 4849.169 1.131 !3.000 Fe I 4757.731 4.966 !6.796 Fe I 4802.523 4.607 !1.820 Fe I 4843.386 3.573 !2.859
Ti I 4856.010 2.256 0.440 Fe I 4757.771 4.966 !6.317 Fe I 4802.875 3.695 !2.027 Fe II 4843.294 7.575 !2.479
Ti II 4855.905 3.095 !1.470 Fe I 4757.779 3.267 !4.101 Fe I 4802.880 3.642 !1.514 Fe II 4843.318 5.569 !3.736
Ti I 4865.781 2.578 !0.398 Fe II 4757.237 0.596 !7.076 Fe I 4803.029 5.064 !2.947 Fe II 4843.380 0.452 !5.477
Ti II 4865.611 1.116 !2.790 Fe II 4757.261 8.073 !4.730 Fe I 4803.029 5.064 !7.303 Fe II 4843.524 0.083 10.963
Ti I 4870.126 2.249 0.518 Fe II 4757.402 1.433 !6.088 Fe I 4803.132 3.642 !7.861 Fe II 4843.556 0.758 !3.971
Ti I 4884.830 3.294 !0.375 Fe II 4757.651 6.807 !4.568 Fe II 4802.605 3.903 !8.438 Fe I 4859.318 3.301 !5.717
Ti I 4885.079 1.887 0.358 Fe II 4757.777 0.751 !4.776 Fe II 4802.699 9.100 !5.975 Fe I 4859.586 4.913 !7.102
Ti I 4885.201 2.677 !1.681 Fe II 4757.920 0.861 !6.417 Fe II 4802.796 1.441 !7.038 Fe I 4859.586 4.913 !7.726
Ti I 4909.098 0.826 !2.401 Fe II 4757.975 1.451 !3.506 Fe II 4802.829 1.441 !4.965 Fe I 4859.741 2.875 !0.764
Ti I 4909.173 2.408 !2.850 Fe I 4765.452 3.301 !5.214 Fe II 4802.864 1.634 !4.317 Fe I 4859.780 4.178 !3.410
Ti I 4909.294 3.179 !2.945 Fe I 4765.457 4.076 !1.938 Fe II 4802.881 0.329 !2.826 Fe I 4859.942 4.913 !9.226
Ti I 4911.060 3.441 !2.999 Fe I 4765.480 1.608 !4.010 Fe II 4803.041 0.751 !7.093 Fe I 4860.195 4.435 !3.007
Ti I 4911.566 2.345 !2.252 Fe II 4765.461 1.659 !2.641 Fe II 4803.054 0.934 !4.194 Fe II 4859.405 0.751 !4.768
Ti II 4911.193 3.124 !0.610 Fe II 4765.480 7.707 !5.435 Fe II 4803.103 7.727 !5.451 Fe II 4859.423 1.664 !5.446
Ti II 4911.197 5.885 !4.759 Fe II 4765.521 1.487 !3.535 Fe I 4809.876 4.835 !3.303 Fe II 4859.601 7.880 !5.414
Ti II 4911.263 4.002 !5.692 Fe I 4768.320 3.686 !1.070 Fe I 4809.933 4.178 !1.891 Fe II 4860.087 8.073 !5.036
Ti I 4913.462 2.506 !3.499 Fe I 4768.396 2.940 !2.261 Fe I 4809.938 3.573 !2.720 Fe I 4862.538 4.154 !2.419
Ti I 4913.614 1.873 0.160 Fe I 4768.699 4.076 !2.447 Fe I 4810.265 4.435 !3.611 Fe I 4862.599 4.154 !1.498
Ti I 4914.090 3.161 !3.288 Fe II 4767.944 1.418 !7.542 Fe II 4809.610 1.493 !2.367 Fe II 4862.260 0.329 !3.061
Ti I 4919.496 2.487 !2.147 Fe II 4767.971 1.418 !5.213 Fe II 4810.177 7.946 !3.556 Fe II 4862.338 7.723 !8.509
Ti I 4919.501 3.559 !1.549 Fe II 4768.248 1.635 !4.183 Fe I 4817.434 5.033 !8.499 Fe II 4862.812 7.971 !5.689
Ti I 4919.860 2.160 !0.225 Fe II 4768.480 0.858 !6.699 Fe I 4817.446 4.549 !3.581 Fe II 4862.926 0.398 !4.416
Ti I 4926.148 0.818 !2.170 Fe II 4768.539 1.547 !7.624 Fe I 4817.580 5.033 !7.722 Fe I 4863.644 3.430 !1.663
Ti I 4928.336 2.154 0.050 Fe II 4768.550 7.708 !2.566 Fe I 4817.778 2.223 !3.530 Fe I 4863.777 3.039 !3.252
Ti I 4928.339 2.267 !0.929 Fe II 4768.580 1.547 !5.835 Fe I 4817.843 4.154 !2.636 Fe I 4863.993 3.301 !3.940
Ti I 4937.379 3.569 !1.885 Fe I 4771.697 2.198 !3.234 Fe I 4817.924 4.284 !6.868 Fe II 4863.737 0.918 !7.323
Ti I 4937.674 3.334 !2.978 Fe I 4771.881 4.473 !4.589 Fe II 4817.498 1.451 !5.887 Fe II 4863.919 0.909 !4.626
Ti I 4937.726 0.813 !2.254 Fe I 4771.884 4.371 !3.105 Fe II 4817.696 2.206 !7.417
Ti I 4938.040 1.997 !2.150 Fe II 4771.724 2.067 !4.569 Fe II 4817.700 2.206 !9.190

Fe II 4771.836 2.206 !8.275 Fe II 4817.873 1.000 !3.250
Fe II 4771.837 2.206 !8.985 Fe II 4818.071 0.714 !4.032
Fe II 4772.063 0.107 !9.454 Fe II 4818.147 2.206 !8.382

Fe II 4818.149 2.206 !9.610
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Table A4.3: Linelist. Horizontal lines separate which lines are fitted together.

El. # $ex log(gf) El. # $ex log(gf) El. # $ex log(gf) El. # $ex log(gf)
Fe I 4867.106 4.559 !4.731 Fe I 4904.766 4.473 !5.727 Fe I 4920.463 4.283 !3.791 Fe I 4946.037 3.018 !6.894
Fe I 4867.388 4.796 !3.659 Fe I 4904.824 3.884 !4.990 Fe I 4920.502 2.832 0.068 Fe I 4946.219 4.580 !8.315
Fe I 4867.529 1.608 !4.700 Fe I 4905.076 4.638 !4.623 Fe I 4920.537 4.559 !2.875 Fe I 4946.382 4.076 !2.873
Fe I 4867.640 3.267 !4.007 Fe I 4905.133 3.928 !2.050 Fe II 4920.006 1.591 !5.022 Fe I 4946.387 3.368 !1.170
Fe II 4867.070 0.399 !4.669 Fe I 4905.219 3.301 !3.381 Fe II 4920.063 0.731 !5.133 Fe I 4946.558 4.186 !3.105
Fe II 4867.120 0.308 !1.877 Fe II 4904.769 1.591 !2.456 Fe II 4920.296 2.167 !7.867 Fe I 4946.848 4.580 !6.339
Fe II 4867.346 7.845 !7.762 Fe II 4904.842 0.930 !4.038 Fe II 4920.297 2.167 !8.446 Fe II 4946.524 0.392 !3.753
Fe II 4867.442 9.830 !6.411 Fe II 4905.180 6.217 !4.010 Fe II 4920.342 2.167 !7.345 Fe II 4946.804 0.459 !3.370
Fe II 4867.686 1.145 !3.413 Fe II 4905.339 0.301 !8.072 Fe II 4920.391 0.503 !6.805 Fe I 4949.679 4.143 !4.181
Fe II 4867.738 2.657 !5.806 Fe II 4905.582 0.459 !4.076 Fe II 4920.427 7.929 !4.604 Fe I 4949.679 4.220 !4.269
Fe II 4867.910 1.591 !7.075 Fe I 4907.540 4.178 !3.365 Fe II 4920.455 9.849 !3.940 Fe I 4950.106 3.417 !1.670
Fe I 4870.920 4.559 !2.151 Fe I 4907.582 4.607 !3.593 Fe II 4920.602 1.591 !6.286 Fe I 4950.374 4.913 !3.809
Fe I 4871.049 4.186 !2.179 Fe I 4907.675 4.584 !2.837 Fe II 4920.715 1.591 !4.665 Fe I 4950.498 3.274 !4.333
Fe I 4871.318 2.865 !0.363 Fe I 4907.732 3.430 !1.840 Fe II 4920.750 7.769 !6.546 Fe II 4949.699 0.308 !3.795
Fe I 4871.416 5.086 !8.374 Fe I 4907.858 3.267 !5.904 Fe I 4924.301 4.796 !1.633 Fe II 4950.081 9.849 !5.725
Fe I 4871.416 5.086 !9.460 Fe I 4907.945 4.549 !3.952 Fe I 4924.303 4.988 !4.449 Fe II 4950.429 5.569 !3.447
Fe II 4871.277 2.704 !4.236 Fe I 4907.967 4.186 !1.990 Fe I 4924.682 4.593 !1.777 Fe I 4962.373 4.733 !5.724
Fe II 4871.476 0.730 !2.600 Fe I 4908.031 4.218 !2.077 Fe I 4924.770 2.279 !2.241 Fe I 4962.572 4.178 !1.182
Fe II 4871.585 8.193 !3.364 Fe I 4908.234 4.584 !4.368 Fe I 4924.937 2.832 !5.841 Fe I 4962.732 4.608 !5.382
Fe I 4871.928 3.251 !2.150 Fe II 4907.454 1.547 !5.647 Fe I 4925.245 4.593 !3.380 Fe I 4962.774 4.966 !6.906
Fe I 4872.083 4.593 !2.403 Fe II 4907.502 1.547 !7.396 Fe I 4925.283 4.103 !2.120 Fe I 4962.979 2.588 !6.070
Fe I 4872.138 2.882 !0.567 Fe II 4908.067 9.849 !5.935 Fe II 4924.921 2.844 !4.962 Fe II 4962.633 0.909 !5.467
Fe I 4872.314 4.835 !3.737 Fe II 4908.151 0.329 !0.272 Fe II 4924.937 0.731 !3.710 Fe II 4962.822 0.379 !2.484
Fe II 4871.941 0.452 !5.167 Fe II 4908.265 0.937 !5.650 Fe II 4925.140 0.758 !2.378 Fe II 4962.983 6.138 !6.470
Fe II 4872.311 0.731 !3.642 Fe I 4909.383 3.929 !1.231 Fe II 4925.179 9.700 !4.709 Fe I 4965.780 2.845 !3.698
Fe II 4872.337 1.418 !4.336 Fe II 4909.436 1.547 !4.339 Fe I 4930.017 5.010 !5.875 Fe I 4966.089 3.332 !0.871
Fe I 4877.495 4.580 !3.594 Fe II 4909.459 7.804 !4.547 Fe I 4930.053 3.301 !3.255 Fe I 4966.289 3.960 !6.069
Fe I 4877.604 2.998 !3.150 Fe II 4909.552 1.740 !4.176 Fe I 4930.182 5.010 !7.479 Fe II 4965.635 0.758 !3.648
Fe I 4877.669 3.252 !7.556 Fe II 4909.634 0.452 !3.668 Fe I 4930.266 4.186 !2.772 Fe II 4965.742 0.398 !4.631
Fe I 4877.789 3.274 !4.129 Fe I 4910.009 4.143 !3.412 Fe I 4930.315 3.960 !1.201 Fe II 4965.789 0.048 !9.600
Fe II 4877.267 1.673 !5.622 Fe I 4910.017 3.397 !1.408 Fe I 4930.433 5.010 !8.580 Fe II 4965.906 8.035 !7.166
Fe II 4877.290 7.806 !4.914 Fe II 4909.747 0.288 !2.876 Fe I 4930.680 4.608 !3.257 Fe II 4966.416 0.399 !3.309
Fe II 4877.486 1.051 !6.366 Fe II 4909.877 1.493 !4.708 Fe II 4929.736 1.742 !5.319 Fe II 4966.546 1.764 !2.695
Fe II 4877.649 9.112 !5.888 Fe II 4910.101 0.329 !2.501 Fe II 4930.157 1.448 !2.790 Fe I 4967.591 2.990 !5.703
Fe II 4877.819 9.112 !5.204 Fe II 4910.269 3.387 !9.286 Fe II 4930.342 1.145 !3.143 Fe I 4967.897 4.191 !0.487
Fe II 4877.830 1.591 !6.994 Fe I 4910.325 4.191 !0.459 Fe I 4932.978 3.274 !3.222 Fe I 4968.152 4.593 !5.751
Fe II 4877.835 1.591 !6.976 Fe I 4910.565 4.218 !0.433 Fe I 4933.191 4.191 !1.659 Fe II 4967.563 1.930 !4.032
Fe I 4882.143 3.417 !1.640 Fe I 4910.635 4.559 !4.209 Fe I 4933.293 3.301 !2.188 Fe II 4967.681 1.164 !3.411
Fe I 4882.255 4.796 !2.854 Fe I 4910.770 4.796 !3.735 Fe I 4933.341 4.231 !0.817 Fe II 4967.791 1.076 !3.708
Fe II 4882.009 1.885 !5.855 Fe II 4910.269 3.387 !9.286 Fe I 4933.676 2.845 !6.222 Fe II 4967.807 1.219 !4.958
Fe I 4885.291 4.584 !6.756 Fe II 4910.470 9.700 !4.520 Fe II 4932.950 1.591 !3.885 Fe I 4969.867 4.956 !3.987
Fe I 4885.353 4.584 !6.221 Fe II 4910.587 1.580 !5.304 Fe II 4933.519 0.737 !4.020 Fe I 4969.917 4.217 !0.710
Fe I 4885.430 3.882 !0.971 Fe II 4910.983 9.836 !5.718 Fe II 4933.521 1.634 !5.986 Fe II 4969.540 1.580 !4.996
Fe I 4885.693 4.584 !7.081 Fe I 4916.869 4.283 !3.260 Fe I 4937.975 4.607 !1.904 Fe II 4969.540 9.700 !5.326
Fe II 4885.513 1.487 !5.058 Fe I 4917.230 4.191 !1.180 Fe I 4938.174 3.943 !0.906 Fe II 4969.991 0.399 !3.712
Fe II 4885.701 8.214 !5.256 Fe II 4917.064 7.118 !6.340 Fe I 4938.376 4.796 !1.657 Fe II 4970.013 0.398 !4.860
Fe I 4886.089 4.580 !4.762 Fe II 4917.175 6.729 !5.059 Fe II 4938.178 9.736 !5.694 Fe II 4970.079 1.442 !7.020
Fe I 4886.181 3.111 !4.442 Fe II 4917.195 1.518 !7.123 Fe II 4938.437 0.711 !6.414 Zn lines
Fe I 4886.205 2.949 !5.261 Fe II 4917.228 0.121 11.770 Fe I 4938.814 2.875 !1.077 Zn I 4722.153 4.030 !0.338
Fe I 4886.332 4.154 !0.613 Fe II 4917.449 1.050 !3.791 Fe II 4938.504 0.381 !2.227 Zn I 4810.528 4.078 !0.137
Fe I 4886.433 4.186 !4.541 Fe I 4917.824 5.086 !8.797 Fe II 4938.580 1.426 !5.243 Nd lines
Fe I 4886.568 0.052 !8.251 Fe I 4917.824 5.086 !9.336 Fe II 4938.817 8.035 !4.721 Nd II 4777.717 0.380 !1.220
Fe I 4888.965 4.988 !8.249 Fe I 4917.876 3.017 !3.876 Fe II 4938.912 9.836 !4.866 Nd II 4797.150 0.559 !0.690
Fe I 4888.966 3.640 !7.876 Fe I 4917.976 5.086 !8.891 Fe II 4938.983 7.971 !6.702 Nd II 4811.342 0.064 !1.015
Fe I 4889.001 2.198 !2.462 Fe I 4917.976 5.086 !9.363 Fe I 4939.162 2.832 !6.805 Nd II 4825.478 0.182 !0.420
Fe I 4889.102 3.884 !1.170 Fe I 4918.012 4.230 !1.360 Fe I 4939.236 4.218 !1.203 Nd II 4859.026 0.321 !0.440
Fe II 4888.826 1.460 !2.320 Fe II 4917.911 0.937 !6.718 Fe I 4939.239 4.608 !4.088 Nd I 4901.533 0.456 0.270
Fe II 4889.020 2.206 !8.802 Fe I 4918.602 3.018 !5.231 Fe I 4939.241 4.154 !0.829 Nd I 4901.832 0.293 0.350
Fe II 4889.266 0.714 !3.061 Fe I 4918.954 4.154 !0.635 Fe I 4939.477 4.186 !3.760 Nd II 4902.032 0.064 !1.340
Fe II 4889.422 7.773 !5.642 Fe I 4918.994 2.865 !0.342 Fe II 4939.455 0.398 !3.881 Nd II 4914.380 0.380 !0.700
Fe II 4889.481 2.206 !7.689 Fe II 4918.652 1.442 !3.128 Fe II 4939.456 7.946 !5.770 Nd II 4943.899 0.205 !1.514
Fe II 4889.483 2.206 !9.295 Fe II 4918.700 1.591 !5.221 Fe II 4939.474 0.723 !3.678 Nd II 4947.020 0.559 !1.130
Fe I 4892.571 3.642 !7.473 Fe II 4918.713 1.591 !4.711 Fe I 4939.477 4.186 !3.760 Nd II 4961.387 0.631 !0.850
Fe I 4892.794 2.990 !7.184 Fe II 4918.730 2.221 !7.989 Fe I 4939.600 2.949 !4.206
Fe I 4892.810 4.209 !4.539 Fe II 4918.732 2.221 !9.821 Fe I 4939.687 0.859 !3.340
Fe I 4892.859 4.217 !1.290 Fe II 4918.737 1.740 !2.799 Fe II 4939.455 0.398 !3.881
Fe II 4892.687 0.937 !5.332 Fe II 4919.010 6.730 !4.334 Fe II 4939.456 7.946 !5.770
Fe II 4893.025 9.688 !5.174 Fe II 4919.197 1.591 !5.921 Fe II 4939.474 0.723 !3.678
Fe II 4893.258 7.880 !5.199 Fe II 4919.198 2.221 !7.485 Fe II 4939.633 0.348 !1.133
Fe I 4903.097 3.301 !5.219 Fe II 4919.199 2.221 !8.465 Fe II 4940.087 0.678 !5.315
Fe I 4903.263 4.559 !3.090 Fe II 4919.212 0.730 !4.686 Fe II 4940.122 0.399 !2.622
Fe I 4903.310 2.882 !0.926 Fe II 4919.263 1.591 !5.487
Fe I 4903.739 4.593 !6.223 Fe II 4919.279 2.167 !6.574
Fe I 4903.764 3.695 !8.391 Fe II 4919.443 1.591 !4.039
Fe II 4902.937 0.329 !2.350
Fe II 4903.844 0.909 !6.267
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Abstract
The origin of carbon-enhanced metal-poor (CEMP) stars and their possible con-

nection with the chemical elements produced by the first stellar generation is still
highly debated. In contrast to the Galactic halo, not many CEMP stars have
been found in the dwarf spheroidal galaxies around the Milky Way. Here we
present detailed abundances from ESO VLT/UVES high-resolution spectroscopy
for ET0097, the first CEMP star found in the Sculptor dwarf spheroidal, which
is one of the best studied dwarf galaxies in the Local Group. This star has
[Fe/H] = "2.03 ± 0.10, [C/Fe] = 0.51 ± 0.10 and [N/Fe] = 1.18 ± 0.20, which
is the first nitrogen measurement in this galaxy. The traditional definition of
CEMP stars is [C/Fe] % 0.70, but taking into account that this luminous red gi-
ant branch star has undergone mixing, it was intrinsically less nitrogen enhanced
and more carbon-rich when it was formed, and so it falls under the definition
of CEMP stars, as proposed by Aoki et al. (2007) to account for this e!ect. By
making corrections for this mixing, we conclude that the star had [C/Fe] # 0.8
during its earlier evolutionary stages. Apart from the enhanced C and N abun-
dances, ET0097 shows no peculiarities in other elements lighter than Zn, and no
enhancement of the heavier neutron-capture elements (Ba, La, Ce, Nd, Sm, Eu,
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Dy), making this a CEMP-no star. However, the star does show signs of the weak
r-process, with an overabundance of the lighter neutron-capture elements (Sr, Y,
Zr). To explain the abundance pattern observed in ET0097, we explore the possi-
bility that this star was enriched by primordial stars. In addition to the detailed
abundances for ET0097, we present estimates and upper limits for C abundances
in 85 other stars in Sculptor derived from CN molecular lines, including 11 stars
with [Fe/H] $ "2. Combining these limits with observations from the literature,
the fraction of CEMP-no stars in Sculptor seems to be significantly lower than in
the Galactic halo.

5.1 Introduction
The chemical compositions of stellar photospheres provide detailed information
about the interstellar medium (ISM) from which the stars were formed. Of
particular interest are the very metal-poor (VMP) stars, [Fe/H] $ "2 (where
[Fe/H] = log10(NFe/NH)! " log10(NFe/NH)#), in the Milky Way environment,
which may still preserve imprints of the first generation of stars and the early
chemical evolution of the Galaxy and its surroundings. Recent surveys have
revealed that a significant fraction of these low-metallicity stars in the Milky
Way halo are enhanced in carbon ([C/Fe] % 0.7). The cumulative fraction of
these carbon-enhanced metal-poor (CEMP) stars in the halo rises from !20% for
[Fe/H] $ "2.5 to !30% for [Fe/H] $ "3.0 and up to 75% for [Fe/H] $ "4.0
(Lee et al. 2013). Including the recently discovered carbon-enhanced, hyper iron-
poor star with [Fe/H] < "7.1 (Keller et al. 2014), the CEMP fraction at the
lowest [Fe/H] becomes even higher.

Traditionally, CEMP stars are categorized by their heavy element abundance
patterns. Some are enriched in heavy neutron-capture elements built by the
slow-process (such as Ba) and are labeled CEMP-s stars, and those that show
significant abundances of heavy elements from the rapid-process (such as Eu) are
referred to as CEMP-r stars. Those that show enhancements of elements from
both processes are labeled CEMP-s/r stars. Finally, CEMP-no stars show no
enhancements of the main r- or s-process elements.

The main s-process happens in low mass (M ! 4 M#) asymptotic giant branch
(AGB) stars, while the r-process requires a high energy, neutron-rich environ-
ment, so sites such as supernovae (e.g., Travaglio et al. 2004) and neutron star
mergers (Tsujimoto & Shigeyama 2014) have been proposed. The lighter neutron-
capture elements (such as Sr, Y and Zr) are created in the main r-process, but are
overabundant at lower [Fe/H] compared to the heavier r-process elements, so an
extra source, the weak r-process or the weak s-process, is needed to explain the ob-
served abundances (Travaglio et al. 2004; François et al. 2007; Frischknecht et al.
2012; Cescutti & Chiappini 2014).

In general, CEMP-s and CEMP-s/r stars have abundance patterns that sug-
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gest mass transfer from a companion in the AGB phase (Lucatello et al. 2005).
Thus the C, N, O, and heavy elements for these stars do not reflect the ISM
from which they were formed. The available data for CEMP-s stars is con-
sistent with !100% binary fraction and a maximum period of !20,000 days
(Starkenburg et al. 2014).

CEMP-no stars, however, are not especially associated with binaries. Though
some of them do belong to binary systems, for many of them close binaries that
favor mass transfer can be excluded (e.g., Starkenburg et al. 2014). These stars
are more frequent, and their carbon enhancement becomes more extreme at lower
[Fe/H] (e.g., Lee et al. 2013; Norris et al. 2013), so it is di#cult to explain the
abundance pattern of such stars with mass transfer from an AGB-companion.
Though other scenarios have been discussed, CEMP-no stars are generally be-
lieved to have formed out of carbon-enhanced gas clouds, enriched by low- and/or
zero-metallicity stars. Thus, CEMP-no stars could provide direct information on
the properties of the first generation of stars.

Among the proposed sources of C-enrichment in CEMP-no stars (see
Norris et al. 2013 for a detailed overview), two are of particular interest: (i) mas-
sive rapidly rotating zero-metallicity stars that produce large amounts of C, N,
and O due to distinctive internal burning and mixing episodes (Meynet et al.
2006); (ii) faint SNe, associated with the first generations of stars, which expe-
rience mixing and fallback, ejecting large amounts of C but small amounts of
Fe and the other heavier elements (Umeda & Nomoto 2003; Iwamoto et al. 2005;
Tominaga et al. 2007).

Most of the observed CEMP stars have been found in the Galactic halo and
a few have been found in the ultra faint (UF) galaxies around the Milky Way.
Two stars with very high carbon values ([C/Fe] > 2) have been found in the
UF galaxies Bootes (Lai et al. 2011) and Segue I (Norris et al. 2013). No star
with [C/Fe] > 2 has been found in the more luminous (Ltot > 105 L#), more
distant dwarf spheroidal (dSph) galaxies, but some CEMP stars with lower carbon
abundances have been observed, such as a star in Sextans dSph with [C/Fe] ! 1
at [Fe/H] ! "3 (Honda et al. 2011). In particular, no VMP star has been found
in the Sculptor dSph with [C/Fe] > 0.1 until now, despite extensive searches for
low-metallicity stars (e.g., Tafelmeyer et al. 2010; Starkenburg et al. 2013).

Sculptor is a well-studied system with a magnitude of MV # "11.2 and a
distance of 86 ± 5 kpc (Pietrzy"ski et al. 2008). It is at high Galactic latitude
(b = "83!) and has systemic velocity of vhel = +110.6 ± 0.5 km/s. The
contamination by foreground Galactic stars is not significant, and most of it can
be easily distinguished by velocity (e.g., Battaglia et al. 2008). The star formation
history shows a peak in star formation !13 Gyr ago, with a slow decrease, so
the galaxy is dominated by an old stellar population (>10 Gyr old), and has not
formed any stars for the last !6 Gyr (de Boer et al. 2012).

Large spectroscopic surveys of individual stars have been carried out in the
central field of Sculptor. Abundances have been measured for Fe, Mg, Ca, Si,
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Table 5.1: UVES Observations of ET0097.

R.A. Dec. vr Obs. date Exp.time Airmass Airmass Seeing
(km s$1) (min) (start) (end) (avg)

00h59m12s "33!46"21"" 108.97 ± 0.32 2013-08-17 47.65 1.014 1.042 0.71
2013-09-01 47.65 1.129 1.261 1.04
2013-09-04 47.65 1.179 1.080 0.79
2013-09-04 47.65 1.068 1.023 0.85

and Ti with intermediate-resolution (IR) spectroscopy (Kirby et al. 2009) and
high-resolution (HR) spectroscopy for !100 stars (Dwarf Abundances & Radial-
velocities Team (DART) survey, Tolstoy et al. 2009; Hill et al. in prep.). Because
of the distance to Sculptor, in general only the brightest stars of the galaxy are
available for HR spectroscopy. The HR sample is therefore mostly limited to the
upper part of the red giant branch (RGB) (0 ! log g ! 2). None of the large sur-
veys of Sculptor have included measurements of carbon abundances, but several
follow-up spectra of low-metallicity stars have been taken, many of them includ-
ing C measurements (Tafelmeyer et al. 2010; Frebel et al. 2010; Kirby & Cohen
2012; Starkenburg et al. 2013).

In addition, there have been surveys of Carbon-stars and CH-stars in Sculptor
(e.g., Azzopardi et al. 1986), some of which that have been followed up with IR
spectra (e.g., Groenewegen et al. 2009). The carbon-enhancement of these stars
is believed to come from internal processes or mass transfer, and does not reflect
the ISM from which they were formed. Thus they will not be discussed further
in this paper.

The star ET0097 is thus the most inherently carbon-rich star in the Sculptor
dSph measured to date, with [Fe/H] = "2.03 ± 0.10 and [C/Fe] = 0.51 ± 0.10. It
was even more carbon-enhanced in the past, with [C/Fe] # 0.8, making it the first
CEMP observed in Sculptor. A detailed chemical analysis of this star is presented
here, from an HR spectrum observed with the VLT/UVES telescope at the Euro-
pean Southern Observatory (ESO). In addition, carbon abundance estimates and
upper limits for 85 other stars are presented, derived from CN molecular lines in
the wavelength range 9100-9250 Å, from VLT/FLAMES spectra.

5.2 Observations and data reduction
From the DART survey (Tolstoy et al. 2006), detailed abundance measurements
are known for !100 stars, spread over a 25" diameter field of view in the Sculptor
dSph (Hill et al. in prep.; Tolstoy et al. 2009). As a part of this project, ESO
VLT/FLAMES/GIRAFFE HR spectroscopy was carried out over the wavelength
range !9100-9300 Å, to measure S abundances in Sculptor (Skúladóttir et al.
in prep.). In most of these spectra CN molecular lines were observed, with the
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Table 5.2: Signal-to-noise ratios of the di!erent parts of the final coadded spectrum.

Wavelength range (Å) S/N
3770-4980 30
5760-7510 50
7660-9450 50

exception of the most metal-poor stars ([Fe/H] ! "2.2). This CN molecular band
was exceptionally strong in the star ET0097 and to follow up that observation,
an HR spectrum over a long wavelength range was taken for the star, using ESO
VLT/UVES.

UVES is a dichroic HR optical spectrograph at the VLT (Dekker et al. 2000),
where the light beam from the telescope can be split into two arms, the Ultra
Violet to the Blue arm and the Visual to the Red arm. The observations were
taken in August and September of 2013, using a 1.2” slit, with a resolution of
40,000 in the blue, and 35,000 in the red. The observational details are listed in
Table 5.1.

The details regarding the observations and data reduction for the
VLT/FLAMES data, along with the S measurements will be presented in an
upcoming paper, Skúladóttir et al. in prep.

5.2.1 Data reduction
The ESO VLT/UVES spectrum was reduced, extracted, wavelength calibrated,
and sky-subtracted using the UVES pipeline provided by ESO (Freudling et al.
2013). The reduced spectra were corrected for telluric absorption using spectra
of a blue horizontal branch star, taken the same nights as the observations. The
spectra taken at di!erent times all showed comparable counts, so they were com-
bined using a median value of the four spectra. The usable wavelength range and
their relative signal-to-noise (S/N) ratios are listed in Table 5.2. The S/N ratios
were evaluated as the mean value over the standard deviation of the continuum
in line-free regions.

5.2.2 Continuum normalization
In the red part of the spectrum (!5800-9400 Å), the entire wavelength range
was covered with CN molecular lines, most of them weak, but some stronger.
To find proper continuum points for the spectrum, a synthetic spectrum was
made, using rough estimates of the oxygen, carbon, and nitrogen abundances.
An iterative comparison with the normalized observed spectrum was then used
to find a better synthetic spectrum, which was used for a better determination
of continuum points. This process was iterated until the result was stable.
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Table 5.3: Photometry of ET0097.

Colour mag. err E(V-X) Te! (K)
V 17.255 0.002

V-I 1.246 0.005 0.023 4382
V-J 2.125 0.004 0.041 4393
V-K 2.954 0.005 0.050 4378

A similar approach was used for the reddest part of the blue spectrum (!4500-
5000 Å) that is covered in relatively weak CH and C2 molecular lines. For the
bluer part of the spectrum, true continuum points became rarer, and a continuum
could only be estimated from points close to the continuum. At the bluest part
of the spectrum, the B-X band of CN at 3888 Å is extremely strong, and wipes
out all continuum points making normalization in the region very uncertain, so
the bluest part of the spectrum (! 3900 Å) could not be used in the abundance
analysis.

Where enough continuum points were available, the spectrum was also renor-
malized around each line being measured by a constant factor for better accuracy,
but this change in the height of the continuum was minimal, rarely more than
1-2%.

5.3 Stellar parameters
The photometry for ET0097 comes from deep wide field imaging in the V and I
bands (de Boer et al. 2011) and the infrared photometry, bands J and K, come
from VISTA survey observations, see Table 5.3. Although photometry is also
available for the B band, it was not used, since in this carbon-rich star it is
a!ected by the strong CH molecular band in the region.

The e!ective temperature of the star, Te!, was determined from the pho-
tometry following the recipe from Ramírez & Meléndez (2005) for giants with
metallicity [Fe/H] = "2.02 and assuming a reddening correction, E(V-X), in the
direction of the Sculptor dSph as evaluated by Schlegel et al. (1998), see Table
5.3. The result, Te! = 4383 ± 35 K, is 83 K higher than the temperature
adopted for this star in Hill et al. in prep., but agrees within the error bars.
Included in the estimated errors are the "(Te!) provided by Ramírez & Meléndez
(2005) for each color used, the photometric errors and the (minor) e!ect of the
observational errors of [Fe/H].

The surface gravity for the star is obtained using the standard relation:

log g! = log g# + log M!

M#
+ 4 log Te!,!

Te!,#
+ 0.4(Mbol,! " Mbol,#) (5.1)

which yields the surface gravity log g! = 0.75 ± 0.13.
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The absolute bolometric magnitude for the star, Mbol,! = "3.01 ± 0.08, is
calculated using a calibration for the V-band magnitude (Alonso et al. 1999) and
a distance modulus of (m " M)0 = 19.68 ± 0.08, from Pietrzy"ski et al. (2008),
which dominates the error on Mbol,!, as the photometric errors are negligible.
The mass of the star is assumed to be M! = 0.8 ± 0.2 M#. The solar values
used are the following: log g# = 4.44, Te!,# = 5790 K and Mbol,# = 4.72.

The microturbulence velocity, vt, was spectroscopically derived by making sure
the abundance measurements for Fe I do not show a trend with the equivalent
width, log(EW/%). The result is vt = 2.25 ± 0.20 km/s.

No significant slope was found between the iron abundances of individual lines
and their relevant wavelength or their excitation potential, confirming the validity
of the determined stellar parameters.

5.4 Abundance measurements

All analysis was carried out using the spectral synthesis code TURBOSPEC de-
veloped by Bernand Plez (Alvarez & Plez 1998; Plez 2012). Because of the evo-
lutionary stage of ET0097, its relatively low temperature and its high C and N
abundances, most of the observed wavelength range is covered with CN and/or
CH molecular lines. Synthetic spectra are therefore necessary to include the ef-
fects of these lines in the abundance evaluation and to distinguish between lines
with di!erent degrees of blending. The line list used was chosen to minimize the
use of heavily blended lines, and when possible only lines with minimal or no
blending were used (see Table A5.1).

The stellar atmosphere models are adopted from MARCS (Gustafsson et al.
2008) for stars with standard composition, 1D and assuming local thermody-
namic equilibrium (LTE), interpolated to match the exact stellar parameters for
ET0097. Parameters for the atomic lines are adopted from the DREAM data
base (Biémont et al. 1999), extracted via VALD (Kupka et al. 1999 and refer-
ences therein). The molecular parameters for C2 come from M. Querci (private
communication), and are described in Querci et al. (1972). For CH molecular
lines, we use the data from Plez et al. (2007). The molecular parameters for CN
are from T. Masseron (private communication), derived with similar methods and
lab data as Brooke et al. (2014) and Sneden et al. (2014).

The results of the abundance analysis are listed in Table 5.4. To main-
tain consistency with Hill et al. (in prep.), the solar values used are from
Grevesse & Sauval (1998), and where data from the literature is included, it is
shifted to match this scale.
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Table 5.4: Element abundances of ET0097. [Fe I/H] is adopted as the reference iron
value [Fe/H]. For other elements the adopted value is an average of all lines available,
in some cases more than one ionization stage, see Table A5.1 for details. No corrections
have been made for NLTE e!ects. The solar values are adopted from Grevesse & Sauval
(1998).

X log $# NX log $ [X/Fe] %noise %total
Fe I 7.50 49 5.47 "2.03a 0.02 0.10
Fe II 7.50 4 5.64 "1.86a 0.10 0.14
Li 1.10 1 < 0.17 < 1.10 - -
C 8.52 - 7.00 0.51 0.09 0.10
N 7.92 - 7.07 1.18 0.20 0.20
O 8.83 2 7.33 0.53 0.18 0.19
Na 6.33 3 3.81 "0.49 0.24 0.24
Mg 7.58 5 5.97 0.42 0.04 0.06
Al 6.47 1 3.62 "0.82 0.80 0.80
Si 7.55 7 5.77 0.25 0.09 0.11
S 7.33 2 5.44 0.14 0.29 0.29
K 5.12 2 3.45 0.36 0.07 0.08
Ca 6.36 20 4.49 0.16 0.02 0.04
Sc 3.17 9 1.10 "0.04 0.04 0.06
Ti 5.02 35 3.12 0.13 0.02 0.07
V 4.00 10 2.01 0.04 0.04 0.06
Cr 5.67 16 3.53 "0.11 0.07 0.08
Mn 5.39 9 3.13 "0.23 0.06 0.07
Co 4.92 7 2.92 0.03 0.10 0.11
Ni 6.25 22 4.18 "0.04 0.04 0.07
Cu 4.21 1 1.44 "0.74 0.26 0.26
Zn 4.60 3 2.68 0.11 0.23 0.23
Ga 2.88 1 0.82 "0.03 0.44 0.44
Sr 2.97 2 1.65 0.71 0.20 0.20
Y 2.24 6 0.55 0.34 0.04 0.06
Zr 2.60 5 0.94 0.37 0.06 0.07
Ba 2.13 5 "0.34 "0.44 0.06 0.08
La 1.17 10 "1.08 "0.22 0.09 0.09
Ce 1.58 8 "0.62 "0.17 0.12 0.13
Pr 0.71 1 < "1.10 < 0.22 - -
Nd 1.50 10 "0.61 "0.08 0.05 0.07
Sm 1.01 3 "0.91 0.11 0.32 0.32
Eu 0.51 4 "1.49 0.03 0.42 0.42
Gd 1.12 1 < "0.50 < 0.41 - -
Tb 0.35 1 < "1.38 < 0.30 - -
Dy 1.14 2 "0.92 "0.03 0.53 0.53
Er 0.93 1 < "0.60 < 0.50 - -
Pb 1.95 1 < 0.92 < 1.00 - -
Th 0.09 1 < "1.20 < 0.74 - -
a[Fe/H]
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5.4.1 Iron
Special care was taken to ensure that the measured Fe lines were not severely
blended with CN, C2, or CH molecular lines. Only Fe I lines that changed by
less than 0.1 dex, when both the assumed carbon and nitrogen abundances were
either increased or decreased by 0.2 dex, were used. Increasing both elements
by this value had a strong e!ect on the CN line strength, so the real e!ect from
the uncertainty on C and N abundance measurements should be much less than
0.1 dex on the selected Fe I lines and, in all cases, it is less than the statistical
errors on the individual lines. In total, 49 Fe I lines could be used in the wave-
length range 5600-9200 Å, see Table A5.1. All Fe I lines in the bluer part of the
spectrum were too blended to comply with the rather strict criteria for unblended
lines.

For Fe II, no lines were found that fulfill the criteria, so the four least blended
Fe II lines were used for the measurement.

Figure 5.1: Measured oxygen lines, log $(O)6300Å = 7.30 ± 0.14 and
log $(O)6364Å = 7.46 ± 0.30. Solid red lines show best fits, and dashed blue lines
show upper and lower limits of error bars. Cases where [O I] lines have been removed
from the linelist are shown with solid gray lines. The strength of CN molecular lines
is very sensitive to oxygen abundance. Adopting a lower O abundance will make CN
lines in the synthetic spectrum stronger, assuming fixed values of C and N.
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Figure 5.2: Spectra of di!erent regions used for the measurement of carbon. Top
panel shows part of the CH region at !4300Å (G-band), middle panel shows the C2
band, and lowest panel shows the CH band (A-X system) at !4850 Å. In all cases,
solid red lines show best fits of the regions (as listed in the text), dashed blue lines
show carbon values ±0.20 from that fit, and solid gray lines show how the spectrum
would look without any carbon. Note that the scale on the y-axis is not the same for
all panels.
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Figure 5.3: Upper panel shows strong CN molecular band at 4215 Å (B-X system),
while lower panel shows an example of the CN molecular band seen in the redder part
of the spectrum. In both cases, solid red lines show the best fit of log $(N) = 7.07,
dashed blue lines show nitrogen values ±0.20 from that fit, and solid gray lines what
the spectrum would look like without any molecular CN lines. Note that the scale on
the y-axis is not the same for both panels.

5.4.2 Oxygen, carbon, and nitrogen
The oxygen abundance was derived from the forbidden [O I] lines at 6300 and
6364 Å, see Fig. 5.1. Both lines were slightly blended with weak CN molecular
lines, but changing the adopted C and N values by ±0.20 around the best fit,
changed the measured oxygen abundances only by !0.05 dex. The abundance
measurements of the lines agree within the errorbars, log &(O)6300Å = 7.30 ± 0.14
and log &(O)6364Å = 7.46 ± 0.30. The final value of log &(O) = 7.33 ± 0.18 was
adopted by weighting the two [O I] lines with their errors.

The [O I] lines of the triplet at 7774 Å were too weak to be accurately mea-
sured, considering the noise and slight blending, and they were therefore not
included in the measurement.

The carbon abundance for ET0097 was determined by fitting three di!erent
molecular bands in regions of 20 Å. Parts of these bands are shown in Fig. 5.2.
In some wavelength ranges, the molecular lines were saturated and in others very
weak. Therefore, we only used regions where the #2 of the fit was sensitive to the
assumed C abundance. The CH G-band at !4300 Å, spreading throughout the
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range !4200-4400 Å, resulted in log &(C)CH:4300Å = 6.98. The C2 band around
!4700 Å gave a result 0.20 dex lower, log &(C)C2:4700Å = 6.78. A relatively weak
CH band (A-X system) at !4850 Å was also used to measure carbon, yielding a
value 0.25 dex higher than the stronger CH-band, log &(C)CH:4850Å = 7.23. The
final measured value of log &(C) = 7.00± 0.10 was adopted by averaging both CH
bands and the C2 band, weighting them with the size of the region available for
the measurements.

The CN band at 4215 Å (B-X system) appeared clearly and without severe
saturation (see Fig. 5.3). A big portion of the observed spectrum for ET0097 was
covered with CN lines, due to the relatively low temperature of the star and the
high C and N abundances. The nitrogen was therefore measured using both the
band at 4215 Å and CN molecular lines in the wavelength range !6200-9400 Å (A-
X system), giving the final result of log &(N) = 7.07 ± 0.20. Regions where the #2

of the fit was insensitive to the nitrogen abundance were excluded. The nitrogen
measurements, which cover 104 regions of 20 Å, show no trend with wavelength
and are very consistent with a low scatter, " = 0.05. The measurements in the
redder part of the spectrum and the CN band at 4215 Å are in perfect agreement,
see Fig. 5.3, indicating that the CN molecular parameters in the red are reliable.
The uncertainty in the measurement from the CN band in the blue is higher than
in the red, mostly due to the uncertain continuum determination. Using the
larger wavelength range, however, the statistical errors for the nitrogen become
negligible, and the real uncertainties come from errors in the carbon and oxygen
measurements.

The B-X system of CN at 3888 Å was extremely strong in this star and wiped
out all continuum points until the bluest end of the spectrum at !3770 Å. Thus,
it was not included in the abundance measurement of nitrogen. However, as far
as rough continuum estimation allowed, it was consistent with the result obtained
using the other CN molecular bands.

Because CO locks away a sizable fraction of the C available in the star, both
CH bands and the C2 band are sensitive to the oxygen value, and the nitro-
gen abundance measured from the CN molecular bands is sensitive both to the
oxygen and the carbon abundances. Therefore, the oxygen-carbon-nitrogen mea-
surements were iterated several times to minimize the influence of the errors of
one element on the other elements as much as possible.

5.4.3 Indicators of mixing, 12C/13C ratio and Li
When a star moves along the RGB, it undergoes a second episode of mixing
(at the so-called RGB-bump) that lowers the carbon abundance at its surface,
and increases the nitrogen. This upper RGB phase is reached at the luminos-
ity log L!/L# ! 2.2, for stars in the metallicity range "2.0 ! [Fe/H] ! "1.0
(Gratton et al. 2000) and when log L!/L# ! 2.6 for [Fe/H] ! "2.5 (Spite et al.
2006). Before an RGB star reaches this high luminosity, its C and N abundances
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Figure 5.4: Example of the 13C features used for evaluating the 12C/13C isotope
ratio. Solid gray line shows the synthetic spectrum assuming log12 C/13C = 1.3, value
typical for unmixed giants (Spite et al. 2006), solid red line shows log12 C/13C = 0.8,
and dashed blue lines show ratios ±0.2 from that value.

do not change significantly during the star’s evolution (Gratton et al. 2000).
Thus, a low C value and high N abundance are usually good indicators of this

second episode of mixing. With the high luminosity of log L!/L# = 3.1 ± 0.1,
ET0097 has a high nitrogen abundance, [N/Fe] = 1.18 ± 0.20, but also high
[C/Fe] = 0.51 ± 0.10, so if it has undergone this mixing, it would be inherently
more carbon-rich.

During mixing, the most fragile element, Li, is destroyed in the deeper layers
of the star, so low Li abundances indicate that mixing has occured. For main
sequence (MS) stars, the Li abundance generally lies along the so-called Spite
plateau, log &(Li) # 2.2. When a star enters the lower RGB phase, the Li at
the surface is diluted with material coming from the deeper layers, and the Li
abundance stabilizes at an average value of log &(Li) # 1 along the lower RGB.
However, when the second episode of mixing occurs, practically all the remaining
Li is destroyed, yielding a very low value of log &(Li) $ 0 (Gratton et al. 2000).

The lithium abundance for ET0097 was obtained by measuring the resonance
doublet at 6707 Å, yielding a value of log &(Li) = "0.12, but due to the weakness
of the line an upper limit of log &(Li) < 0.17 was adopted, consistent with most
of the Li being destroyed.

Another signature of deep mixing is a low isotope ratio, log12C/13C < 1.0
(Spite et al. 2006). To measure 12C/13C, the total carbon abundance was kept
constant and the 13C lines were fitted with synthetic spectra with di!erent isotope
ratios, see Fig. 5.4. The ratio was determined to be log12 C/13C = 0.77 ± 0.03.

The main signatures of mixing in a high luminosity RGB star are thus present
in ET0097, with log L!/L# = 3.1, [N/Fe] = 1.18, log12 C/13C = 0.77 and a best
fit of log &(Li) = "0.12. We therefore conclude that this star has undergone
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mixing, and that its carbon abundance was higher at the earlier evolutionary
stages.

By assuming most of the nitrogen present in the star was converted from car-
bon, we get an estimate of the original C abundance at the surface of the star:
[C/Fe] # 0.8. In the Galactic halo, mixing in RGB stars is observed to lower
the surface C abundance on average by !0.5 (Gratton et al. 2000; Spite et al.
2005), with a scatter of !0.25 dex (Spite et al. 2005, for "3 $ [Fe/H] $ "2),
consistent with the correction made here. An online tool to correct for mixing
has been provided by Placco et al. (2014), which gives [C/Fe] # 0.9 as the ini-
tial abundance for ET0097, while here we adopt the more conservative value of
[C/Fe] # 0.8. The estimate for the star’s initial carbon enhancement thus falls
under the classical definition of a CEMP ([C/Fe] % 0.7) and the same conclusion
is reached using the uncorrected value with the luminosity dependent definition
of CEMP stars, from Aoki et al. (2007).

5.4.4 Alpha elements
The main production sites of the alpha elements (made up of alpha particles) are
normal core collapse Type II Supernovae. Early in the star formation history of
any galaxy, Type II SN are believed to be the main contributors of metals, so
the early ISM holds the imprint of their yields, and stars formed at earlier times
typically show an enhancement in [!/Fe] (e.g., [Mg/Fe] " 0.3). About 1-2 Gyr
after the first SN II, Type Ia Supernova start to contribute (e.g., de Boer et al.
2012), and so [!/Fe] starts to decrease with increasing [Fe/H]. This so-called
‘knee’, happens around [Fe/H] ! "1.7 in Sculptor (Tolstoy et al. 2009).

In ET0097, the abundance measurements for Mg, Ca, and Ti were relatively
straight forward, all having many lines that did not show any signs of blending
from atomic or molecular lines, see Table A5.1. On the other hand, all lines for
Si were either weak and/or slightly blended. Though the blending was accounted
for in the synthetic spectra, it added to the uncertainty of the measurements.
However, there were many Si lines available in the observed wavelength range,
and the final abundance was measured from the seven best lines. Some of these
were weak and unblended, others slightly stronger but were blended. The number
of lines and the reasonable scatter makes the result robust.

There were three S lines in the reddest part of the spectrum !9200 Å, which
were a!ected by reasonably strong CN lines, see the lower panel of Fig. 5.3.
Two S lines were relatively unblended, both of them yielding very similar results
(agreeing within 0.05 dex). The line at 9237.5 Å was not used, however, it was
consistent with the value obtained for the other two lines.

All alpha elements in ET0097 show an overabundance relative to iron, [!/Fe] >
0, similar to what is seen for other stars in Sculptor and in the Galactic halo at
comparable iron abundances, [Fe/H] # "2.
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5.4.5 Odd-Z elements
The abundances of Na, Al, and K were determined from resonance lines that
are very sensitive to non-local thermodynamic e!ects (NLTE) e!ects. However,
similar correction factors are expected for RGB stars with comparable metallicity,
Te! and log g, so when comparing abundances of ET0097 with similar stars in the
Galactic halo or Sculptor, similar NLTE corrections can be applied. Cayrel et al.
(2004) adopted a correction of "0.50 dex for Na in giants, +0.65 dex for Al
and "0.35 dex for K. Here, the same lines were used for these elements, so
similar corrections can be made to the LTE values listed in Table 5.4. More
detailed NLTE calculations for stars with similar stellar parameters are presented
in Andrievsky et al. (2007, 2008, 2010).

The Na abundance was determined from the D resonance lines at 5890 Å and
5896 Å, and a weaker line at 8183.3 Å. None of these lines showed any signs of
blending and gave the weighted average of log &(Na) = 3.81 ± 0.24.

Two Al lines were visible in the spectrum, the resonance doublet at 3944 Å
and 3961.5 Å. Both lines were heavily blended, in particular the line at 3944 Å,
so it was not included in the measurement. The result remains rather uncertain,
because of the blending and the di#cult continuum evaluation in this region,
log &(Al) = 3.62 ± 0.80, which is consistent with the line at 3944 Å.

The K abundance was determined from two strong lines at 7665 Å and 7699 Å.
Both gave consistent results with a di!erence of only 0.02 dex. The adopted
abundance is therefore log &(K) = 3.45 ± 0.07.

Both Sc and V had many unblended lines available, giving log &(Sc) = 1.10 ±
0.04 and log &(V) = 2.01 ± 0.04.

5.4.6 Iron-peak elements
In general, Fe-peak elements are believed to be created in supernova explosions.
The elements Cr, Mn, Co, and Ni all had many available lines in the observed
wavelength range, making it possible to discard those that were blended with
molecular lines.

Only one rather weak line was available for Cu, at 5782 Å, in a region of
the spectrum that was relatively free of molecular lines. The line barely showed
any blending, giving log &(Cu) = 1.44 ± 0.26. Three lines were available for Zn.
They only showed minor blending and agree well with each other, log &(Zn) =
2.68 ± 0.23.

5.4.7 Heavy elements
Abundances for three elements of the lighter n-capture elements were measured:
Sr, Y and Zr. Two lines were observed for Sr, one very strong and blended Sr II
line at 4078 Å, giving the result log &(Sr)4078Å = 1.44 ± 0.34, and a Sr I line free
of blending at 4607 Å, log &(Sr)4607Å = 1.70 ± 0.16. The weighted average of
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the two yields [Sr/Fe] = 0.71 ± 0.20. Yttrium had six lines in the wavelength
range, all showing only minor blending and very little scatter, giving the final
value [Y/Fe] = 0.34 ± 0.06. Five lines are used for the measurement of Zr,
three of them slightly blended, giving the result [Zr/Fe] = 0.37 ± 0.07. The
lighter neutron-capture elements in ET0097 therefore all show overabundance
with respect to iron, [Sr,Y,Zr/Fe] > 0.3.

The heavier n-capture elements Ba, La, Ce, and Nd, all had five or more lines
available. Of those, La and Ce showed more scatter between lines, " ! 0.30 dex
(compared to " ! 0.15 of Ba and Nd), which was to be expected since many
of the measured lines for these elements were blended and/or weak. Three Sm
lines were measured with a scatter between lines, " = 0.23, and the final result
is [Sm/Fe] = 0.11 ± 0.32. Eu was di#cult to measure in this star since the four
lines available were all heavily blended. However, all lines agree reasonably well
with each other, with a scatter between lines of " = 0.23, giving the rather low
value [Eu/Fe] = 0.03 ± 0.42. No trace of the Eu line at 6645 Å was seen, but
an upper limit of [Eu/Fe] < 0.30 was determined, which is consistent with the
four detected lines. The Dy abundance was derived from two weak and blended
lines at 3945 Å and 4103 Å, [Dy/Fe] = "0.03 ± 0.53. This is consistent with the
best fits of two other weak lines at 3984 and 4450 Å. Only upper limits could
be determined for those: [Dy/Fe]3984Å < 0.51 and [Dy/Fe]4450Å < 0.23. There
were no detectable lines for the elements Pr, Gd, Tb, Er, and Pb, giving upper
limits for these elements in the range [X/Fe] !0.2-1.0 dex, which excludes the
possibility of extreme overabundances.

With low abundances for both the main s-process elements ([Ba/Fe] < 0) and
main r-process elements ([Eu/Fe] < 0.5), ET0097 classifies as a CEMP-no star.

5.5 Error analysis

To evaluate the statistical uncertainties in the abundance determination of a line,
(noise,i, the noise in line-free regions neighboring the line was measured. The error
was then determined as when the #2 of the fit became larger than that of the
noise. Since the spectrum was dominated by molecular lines, line-free regions
were not always available. Although the molecular bands were reasonably well
fitted as a whole with the synthetic spectra, in some regions individual lines were
not. In those cases, the typical deviation of the spectrum from the best synthetic
fit was measured and included in the noise estimate.

The individual lines showed di!erent degrees of blending, and for elements
with fewer than five measured lines, this was accounted for by weighting the
di!erent measurements with their errors as follows:
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log &(X) =

NX!
i=1

log &(X)i · wi

NX!
i=1

wi

(5.2)

The sum runs over NX lines and the weights of individual lines were defined as:

wi = 1
(2

noise,i
(5.3)

where (noise,i is the statistical uncertainty of the abundance measurement of line i.
For elements with five or more lines, this was not necessary and normal averages
were used to determine the final abundances.

The final error for elements with four or fewer measured lines was calculated
as follows:

(noise =
'

NX!
i wi

(5.4)

For elements with five or more lines, the total error from the noise was defined
from the scatter of the measurements:

(noise = "&
NX

(5.5)

Special care was taken in the evaluation of the errors on C and N abundances.
These elements were measured over regions of 20 Å and the final value was de-
termined from the average of all measured regions. Measurement errors were
calculated using Eq. (5.5). For C this gave an error of (C = 0.05 and (N = 0.01
for N.

However, the CH and C2 lines are sensitive to O values, so the e!ect of the
oxygen error on these abundances was measured and included, yielding a total
statistical error of (noise,C = 0.09.

The CN molecular lines that were used to measure N are sensitive to both C
and O abundances. Taking the e!ect of the uncertainties of these elements on
the N measurements into account, the final error is (noise,N = 0.20.

The systematic errors coming from the uncertainties of the stellar parameters,
Te!, log g and vt, were measured to be ![Fe/H]sp = 0.10, and ranging from
0.02 to 0.06 dex for ![X/Fe]sp (depending on the element). They were added
quadratically to the (noise to obtain the adopted error,

(total([X/Fe]) =
%
(noise(X)2 + (noise(Fe)2 + ![X/Fe]2sp (5.6)
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Figure 5.5: Carbon in Sculptor and the Galactic halo as a function of luminosity.
Dashed line shows the definition of CEMP stars as proposed by Aoki et al. (2007),
to account for the mixing in stars at higher luminosities. Halo stars (gray squares)
come from Yong et al. (2013), and Sculptor stars (blue circles) from: Tafelmeyer et al.
(2010); Frebel et al. (2010); Kirby & Cohen (2012); Starkenburg et al. (2013).

5.6 Results
All element abundances for ET0097 are listed in Table 5.4.

5.6.1 Carbon in Sculptor
Carbon measurements have been previously attempted only for a limited number
of stars in Sculptor, and the available measurements are shown in Fig. 5.5. The
dashed line shows the definition of CEMP stars, as proposed by Aoki et al. (2007),
with a slope to account for mixing in RGB stars at higher luminosities, which
decreases the carbon abundance and increases the nitrogen at the surface of the
star (Gratton et al. 2000; Spite et al. 2006). The high [N/Fe], low log &(Li), and
low 12C/13C values show that ET0097 has undergone mixing, and was even more
carbon-rich in the past, having [C/Fe] # 0.8 (see Section 5.4.3 for details).
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With a measured [C/Fe] = 0.51 ± 0.10, ET0097 is the only known star in
Sculptor that falls under the definition of a CEMP star, and it seems to be
around !1.5 dex higher in carbon than other stars of similar luminosity.

The same stars are shown as a function of iron abundance in Fig. 5.6b. The
most carbon-rich star in the sample, ET0097, is also the most iron-rich, while the
fraction of carbon-rich stars increases with decreasing metallicity in the Galactic
halo (e.g., Lee et al. 2013 and references therein). Unlike the other Sculptor stars
in Fig. 5.5 and 5.6b, ET0097 was not chosen for closer observation based on
low [Fe/H]. The UVES spectrum for ET0097 was taken after the C-enhancement
was discovered from strong CN molecular lines around 9100-9250 Å. More than
80 other stars were also observed in this wavelength range (Skúladóttir et al.
in prep.), and all but the most metal-poor stars have a clear detection of the
molecular lines, but only ET0097 stands out, having exceptionally strong CN
lines.

To use these CN lines to estimate the C abundances in this sample, some
assumptions need to be made about the oxygen and nitrogen. All the stars in
this sample are within the central 25" diameter region of Sculptor and bright
enough to ensure reasonable signal-to-noise at high spectral resolution. These
high luminosity RGB stars (log L!/L# > 2.5 for all stars, see Table A5.2) are
expected to have undergone similar mixing to ET0097, decreasing the C at the
surface and increasing the N abundance. Therefore, a typical value for mixed
stars, [C/N] = "1.2 (Spite et al. 2005), is adopted here for the sample. Some
of the stars already have measured O abundances and show a simple trend with
iron, see Fig. 5.6a. The same trend with [Fe/H] is therefore assumed for stars
with unknown O abundances.

The C estimates of 85 stars, calculated with these assumptions, are also shown
in Fig. 5.6b (and listed in Table A5.2). None of these stars show any sign of being
carbon-enhanced, even if corrected for internal mixing, which has been observed
to lower the [C/Fe] abundance on the surface of stars by !0.5 dex (Gratton et al.
2000; Spite et al. 2005).

A di!erent approach can be applied. In the sample of Spite et al. (2005),
all mixed stars have [N/Fe] > 0.5, so by assuming [N/Fe] = 0, which is a very
conservative lower limit for nitrogen in these stars, we are also able to obtain
upper limits for [C/Fe] from the Sculptor CN measurements (assuming the same
oxygen values as before), see Table A5.2. If there are any unmixed stars in
our sample, then [N/Fe] = 0 is a reasonable abundance estimate for these stars
(Spite et al. 2005). Using these assumptions, all 85 stars have [C/Fe]lim $ 0.4.

So with the exception of ET0097, which clearly stands out from the rest, no
other star (mixed or unmixed) in this sample is likely to be inherently carbon-
enhanced. In particular, by combining these estimates with the literature data,
ET0097 is the only CEMP star from the sample of 22 stars in Sculptor with
[Fe/H] $ "2.
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Figure 5.6: Same symbols are used as in Fig. 5.5. (a) Oxygen in Sculptor as a
function of [Fe/H]. Sculptor stars (blue filled circles) come from Hill et al. in prep.
Representative error bar for the measurements is shown; (b) Carbon in Sculptor as a
function of [Fe/H]. Solid points are direct carbon measurements of the stars shown in
Fig. 5.5. Open circles show estimates of C abundances for 85 stars (VLT/FLAMES
spectra) from CN molecular lines in the wavelength range 9100-9250 Å. Ratio typical for
mixed stars, [C/N] = "1.2 (Spite et al. 2005), is assumed, and for stars with unknown
oxygen abundance, a simple trend of [O/Fe] with [Fe/H] is adopted, as shown with
a line in (a). Two stars from Starkenburg et al. 2013 that have the same [C/Fe] at
[Fe/H] ! "3 are moved by 0.02 dex to each side, to be visible as two stars. Same is
done for two stars with similar C estimates at [Fe/H] = "2.35.

5.6.2 The general abundance pattern
The abundance pattern of ET0097 is compared to what is seen in the Galactic
halo and other stars in Sculptor, in Fig. 5.7. Note that none of the abundances
have been corrected for NLTE e!ects. For many elements this correction can be
significant, in particular for Na, Al, and K, reaching up to !0.6 dex. However, the
goal here is not to study the trends for these elements. Since both the Galactic
halo and Sculptor samples consist of giant stars with similar Te!, log g and [Fe/H]
as ET0097, and have the same measured lines for these elements, any NLTE
corrections are expected to be similar for all stars.

ET0097 is the only star in Sculptor in the metallicity range "2.35 $[Fe/H]$
"1.75 to have measured carbon and nitrogen, and, in fact, it has the only known



5.6: Results 99

Figure 5.7: Element abundances for ET0097 (red pentagons), Sculptor (blue circles)
and the Galactic halo (gray squares). Sculptor abundances are averaged over all stars
with "2.35 $ [Fe/H] $ "1.75. For Sculptor, most elements come from Hill et al. in
prep. Exceptions are C and N estimated here from CN molecular lines (see Fig. 5.6
for detail), and S which comes from Skúladóttir et al. (2015a) The Galactic halo abun-
dances are averaged over stars with "3.0 $ [Fe/H] $ "2.0. Abundance averages for C
and N in the Galactic halo are taken from mixed, C-normal stars in Spite et al. (2005).
Other elements up to Zn are taken from Cayrel et al. (2004), with the exceptions of S,
which is from Spite et al. (2011), and Cu, which is taken from both halo and disk stars
in Mishenina et al. (2002). Elements heavier than Zn come from François et al. (2007).
Error bars for Sculptor and the Galactic halo represent 1# of the scatter of [X/Fe] over
each sample. No NLTE corrections have been applied, but are expected to be similar
for all stars.

nitrogen abundance in this galaxy. To estimate the C and N in stars of simi-
lar metallicity, we use the CN molecular lines in the region 9100-9250 Å, from
VLT/FLAMES data, see the previous section for details.

Compared to those estimates, ET0097 seems to be enhanced both in C and
N with respect to other stars in Sculptor of similar [Fe/H], where the di!erence
in carbon is "1 dex, and "0.5 dex in nitrogen. Adopting a di!erent [C/N]
ratio could increase the N abundance estimate, bringing it closer to ET0097, but
that would naturally decrease the C, making the di!erence there even bigger.
Comparing ET0097 to carbon-normal, mixed RGB stars in the Galactic halo
(Spite et al. 2005), the nitrogen seems to be rather high, but it does not stand
out significantly from the scatter. The C in this star is however clearly enhanced
compared to similar stars in the Galactic halo. Finally, we note that the [C+N/Fe]
in the Sculptor sample seems to be lower than what is observed in the Galactic
halo.

In Fig. 5.7, it is clear that when other elements up to Zn are compared with the
mean for Sculptor and the Galactic halo, ET0097 does not stand out significantly
in any way, and falls within the scatter of stars with similar metallicity. However,
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ET0097 does show a di!erent pattern in elements heavier than Zn. The lighter
neutron-capture elements (sometimes called weak r-process elements), Sr, Y, and
Zr, are enhanced compared to what is typical in Sculptor, while the heavier n-
capture elements are depleted, or at the lower end of the trend (Ba). The Galactic
halo shows a very large scatter of the n-capture elements in the metallicity range
"3.0 $[Fe/H]$ "2.0, so both ET0097 and other stars in Sculptor fall within
the scatter seen in these elements,with the exception of Sr and Y, which appear
above the observed scatter.

Since ET0097 shows high abundances of light n-capture elements and low
abundances of the heavier n-capture elements, naturally the abundance ratios
[Sr,Y,Zr/Ba] are high, see Fig. 5.8. Here ET0097 is clearly di!erent from the
trend seen in the Galactic halo and in Sculptor. Similar abundance ratios are
certainly seen in the halo (e.g., Honda et al. 2004; François et al. 2007), but typ-
ically at lower iron abundance ([Fe/H] ! "3). This result is not limited to a
comparison with Ba, ET0097 still stands out when any of the other heavier n-
capture elements are used as a reference element. In fact, ET0097 shows the
same relation to the heavier n-capture elements as seen in the Galactic halo, see
Fig. 5.9.

5.7 Origin of the abundance pattern
5.7.1 Alpha and iron-peak elements
In ET0097, alpha and Fe-peak elements from O to Zn show abundances compa-
rable to what is seen both in the Galactic halo and in Sculptor for stars with
similar [Fe/H], (see Fig. 5.7). The most probable explanation is that the bulk
of these elements comes from similar sources, such as low-metallicity Type II
supernovae of 11-40 M# (Woosley & Weaver 1995), which are believed to be the
main producers of these elements in the early universe, or possibly massive zero-
metallicity SN of 10-100 M# (Heger & Woosley 2010), which have been shown to
predict similar abundances as seen in the Galactic halo, hence comparable with
ET0097.

5.7.2 Carbon-enhancement
The origin of the carbon enhancement in CEMP-no stars is still debated and a
variety of processes have been invoked (see, e.g., Norris et al. 2013).

In some of these scenarios, the carbon enhancement is explained by mass
transfer from a companion. Three di!erent HR velocity measurements for ET0097
were obtained in Hill et al. (in prep.), Skúladóttir et al. (in prep.), and this work.
A comparison was made between the two other studies for the 86 stars they
had in common. ET0097 showed similar scatter in its velocity measurements
compared to other stars in Sculptor. On average the di!erence between the
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Figure 5.8: Light neutron-capture elements, Sr, Y, Zr, with respect to Ba, as a
function of Fe abundance. Sculptor stars are from Hill et al. in prep.; Shetrone et al.
(2003); Geisler et al. (2005); Tafelmeyer et al. (2010); Starkenburg et al. (2013). Galac-
tic halo stars are taken from: Johnson & Bolte (2002); Honda et al. (2004); Aoki et al.
(2005); François et al. (2007). CEMP-no stars in the halo are taken from a com-
pilation by Allen et al. (2012), including data from: Norris et al. (2001, 2002);
Giridhar et al. (2001); Preston & Sneden (2001); Aoki et al. (2002a,b,c, 2004, 2007);
Depagne et al. (2002); Honda et al. (2004); Barklem et al. (2005); Cohen et al. (2006,
2008); Sivarani et al. (2006).

samples was 1.5 km/s, and ET0097 had a di!erence of 1.4 km/s in the two
measurements. Therefore, close binarity that favors mass transfer seems unlikely,
though it cannot be completely excluded with the present data.

However, even if this star does have a companion or did at some point, the
abundance pattern is not easily explained with binarity. Mass transfer from an
AGB-companion as seen in CEMP-s stars can be excluded because [Y/Ba] < 0 is
expected (Travaglio et al. 2004), which is clearly not consistent with ET0097 (see
Fig. 5.8). Mass transfer from rapidly rotating stars, which are known to produce
a lot of C, is also a possible source for the carbon enhancement. But from these
stars strong enhancements in N and O, comparable to the C enhancement, are also
expected (Meynet et al. 2006), and this is not consistent with the observations,
which in particular show no enhancement in oxygen compared to other Sculptor
and halo stars. This scenario can therefore be excluded.

Another possible scenario is that CEMP-no stars formed out of gas that has
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Figure 5.9: The relative abundances of the heavier neutron-capture elements. Refer-
ences are the same as in Fig. 5.8.

been enriched by faint supernovae with mixing and fallback which produce sig-
nificant amounts of C but minimal Fe. Apart from the excess of carbon, faint SN
show a general abundance pattern that is very di!erent from normal Type II SN,
with an excess of N and O. The ejecta from these stars are also predicted to have
a very pronounced odd-even e!ect among iron-peak elements, showing up as very
low abundance ratios, e.g., [V/Fe] and [Mn/Fe], which are not compatible with
the results presented here.

However, by assuming ET0097 formed out of gas containing a mixture of yields
from faint SN and normal SN, it is possible to explain the carbon enhancement in
this star. By assuming that normal SN Type II enrich the gas up to [Fe/H] # "2,
and that the gas was already pre-enriched with faint SN yields, as presented
by Iwamoto et al. (2005) to match the hyper metal-poor star HE0107-5240, we
require that the fraction of faint SN to normal SN is such that the gas reaches
[C/Fe] = 0.8 (a reasonable assumption for the initial value for ET0097). Though
these faint SN yields also show enhancements in N and O, they are considerably
smaller than for C. Therefore, the addition of these elements in ET0097 from
faint SN would be undetectable in this mixture of yields, falling well within the
error of the measurements. The e!ects on the abundances of other elements in
the star are even less pronounced. All the peculiarities of the faint SN yields are
swamped by the SN Type II enrichment, leaving the high [C/Fe] value as the
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only evidence of its contribution. Therefore, it is indeed possible that the carbon
enhancement in ET0097 is the result of (partial) enrichment with the products
of faint SN. This is discussed in more detail in Section 5.8.

5.7.3 The lighter n-capture elements
The main r- and s-process are excluded as dominant sources of Sr, Y, and Zr in
ET0097 because they are predicted to produce much higher abundance ratios of
heavy to light neutron-capture elements than are consistent with the data. The
enhancements of Sr, Y, and Zr, most probably come from the weak r-process
(e.g., Arcones & Montes 2011), which is predicted to produce significant amount
of these elements, but minimal heavier n-capture elements (Z %56). Another
possibility for the source of these elements is the weak s-process that occurs
in fast-rotating massive zero-metallicity stars. Models of these stars have been
able to reproduce the scatter of these elements observed in the Galactic halo
(Cescutti & Chiappini 2014). However, the data presented here are not su#cient
to distinguish between the di!erent possible scenarios, and models that predict
excesses of Sr, Y, and Zr, without significant e!ects on other element abundances,
are consistent with observations of ET0097.

In the Galactic halo, a few stars showing strong signatures of the weak r-
process (or weak s-process) have been found and studied in detail. Two of
those stars, HD 88609 ([Fe/H] = "3.07) and HD 122563 ([Fe/H] = "2.77) from
Honda et al. (2007) are compared to ET0097 in Fig. 5.10. To ensure a useful
comparison of the abundance pattern of the n-capture elements in these stars,
they have all been normalized to the [Y/H] value of HD 88609. The absolute
values of [X/H] for the n-capture elements are much higher in ET0097 than in
the other, more metal-poor stars. In fact, when comparing to Fe, ET0097 is
more enriched in Sr, Y, and Zr than the other two stars ([Y/Fe]ET0097 = 0.35,
[Y/Fe]HD 88609 = "0.12 and [Y/Fe]HD 122563 = "0.37). Also included in Fig. 5.10
(with the same normalization) is the n-capture rich star CS 22892-052 from
Sneden et al. (2003), which is believed to show a pure signature of the main
r-process.

The relative abundance pattern in the n-capture elements of ET0097 is com-
parable to the two Honda stars (see Fig. 5.10), making it very likely that these
stars were polluted by similar processes. The only exception is Pr, which seems
to be much lower in ET0097 than in the others.1 Apart from this one element,
the abundance patterns of the three stars are comparable. The main r-process
rich star, CS 22892-052, shows a completely di!erent pattern, and so it is clear
that the origin of its n-capture elements is di!erent from the other stars. ET0097
1 The Pr lines at 4179.4 and 4189.5 Å, used by Honda et al. (2007), are severely blended

with CH molecular lines in ET0097, and therefore cannot be used for the abundance
determination, but are consistent with no lines being observed. Instead the upper limit
for Pr was determined from lines at 4408.8 and 4496.5 Å, both giving similar results.
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Figure 5.10: The n-capture elements of ET0097 compared to two stars with weak
r-process enhancements, HD 88609 and HD 122563 (Honda et al. 2007), and one main
r-process rich star, CS 22892-052 (Sneden et al. 2003). All four stars are normalized
to the same [Y/H] value as HD 88609.

and the two Honda stars show similar signatures of the weak r-process, possibly
with some contamination from the main r-process.

Finally, it should be noted that the weak s-process in fast-rotating, zero-
metallicity massive stars has been proposed to simultaneously enrich gas with C,
N, O, and the lighter neutron-capture elements (Chiappini et al. 2006;
Frischknecht et al. 2012; Cescutti & Chiappini 2014). However, these models
predict an enhancement of O comparable with the C enhancement, which is not
observed in ET0097. It should also be noted that neither of the Honda stars are
enhanced in carbon, [C/Fe]! "0.40 for both stars (Honda et al. 2004), which is
consistent with the idea that the enhancements of carbon and the light n-capture
elements come from two di!erent processes. This is also supported by the top
panel of Fig. 5.8, where the CEMP-no stars do not show any obvious trend of
[Sr/Ba] with [Fe/H], di!erent from the normal population, and the same is true
for [Sr/Fe] with [Fe/H] (See, e.g., Cescutti & Chiappini 2014, their Fig. 1).
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5.8 Possible formation scenario
To explain the abundance pattern seen in ET0097, the formation scenario must
include a plausible explanation for carbon and lighter neutron-capture enhance-
ments at such high [Fe/H] = "2.03±0.10. Usually these are seen at lower values,
[Fe/H] ! "3, in the Galactic halo. The star ET0097 is also depleted in the
heavier n-capture elements compared to other stars of similar iron abundance in
Sculptor, see Fig. 5.7.

These peculiarities of ET0097 therefore seem to indicate that it was not formed
from the same material as most other stars observed in Sculptor. One possible
scenario is that this star was formed in one of the progenitor (mini)-halos of
Sculptor that formed at high-redshift and initially evolved independently (e.g.,
Salvadori & Ferrara 2009), also sometimes called inhomogeneous mixing.

Although the C-enhancement in CEMP-no stars is usually associated with
faint SNe, which have relatively high C yields compared to their Fe-peak ele-
ments production (e.g., Iwamoto et al. 2005), pollution by faint SNe alone can-
not enrich a gas cloud up to a metallicity of [Fe/H] # "2 (Salvadori & Ferrara
2012; Cooke & Madau 2014), and the general abundance pattern of the yields of
such stars is very di!erent from ET0097. However, as discussed in the previous
section, it is possible that ET0097 was formed out of material that contained a
mixture of yields from faint SNe and normal core collapse SNe.

It has been shown that massive zero-metallicity SN are able to pollute small
self-enriched systems up to high [Fe/H] # "2 (Salvadori et al. 2007; Karlsson et al.
2008). So one possibility is that ET0097 was formed in a mini-halo that had only
been enriched by the first generation of stars, a population containing both zero-
metallicity core collapse SN and faint SN. If that is the case, we should be able
to estimate the required relative contributions of faint and "normal" primordial
supernovae to simultaneously account for the observed C and Fe abundances and
the lighter n-capture elements.

To test this idea, we assume a very simple scenario where this primordial
population forms in a single burst of mass M!, with a Salpeter IMF in the mass
range 10-100 M#. A fraction FF of the star-forming gas goes into faint SN (as
described by Iwamoto et al. 2005 for HE0107-5240), and a fraction FN = 1 " FF

goes into normal zero-metallicity SN, (as described by Heger & Woosley 2010
with standard mixing and energy ESN = 1.2 · 1051 erg)2.

The iron abundance of a gas cloud with mass Mg, and a mass of iron MFe can
be approximated by:

[Fe/H] = log
+

MFe
Mg

,

" log
-

MFe
MH

.

#
(5.7)

2 In the normal SN case, the yields for carbon are taken from Table 8 in Heger & Woosley
(2010), and the iron taken from 56Ni yields in their Table 6 for the same mass values. Both
elements are integrated in the same way over a Salpeter IMF.
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Similarly, we get an expression for the mass of carbon in the gas, MC,

[C/Fe] = log
-

MC
MFe

.
" log

-
MC
MFe

.

#
(5.8)

By assuming solar abundances from Grevesse & Sauval (1998) the mass of Fe
and C needed to enrich the gas up to [Fe/H]= "2.03 and [C/Fe]=0.8 is

MFe = 10$4.78 · Mg (5.9)
MC = 14.2 · MFe (5.10)

The total amount of iron and carbon produced in a star forming episode of
total mass M!, is therefore

MFe = YN(Fe)FNM! + YF (Fe)FF M! (5.11)
MC = YN(C)FNM! + YF (C)FF M! (5.12)

where the yields Y of Fe and C, are the masses of these elements (in M#) that are
produced and released into the environment by each M# of gas transformed into
stars. The Fe yields in faint SNe are negligible, YF (Fe) ' YN(Fe) = 2.0·10$3, and
the carbon yields of the faint and normal SNe are respectively: YF (C) = 4.2 ·10$3

(Iwamoto et al. 2005), and YN(C) = 1.0 · 10$2 (Heger & Woosley 2010). Thus
Eq. (5.9)-(5.12) give FN = 0.19 and FF = 0.81.

By defining the star formation e#ciency, f!, as the fraction of gas turned into
stars, the total mass of the primordial population is

M! = f!Mg (5.13)

Combining this with Eq. (5.9) and (5.11), gives f!=0.044. This is an upper limit,
since more realistic calculations should take into account that stars with di!erent
masses do not explode all at once and some of the gas is ejected by SNe of massive
stars before the lower mass stars start to contribute, leaving less gas to enrich.

This scenario is also able to explain the overabundance of the lighter n-
capture elements (Sr, Y, Zr), seen in ET0097, if certain requirements are fulfilled.
Arcones & Montes (2011) describe the weak r-process in neutrino-driven winds
from core collapse supernovae of progenitor mass 10 M# $ M $ 25 M#. Using
their yields and going through similar calculations to those above, the weak pro-
cess has to occur in !10% of the total stellar mass formed as a normal SN in the
mass range 10-25 M#, to account for the Sr, Y, and Zr abundances observed in
ET0097.

Heger & Woosley (2010) have shown that their yields are consistent with
the general abundance pattern seen in low-metallicity halo stars (such as in
Cayrel et al. 2004) for other elements up to Zn, and it is therefore reasonable
to conclude that they are also consistent with ET0097.

With this very simple calculation, we show that ET0097 is compatible with
having been enriched with the first stellar generation. We are able to explain
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both the high iron abundance, and the overabundances of carbon and the lighter
n-capture elements.

Another (similar) possibility is that this star was formed in a (mini)-halo,
where the first stellar generation was dominated by faint SN, and then nor-
mal (nonzero-metallicity) Type II SNe (Woosley & Weaver 1995), which have
comparable C and Fe yields to the zero-metallicity case, enriched the gas up to
[Fe/H] # "2.

In both of these scenarios, it is necessary that the (mini)-halo is large enough
to retain some of its gas for the next generation(s) of stars, and that the stellar
population of zero-metallicity stars is dominated by faint SN. This is consis-
tent with de Bennassuti et al. (2014) who show that a stellar population of zero-
metallicity stars dominated by faint SN is able to produce the CEMP fraction
observed in the halo.

5.9 The CEMP-no fraction in Sculptor
In total, 22 stars in Sculptor with [Fe/H] $ "2 have C measurements or upper
limits (Frebel et al. 2010; Tafelmeyer et al. 2010; Kirby & Cohen 2012;
Starkenburg et al. 2013; and this work). Only one of them falls into the cate-
gory of a CEMP-no star, making the fraction 4.5+10.5

$3.8 % (errors are derived using
Gehrels 1986).

In the Galactic halo, the proportion of CEMP-no stars (when the RGB stars
have been corrected for internal mixing and CEMP-s and CEMP-s/r stars have
been excluded from the sample) is 20±2% (compilation of data and correction for
mixing comes from Placco et al. 20143, with Poisson errors derived from Gehrels
1986). If this fraction was the same in Sculptor, p = 0.20, then from a sample
of N = 22 stars, the expected number of CEMP-no stars with [C/Fe] % 0.7 is
Rexp = Np ±

)
N(1 " p)p = 4.4 ± 1.9. However, only one is found. In the lower

metallicity range, [Fe/H] $ "3, the fraction of CEMP stars in the Galactic halo
is p = 0.43+0.06

$0.05 (Placco et al. 2014). In Sculptor, N = 8 stars in this range
have measured carbon or upper limits, so the expected number of stars with
[C/Fe] % 0.7 (once they have been corrected for mixing), is Rexp = 3.4 ± 1.4,
but none are found. The fraction of CEMP-no stars in the currently observed
Sculptor sample is thus lower than in the Galactic halo, and the di!erence is
statistically significant.

This ratio can be a!ected by the fact that no stars with [Fe/H] $ "4.0
have been found so far in Sculptor, while those stars predominantly fall into the
CEMP-no category in the halo. Looking at the range "2.5 $ [Fe/H] $ "2,
the fraction of CEMP-no stars in Sculptor is 8+19

$7 %, which is consistent with
3 The Placco et al. (2014) sample is based on the most recent version of the SAGA database

(Suda et al. 2008) and the compilation of literature data by Frebel et al. (2010) and data
published since then. For individual references see Placco et al. (2014).
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that found in the halo, 5+3
$2% (data coming from Placco et al. 2014, with Poisson

errors derived from Gehrels 1986). The expected number of CEMP-no stars in this
range, should the Sculptor fraction be the same as in the halo, is Rexp = 0.6+0.8

$0.6
stars, which is consistent with the one star found. Only one observed (C-normal)
star in Sculptor falls in the range "3 < [Fe/H] < "2.5, so little can be said
about the CEMP-no fraction there. However, for the lowest metallicity range,
"4 $ [Fe/H] $ "3, no CEMP-no star is found in Sculptor out of a sample of eight
stars, giving the Poisson upper limit of the fraction, 23%. In the same metallicity
range in the halo, the fraction is 39+6

$5%. The expected number of CEMP-no
stars in the Sculptor sample, should the fraction be the same as in the halo is
Rexp = 3.1±1.4 stars, while none are found. Although still poorly constrained due
to low number statistics, the CEMP-no fraction in Sculptor is therefore consistent
with the Galactic halo at higher metallicities ("2.5 $ [Fe/H] $ "2), while it
appears to be di!erent at the lowest metallicity end, "4 $ [Fe/H] $ "3 (see also:
Starkenburg et al. 2013).

It remains puzzling that no CEMP-no stars are found at lower metallicities in
Sculptor, while ET0097 has a rather high metallicity for such objects, [Fe/H] =
"2.03 ± 0.10. If the CEMP-no stars indeed show imprints of the very first stars,
they would be expected to be more common at the lowest metallicities, also in
dwarf spheroidal galaxies such as Sculptor. This apparent discrepancy is not
easily explained, and it cannot be excluded that CEMP-no stars are a mixed
population with di!erent formation scenarios (an overview is given in Norris et al.
2013). However, we want to emphasize that the CEMP-no fraction in Sculptor is
still very poorly constrained, with an upper limit of !25% both at the high and
the low-metallicity end, and not very constraining lower limits (< 2%). Although
the CEMP-no fraction at the low-metallicity end in Sculptor seems to be di!erent
from the halo, a similar trend is still possible where the fraction increases with
lower [Fe/H], and should be expected. The e!ect of the environment on the
CEMP-no fraction is still not well understood, and will be explored in greater
detail in Salvadori et al. in prep.

5.10 Conclusions
After unusually strong CN molecular lines were discovered in the star ET0097, a
follow-up spectrum at high-resolution and over a long wavelength range was taken
with the ESO/VLT/UVES spectrograph. Detailed abundance analysis shows
that with [C/Fe]=0.51±0.10, ET0097 is the most carbon-rich VMP star known
in Sculptor. Having a luminosity of log L!/L# = 3.1, this star is expected to have
undergone mixing, lowering the carbon at the surface of the star and increasing
the nitrogen. This is confirmed by the high N of the star, [N/Fe]=1.18±0.20, the
low isotope ratio log12C/13C=0.77±0.03, and the low Li abundance log &(Li) <
0.17. The original C abundance of ET0097 is therefore estimated to be [C/Fe] #
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0.8, making this the only known CEMP in Sculptor.
The star shows normal abundances for all alpha and Fe-peak elements from

O to Zn, consistent with what is seen both in the Galactic halo and Sculptor for
giants of similar metallicities. Compared to other stars in Sculptor, ET0097 is
enhanced in the lighter n-capture elements (Sr, Y, Zr), and shows low abundances
of the heavier n-capture elements, making this a CEMP-no star. The abundance
ratios [Sr,Y,Zr/Ba] are high, especially in relation to the Fe abundance of the
star. The abundance pattern of the n-capture elements is comparable to what is
seen in stars that are believed to have been polluted by the weak r-process.

One possible scenario to explain the peculiar abundance pattern of ET0097 is
that the star formed in one of the low-mass progenitor halos of Sculptor, which
had only been enriched by a primordial population consisting of a mixture of faint
SN (!80%) and zero-metallicity core collapse SN (!20%). Another possibility is
that this star was formed in a halo where the first stellar generation consisted of
faint SN only, and then normal Type II SNe polluted the gas up to [Fe/H] # "2.

In addition to the abundance analysis for ET0097, ESO/VLT/FLAMES data
in the wavelength range 9100-9250 Å was used to determine estimates and upper
limits for carbon in 85 Sculptor stars, including 11 stars with [Fe/H] $ "2. No
other star in the sample was found to be carbon-enhanced.

In the Galactic halo, Placco et al. (2014) have carefully determined the frac-
tion of CEMP stars in a sample of !500 stars with [Fe/H] $ "2. The RGB
stars in their sample have been corrected for internal mixing, and CEMP-s and
CEMP-s/r stars have been excluded. Using these very detailed results, we are
able to compare the CEMP-no fraction observed in Sculptor to that seen in the
halo. The fraction of CEMP-no to C-normal stars in the entire sample of observed
Sculptor stars with [Fe/H] $ "2, is 4.5+10.5

$3.8 %. This is lower than that seen in
the Galactic halo, 20 ± 2% (Placco et al. 2014), and the di!erence is statistically
significant.

If we explore this further in di!erent metallicity bins, then for "2.5 $ [Fe/H] $
"2, the observed CEMP-no fraction in Sculptor is 8+19

$7 %, consistent with that
found in the halo, 5+3

$2%. At the lowest metallicity end in Sculptor, "4 $ [Fe/H] $
"3, the CEMP-no fraction is 0+23%, which is statistically significantly lower then
that observed in the Galactic halo, 39+6

$5%. The carbon measurements in Sculp-
tor are still few, so the CEMP-no fraction is poorly constrained, but, at least
at the lowest metallicity end, the CEMP-no fraction in Sculptor seems to be
fundamentally di!erent from what is seen in the Galactic halo.
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Table A5.1: Linelist and abundance measurements for individual lines. Errors are
included for elements with fewer than five measured lines. A line where the abundance
is marked with an hyphen, is fitted together with the previous line/lines.

Xi # $ex log(gf) log "(Xi) !noise,i Comment Xi # $ex log(gf) log "(Xi) !noise,i Comment
Li I 6707.76 0.000 !0.009 < 0.17 - blended Ti II 4583.41 1.165 !2.920 3.18 -
Li I 6707.91 0.000 !0.309 - - Ti II 4609.26 1.180 !3.430 3.26 -
O I 6300.30 0.000 !9.819 7.30 0.14 Ti I 4609.34 3.319 !2.072 - -
O I 6363.78 0.020 !10.303 7.46 0.30 Ti I 4617.27 1.749 0.389 2.96 -
Na I 5889.95 0.000 0.117 3.90 0.26 Ti I 4708.42 3.199 !3.799 3.18 - blended
Na I 5895.92 0.000 !0.184 3.68 0.20 Ti I 4708.43 1.873 !6.885 - -
Na I 8183.26 2.102 0.230 3.94 0.28 Ti II 4708.66 1.237 !2.340 - -
Mg I 4571.10 0.000 !5.691 6.02 - Ti I 4759.14 2.778 !2.543 3.12 -
Mg I 4702.99 4.346 !0.666 5.80 - Ti I 4759.27 2.256 0.514 - -
Mg I 5711.09 4.346 !1.833 5.96 - Ti II 4764.52 1.237 !2.950 3.50 -
Mg I 8736.01 5.946 !3.210 6.04 - Ti I 4792.25 0.813 !3.468 3.28 - blended
Mg I 8736.01 5.946 !1.930 - - Ti II 4792.43 1.237 !3.328 - -
Mg I 8736.02 5.946 !3.300 - - Ti I 4792.48 2.334 !0.300 - -
Mg I 8736.02 5.946 !0.690 - - Ti II 4805.08 2.061 !0.960 3.14 -
Mg I 8736.02 5.946 !1.970 - - Ti I 4805.42 2.345 0.150 - -
Mg I 8736.03 5.946 !1.020 - - Ti I 4805.44 3.062 !3.409 - -
Mg I 8806.76 4.346 !0.137 6.02 - Ti I 4840.87 0.900 !0.509 3.04 -
Al I 3961.52 0.014 !0.323 3.62 0.80 very blended Ti II 4865.61 1.116 !2.790 3.32 -
Si I 5708.40 4.954 !1.470 5.86 - Ti I 4865.78 2.578 !0.398 - -
Si I 5948.54 5.082 !1.230 5.80 - blended Ti III 4874.00 18.252 0.560 3.12 -
Si I 7034.90 5.871 !0.880 6.12 - Ti II 4874.01 3.095 !0.800 - -
Si I 7275.26 6.206 !7.048 5.90 - blended Ti I 4885.08 1.887 0.358 2.96 - blended
Si I 7275.26 6.206 !8.389 - - Ti I 4885.20 2.677 !1.681 - -
Si I 7275.30 5.616 !0.847 - - Ti I 4913.46 2.506 !3.499 3.18 -
Si I 7409.08 5.616 !0.880 5.78 - Ti I 4913.61 1.873 0.160 - -
Si I 7409.15 5.964 !1.566 - - Ti I 4981.73 0.848 0.504 2.88 -
Si I 7423.50 5.619 !0.175 5.42 - Ti I 4981.90 2.427 !3.637 - -
Si I 8752.01 5.871 0.079 5.50 - Ti I 5866.23 3.176 !3.522 3.12 -
S I 9212.86 6.525 0.420 5.42 0.32 Ti I 5866.37 3.305 !0.186 - -
S I 9228.09 6.525 0.260 5.46 0.26 Ti I 5866.45 1.067 !0.840 - -
K I 7664.91 0.000 0.130 3.46 0.10 Ti II 5866.66 8.089 !0.620 - -
K I 7698.97 0.000 !0.170 3.44 0.06 Ti II 5899.03 8.082 !2.325 3.16 -
Ca I 5857.45 2.933 0.240 4.40 - Ti I 5899.29 1.053 !1.154 - -
Ca I 6102.44 2.523 !2.805 4.46 - Ti I 5899.50 3.351 !2.307 - -
Ca I 6102.72 1.879 !0.793 - - Ti I 5921.92 3.691 !2.186 3.22 -
Ca I 6122.22 1.886 !0.316 4.52 - Ti II 5921.94 8.056 !0.024 - -
Ca I 6161.30 2.523 !1.266 4.50 - Ti I 5922.11 1.046 !1.466 - -
Ca I 6162.17 1.899 !0.090 4.50 - Ti I 5922.14 3.113 !1.602 - -
Ca I 6166.44 2.521 !1.142 4.56 - Ti II 5952.98 8.071 !0.063 3.00 -
Ca I 6169.04 2.523 !0.797 4.60 - Ti I 5953.11 3.090 !3.612 - -
Ca I 6169.56 2.526 !0.478 4.48 - Ti I 5953.16 1.887 !0.329 - -
Ca I 6439.08 2.526 0.390 4.44 - Ti I 5965.32 3.409 !3.412 3.14 - blended
Ca I 6439.17 5.490 !3.709 - - Ti II 5965.81 8.089 !1.623 - -
Ca I 6439.24 5.832 !4.094 - - Ti I 5965.83 1.879 !0.409 - -
Ca I 6449.81 2.521 !0.502 4.48 - Ti II 5978.41 8.093 !0.535 3.14 -
Ca I 6455.60 2.523 !1.340 4.56 - blended Ti I 5978.54 1.873 !0.496 - -
Ca I 6462.57 2.523 0.262 4.34 - blended Ti II 6126.00 8.097 !1.650 3.22 -
Ca I 6471.66 2.526 !0.686 4.46 - Ti I 6126.22 1.067 !1.425 - -
Ca I 6493.78 2.521 !0.109 4.48 - Ti I 6126.27 3.154 !3.025 - -
Ca I 6499.65 2.523 !0.818 4.50 - Ti I 6257.80 0.000 !4.297 3.04 -
Ca I 6572.78 0.000 !4.240 4.44 - Ti I 6258.10 1.443 !0.355 - -
Ca I 6717.68 2.709 !0.524 4.60 - Ti I 6258.71 1.460 !0.240 3.14 -
Ca I 6717.69 5.883 !7.108 - - Ti I 6261.10 1.430 !0.479 3.16 -
Ca I 7148.15 2.709 0.137 4.58 - Ti I 6261.12 3.128 !1.798 - -
Ca I 7202.20 2.709 !0.262 4.44 - Ti I 6261.28 3.323 !3.656 - -
Ca I 7202.56 6.021 !4.660 - - Ti II 6491.56 2.061 !1.793 2.98 -
Ca I 7326.15 2.933 !0.208 4.42 - Ti I 6556.06 1.460 !1.074 3.38 -
Ca I 7326.48 6.023 !5.128 - - Ti II 6559.59 2.048 !2.019 3.04 -
Ca I 7326.48 6.007 !4.670 - - Ti I 7209.44 1.460 !0.500 3.14 - blended
Sc II 4246.82 0.315 0.242 1.14 - blended Ti I 7209.62 3.424 !1.599 - -
Sc II 4294.77 0.605 !1.391 0.90 - very blended Ti I 7244.85 1.443 !0.810 3.24 - blended
Sc I 4320.62 2.109 !1.920 1.00 - blended Ti I 7251.71 1.430 !0.770 3.02 - blended
Sc II 4320.73 0.605 !0.252 - - V II 4002.80 1.555 !5.601 2.14 -
Sc I 4415.48 3.083 !3.393 1.24 - blended V II 4002.94 1.428 !1.447 - -
Sc II 4415.56 0.595 !0.668 - - V I 4003.01 2.332 !3.063 - -
Sc I 4431.23 1.851 !6.387 1.16 - V I 4003.12 2.359 !4.625 - -
Sc II 4431.35 0.605 !1.969 - - V I 4003.13 2.505 !9.645 - -
Sc I 4431.52 3.083 !2.584 - - V I 4003.17 2.578 !1.161 - -
Sc II 4670.41 1.357 !0.576 0.92 - very blended V I 4586.23 2.578 !6.028 1.88 -
Sc I 4670.52 3.172 !2.584 - - V I 4586.37 0.040 !0.790 - -
Sc II 6245.64 1.507 !1.030 1.24 - blended V I 4586.44 1.376 !6.348 - -
Sc I 6279.57 3.607 !1.673 1.18 - V I 4586.55 2.505 !3.017 - -
Sc II 6279.75 1.500 !1.265 - - V I 4827.46 0.040 !1.478 1.94 -
Sc II 6604.60 1.357 !1.309 1.16 - V II 4827.47 8.645 !3.405 - -
Ti II 4493.51 1.080 !3.020 3.12 - V I 4827.54 2.040 !5.969 - -
Ti II 4501.27 1.116 !0.770 2.78 - V I 4827.69 2.878 !3.382 - -
Ti I 4562.63 0.021 !2.656 3.00 - V I 4831.65 0.017 !1.380 1.96 -
Ti I 4563.42 2.427 !0.681 2.92 - V I 4831.77 1.955 !3.283 - -
Ti II 4563.76 1.221 !0.690 - - V I 4864.73 0.017 !0.960 1.78 -
Ti II 4568.31 1.224 !2.940 3.08 - V I 4864.83 1.183 !1.240 - -
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Xi # $ex log(gf) log "(Xi) !noise,i Comment Xi # $ex log(gf) log "(Xi) !noise,i Comment
V II 4864.87 6.857 !2.457 - - Mn II 4753.74 6.528 !4.469 3.30 -
V II 4875.22 6.547 !4.285 1.98 - Mn I 4753.89 5.214 !0.965 - -
V I 4875.42 1.351 !4.161 - - Mn II 4754.03 10.271 !3.379 - -
V I 4875.49 0.040 !0.810 - - Mn I 4754.04 2.282 !0.086 - -
V II 4875.50 5.468 !1.533 - - Mn II 4754.06 6.139 !3.081 - -
V II 4875.62 4.005 !3.268 - - Mn I 4762.37 2.888 0.425 2.94 - blended
V I 5703.58 1.051 !0.211 2.20 - Mn III 4765.84 14.459 !4.448 3.22 -
V II 5703.65 3.973 !4.727 - - Mn I 4765.85 2.941 !0.080 - -
V II 5706.77 6.901 !3.971 2.18 - Mn I 4766.00 4.425 !1.730 - -
V II 5706.86 9.031 !1.107 - - Mn III 4766.29 24.215 !1.865 3.16 -
V I 5706.98 1.043 !0.454 - - Mn I 4766.42 2.920 0.100 - -
V I 6039.72 1.064 !0.650 2.10 - Mn III 4766.46 21.564 !2.589 - -
V I 6039.86 3.517 !2.920 - - Mn II 4766.52 10.661 !4.115 - -
V I 6039.86 2.555 !4.421 - - Mn I 4766.66 5.199 !0.560 - -
V I 6090.21 1.081 !0.062 1.98 - Mn II 4783.29 10.283 !4.252 3.32 -
V II 6090.47 3.799 !6.833 - - Mn I 4783.43 2.298 0.042 - -
V I 6090.54 1.064 !2.600 - - Mn I 4823.52 2.319 0.144 3.30 - blended
Cr II 4545.94 8.348 !2.289 2.96 - Mn II 4823.65 11.683 !2.969 - -
Cr I 4545.95 0.941 !1.370 - - Mn I 6013.51 3.072 !0.251 3.00 -
Cr I 4546.02 3.551 !3.528 - - Fe I 5762.84 4.301 !2.620 5.48 -
Cr II 4546.03 6.805 !3.416 - - Fe I 5762.98 4.191 !3.199 - -
Cr II 4588.20 4.071 !0.845 3.84 - Fe I 5762.99 4.209 !0.450 - -
Cr I 4588.24 4.389 !3.887 - - Fe I 5763.00 4.191 !4.561 - -
Cr II 4588.40 3.104 !4.542 - - Fe I 5862.23 3.640 !4.359 5.30 -
Cr I 4591.13 4.402 !3.455 3.34 - Fe I 5862.36 4.549 !0.127 - -
Cr I 4591.39 0.968 !1.740 - - Fe I 5862.47 5.334 !3.802 - -
Cr II 4591.42 10.599 !4.794 - - Fe I 5914.11 4.608 !0.375 5.34 -
Cr I 4591.46 4.440 !1.925 - - Fe I 5914.20 4.608 !0.131 - -
Cr I 4591.48 3.422 !1.888 - - Fe I 5956.41 5.352 !5.829 5.68 -
Cr I 4591.60 4.490 !3.992 - - Fe I 5956.46 4.283 !4.169 - -
Cr I 4616.12 0.983 !1.190 3.18 - Fe I 5956.51 5.352 !8.937 - -
Cr II 4616.24 5.670 !2.346 - - Fe I 5956.69 0.859 !4.605 - -
Cr I 4625.92 3.850 !0.310 3.26 - Fe I 5956.94 4.580 !3.540 - -
Cr II 4625.94 11.677 !0.760 - - Fe I 5976.69 5.330 !5.182 5.44 -
Cr I 4626.02 4.532 !0.960 - - Fe I 5976.78 3.943 !1.243 - -
Cr II 4626.09 11.788 !4.123 - - Fe I 6002.77 5.314 !3.755 5.58 -
Cr I 4626.17 0.968 !1.320 - - Fe I 6002.79 5.386 !4.886 - -
Cr I 4634.00 3.551 !1.808 3.70 - blended Fe I 6003.01 3.881 !1.120 - -
Cr II 4634.07 4.072 !1.236 - - Fe I 6003.02 5.506 !7.385 - -
Cr II 4651.13 11.622 !1.756 3.44 - Fe I 6003.11 5.506 !7.472 - -
Cr II 4651.23 10.243 !5.278 - - Fe I 6003.11 5.506 !8.111 - -
Cr I 4651.28 0.983 !1.460 - - Fe I 6003.17 5.506 !7.907 - -
Cr II 4651.40 11.711 !3.420 - - Fe I 6055.76 5.352 !7.003 5.58 -
Cr II 4652.04 10.476 !1.599 3.32 - Fe I 6055.78 5.357 !7.928 - -
Cr I 4652.16 1.004 !1.030 - - Fe I 6055.89 5.352 !7.777 - -
Cr II 4652.27 5.871 !4.565 - - Fe I 6055.94 5.070 !2.322 - -
Cr II 4755.95 7.899 !5.302 3.84 - Fe I 6055.94 5.352 !5.833 - -
Cr I 4756.05 2.987 !2.912 - - Fe I 6055.95 5.357 !6.627 - -
Cr I 4756.11 3.104 0.090 - - Fe I 6055.95 5.357 !8.619 - -
Cr I 4756.16 4.106 !3.511 - - Fe I 6056.01 4.733 !0.460 - -
Cr I 4756.31 4.411 !4.185 - - Fe I 6056.09 5.357 !7.290 - -
Cr II 4829.18 10.476 !2.906 3.96 - Fe I 6056.09 5.357 !7.768 - -
Cr II 4829.22 10.798 !2.554 - - Fe I 6056.25 5.357 !7.202 - -
Cr I 4829.22 3.369 !2.423 - - Fe I 6065.48 2.608 !1.530 5.48 -
Cr I 4829.31 2.545 !1.604 - - Fe I 6065.49 4.956 !3.471 - -
Cr I 4829.37 2.545 !0.810 - - Fe I 6082.46 5.486 !8.673 5.54 -
Cr I 4848.06 5.211 !1.253 3.70 - Fe I 6082.54 5.386 !5.272 - -
Cr II 4848.23 3.864 !1.280 - - Fe I 6082.58 5.607 !9.656 - -
Cr I 4876.40 4.096 !2.973 3.76 - Fe I 6082.58 5.607 !3.403 - -
Cr II 4876.40 3.854 !1.580 - - Fe I 6082.61 4.220 !3.746 - -
Cr II 4876.47 3.864 !2.093 - - Fe I 6082.71 2.223 !3.573 - -
Cr II 4876.67 6.686 !2.966 - - Fe I 6082.85 5.341 !3.667 - -
Cr II 4876.69 8.363 !6.334 - - Fe I 6082.89 5.486 !8.142 - -
Cr I 4922.16 3.435 !3.337 3.50 - Fe I 6082.89 5.486 !9.294 - -
Cr II 4922.22 10.843 !2.464 - - Fe I 6136.25 5.273 !3.556 5.48 -
Cr I 4922.27 3.104 0.270 - - Fe I 6136.62 2.453 !1.400 - -
Cr II 4922.36 10.454 !2.474 - - Fe I 6136.99 2.198 !2.950 - -
Cr I 4922.54 3.011 !2.173 - - Fe I 6137.28 4.580 !2.160 - -
Cr I 4942.50 0.941 !2.294 3.58 - Fe I 6137.47 4.301 !3.741 - -
Cr I 4942.75 3.449 !3.467 - - Fe I 6137.50 3.332 !2.514 - -
Cr I 4964.93 0.941 !2.527 3.58 - Fe I 6137.69 2.588 !1.403 - -
Cr II 4965.00 8.354 !5.841 - - Fe I 6151.62 2.176 !3.299 5.58 -
Cr I 6330.09 0.941 !2.920 3.56 - Fe I 6151.69 5.012 !3.761 - -
Cr II 6330.40 11.144 !1.000 - - Fe I 6173.01 0.990 !7.794 5.62 -
Mn I 4055.54 2.143 !0.070 3.06 - blended Fe I 6173.03 3.640 !4.961 - -
Mn III 4079.03 11.095 !9.881 2.88 - very blended Fe I 6173.15 4.991 !3.920 - -
Mn III 4079.18 23.795 !0.432 - - Fe I 6173.29 5.372 !5.600 - -
Mn I 4079.22 4.258 !0.161 - - Fe I 6173.33 2.223 !2.880 - -
Mn I 4079.24 2.143 !0.530 - - Fe I 6173.34 5.334 !4.314 - -
Mn I 4079.41 2.187 !0.420 - - Fe I 6173.49 5.348 !7.269 - -
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Xi # $ex log(gf) log "(Xi) !noise,i Comment Xi # $ex log(gf) log "(Xi) !noise,i Comment
Fe I 6173.64 4.446 !3.400 - - Fe I 7494.84 5.458 !3.505 - -
Fe I 6180.20 2.727 !2.586 5.52 - Fe I 7494.90 4.985 !3.470 - -
Fe I 6180.29 5.314 !4.453 - - Fe I 7495.00 3.695 !6.916 - -
Fe I 6191.56 2.433 !1.417 5.30 - Fe I 7495.01 5.720 !2.463 - -
Fe I 6191.57 4.256 !5.483 - - Fe I 7495.07 4.220 0.053 - -
Fe I 6191.77 4.143 !5.123 - - Fe I 7495.37 5.693 !3.673 - -
Fe I 6200.27 4.320 !3.931 5.54 - Fe I 7664.16 4.835 !1.176 5.42 -
Fe I 6200.31 2.608 !2.437 - - Fe I 7664.29 2.990 !1.683 - -
Fe I 6200.51 5.357 !9.018 - - Fe I 7664.42 5.849 !2.832 - -
Fe I 6213.27 5.386 !4.197 5.52 - Fe I 7664.45 4.733 !3.527 - -
Fe I 6213.43 2.223 !2.482 - - Fe I 7722.91 5.539 !5.064 5.78 -
Fe I 6218.94 5.446 !8.948 5.56 - Fe I 7723.21 2.279 !3.617 - -
Fe I 6219.14 5.010 !2.270 - - Fe I 7723.54 5.793 !4.026 - -
Fe I 6219.28 2.198 !2.433 - - Fe I 7723.59 5.539 !5.366 - -
Fe I 6219.31 5.458 !5.082 - - Fe I 7780.23 5.519 !3.671 5.24 -
Fe I 6219.53 3.417 !4.100 - - Fe I 7780.51 5.683 !3.647 - -
Fe I 6219.58 5.345 !4.691 - - Fe I 7780.56 4.473 0.029 - -
Fe I 6230.48 5.410 !5.491 5.44 - Fe I 7780.59 5.693 !4.952 - -
Fe I 6230.72 2.559 !1.281 - - Fe I 7780.75 5.930 !8.656 - -
Fe I 6252.38 4.320 !7.012 5.48 - Fe I 7831.86 5.386 !4.697 5.34 -
Fe I 6252.56 2.404 !1.687 - - Fe I 7832.20 4.435 0.111 - -
Fe I 6252.78 5.648 !8.652 - - Fe I 8046.05 4.415 0.031 5.28 -
Fe I 6254.26 2.279 !2.443 5.58 - Fe I 8387.77 2.176 !1.493 5.42 -
Fe I 6301.50 3.654 !0.718 5.38 - Fe I 8387.96 5.879 !7.512 - -
Fe I 6301.77 5.458 !2.889 - - Fe I 8388.07 5.642 !3.588 - -
Fe I 6317.76 5.314 !5.205 5.76 - Fe I 8515.11 3.018 !2.073 5.66 -
Fe I 6318.02 2.453 !2.261 - - Fe I 8621.60 2.949 !2.321 5.46 -
Fe I 6318.04 5.683 !9.049 - - Fe I 8621.89 5.967 !7.684 - -
Fe I 6318.05 5.683 !5.610 - - Fe I 8674.31 5.720 !6.667 5.58 -
Fe I 6318.05 5.683 !8.040 - - Fe I 8674.36 6.010 !7.879 - -
Fe I 6318.35 5.314 !5.989 - - Fe I 8674.54 5.996 !8.466 - -
Fe I 6322.69 2.588 !2.426 5.54 - Fe I 8674.58 5.621 !6.068 - -
Fe I 6322.74 5.491 !5.869 - - Fe I 8674.58 5.693 !4.781 - -
Fe I 6335.33 2.198 !2.177 5.44 - Fe I 8674.75 2.831 !1.800 - -
Fe I 6344.02 4.415 !3.572 5.64 - Fe I 8675.19 5.913 !5.414 - -
Fe I 6344.07 5.524 !8.598 - - Fe I 8763.97 4.652 !0.146 5.38 -
Fe I 6344.08 5.524 !6.712 - - Fe I 8975.11 5.979 !5.119 5.48 -
Fe I 6344.15 2.433 !2.923 - - Fe I 8975.16 4.988 !2.087 - -
Fe I 6344.28 5.486 !8.925 - - Fe I 8975.27 3.686 !7.036 - -
Fe I 6344.28 4.473 !6.227 - - Fe I 8975.31 4.143 !4.759 - -
Fe I 6344.37 5.486 !9.075 - - Fe I 8975.40 2.990 !2.233 - -
Fe I 6344.37 5.486 !8.548 - - Fe I 8975.42 5.883 !5.666 - -
Fe I 6358.43 4.593 !3.620 5.76 - Fe I 8975.69 5.334 !6.162 - -
Fe I 6358.51 5.388 !4.570 - - Fe I 8975.80 5.352 !8.779 - -
Fe I 6358.63 5.345 !5.414 - - Fe I 8999.56 2.831 !1.321 5.40 -
Fe I 6358.63 4.143 !1.657 - - Fe I 9088.03 5.502 !4.483 5.40 -
Fe I 6358.65 4.371 !3.448 - - Fe I 9088.32 2.845 !1.986 - -
Fe I 6358.70 0.859 !4.468 - - Fe I 9088.35 5.930 !5.925 - -
Fe I 6399.53 5.669 !9.756 5.46 - Fe I 9088.46 6.010 !5.111 - -
Fe I 6399.61 5.669 !8.100 - - Fe I 9088.50 5.928 !3.861 - -
Fe I 6399.61 5.669 !9.605 - - Fe I 9089.40 2.949 !1.675 - -
Fe I 6399.65 3.984 !3.287 - - Fe I 9089.50 5.947 !4.040 - -
Fe I 6399.69 5.502 !5.292 - - Fe I 9145.78 6.252 !9.640 5.22 -
Fe I 6399.77 5.669 !9.938 - - Fe I 9145.80 5.693 !5.595 - -
Fe I 6399.79 5.357 !6.843 - - Fe I 9146.13 2.588 !2.804 - -
Fe I 6399.85 5.502 !6.988 - - Fe II 6247.14 11.164 !4.093 5.70 0.14 blended
Fe I 6400.00 3.602 !0.290 - - Fe II 6247.26 11.237 !4.082 - -
Fe I 6400.06 5.314 !4.911 - - Fe II 6247.35 6.209 !2.172 - -
Fe I 6400.13 5.669 !7.575 - - Fe II 6247.37 10.909 !1.382 - -
Fe I 6400.32 0.915 !4.318 - - Fe II 6247.44 12.276 !5.381 - -
Fe I 6400.34 5.064 !3.635 - - Fe II 6247.56 3.892 !2.435 - -
Fe I 6400.37 5.502 !7.493 - - Fe II 6247.57 5.956 !4.827 - -
Fe I 6400.37 5.502 !8.377 - - Fe II 6247.66 11.591 !8.222 - -
Fe I 6411.65 3.654 !0.595 5.42 - Fe II 6432.47 10.448 !9.829 5.72 0.10 blended
Fe I 6411.99 5.446 !5.559 - - Fe II 6432.68 10.930 !1.236 - -
Fe I 6421.21 5.334 !3.994 5.52 - Fe II 6432.68 2.891 !3.687 - -
Fe I 6421.35 2.279 !2.027 - - Fe II 6456.38 3.903 !2.185 5.64 0.12 blended
Fe I 6421.57 5.334 !5.293 - - Fe II 6456.47 11.547 !4.091 - -
Fe I 6494.98 2.404 !1.273 5.34 - Fe II 6516.08 2.891 !3.432 5.56 0.08 blended
Fe I 6545.85 4.580 !3.977 5.30 - Co I 4233.71 3.930 !3.106 3.02 -
Fe I 6545.99 5.314 !3.547 - - Co I 4233.98 0.000 !3.469 - -
Fe I 6546.20 5.357 !7.253 - - Co I 4813.45 2.871 !2.121 3.28 -
Fe I 6546.24 2.758 !1.536 - - Co I 4813.47 3.216 0.050 - -
Fe I 6546.47 5.841 !7.040 - - Co 4 4813.71 17.943 !6.686 - -
Fe I 6546.50 4.473 !6.658 - - Co II 4840.10 11.326 !2.988 3.16 -
Fe I 6592.61 4.956 !1.262 5.30 - Co I 4840.25 3.170 0.144 - -
Fe I 6592.91 2.727 !1.473 - - Co II 4840.37 3.459 !5.518 - -
Fe I 6593.87 2.433 !2.422 5.50 - Co I 6450.08 2.137 !2.132 2.96 -
Fe I 6608.03 2.279 !4.030 5.52 - Co I 6450.25 1.710 !1.698 - -
Fe I 7494.72 1.557 !5.254 5.26 - Co I 6872.39 2.008 !1.589 2.80 -



5.11: Appendix 113

Table A5.1: Linelist, continued.

Xi # $ex log(gf) log "(Xi) !noise,i Comment Xi # $ex log(gf) log "(Xi) !noise,i Comment
Co I 7052.87 1.956 !1.264 2.58 - Zr II 3998.95 0.559 !0.520 1.08 - blended
Co I 7084.98 1.883 !1.018 2.62 - Zr II 4029.68 0.713 !0.780 0.98 - blended
Ni I 5711.88 1.935 !2.270 4.18 - blended Zr II 4258.04 0.559 !1.200 0.74 - blended
Ni I 5715.07 4.088 !0.352 4.22 - blended Zr II 4317.30 0.713 !1.450 0.92 -
Ni II 5748.25 14.896 !0.858 4.10 - Zr II 4613.95 0.972 !1.540 0.98 -
Ni I 5748.35 1.676 !3.260 - - Ba II 4554.03 0.000 0.170 !0.34 - blended
Ni I 5754.51 3.941 !3.611 4.38 - Ba II 4934.08 0.000 !0.150 !0.32 - blended
Ni II 5754.51 14.733 !2.531 - - Ba II 5853.67 0.604 !1.000 !0.48 -
Ni I 5754.65 1.935 !2.330 - - Ba II 6141.71 0.704 !0.076 !0.44 -
Ni III 5754.87 22.952 !2.744 - - Ba II 6496.90 0.604 !0.377 !0.14 -
Ni II 5846.77 12.208 !3.583 4.14 - La II 3988.51 0.403 0.170 !1.34 -
Ni I 5846.99 1.676 !3.210 - - La II 3995.75 0.173 !0.100 !1.00 - blended
Ni I 5892.75 4.154 !1.494 4.32 - blended La II 4031.69 0.321 !0.090 !0.96 - very blended
Ni I 5892.87 1.986 !2.350 - - La II 4086.71 0.000 !0.070 !1.24 - very blended
Ni II 5892.94 14.667 !2.139 - - La II 4123.22 0.321 0.110 !0.54 - very blended
Ni II 5893.25 15.008 !1.827 - - La II 4333.75 0.173 !0.060 !0.80 - very blended
Ni I 6007.31 1.676 !3.330 4.14 - La II 4662.50 0.000 !1.240 !1.12 -
Ni II 6007.35 13.080 !1.934 - - La II 4740.28 0.126 !1.050 !1.06 - blended
Ni I 6108.11 1.676 !2.450 4.06 - La II 4920.98 0.126 !0.580 !1.46 - blended
Ni I 6116.17 4.089 !0.677 4.26 - La II 4921.78 0.244 !0.450 !1.26 - blended
Ni I 6116.17 4.266 !0.822 - - Ce II 4053.50 0.000 !0.710 !0.62 - very blended
Ni II 6116.20 15.026 !2.610 - - Ce II 4053.53 0.621 !2.740 - -
Ni I 6128.96 1.676 !3.330 4.18 - Ce II 4053.57 3.469 !2.910 - -
Ni II 6176.62 15.008 !2.753 4.16 - Ce II 4053.59 1.048 !1.490 - -
Ni I 6176.81 4.088 !0.260 - - Ce II 4418.78 0.864 0.280 !0.20 -
Ni I 6177.24 1.826 !3.500 - - Ce II 4483.89 0.864 0.150 !0.22 - blended
Ni II 6177.28 11.969 !3.167 - - Ce III 4484.06 12.490 !1.860 - -
Ni I 6177.54 4.236 !2.141 - - Ce II 4486.88 1.339 !1.200 !0.56 -
Ni II 6314.46 12.904 0.480 3.62 - Ce II 4486.91 0.295 !0.260 - -
Ni II 6314.48 14.903 !1.870 - - Ce II 4487.00 3.562 !1.100 - -
Ni I 6314.65 1.935 !1.770 - - Ce II 4487.12 0.122 !3.350 - -
Ni I 6314.66 4.154 !0.921 - - Ce II 4487.17 0.232 !2.540 - -
Ni II 6314.73 14.906 !2.400 - - Ce II 4539.42 1.930 !0.810 !1.18 - blended
Ni II 6327.37 12.457 !3.303 4.14 - Ce II 4539.50 1.042 !3.320 - -
Ni II 6327.54 14.837 !3.471 - - Ce II 4539.58 0.900 !1.060 - -
Ni I 6327.59 1.676 !3.150 - - Ce II 4539.61 1.412 !0.910 - -
Ni II 6327.71 14.685 !1.895 - - Ce II 4539.75 0.328 !0.020 - -
Ni II 6327.79 15.022 !1.043 - - Ce II 4539.85 1.645 !2.050 - -
Ni II 6482.67 14.912 !1.094 3.94 - Ce II 4562.28 1.327 !2.120 !0.92 -
Ni II 6482.67 14.912 !1.010 - - Ce II 4562.36 0.478 0.230 - -
Ni I 6482.80 1.935 !2.630 - - Ce II 4572.28 0.684 0.290 !0.56 - blended
Ni II 6482.81 14.744 !1.692 - - Ce II 4628.16 0.516 0.200 !0.68 -
Ni II 6482.82 14.744 !1.185 - - Ce II 4628.19 1.194 !3.280 - -
Ni II 6482.91 14.912 !2.596 - - Ce II 4628.24 1.366 !0.430 - -
Ni II 6482.94 14.912 !2.779 - - Pr II 4408.82 0.000 !0.278 < !1.30 - blended
Ni II 6483.02 14.912 !2.258 - - Pr II 4408.82 0.000 !0.278 < !1.10 - blended
Ni II 6483.03 14.912 !2.782 - - Nd II 4004.00 0.064 !0.570 !0.58 - blended
Ni II 6586.26 14.739 !2.772 4.10 - Nd II 4021.33 0.321 !0.100 !0.74 -
Ni I 6586.31 1.951 !2.810 - - Nd II 4351.28 0.182 !0.610 !0.40 - very blended
Ni II 6643.40 14.731 !3.243 4.26 - Nd II 4446.38 0.205 !0.350 !0.84 -
Ni I 6643.63 1.676 !2.300 - - Nd II 4506.58 0.064 !1.040 !0.88 - blended
Ni II 6767.54 15.224 !2.851 4.20 - Nd II 4811.34 0.064 !1.015 !0.38 -
Ni I 6767.77 1.826 !2.170 - - Nd II 4825.48 0.182 !0.420 !0.62 -
Ni I 6914.56 1.951 !2.270 4.12 - Nd II 4859.03 0.321 !0.440 !0.62 -
Ni I 7197.01 1.935 !2.680 4.28 - blended Nd II 4959.12 0.064 !0.800 !0.44 -
Ni II 7197.25 14.334 !2.630 - - Nd II 6900.44 0.000 !1.542 !0.60 -
Ni I 7197.39 5.004 !3.128 - - Sm II 4318.93 0.277 !0.250 !1.02 0.50 blended
Ni II 7393.23 15.059 !1.426 4.70 - blended Sm II 4434.32 0.378 !0.070 !0.66 0.32 blended
Ni I 7393.60 3.606 !0.825 - - Sm II 4467.34 0.659 0.150 !1.04 0.26 blended
Ni II 7408.96 14.486 !3.296 4.04 - blended Eu II 3907.11 0.207 0.170 !1.72 0.38 very blended
Ni II 7409.01 14.473 !2.127 - - Eu II 4129.72 0.000 0.220 !1.44 0.38 very blended
Ni I 7409.04 5.497 !2.476 - - Eu II 4205.04 0.000 0.210 !1.66 0.66 very blended
Ni I 7409.25 5.514 !1.790 - - Eu II 4435.58 0.207 !0.110 !1.22 0.40 very blended
Ni I 7409.35 3.796 !0.237 - - Eu II 6645.06 1.380 0.120 < !1.22 -
Ni I 7414.50 1.986 !2.570 4.32 - blended Gd II 4251.73 0.382 !0.220 < !0.50 -
Cu I 5782.13 1.642 !1.720 1.44 0.26 Tb II 4752.53 0.000 !0.550 < !1.38 - blended
Zn I 4680.13 4.006 !0.815 2.82 0.26 blended Dy II 3944.68 0.000 0.110 !0.86 0.50 very blended
Zn I 4722.15 4.030 !0.338 2.60 0.26 blended Dy II 3983.65 0.538 !0.310 < !0.38 - very blended
Zn I 4810.53 4.078 !0.137 2.64 0.20 Dy II 4103.31 0.103 !0.380 !1.00 0.56 very blended
Ga I 4172.04 0.102 !0.270 0.82 0.44 very blended Dy II 4449.70 0.000 !1.030 < !0.66 - very blended
Sr II 4077.71 0.000 0.167 1.44 0.34 very blended Er II 3896.23 0.055 !0.241 < !0.60 - very blended
Sr I 4607.33 0.000 !0.570 1.70 0.16 Pb I 4057.81 1.320 !0.170 < 0.92 - very blended
Y II 4682.32 0.409 !1.510 0.70 - blended Th II 4250.34 0.557 0.000 < !1.20 - blended
Y II 4823.30 0.992 !1.110 0.56 - blended
Y II 4854.86 0.992 !0.380 0.60 -
Y II 4883.68 1.084 0.070 0.50 -
Y I 4900.08 1.398 !0.360 0.52 - blended
Y II 4900.12 1.033 !0.090 - -
Y I 4981.97 1.983 !1.980 0.44 -
Y II 4982.13 1.033 !1.290 - -
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Table A5.2: Carbon estimates and upper limits from CN molecular lines in the
wavelength range 9100-9250 Å (VLT/FLAMES). The estimates, [C/Fe]est, are mea-
sured by assuming [C/N] = "1.2, the average value for mixed stars in the range
"3 $ [Fe/H] $ "2 (Spite et al. 2005). The upper limits, [C/Fe]lim, are measured
by assuming [N/Fe] = 0, while all mixed stars in Spite et al. (2005) have [N/Fe] > 0.5.
This lower limit of N therefore gives an upper limit of C. In both cases a simple re-
lation of oxygen with [Fe/H], as shown in Fig. 5.6a, is assumed for stars that do not
have known oxygen values. Iron values, luminosities, and oxygen measurements, when
available, are obtained from Hill et al. in prep. The solar values are adopted from
Grevesse & Sauval (1998).

Star RA DEC log L!/L# [Fe/H] [C/Fe]est [C/Fe]lim
ET0024 1 00 34.04 "33 39 04.6 3.26 "1.24 "0.94 "0.74
ET0026 1 00 12.76 "33 41 16.0 3.08 "1.80 "0.96 "0.74
ET0027 1 00 15.37 "33 39 06.2 3.10 "1.50 "0.94 "0.70
ET0028 1 00 17.77 "33 35 59.7 3.11 "1.22 "0.98 "0.78
ET0031 1 00 07.57 "33 37 03.9 2.98 "1.68 "0.88 "0.58
ET0033 1 00 20.29 "33 35 34.5 2.98 "1.77 "0.90 "0.60
ET0043 1 00 13.95 "33 36 39.2 2.84 "1.24 "1.04 "0.88
ET0048 0 59 55.63 "33 33 24.6 3.18 "1.90 "0.70 "0.24
ET0051 0 59 46.41 "33 41 23.5 3.18 "0.92 "1.12 "1.08
ET0054 0 59 56.60 "33 36 41.7 3.00 "1.81 "0.80 "0.44
ET0057 0 59 54.21 "33 40 27.2 3.02 "1.33 "0.88 "0.62
ET0059 0 59 38.11 "33 35 08.0 2.98 "1.53 "1.17 "1.13
ET0060 0 59 37.74 "33 36 00.0 2.98 "1.56 "0.94 "0.72
ET0062 0 59 47.21 "33 33 36.9 2.91 "2.27 < "0.50 < 0.00
ET0063 0 59 37.22 "33 37 10.5 2.99 "1.18 "0.96 "0.76
ET0064 0 59 41.40 "33 38 47.0 2.96 "1.38 "0.88 "0.58
ET0066 1 00 03.60 "33 39 27.1 2.94 "1.30 "1.00 "0.84
ET0067 0 59 37.00 "33 30 28.4 2.90 "1.65 "0.96 "0.72
ET0069 0 59 40.46 "33 35 53.8 2.86 "2.11 "0.82 "0.44
ET0071 0 59 58.27 "33 41 08.7 2.92 "1.35 "0.98 "0.78
ET0073 0 59 53.99 "33 37 42.1 2.82 "1.53 "0.90 "0.62
ET0083 0 59 11.83 "33 41 25.3 2.97 "1.97 "0.76 "0.34
ET0094 0 59 20.65 "33 48 56.6 3.18 "1.86 "0.82 "0.48
ET0095 0 59 20.80 "33 44 04.8 3.09 "2.16 "0.80 "0.42
ET0103 0 59 18.85 "33 42 17.3 2.95 "1.21 "1.04 "0.90
ET0104 0 59 15.14 "33 42 54.6 2.90 "1.62 "0.82 "0.46
ET0109 0 59 28.29 "33 42 07.2 3.24 "1.85 "0.76 "0.40
ET0112 0 59 52.27 "33 44 54.8 3.11 "2.04 "0.72 "0.28
ET0113 0 59 55.68 "33 46 40.1 3.08 "2.18 "0.74 "0.30
ET0121 1 00 00.49 "33 49 35.8 2.94 "2.35 "0.83 "0.43
ET0126 0 59 42.57 "33 42 18.1 2.99 "1.11 "0.96 "0.76
ET0132 0 59 58.24 "33 45 50.8 2.88 "1.50 "0.88 "0.60
ET0133 0 59 47.67 "33 47 29.5 2.88 "1.07 "1.04 "0.92
ET0137 1 00 25.30 "33 50 50.8 3.27 "0.89 "0.98 "0.82
ET0138 1 00 38.12 "33 48 16.9 3.12 "1.70 "0.92 "0.68
ET0139 1 00 42.50 "33 44 23.5 3.18 "1.41 "0.96 "0.74
ET0141 1 00 23.84 "33 42 17.4 3.08 "1.68 "0.82 "0.46
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Table A5.2: Continued.

Star RA DEC log L!/L# [Fe/H] [C/Fe]est [C/Fe]lim
ET0145 1 00 20.75 "33 47 11.1 3.00 "1.51 "1.26 "1.30
ET0147 1 00 44.27 "33 49 18.8 3.03 "1.15 "1.24 "1.28
ET0150 1 00 22.98 "33 43 02.2 3.05 "0.93 "1.18 "1.16
ET0151 1 00 18.29 "33 42 12.2 2.98 "1.77 "0.86 "0.54
ET0158 1 00 18.96 "33 45 14.8 2.85 "1.80 "0.96 "0.74
ET0160 1 00 22.33 "33 50 24.0 2.90 "1.16 "1.00 "0.82
ET0163 1 00 24.63 "33 44 28.9 2.82 "1.86 < "0.70 < "0.40
ET0164 1 00 33.86 "33 44 54.4 2.82 "1.89 "1.08 "0.96
ET0165 1 00 11.79 "33 42 16.9 2.88 "1.10 "0.92 "0.70
ET0166 1 00 10.49 "33 49 36.9 2.83 "1.49 "0.90 "0.62
ET0168 1 00 34.32 "33 49 52.9 2.83 "1.10 "1.10 "1.00
ET0173 1 00 50.87 "33 45 05.2 3.23 "1.47 "0.84 "0.54
ET0198 1 00 09.18 "33 36 09.4 2.78 "1.16 "1.11 "1.05
ET0200 1 00 14.81 "33 36 49.9 2.77 "1.49 "0.96 "0.74
ET0202 1 00 21.08 "33 33 46.4 2.72 "1.32 "1.04 "0.88
ET0206 1 00 10.38 "33 41 05.0 2.72 "1.33 "0.98 "0.78
ET0232 0 59 54.47 "33 37 53.4 2.80 "1.00 "1.19 "1.17
ET0236 0 59 30.44 "33 36 05.0 2.74 "2.41 < "0.30 < 0.40
ET0237 0 59 50.78 "33 31 47.1 2.75 "1.61 "0.90 "0.62
ET0238 0 59 57.60 "33 38 32.5 2.78 "1.57 "1.00 "0.80
ET0239 0 59 30.49 "33 39 04.0 2.71 "2.26 < "0.40 < 0.30
ET0240 0 59 58.31 "33 34 40.4 2.77 "1.15 "1.02 "0.84
ET0241 1 00 02.69 "33 30 25.3 2.79 "1.41 "0.94 "0.70
ET0242 1 00 02.23 "33 40 21.1 2.86 "1.32 "0.94 "0.70
ET0244 0 59 59.65 "33 39 31.9 2.73 "1.24 "1.04 "0.90
ET0275 0 59 15.13 "33 39 43.8 2.70 "1.21 "1.08 "0.98
ET0299 0 59 08.60 "33 42 29.4 2.70 "1.83 "0.66 "0.14
ET0300 0 59 22.12 "33 49 03.7 2.75 "1.39 "0.98 "0.78
ET0317 0 59 49.91 "33 44 05.0 2.81 "1.69 "0.96 "0.74
ET0320 0 59 45.31 "33 43 53.8 2.76 "1.71 < "0.90 < "0.40
ET0321 1 00 06.98 "33 47 09.7 2.78 "1.93 "1.10 "1.00
ET0322 1 00 05.93 "33 45 56.5 2.74 "2.04 < "0.60 < 0.00
ET0327 0 59 37.56 "33 43 33.5 2.76 "1.32 "0.94 "0.68
ET0330 1 00 04.16 "33 43 32.4 2.68 "2.00 "0.68 "0.18
ET0339 0 59 44.90 "33 44 35.1 2.72 "1.08 "1.19 "1.17
ET0342 0 59 35.02 "33 50 55.9 2.62 "1.35 "1.11 "1.03
ET0350 0 59 41.95 "33 45 03.7 2.56 "1.90 < "0.50 < 0.10
ET0354 0 59 55.87 "33 45 43.7 2.56 "1.07 "1.15 "1.09
ET0363 0 59 53.08 "33 43 58.5 2.52 "1.28 "1.06 "0.94
ET0369 1 00 11.73 "33 44 50.4 2.80 "2.35 "0.81 "0.43
ET0373 1 00 17.36 "33 43 59.6 2.74 "1.96 "0.88 "0.56
ET0376 1 00 15.18 "33 43 11.0 2.78 "1.17 "0.96 "0.74
ET0378 1 00 21.17 "33 46 01.3 2.77 "1.18 "0.96 "0.76
ET0379 1 00 14.58 "33 47 11.6 2.72 "1.65 "1.11 "1.03
ET0382 1 00 17.60 "33 46 55.2 2.72 "1.74 "1.04 "0.86
ET0384 1 00 26.29 "33 44 45.7 2.71 "1.46 "1.10 "1.00
ET0389 1 00 12.52 "33 43 01.3 2.68 "1.60 "0.98 "0.78
ET0392 1 00 25.04 "33 42 28.1 2.67 "1.48 "0.86 "0.52
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Abstract
We investigate the frequency and origin of carbon-enhanced metal-poor (CEMP)
stars in Local Group dwarf galaxies by means of a statistical, data-calibrated cos-
mological model for the hierarchical build-up of the Milky Way and its dwarf satel-
lites. The model self-consistently explains the variation with dwarf galaxy lumi-
nosity of the observed: i) frequency and [Fe/H] range of CEMP stars; ii) metallic-
ity distribution functions; iii) star formation histories. We show that if primordial
faint supernovae dominated the early metal enrichment, then CEMP-no stars en-
riched by the first stellar generations should be present in all dwarf galaxies, with
similar number of stars and CEMP fractions at [Fe/H]< "4. We demonstrate
that the probability to observe a star that is carbon-enhanced within a given [Fe/H]
range strongly depends on the luminosity of the dwarf galaxy and, on average, it is
an order of magnitude lower in “classical” Sculptor-like dSph galaxies (P $ 0.02)
than in the least luminous ultra-faint dwarfs (P # 0.1). In addition, we explain
why it may be easier to find CEMP-no stars at [Fe/H]# "2 in classical dSph
galaxies than in ultra-faint dwarfs. These are consequences of the dramatic vari-
ation in the fraction of stars at [Fe/H]< "3 with galaxy luminosity: % 40% for
galaxies with L < 105L#, and $ 0.2% for L > 107L#. We present model pre-
dictions for the low Fe-tail and CEMP fraction of stars in dwarf galaxies, with
particular emphasis on the Sculptor dSph, that can be used to shed light on the
properties of the first stars.
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6.1 Introduction
Understanding the nature of the first stars is one of the key questions of modern
Cosmology. Despite extensive observational searches, truly pristine stars have
so far escaped detection. Currently, the most metal-deficient star known has
a total metallicity of Z # 6.9 ( 10$7 (Ca!au et al. 2011). The persistent lack
of more metal-poor stars seems to confirm the idea that primordial stars were
all more massive than # 1M# (e.g. McKee & Tan 2008; Hosokawa et al. 2011;
Hirano et al. 2014), and that their formation was possibly quenched at early
times (e.g. Salvadori et al. 2007; Pallottini et al. 2014). However, the chemical
signatures of these extinct stellar generations could be retained in the photo-
spheres of ancient (> 12 Gyr) low-mass second-generation stars, which formed in
pre-enriched environments, Z > Zcr = 10$5±1Z#, where metals and dust grains
dispersed by the first stars enabled e#cient gas cooling and fragmentation (e.g.
Schneider et al. 2002). These stellar fossils should be observable in the oldest
stellar components of our Galaxy and in its ancient dwarf satellites.

High- and medium-resolution spectroscopic studies of Galactic halo stars have
revealed the existence of a population of carbon-rich stars (e.g. Beers & Christlieb
2005; Aoki et al. 2007; Yong et al. 2013; Norris et al. 2013; Lee et al. 2013). These
objects are usually defined to have carbon-to-iron ratio [C/Fe]> 0.7 (Aoki et al.
2007), and they can be divided into two main populations: carbon-rich stars
that exhibit an excess in heavy elements formed by slow (or rapid) neutron cap-
ture processes, CEMP-s (CEMP-r) stars, and carbon-rich stars that do not ex-
hibit such an excess, CEMP-no stars. The available data are consistent with
the idea that CEMP-s stars belong to binary systems (Lucatello et al. 2005;
Starkenburg et al. 2014), and have acquired their carbon-excess from an Asymp-
totic Giant Branch (AGB) companion (e.g. Bisterzo et al. 2012; Placco et al.
2013; Abate et al. 2015). Thus, the chemical abundances measured in these stars
are not representative of the interstellar medium (ISM) out of which they formed.
On the other hand, CEMP-no stars are not preferentially associated to binary sys-
tems (Hansen et al. 2013; Cohen et al. 2013; Norris et al. 2013; Starkenburg et al.
2014). Hence there is no observational evidence supporting the idea of mass
transfer as the origin of their chemical abundances, which was suggested by some
authors (e.g. Suda et al. 2004; Komiya et al. 2007). Furthermore, both their fre-
quency and carbon-excess increase with decreasing [Fe/H] (e.g. Lucatello et al.
2005; Lee et al. 2013; Norris et al. 2013), and 8 out of the 9 halo stars discovered
at [Fe/H]< "4.5 are CEMP-no stars (Christlieb et al. 2002; Frebel et al. 2005;
Norris et al. 2007; Keller et al. 2014; Hansen et al. 2015; Bonifacio et al. 2015;
Allende Prieto et al. 2015; Frebel et al. 2015). These findings favor the idea that
CEMP-no stars are a peculiar stellar population and that their chemical abun-
dances likely reflect their birth environment.

The unusual chemical compositions of the most iron-poor and carbon-rich
stars can be successfully matched by models of primordial faint SN that ex-
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perienced mixing and fallback, hence releasing small amounts of iron and large
amounts of carbon and other light elements (Umeda & Nomoto 2003;
Iwamoto et al. 2005; Joggerst et al. 2009; Marassi et al. 2014; Tominaga et al.
2014). A reatively good agreement with observations is also obtained by models
of zero- (or very low-) metallicity massive “spinstars”, which experience mixing
and mass loss because of their very high-rotational velocities (e.g. Meynet et al.
2006, 2010; Maeder et al. 2015). Recently, chemical evolution studies have fur-
ther support the idea of the link between primordial faint SN and CEMP-no
stars, showing that the observed fraction of carbon-enhanced to carbon-normal
stars at [Fe/H]< "3 is successfully reproduced if faint SN dominated the early
metal-enrichment (de Bennassuti et al. 2014; Cooke & Madau 2014). Thus, we
can work under this simple hypothesis to predict the frequency of pristine carbon-
enhanced stars in ancient and metal-poor dwarf galaxies.

Carbon-enhanced metal-poor stars have been found in a significant fraction in
the faintest satellites of the Milky Way, the so-called ultra-faint dwarf galaxies,
with total luminosities L $ 105L# (e.g. Norris et al. 2010; Frebel et al. 2010b;
Lai et al. 2011; Gilmore et al. 2013; Frebel et al. 2014). Di!erent groups have
proposed these galaxies to be the living relics of the first star-forming mini-
haloes, which formed in the Milky Way environment prior the end of reioniza-
tion (e.g. Salvadori & Ferrara 2009; Bovill & Ricotti 2009; Muñoz et al. 2009;
Bovill & Ricotti 2011; Salvadori & Ferrara 2012; Salvadori et al. 2014). These
theoretical predictions are consistent with recent observations of star formation
histories in ultra-faint dwarf galaxies (e.g. Dall’Ora et al. 2012; Okamoto et al.
2012; Brown et al. 2012, 2014). In particular, by interpreting the observed Fe-
Luminosity relation and metallicity distribution function (MDF) of dwarf galax-
ies in a cosmological context, Salvadori & Ferrara (2009) predicted these ancient
ultra-faint dwarf galaxies to be the best objects to look for the chemical imprints
of the first stellar generations. This picture is supported by the recent discovery
of several CEMP-no stars at [Fe/H]< "3 in Segue 1 (Frebel et al. 2014), which
is one of the faintest ultra-faint dwarfs.

However, carbon-enhanced metal-poor stars seem to be rare in the more lu-
minous “classical” dwarf spheroidal (dSph) galaxies, L > 105L#, where mea-
surements are available for larger stellar samples. The deficiency of CEMP(-
no) stars is especially mysterious in the Sculptor dSph galaxy. The observed
Color-Magnitude-Diagram (CMD) and MDF of Sculptor are consistent with this
galaxy being dominated by ancient stars, > 10 Gyr old (de Boer et al. 2012).
However, no CEMP stars have been found among the ten carefully studied stars
at [Fe/H]< "3 (Frebel et al. 2010a; Tafelmeyer et al. 2010; Starkenburg et al.
2013; Jablonka et al. 2015; Simon et al. 2015). Only recently, the first CEMP-no
star has been discovered at [Fe/H]# "2 (Skúladóttir et al. 2015). The observed
chemical abundance pattern of this star is consistent with the idea that the car-
bon excess is the result of a pristine population of faint SN polluting its birth-
environment. However, the lack of CEMP-no stars at lower [Fe/H] is not. The
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important question is, are carbon-enhanced metal-poor stars missing in classical
dSph galaxies, or are they hidden?

We argue they may be hidden. To sustain this thesis, in this paper we use a
statistical, data-calibrated cosmological model for the formation of the Milky Way
and its dwarf satellites, to predict the frequency of CEMP(-no) stars in Sculptor
and other Local Group dwarf galaxies. We present a simple, global scenario that
self-consistently explains the variation with galaxy luminosity of the observed:
i) carbon-enhanced to carbon-normal star ratios; ii) metallicity distribution func-
tions; and iii) star formation histories. We link the properties of Local Group
dwarf galaxies with first stellar generations and early galaxy formation processes,
and present model predictions aimed at identifying the hidden CEMP-no stars in
the classical dSph galaxy Sculptor.

For consistency with previous works (Salvadori & Ferrara 2009, 2012;
Salvadori et al. 2014), along with Via Lactea II, Aquarius, and CLUES simu-
lations (e.g. Madau et al. 2008; Wang et al. 2012; Benítez-Llambay et al. 2015),
we adopt a Lambda Cold Dark Matter ("CDM) cosmology with #m = 0.24,
#" = 1 " #m = 0.76, #b = 0.04, and H0 = 73km/s/Mpc. Furthermore, in the
overall paper we assume the solar abundance values by Asplund et al. (2009).

6.2 Observations of carbon-rich stars
Current observations of CEMP stars, [C/Fe]> 0.7, are shown in Fig.1, where we
present a sample of stars from the literature with measured carbon-to-iron ratio,
[C/Fe], and iron-abundance, [Fe/H], in both the Galactic halo and nearby dwarf
galaxies. Most of these data are based on one dimensional local thermodynamic
equilibrium (1D/LTE) stellar model analysis.

Measurements for halo stars are from Placco et al. (2014), who selected among
all available data (see references therein) a sample of 505 stars with [Fe/H]< "2
and [C/Fe] measurements. This sample includes dwarf and giant stars (0 <
log g < 5). Placco et al. (2014) corrected [C/Fe] to account for the depletion of
surface carbon abundance, which is expected to occur on the upper Red Giant
Branch (RGB), log g < 2. The correction depends on several observed quantities:
log g, [C/Fe], [Fe/H] and also, to a lesser extent, on [N/Fe]. Hence, we should
keep in mind that the corrected values presented in Fig. 1 have intrinsic errors,
which are estimated by the authors to be always within the 2" uncertainties of
the [C/Fe] measurements, i.e. ±0.3 dex.

In more distant dwarf galaxies only the brighter RGB stars are typically
observed. Hence, in our selection of dwarf galaxy stars, if the internal mix-
ing was not already accounted for by the authors, we used the online tool by
Placco et al. (2014) to self-consistently correct the [C/Fe] measurements. When
not available from observations we simply assumed [N/Fe]= 0.0, in agreement
with Placco et al. (2014). The data shown in Fig. 1 represents the largest sample
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Figure 6.1: Compilation of stars with measured [C/Fe] and [Fe/H] in the stellar
halo (squares), ultra-faint dwarf galaxies (circles, hexagones, pentagones) and classi-
cal dSph galaxies (triangles). [C/Fe] measurements are corrected to account for in-
ternal mixing processes (see text). CEMP-no stars are shown as filled symbols, up-
per limits with arrows. Stars with [C/Fe]> 0.7 and open symbols are CEMP-s/r
stars. Filled gray squares are CEMP stars with no available measurements of r- or
s-process elements. Colors/symbols identify stars in dwarf galaxies with increasing
total luminosity: from red to blue (see labels and text). References: Halo stars:
Placco et al. (2014); Christlieb et al. (2002); Frebel et al. (2005); Norris et al. (2007);
Ca!au et al. (2011); Keller et al. (2014); Hansen et al. (2015); Bonifacio et al. (2015);
Frebel et al. (2015). Segue 1: Norris et al. (2010); Frebel et al. (2014). Ursa Major
II and Coma Berenice: Frebel et al. (2010b). Leo IV: Simon et al. (2010). Bootes:
Lai et al. (2011); Norris et al. (2010); Gilmore et al. (2013). Draco: Cohen & Huang
(2009); Shetrone et al. (2013); Kirby et al. (2015). Sextans: Honda et al. (2011).
Carina: Venn et al. (2012). Sculptor: (Frebel et al. 2010a; Tafelmeyer et al. 2010;
Starkenburg et al. 2013; Simon et al. 2015; Kirby et al. 2015; Jablonka et al. 2015;
Skúladóttir et al. 2015). Fornax: (Kirby et al. 2015).
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of [C/Fe] measurements that have been homogeneously corrected to account for
internal mixing processes.

From Fig. 1 we can note that stars at [Fe/H]$ "4.5 have only been found
in the Galactic halo. Moreover, we can see that the frequency of CEMP-no
stars among these “hyper-iron-poor stars” is extremely high: 8 out of 9 stars at
[Fe/H]$ "4.5 are CEMP-no stars. These objects have peculiar chemical abun-
dance patterns consistent with the yields predicted for primordial faint SN (e.g.
Iwamoto et al. 2005). However, we also note that these extreme stars are part of
a common, global trend, which involves stars in both the Galactic halo and dwarf
galaxies. We see that on average [C/Fe] is higher in stars with lower [Fe/H], and
it declines with [Fe/H]. The same trend a!ects the incidence of CEMP-no stars
with respect to the overall stellar population. At [Fe/H]$ "3.0, the fraction of
CEMP-no stars in the Galactic halo, (# 43%, Placco et al. 2014), is consistent
with the overall fraction of CEMP-no stars in dwarf galaxies, where 24 stars at
[Fe/H]$ "3 have been observed, and 10 of them are found to be CEMP-no stars.
This gives FCEMP(< "3) # 42%. However, when we consider individual dwarf
galaxies, the fractions are highly variable.

The carbon measurements in the least luminous ultra-faint dwarf galaxies,
log(L/L#) < 4.0 (shown in Fig. 1 with red circles), are from high-resolution
spectroscopic studies (see caption for references). Although less than 20 stars have
been observed in these 4 systems, the overall frequency of CEMP-no stars is very
high, and at [Fe/H]$ "3, 5 out of 6 stars are CEMP-no stars, FCEMP($ "3) # 83%.
With the only exception of seven stars in Bootes, one of which is a CEMP-no at
[Fe/H]= "3.5 (Gilmore et al. 2013), only low resolution spectroscopic studies are
available for dwarf galaxies with luminosities between ultra-faint and classical
dSph galaxies, e.g. Bootes, log(L/L#) = 4.5 ± 0.1, and Draco, log(L/L#) =
5.45 ± 0.10. Thus, slow and rapid n-capture elements have not been measured in
these stars, preventing us from distinguishing between CEMP-no and CEMP-r/s
stars. As discussed in Sec. 1, however, there is strong observational evidence that
CEMP-no stars should be the dominant CEMP population at [Fe/H]< "3 (e.g.
Norris et al. 2013). In these dwarf galaxies the fraction of CEMP(-no) stars at
[Fe/H]$ "3 is high: 4 out of 6 stars in Bootes (# 66%), and 2 out of 5 stars in
Draco (# 40%). The classical dSph galaxies Carina and Sextans, log(L/L#) #
5.6, have been followed up at high-resolution, but only stars at [Fe/H]% "3 have
carbon measurements (see Fig. 1).

In the Sculptor dSph galaxy, log(L/L#) = 6.34 ± 0.16, many carbon measure-
ments are available from both low- (Kirby et al. 2015), and high-resolution spec-
troscopic studies (Frebel et al. 2010a; Tafelmeyer et al. 2010; Starkenburg et al.
2013; Simon et al. 2015; Skúladóttir et al. 2015). In total, 10 stars have been
found at [Fe/H]$ "3. After correcting for internal mixing, we find that the star
Scl_11_1_4296 observed by Simon et al. (2015) at [Fe/H]= "3.77 can be possi-
bly identified as a CEMP-no star, [C/Fe]= 0.77 ± 0.34. This was not claimed by
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the authors, who used the luminosity dependent criteria developed by Aoki et al.
(2007) to identify CEMP stars1.However, the carbon-excess is small and the er-
rors big, making this classification very uncertain. Thus, the only reliable CEMP-
no star discovered in Sculptor, [C/Fe]= 1.01 ± 0.1, has an unusually high iron-
abundance, [Fe/H]# "2 (Skúladóttir et al. 2015), which makes this star stand
out with respect to the general trend in dwarf galaxies (Fig. 1). No CEMP-no
stars have been found in Fornax, log(L/L#) # 7.25 ± 0.11, although carbon mea-
surements are only available for stars at [Fe/H]> "2. For other ultra-faint dwarfs
(e.g. Segue 2, Willmann, Hercules) or classical dSph galaxies (e.g. LeoT, LeoI,
LeoII, Ursa Minor) carbon measurements are not yet available.

In conclusion, while FCEMP($ "3) in the Galactic halo is consistent with the
overall fraction of CEMP-no stars at [Fe/H]$ "3 in dwarf galaxies, the individ-
ual Milky Way companions show that FCEMP($ "3) strongly decreases when the
luminosity of the galaxies increases. Does the fraction of CEMP-no stars depend
on galaxy luminosity? And why does the only CEMP-no star observed in a more
luminous dSph galaxy have an unusually high [Fe/H]# "2? Are these observa-
tional findings reconcilable with the idea that the birth environment of CEMP-no
stars was polluted by primordial faint SN, and thus consistent with what we see
in the Galactic halo?

6.3 Cosmological merger-tree model
We use the data-constrained cosmological code GAMETE (GAlaxy MErger Tree
and Evolution, Salvadori et al. 2007; Salvadori & Ferrara 2009, 2012;
Salvadori et al. 2014; de Bennassuti et al. 2014) to link the properties of ancient
stars in the Local Group with the early star formation and metal-enrichment pro-
cesses. GAMETE describes the formation of the Galaxy and its dwarf satellites
in a "CDM framework, self-consistently accounting for the key physical processes
driving the formation and evolution of high-redshift dwarf galaxies: (i) the transi-
tion from massive, and hence short-lived Population III (Pop III) stars, to normal
Population II (Pop II) stars; (ii) the gradual quenching of star formation in dwarf
galaxies with increasing total masses due to the enhanced photo-dissociating and
photo-ionizing radiation; (iii) the steady metal-enrichment of the Milky Way
environment, or Galactic Medium, due to supernovae-driven outflows from star
forming haloes.

Our model is a statistical tool that enables us to study the most likely assem-
bly and metal-enrichment histories of Local Group galaxies. The star formation
and chemical evolution of present-day galaxies is traced across cosmic time by
exploiting a sample of merging histories of a Milky Way-size dark matter halo
(MMW = 1012M#), reconstructed via a Monte Carlo algorithm based on the Ex-
1 There are small di!erences between the Aoki et al. (2007) criteria and the carbon correction

by Placco et al. (2014).
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tended Press-Schechter formalism (see Salvadori et al. 2007; de Bennassuti et al.
2014, for more details). Newly collapsed haloes are assumed to have a gas-to-dark
matter mass ratio equal to the baryonic cosmic fraction, Mg/M = #b/#M and
a chemical composition equal to the Milky Way environment at their formation
epoch. Hence they are all primordial, Z = 0, before the onset of supernovae
explosions. The main and new features of the model are summarized below,
including the underlying key assumptions relevant for this work. We refer the
reader to previous papers for more details.

Star formation (SF). The SF is traced along the merger trees by adopting
physically motivated hypotheses.

• There exists a minimum halo mass to form stars, Msf (z), whose evolu-
tion accounts for the suppression of SF in progressively more massive ob-
jects due to the increasing photo-dissociating and photo-ionizing radiation
(Salvadori & Ferrara 2009, 2012). When the Milky Way environment is
fully reionized, zrei # 6 (Salvadori et al. 2014), we assume that gas accre-
tion is suppressed in haloes with virial temperatures Tvir

<! 2 ( 104 K.

• The SF rate, ) = &%Mg/tff , which is regulated by the SF e#ciency, &%,
depends on the free-fall time, tff (z), and mass of cold gas in each galaxy,
whose gradual accretion is described by a numerically calibrated infall rate
(Salvadori et al. 2008).

• In minihaloes with Tvir
<! 104 K, the SF e#ciency is assumed to be reduced

as &H2 = 2&%[1 +
/
Tvir/2 ( 104K

0$3
]$1 to account for the ine!ective cooling

by molecular hydrogen, H2 (Salvadori & Ferrara 2012).

• Pop II stars with masses m = [0.1"100]M# form according to a Larson Ini-
tial Mass Function, $(m) = m$2.35e$0.35M"/m, if the gas metallicity exceeds
the critical value, Zcr, which sets the minimal conditions for the formation
of the first low-mass stars. This value can be either Zcr = (10$4 " 10$3)Z#,
if gas fragmentation is driven by metal-line cooling (e.g. Bromm et al. 2001;
Frebel et al. 2009), or Zcr = (10$6"10$4)Z#, if it is due to thermal emission
by collisionally excited dust grains (e.g. Schneider et al. 2002; Omukai et al.
2005). Following the most recent findings we set Zcr = 10$4.15Z# (e.g.
Ca!au et al. 2011; Schneider et al. 2012; de Bennassuti et al. 2014), and
we explore the case Zcr = 10$6Z# in Sec. 6.

• Massive Pop III stars form if Z < Zcr. To work under the hypothesis that
the early metal-enrichment is dominated by faint SN (e.g. Cooke & Madau
2014; de Bennassuti et al. 2014), we adopt the simplest prescription and
assume that all Pop III stars have a characteristic stellar mass of 25M#
and evolve as faint supernovae, which experience mixing and fallback (e.g.
Salvadori & Ferrara 2012).
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Chemical enrichment. The contribution to the chemical enrichment by
di!erent stellar populations is traced in the code by accounting for the mass and
metallicity dependent stellar lifetimes, and by including all chemical elements
from C to Zn (Salvadori & Ferrara 2012). For Pop III stars evolving as faint
supernovae we adopt the yields by Iwamoto et al. (2005) for the case2. Follow-
ing Woosley & Weaver (1995) we assume that stars with m > 40M# do not
contribute to metal enrichment, and we adopt their yields systematically halved
in iron (Timmes et al. 1995) for massive 8M# $ m $ 40M# stars that evolve
as Type II supernovae (SNII), )ESNII* = 1.2 ( 1051erg. For low and interme-
diate mass Asymptotic Giant Branch (AGB) stars, m < 8M#, we adopt the
yields by van den Hoek & Groenewegen (1997) for metallicities Z > 10$3 and
by Meynet & Maeder (2002) for Z $ 10$5. All relevant equations describing
the chemical enrichment of star-forming galaxies can be found in Salvadori et al.
(2008).

The contribution of supernovae Type Ia (SNIa) has been included by adopting
the yields and explosion energy (ESNIa = 1.3 ( 1051erg) by Iwamoto et al. (1999),
and the bimodal delay time distribution observationally derived by Mannucci et al.
(2006). At each time-step and for each star-forming halo of the merger tree we
compute the rate of SNIa by following Matteucci et al. (2006) and we fix the
normalization constant, ASNIa, to reproduce the actual rate of SNIa in the Milky
Way, # (0.3/100)yr$1 (Cappellaro et al. 1999).

The chemical evolution of the gas is simultaneously traced in the star-forming
haloes and in the surrounding Galactic Medium, or Milky Way environment, by
including the e!ect of SN-driven outflows, which are regulated by the SN wind
e#ciency, &w. During SN explosions, metals present in the interstellar medium
(ISM) are ejected out of the galaxy at a rate Ṁ ej

Z = ZṀ ej
g , where Z = MZ/Mg

is the metallicity of the gas, and Ṁ ej
g the gas ejection rate, which depends on

the cumulative SN explosion energy, and on the binding energy of the host halo
(e.g. Salvadori et al. 2008; de Bennassuti et al. 2014). Heavy elements dispersed
into the Milky Way environment are assumed to be instantaneously mixed in this
medium, so its total metallicity, ZGM , steadily increases across cosmic times.

Universality of the free parameters. The free parameters of the model
are the star formation and SN-wind e#ciency (&%, &w), the critical metallicity
(Zcr), and the fraction of stars that can give rise to SN Ia (ASNIa). These are
fixed to simultaneously reproduce the global properties of the Milky Way at
z = 0, along with the MDF of Galactic halo stars (e.g. Salvadori et al. 2007;
de Bennassuti et al. 2014). These free parameters are assumed to be the same
for all the haloes of the merger tree and in all hierarchical merger histories of
2 The total amount of Fe and C per stellar mass formed is equivalent to the integrated

contribution of faint SN with m = (10 " 40)M!, as their yields are rescaled with stellar
masses (e.g. Fig.2 by de Bennassuti et al. (2014)) 25M! and kinetic explosion energy
EPopIII = 0.7 ( 1051erg
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Figure 6.2: Predicted (contours) and observed (points) Fe-L relation for Milky Way
dwarf galaxies. Contours identify regions containing the (68,95,99)% of the dSph candi-
dates in 50 hierarchical merger histories. Observed points are from Kirby et al. (2011).
Stars and labels underline individual dwarf galaxies.

the Milky Way. Hence, the properties of di!erent dwarf galaxies we will present
in the following, are not the result of a fine tuning of the free parameters, but
a consequence of the cosmological context in which we study the formation and
evolution of these small systems.

Selection and properties of satellite candidates. Galaxies that can
survive as satellites of the Milky Way are selected among star-forming haloes
of the merger trees that at any given redshift have dark matter masses that
correspond to low-sigma density fluctuations, M < M2.5#(z). This assumption is
supported by N-body simulations (e.g. Diemand et al. 2005). After selection, its
subsequent evolution is followed in isolation down to z = 0 (Salvadori & Ferrara
2009).

In Fig. 2 we show the predicted Fe-Luminosity relation for all selected candi-
dates in 50 assembly histories of the Milky Way. We assume M/L = 1 to convert
the stellar mass into total stellar luminosity, L% = M% ( (L/M), and compare
results with observations. We can see that model results match very well the
observational data, including the nearly flat )[Fe/H]* value that is observed in
ultra-faint dwarf galaxies. In Fig. 2 the colored boxes identify galaxies in dif-
ferent luminosity ranges, using the same color-code as in Fig. 6.1. These same
colors will be used through the entire paper to distinguish among dwarf galaxies
with di!erent luminosities.

In our model, ultra-faint dwarf galaxies are predicted to be H2-cooling mini-
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haloes that form at z > 7.5, before photo-dissociation has suppressed gas-cooling
and star formation in these small systems (Salvadori & Ferrara 2012). In con-
trast, classical dSph galaxies are predicted to form at later times through the
merging of smaller progenitors. On average we find that the more luminous is a
galaxy, the more massive is predicted to be its host halo, and the lower its final
assembly redshift (Salvadori & Ferrara 2009). More luminous galaxies, therefore,
keep accreting gas from the Galactic Medium while it is increasingly polluted
with the heavy elements ejected by low-mass star-forming galaxies.

We finally underline that in our model we do not account for mass transfer
from binary companions. Thus, we can only investigate the incidence of CEMP(-
no) stars that formed in carbon-enhanced environments.

6.4 Results: the global picture
We start by discussing the predictions of our cosmological model for the mean
properties of dwarf galaxies in di!erent luminosity ranges, which have been se-
lected among all candidates in 50 di!erent Milky Way realizations (Fig. 6.2). The
main results are summarized in Fig. 6.3 where we show, for dwarf galaxies with
increasing luminosities (from top to bottom), predictions for the average: i) frac-
tion of CEMP stars FCEMP (left), ii) normalized MDFs (middle), and iii) low-Fe
tails of the MDFs (right). The fraction of CEMP stars with respect to the total,
FCEMP = NL

$1!NL
i=1 NCEMP

% ([Fe/H])i/N%([Fe/H])i, is calculated by averaging among
the total number of dwarf galaxies within a given luminosity range, NL, where
NCEMP

% ([Fe/H])i is the fraction of CEMP stars in the i-th galaxy, with a given
[Fe/H] value. Similarly, we computed the mean MDFs by averaging among all NL
dwarf galaxies in a given L range. For reference, Segue 1, Coma Berenice, and
Ursa Major II have luminosities consistent with galaxies in the top panel (red),
Bootes in the third (yellow), and Sculptor in the second from bottom (blue).

Several interesting features can be noted in Fig. 6.3: (i) Independent of galaxy
luminosity, we find that FCEMP = 1 at [Fe/H]$ "5, and it rapidly decreases towards
higher [Fe/H], with a steeper decline in more luminous dwarf galaxies. (ii) The
shape of the normalized MDF dramatically changes with galaxy luminosity. In
the least massive ultra-faint dwarf galaxies it is flat and covers a broad [Fe/H]
range. As we move towards bigger galaxies, the MDF becomes more peaked, the
peak is gradually shifted towards higher [Fe/H] values, and the low Fe-tail turns
into a smaller fraction of the total. (iii) Stars with [Fe/H]< "3 are predicted to be
found in all dwarf galaxies, but their relative contribution to the overall stellar
populations strongly decreases when the luminosity of the galaxy increases, as
shown by labels in the panels. (iv) On average, the cumulative number of stars
at [Fe/H]< "4 is roughly of the same order of magnitude, # (1 " 2) ( 103M#, in
all dwarf galaxies with the only exception of the faintest companions.
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Figure 6.3: Average properties of stars at di!erent [Fe/H] in Milky Way dwarf galaxies
with increasing luminosity (from top to bottom): L < 104L# (red), 104L# < L <
104.5L# (orange), 104.5L# < L < 105L# (yellow), 105L# < L < 105.5L# (green),
105.5L# < L < 106L# (cyan), 106L# < L < 107L# (blue), 107L# < L < 108L#
(bottom, violet). Left panels: average fraction of CEMP stars (solid line) with ±1#
dispersion (shaded area). Middle panels: average MDF normalized to the total number
of stars (histogram). Right panels: MDFs for stars at [Fe/H]< "3, showing both the
total number of stars (filled histograms) and the number of CEMP-no stars (shaded
gray histograms). The percentage shown is that of stars at [Fe/H]< "3 with respect
to the total.
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All these features are simply a result of the hierarchical galaxy formation
process and the gradual metal enrichment and reionization of the environment
out of which these galaxies form, which imprint their physical properties. In our
scenario, the faintest dwarf galaxies are associated with H2-cooling minihaloes,
which virialize from the Milky Way environment at 7.5 < z < 12, when "5 $
[Fe/H]GM $ "3. The chemical enrichment proceeds very smoothly in these
small systems, which transform gas into stars very ine#ciently (Sec. 3, see also
Salvadori & Ferrara 2009; Webster et al. 2014; Vincenzo et al. 2014; Romano et al.
2015; Bland-Hawthorn et al. 2015). Roughly a constant number of stars are
formed at di!erent evolutionary phases (or [Fe/H]), and the gas can reach high
[Fe/H] before being either completely evacuated by the cumulative e!ect of SNe
explosions, or photo-heated by the increasing external ionizing radiation
(Salvadori & Ferrara 2012). This determines the characteristic shape of their
MDF that is predicted, and observed, to be flat and to extend over a broad range
of [Fe/H].

More luminous galaxies from via the assembly of these basics building blocks
and more massive progenitors, which form afterwards. In this bottom-up scenario
all dwarf galaxies are expected to have, on average, some ultra-faint dwarfs among
their parent haloes. Hence, they are predicted to share similar number of stars
and MDF tails at the lowest [Fe/H]. However, the more luminous a galaxy, the
less prominent is the contribution of the few thousand stars formed in these
lowest-mass minihaloes into the final MDF. This is emphasized by the numbers
reported in the right panels of Fig. 6.3. We can see that extremely metal-poor
stars represent % 50% of the stellar population in ultra-faint dwarfs, while they
are only # 0.3% in dSph galaxies that have luminosity similar to Sculptor or
higher. For this reason, the low-Fe tails seem to gradually “disappear” in the
normalized MDFs as the luminosity of the galaxies increases.

Since more massive dwarf galaxies complete their assembly at lower redshifts,
they can continue accreting gas from a Milky Way environment that is increas-
ingly polluted by heavy elements. The average [Fe/H]GM value at the formation
epoch of the main halo, where the bulk of the stars form, sets the lower limit of
[Fe/H] in the normalized MDF. Thus, on average, the more luminous a galaxy,
the more pronounced is the shift of its MDF towards higher [Fe/H]. Further-
more, galaxies hosted by more massive dark matter haloes have bigger gas reser-
voir, and they can more e#ciently convert gas into stars because of their higher
Tvir > 104 K, which make them Ly! cooling haloes (e.g. Maio et al. 2007). This
causes a gradually more pronounced peak in their MDFs.

The fraction of CEMP stars in dwarf galaxies with di!erent luminosities is
connected to all these previously presented e!ects. Looking at the right panels of
Fig. 6.3, we can see that NCEMP follows N% at [Fe/H]< "4.5, in all dwarf galaxies.
These CEMP-no stars are predicted to form in (progenitor) H2-cooling minihaloes
that have been predominantly polluted by primordial faint SNe. Because of
the small amount of iron (YFe # 4 ( 10$7), and the huge amount of carbon
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Figure 6.4: Predicted star formation rates of Milky Way dwarf galaxies in di!erent
luminosity ranges (colors as described in Fig. 6.3) as a function of stellar ages (left)
and redshift (right).

(YC # 10$2) produced by faint SNe, long-lived Pop II stars can already start
to form in these small systems3 when the ISM is self-enriched up to [Fe/H]cr #
"8, which corresponds to [C/Fe]# +4, and Z # Zcr = 10$4Z#. After the
formation of Pop II stars, normal SNII rapidly start to contribute to the chemical
enrichment of both the ISM, gradually decreasing the [C/Fe] level while [Fe/H]
rises, and the Milky Way environment, increasing ZGM up to Zcr. In analogy
to what is found in the Galactic halo (Ca!au et al. 2011; Placco et al. 2014) we
predict that carbon-normal stars can start to form when [Fe/H] >! " 4.7, which
corresponds to ZGM > Zcr, and therefore to the disappearance of Pop III stars
(de Bennassuti et al. 2014).

Thus, we predict that FCEMP = 1 at [Fe/H] <! " 4.7 in all dwarf galaxies, and
that this fraction rapidly decreases with increasing [Fe/H], because of the larger
contribution of SNII in both self-enriched and newly formed galaxies. CEMP-no
stars populating the MDF at "4 < [Fe/H]< "2, predominantly form in environ-

3 Where the “critical” iron-abundance is settled by the yields of faint SNe: [Fe/H]cr =
log(Zcr/Z!) " log(YZ/YFe) + log(MZ/MFe)!.
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ment polluted by primordial faint SN and SNII. Thus they are all predicted to
form in the very early stages of galaxy evolution. Interestingly, we can see that
these CEMP-no stars e#ciently form in dwarf galaxies like Bootes (yellow) and
Draco (green), which are in the “transition region” between ultra-faint dwarfs
and classical dSph galaxies (Fig. 6.2). This is because these galaxies are asso-
ciated to the most massive among minihaloes, with Tvir # 104 K, which host
Pop III stars as their least luminous companion, but have higher star formation
e#ciencies (Sec. 3). More massive, classical dSph galaxies, have higher probabili-
ties to have among their progenitor haloes Pop II galaxies that virialized from an
environment pre-enriched up to [Fe/H]GM % "4 by normal SNII (Salvadori et al.
2007; de Bennassuti et al. 2014). Carbon-normal stars e#ciently form in these
galaxies, causing the steeper decline of FCEMP with [Fe/H].

In stars with higher iron-abundance, [Fe/H]> "2, we find that the carbon-
enhancement might also come from low-metallicity (Z $ 10$3Z#) AGB stars,
which evolve on longer time-scales. This causes the small increase of the FCEMP
values at [Fe/H]# "1.5, which is visible in the left panels of Fig. 6.3. Note that in
our model we do not account for binary systems, so the carbon in these stars is not
accreted from a companion, but it reflects the chemical composition of the birth
environment. The products of AGB stars can be e#ciently retained in the ISM
of low mass galaxies after SNII have contributed to the chemical enrichment, and
the galaxy can quietly evolve for a short period of time (e.g. Salvadori & Ferrara
2012). The production of s-process elements from Z $ 10$3Z# AGB stars is
still unclear (e.g. Fishlock et al. 2014) and we do not account for it in our work.
However, these stars are most likely expected to be CEMP-s stars, although their
properties are probably di!erent from those formed in binary systems, which
directly accrete material from an AGB companion.

Finally, we should emphasize that, although FCEMP is steeper in more massive
dwarfs, at [Fe/H]< "3 the results are all consistent within ±1" errors. As already
discussed, this is because these di!erent dwarf galaxies are expected to share
similar ancestors at high-redshift, namely low mass H2-cooling minihaloes, which
represent the birth environments of stars at [Fe/H]< "3.

6.4.1 Star formation histories
Another way to consider these findings is to look at the predicted average star
formation histories (SFHs) of dwarf galaxies, which are shown in Fig. 6.4 as a
function of stellar ages, and formation redshift. We can see that all dwarf galaxies
are predicted to host stars > 10 Gyr old, which is what is observed in the Local
Group (e.g. Tolstoy et al. 2009). At very high redshifts, z % 10, we predict dwarf
galaxies to share similar star formation rates, ) # 10$3"10$4M#/yr, independent
of their total luminosity. It is during these cosmic epochs that the low [Fe/H]
tails of the MDFs are built up in the star-forming progenitor minihaloes.

Ultra-faint dwarf galaxies are predicted to stop forming stars prior the end
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of reionization, z > 6, because of heating by the external UV background that
prevents gas cooling, and “sterilizes” those systems that still have some leftover
gas to fuel star formation (Salvadori & Ferrara 2012). This is consistent with
observations of SFH in ultra-faint dwarfs (e.g. Brown et al. 2014). Note that
some of these “sterilized” minihaloes are predicted to evolve in isolation and
survive until z # 2, when they can be observed as very-metal-poor Damped Ly!
systems (Salvadori & Ferrara 2012). These systems might re-start forming stars
at later times (e.g. Ricotti 2009; Faerman et al. 2013) and explain observations
of HI-rich dwarf galaxies that show recent episodes of star formation (e.g. LeoT:
Irwin et al. 2007; de Jong et al. 2008; Weisz et al. 2012).

More luminous galaxies continue to e#ciently form stars to much later times,
and hence have more extended and complex SFHs. In the right panels of Fig. 6.4
we see that ) is expected to gradually increase towards lower redshifts, reaching
the maximum at the main assembling epoch of the host halo, and decreasing
afterwards, when the galaxy is assumed to evolve in isolation. The SFH that has
been measured in the Sculptor dSph galaxy (de Boer et al. 2012), is qualitatively
consistent with the one that we predict for dwarf galaxies with similar luminosity
(blue): it has a peak at # 13 Gyr, and then declines with cosmic time, lacking
stars < 6 Gyr old.

In this global picture we can therefore explain the variation, with galaxy
luminosity, of both the MDFs and star formation histories of dwarf galaxies.

6.5 Data comparison
We now test the results of our cosmological model against available observations
for CEMP stars in nearby dwarf galaxies. We focus on three classes of dwarf
galaxies that reside in di!erent luminosity ranges, as shown in Fig. 6.2: i) the
“classical” dSph galaxy Sculptor, L = 106.3±0.2L#; ii) the most luminous of the
ultra-faint dwarf galaxies, Bootes, L = 104.5±0.2L#; and iii) the least luminous
ultra-faint dwarfs, L < 104L#: the combination of SegueI, Coma Berenice, Ursa
Major II, and LeoIV. As pointed out in Sec. 2, the available data for Bootes are
mostly blind to CEMP sub-classes (s, r, and no). This represents a possible caveat
for our comparison with CEMP-no models. Still, most of the CEMP stars found
in this system have [Fe/H]< "3, which is the typical [Fe/H] range of CEMP-no
stars (e.g. Fig. 1 of Norris et al. 2013).

Given the low number of [C/Fe] measurements in dwarf galaxies (see Fig. 6.5a,
6.6a,d), we computed the uncertainty of FCEMP by using the results of Gehrels
(1986) for Poisson statistics. We derived the 1" upper (lower) confidence lim-
its as F up

CEMP = 1.841/N%([Fe/H]) in case of non-detection (F low
CEMP = 0.0), and as

F up
CEMP = 3.300/N%([Fe/H]) for single detection (F low

CEMP = 0.173/N%([Fe/H])), where
N%([Fe/H]) represents the total number of stars with available carbon measure-
ments in di!erent [Fe/H] ranges. So the fewer the measurements, the larger the
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uncertainties.
We used a Monte Carlo technique to randomly select from the mean theoret-

ical MDFs, a number of stars equal to the total number of [Fe/H] measurements
in di!erent dwarf galaxies, Ntot. We then constructed the average ±1" errors on
the MDF by iterating this procedure 100 times. These errors, which are shown
in Fig. 6.5b and Fig. 6.6b,c together with the dispersion among di!erent dwarf
galaxies, provide an estimate of the data-driven uncertainties, i.e. they are the
errors we always have to deal with while comparing theoretical models with small
numbers of measurements.

6.5.1 Carbon-enhanced stars in Sculptor
The predicted average properties of Sculptor-like dwarf galaxies are shown in
Fig. 6.5. We note that there is only one detection of a CEMP-no star in Sculptor
at "2.5 <[Fe/H]$ "2 (Skúladóttir et al. 2015), from which we get F up

CEMP = 0.06.
In the other [Fe/H] bins, with zero detections, F up

CEMP is simply set by the number
of [C/Fe] measurements. So the decline of F up

CEMP towards higher [Fe/H] is simply
a consequence of the larger number of stars observed at increasing [Fe/H].

From Fig. 6.5a we can see that the theoretical predictions are consistent with
F up

CEMP. As we already discussed in Sec. 4, because of the early chemical enrichment
by primordial faint SN, FCEMP rapidly declines with [Fe/H], ranging from unity at
[Fe/H]$ "4.75 down to values < 0.005, at [Fe/H]> "1. Carbon-normal stars
begin to form when [Fe/H]% "4.7, and in Sculptor they are predicted to be the
majority of the stellar population (> 50%) already at [Fe/H]% "4.25.

This result has two implications: i) to catch second-generation stars imprinted
mainly by primordial faint SNe in Sculptor, we should look among stars at
[Fe/H]< "4.75, as in the Galactic halo; ii) to increase the probability of find-
ing CEMP stars in Sculptor we should follow up [Fe/H]< "3 stars, for which we
predict FCEMP % 0.065. Our ability to find these CEMP stars will remain naturally
limited by the absolute number of stars that exist at these low [Fe/H]. Our model
predicts, and this is supported by observations, that stars at [Fe/H]< "3 are
intrinsically rare in luminous, Sculptor-like galaxies, only representing < 3% of
the total stellar population (see Fig. 6.3). This point is highlighted in Fig. 6.5b,
where we compare the predicted and observed MDFs, that are normalized to the
total number of stars. Noticeably, stars at [Fe/H]< "3 are almost invisible in
the normalized function, which is dominated by more Fe-rich stars. Clearly, the
paucity of stars at this low [Fe/H] makes it very challenging to search for CEMP-
no stars in Sculptor, where only the brighter stars at the tip of the RGB can be
followed up. Between "3.5 $[Fe/H]< "3, for example, we should roughly double
the number of stars found in Sculptor to be able to observe one CEMP-no star
among them.

Thus, we can ask a di!erent question: what is the joint probability to ob-
serve a star that has a given [Fe/H] value, and that is also carbon-enhanced?
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Figure 6.5: Predictions vs observations for the Sculptor dSph galaxy. Top panel: the
fraction of CEMP stars in di!erent [Fe/H] bins. The solid line shows the average value
in the model, and the shaded area the ±1# dispersion among di!erent Sculptor-like
dwarf galaxies (as Fig. 6.3). Upside down triangles are upper limits for the observed
fraction of CEMP stars based on available data. Labels indicate the number of [C/Fe]
measurements in each [Fe/H] bin (references in Fig. 6.1). Middle panel: the observed
(points with errorbars) and predicted MDF (histograms with shaded uncertainty). We
show the ±1# dispersion among Sculptor-like dwarf galaxies in 50 Milky Way possible
assembling histories (light gray), and among 100 Monte Carlo sampling of the aver-
age MDF to the number of stars observed (dark gray). Labels indicate the number
measurements in each [Fe/H] bin (Kirby et al. 2011; Starkenburg et al. 2013). Bot-
tom panel: conditional probability to observe a star at a given [Fe/H] that it is also
carbon-enhanced. Labels indicate the number of [C/Fe]> 0.7 measurements in each
[Fe/H].
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Fig. 6.5c shows this joint probability distribution. This has been computed by
combining the two independent functions: the fraction of CEMP stars predicted
by the model, and the observed MDF normalized to the total number of stars,
Pobs = FCEMP ( N%/Ntot. The probability, Pobs, is maximal at [Fe/H]# "2, where
we predict the highest absolute number of CEMP stars. This result naturally ex-
plains why the first carbon-enhanced star in the Sculptor dSphs has been serendip-
itously found at such a high [Fe/H]. In conclusion, the observed MDF, the derived
upper limits for FCEMP, and the iron-abundance of the only CEMP star detected
in Sculptor, are all consistent with the hypothesis that faint SNe were the main
contributors to primordial metal enrichment.

6.5.2 Carbon-enhanced stars in ultra-faint dwarfs
We now explore the predictions of our model for less luminous ultra-faint dwarf
galaxies, where many CEMP stars have been found (Fig. 6.1). In Fig. 6.6 we show
the results for Bootes-like dwarf galaxies and for the least luminous ultra-faint
dwarfs with L < 104L#. As for Sculptor we select these galaxies on the bases of
their total luminosity among all the available candidates predicted by the model
(Fig. 6.2).

By inspecting Fig. 6.6a and Fig. 6.6d, we can see that because of the low total
number of stars observed in these small systems (# 40 in Bootes, and # 15 in the
faintest ultra-faint dwarf galaxies combined all together) the upper/lower limits
on FCEMPs are extremely high/low, and hence naturally consistent with model
predictions. In these ancient systems, the fraction of RGB stars with respect to
the total is estimated4 to be NRGB/N tot

% # 0.001. This implies that in both cases
% 50% of RGB stars have been already followed-up5

We note that in the model, the dispersion among di!erent galaxies is huge
in the case of the faintest dwarf galaxies (Fig. 6.6d), and at [Fe/H]= "3.5 the
+1" error is consistent with FCEMP # 0.8. This is because these faint galaxies
are associated with the least massive H2-cooling minihaloes that are able to form
stars, and which evolve in isolation. These systems can either virialize from a
primordial birth-environment, Z < Zcr, and hence FCEMP # 1 for [Fe/H]< "3
because they host primordial faint SN, or from a medium that has been pre-
enriched up to Z > Zcr by the products of SNII. In the latter case they will only
host Pop II stars, and hence FCEMP # 0. These di!erent formation paths cause the
large spread in FCEMP at [Fe/H]< "3. According to our model, the large fraction of
CEMP-no stars observed in the faintest dwarfs at [Fe/H]< "3 (# 80%) suggests
that these systems are truly Pop III galaxies, which have experienced primordial
star formation. However, we clearly need better measurement statistics. A quest
4 We used PARSEC isochrones (Bressan et al. 2012; Chen et al. 2014; Tang et al. 2014), and

the CMD generator available at http://stev.oapd.inaf.it/cmd
5 For the ultra-faint dwarfs this only is true if we consider the combination of the four

systems at L < 104L!. In Segue I all RGB stars have already been followed up.
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Figure 6.6: Same as Fig. 6.5 but for Bootes-like dwarf galaxies (left), and for the
least luminous ultra-faint dwarfs with L < 104L# (right). Measurements are the same
reported in Fig. 6.1. For FCEMP we show both upper and lower limits from observations
(see text).

for more data also emerges while comparing the predicted and observed MDFs
(Fig. 6.6e). In the faintest dwarf galaxies, the errors induced by the low number
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of measurements (15 stars) are larger than the dispersion of the model among
di!erent dwarf galaxies and Milky Way merger histories. In contrast, these errors
are equal (lower) than the intrinsic model uncertainties in Bootes (Sculptor),
where # 40 stars (# 700) have been observed.

Fig. 6.6c, f show the joint probability to observe a star in a given [Fe/H] range,
that is also carbon-enhanced. If we compare this function with the one derived
for Sculptor (Fig. 6.5c), we note a clear trend: the fainter the galaxy is, the higher
is the overall probability to observe a star that is also carbon-enhanced, which is
the integral of Pobs over the [Fe/H] range. This explains why it is much easier to
find carbon-enhanced stars in these small systems. Moreover, Pobs is maximum
at lower [Fe/H] in less luminous dwarf galaxies. For Bootes we find that Pobs is
maximum at "4 $[Fe/H]$ "2.5, while for the faintest dwarfs at [Fe/H]$ "3. In
both cases the predicted [Fe/H] ranges coincide with [Fe/H] values of observed
CEMP-no stars in these small systems.

Finally, we should note that for the faintest dwarf galaxies the model predicts
a non-negligible fraction of CEMP stars at [Fe/H]> "2 (upper panel). As ex-
plained in Sec. 4, these stars are predicted to form in environment polluted by
the products of AGB stars with Z < 10$3Z#, which can be retained by these
small galaxies when SN have already exploded. Interestingly, a CEMP-s star
at [Fe/H]# "1.5 that does not show evidence for a binary companion has been
recently detected in Segue 1 (Frebel et al. 2014). So, although more data are
required to solidly assess if this star is in a binary system, this observation sup-
ports the idea that the physical mechanism we propose may contribute to the
formation of CEMP-s in these small systems.

6.6 The low-[Fe/H] tail of Sculptor
The results of our cosmological model show that CEMP-no stars, similar to those
found in the Galactic halo and ultra-faint dwarfs, are not necessarily missing in
classical dSph galaxies, such as Sculptor, but they could be hidden among rare
[Fe/H]< "3 stars, which represent < 3% of the overall stellar population. The
possible existence of a CEMP-no star at [Fe/H]= "3.77 (see Section 2) might be
the first confirmation that this is indeed the case. Sculptor-like dSph galaxies,
furthermore, are predicted to be among the best systems to find the most iron-
poor stars, because their MDFs might extend down to [Fe/H]< "5, if faint SN
dominated the early metal enrichment Fig. 6.3. The key question is: how much
do we need to enlarge the current stellar sample to unveil the lowest-Fe tail of
the Sculptor MDF and catch the most pristine CEMP stars?

Fig. 6.7 shows how many stars at [Fe/H]< "3 are predicted to emerge in
Sculptor-like dwarf galaxies by increasing the total number of [Fe/H] measure-
ments. Fig. 6.7a exhibits results for the actual number of observed stars, # 700
stars, which roughly correspond to # 25% of all RGB stars in Sculptor. Model
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predictions agree quite well with observations. Fig. 6.7b shows how the low-Fe
tail of Sculptor will appear by following up all stars down to magnitudes V $ 20,
which corresponds to # 1600 stars in the observed Color Magnitude Diagram
(de Boer et al. 2012). We find that in this case we might be able to observe 12±8
stars with [Fe/H]$ "4, the (40 ± 20)% of which are predicted to be CEMP-no
stars. These observations can be achieved with present-day instrumentation (e.g.
ESO VLT with X-Shooter, FLAMES, and UVES, or Keck/DIMOS) to add crucial
information to our understanding of the properties of first stars and early galaxy
formation processes. See for example Kirby et al. (2009), who used Keck/DIMOS
to obtain medium-resolution spectra (6400 " 9000 Å, R # 6500) for V # 20 stars
in the central region of Sculptor and derive their C and Fe abundances. Future
generation of telescopes will allow us to measure [Fe/H] for stars below the main
sequence turn-o! in nearby galaxies, like Sculptor. For example, the limit given
for MOSAIC spectroscopy on the ESO-ELT (Evans et al. 2015) is V # 25 at
R # 15, 000 " 20, 000. This will dramatically increase the number of stars that
can be observed at high spectral resolution in nearby galaxies. The total num-
ber of RGB and MS stars in Sculptor with V $ 23 is # 20000, and from these
we can expect 80 ± 22 stars at [Fe/H]$ "4 (Fig. 6.7c), and 16 ± 10 stars with
[Fe/H]$ "4.7, where the fraction of CEMP-no stars is expected to be 100%.
With these observations, furthermore, we might be able to accurately constrain
the critical metallicity value. As already shown in Salvadori et al. (2007) (Fig. 7),
decreasing Zcr in the most feasible range, Zcr # 10$4 " 10$6Z#, mainly a!ects
the number of long-lived stars at [Fe/H]< "4. Thus, the di!erences between
Zcr models become observable in Sculptor when a significant number of stars are
followed-up, and the lowest-Fe tail starts to emerge (Fig. 7c).

6.7 Summary and discussion
We used a robust, data-constrained merger-tree model for the possible formation
histories of the Milky Way and its dwarf satellites to predict the frequency of
CEMP-no stars in nearby dwarf galaxies (Salvadori et al. 2008;
Salvadori & Ferrara 2009, 2012; Salvadori et al. 2014). We have shown that the
model can successfully explain the variation of the average MDFs and SFHs
observed in dwarf galaxies with increasing luminosities (e.g. Kirby et al. 2011;
Weisz et al. 2014) by accounting for star-formation in H2-cooling mini-haloes,
M = 106.5 " 108M#, with a self-consistent treatment of the reionization and
metal enrichment of the Milky Way environment.

By assuming that primordial faint SN, with mixing and fallback, dominated
the early chemical enrichment, as suggested by observations of Galactic halo stars
(Iwamoto et al. 2005; Cooke & Madau 2014; Marassi et al. 2014;
de Bennassuti et al. 2014, we analyze the average properties of dwarf galaxies
in di!erent luminosity ranges, and show that:
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Figure 6.7: Number of stars at [Fe/H]< "3 that can be observed in Sculptor by
increasing the sample of [Fe/H] measurements. From top to bottom we show results
for: i) the current statistics (# 700 RGB stars), where the available data are shown as
points with Poissonian errorbars (Fig. 5 for references); ii) stars with V $ 20; iii) stars
with V $ 23; iv) all stars. Shaded area show the ±1# errors obtained from the Monte
Carlo random selection technique (see text). Solid histograms with shaded area are
results for our fiducial model, Zcr = 10$4.15Z#. Red dashed histograms show the same
results for the case Zcr = 10$6Z#.

• CEMP-no stars should exist in all dwarf galaxies within the observed lumi-
nosity range, 102.5L# < L < 107.5L#.

• Independent of galaxy luminosity the relative fraction of CEMP-no stars
increases towards lower [Fe/H], reaching 100% at [Fe/H] <! " 4.7.

• As the galaxy luminosity increases, the overall probability to observe CEMP-
no stars decreases, and the [Fe/H] range in which they are most likely to
be found is shifted towards higher values.

• In classical Sculptor-like dSph galaxies, the probability to find CEMP-no
stars is almost an order of magnitude lower than in the faintest Milky Way
companions, L < 104L#, and it is maximal, Pobs = 0.02 at [Fe/H]# "2.

The results explain why it is easier to discover CEMP-no stars in ultra-faint dwarf
galaxies than in more luminous classical dSphs (e.g. Norris et al. 2010; Lai et al.
2011; Frebel et al. 2014), and also why the only CEMP-no star observed in Sculp-
tor has been found at an unexpectedly high [Fe/H] (Skúladóttir et al. 2015). In
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particular, our model shows that CEMP-no stars at [Fe/H] <! " 4.7 form in en-
vironments predominantly polluted by primordial faint SN, which therefore have
extremely high [C/Fe] values. On the other hand, those at "4.7 <! [Fe/H] <! "2.0
are imprinted by both primordial faint SN and low metallicity, Z < 10$3Z#, SNII,
in agreement with recent findings by Bonifacio et al. (2015). At [Fe/H] >! " 2.0,
we find that CEMP stars can also form in an ISM polluted by the products of
AGB stars with Z < 10$3Z#. Hence, they may potentially be enriched by s-
process neutron capture elements (i.e. CEMP-s), which are not included in our
model.

Our findings for CEMP-no stars, are a consequence of both the extremely low
Fe-production, and high C, from faint SN, and of the cosmological context in
which the hierarchical assembly of dwarf galaxies occurs. H2-cooling minihaloes,
or ultra-faint dwarf galaxies, L < 105L#, are thus predicted to be the high-redshift
progenitors of more massive “classical” dSph galaxies, and the environment of
formation for stars with [Fe/H]< "3. The low-Fe tails of dwarf galaxies are thus
expected to form in these common building blocks, some of which experienced
Pop III star formation (Salvadori et al. 2014). Such low-Fe tails can extend down
to [Fe/H]< "4.7 if built-up upon the chemical products of primordial faint SN.

As the galaxy luminosity increases our model shows that the average MDFs
become more peaked, and shifted towards higher [Fe/H] values, as is observed.
Thus, stars at [Fe/H]< "3 become a lower fraction of the total stellar populations:
from % 40% for ultra-faint dwarf galaxies, L < 105L#, to < 0.2% for L > 107L#.
This is why in more massive dwarf galaxies the overall probability to observe
a CEMP-no star decreases, and the [Fe/H] range in which they are more likely
to be found increases. In Sculptor, L # 106.3L#, we find that the fraction of
CEMP-no stars monotonically decreases from FCEMP # 1 at [Fe/H]$ "4.75 down
to FCEMP < 0.005 at [Fe/H]% "1. However, the probability to observe one of these
stars is higher at "2.5 <[Fe/H]$ "2 because more stars can be observed in this
range.

A key prediction of our work is that galaxies with di!erent luminosity are ex-
pected to share, on average, similar MDF tails and fractions of CEMP-no stars at
the lowest [Fe/H]. At the moment, this hypotheses is supported by the observa-
tions of a very similar fraction of CEMP stars at [Fe/H]< "3 in the Galactic halo
and in the overall sample of nearby dwarf galaxies, FCEMP($ "3) # (43 " 42)%.
However, more data need to be collected for the Milky Way companions. This
also emerges from our analysis of the model uncertainties, which in the faintest
dwarf galaxies are dominated by the low number statistics.

Finally, we should be clear that our model cannot exclude alternative sce-
narios for the formation of CEMP-no stars, such as metal pollution by massive
rotating primordial stars (e.g. Meynet et al. 2006; Maeder et al. 2015). Further-
more, we did not explore the e!ects of di!erent primordial Initial Mass Functions
on the fraction of CEMP-no stars in dwarf galaxies. Instead, we simply worked
under the hypothesis that Pop III stars evolve as faint SN with mixing and fall-
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back, since these pristine stars should dominate the early chemical enrichment
to successfully explain observations of CEMP-no stars in the Galactic halo (e.g.
Cooke & Madau 2014; de Bennassuti et al. 2014). Our findings show that to fur-
ther test the predominant role of primordial faint SN in the early Universe we
need to at least double the current stellar sample in Sculptor, by measuring [Fe/H]
and [C/Fe] in stars in di!erent region of the galaxy down to magnitudes V $ 20.
Deeper observations (V $ 23) should enable the discovery of peculiar CEMP-no
stars in Sculptor similar to those found in the Galactic halo at [Fe/H]< "4. This
will provide crucial information not only on the nature of first stars and critical
metallicity value, but also on the formation of the Galactic halo, and hence on
the underlying hierarchical galaxy formation process.
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English summary

The Local Group & stellar archaeology

Out of the many millions of galaxies in the Universe, a few dozen are of particular
interest, due to their proximity to our Solar system. These galaxies belong to the
Local Group, which is dominated in mass, by two giant spiral galaxies, the Milky
Way and Andromeda, which are vastly outnumbered by dwarf galaxies of various
sizes. The Milky Way has over 30 known dwarf galaxy satellites, see Fig. 1.
Recently, there has been a surge in the discovery of new, usually very small and
faint, dwarf galaxies, and more are expected to become known over the next few
years.

All galaxies are made out of various amounts of dark matter, dust and gas,
stars and their remnants. The stars form out of cold gas clouds, and in the
course of their evolution create all the chemical elements in the Universe heavier
than hydrogen and helium. Over time, many of these heavier elements, referred

Figure 1: All sky view of the Milky Way and some of its known satellite galaxies.
Notice Sculptor (Scl) at the bottom of the figure (credit: H. Jerjen & ESO).
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to as metals1, disperse into their surroundings, mostly via energetic supernova
explosions. The subsequent generations of stars thus form from “enriched” gas
with a fraction of these metals, that increases with time. Low-mass stars can
have lifetimes comparable with the age of the Universe. The photospheres of
these stars can remain mostly unchanged until the present day, and serve as
ancient relics of early star formation, by retaining the chemical composition of
their birth environment. Observing stars of di!erent ages, therefore, provides a
detailed insight into the chemical enrichment history of the galaxy in which they
were formed.

Although photometry can be used to estimate the amount of metals, metal-
licities, of stars, for detailed and accurate chemical abundance analyses, spectra
are needed. Each atomic or molecular species leaves a set of well defined spectral
absorption lines in the stellar spectra, and the strengths of the lines depend of
the abundance of the relevant elements, as well as the physical conditions of the
star.

In our Milky Way and nearby dwarf galaxies, we can obtain high quality
spectra for individual stars, of various ages. Thus we can study the chemical
evolution in these systems across cosmic time, star by star. The di!erent types
of chemical enrichment processes, occurring over the lifetime of a galaxy, all have
their unique chemical fingerprint. Studying the detailed chemical abundance
patterns and ratios in stars of a galaxy, therefore gives and insight into the time
scales and significance of the various physical processes involved in its chemical
evolution.

The Local Universe is the only place where the time dependant properties of
single galaxies can be measured from their beginnings to the present day. These
kind of studies are directly complementary to the study of galaxies at higher
redshifts, where it is possible to get large statistical samples with less detailed
information available on each galaxy.

Sculptor
The main target of this thesis is the low surface brightness Sculptor dwarf
spheroidal galaxy (dSph), see Fig. 2. Sculptor was one of the first Milky Way
dwarf galaxy satellites to be discovered, in 1938 by the astronomer Harlow Shap-
ley.

This galaxy is located in the southern hemisphere, at high Galactic latitude,
see Fig. 1. Sculptor has a total mass of Mtot = 3.4 · 108 M# (approximately
!1/3000 of the mass of the Milky Way), and is at a distance of 86 ± 5 kpc
(!280,000 light years) from the Solar system. At this distance, only the bright-
est stars, the tip of the red giant branch, are observable with high-resolution

1 In astronomy, all elements heavier than He are simply called metals.
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Figure 2: The central view of the Sculptor dwarf spheroidal galaxy, covering 0.4x0.4
degrees on the sky (credit: Thomas de Boer).

spectroscopy, which is necessary to measure detailed and accurate chemical abun-
dances in stars.

The stars in Sculptor are predominantly old. The majority of stars was formed
more than 10 billion years ago, and no stars have formed recently. Studying stars
in this dwarf galaxy therefore gives us a clear view back to early star formation
and chemical enrichment processes, in what is one of the most common type
of galaxy in the Universe. In stellar archaeology, iron is typically used as a
proxy for metallicity, and the typical star in Sculptor has [Fe/H]# "2 which
corresponds to 1/100 of the iron value in the sun.2 The metallicity distribution
of stars in Sculptor extends over a wide range, where the most metal-rich stars
have [Fe/H]# "1 (1/10 of solar), while the most metal-poor stars observed to
date have [Fe/H] # "4 (1/10,000 of solar).

Over the last 15 years or so, detailed chemical abundance measurements of
individual stars in the Sculptor dSph have been carried out in increasing number
and accuracy. This thesis aims to expand on existing work even further, by
measuring sulphur (Chapter 3) and zinc (Chapter 4) in a sample of ! 90 stars,
as well as detailed chemical abundances of a very unique carbon-enhanced metal-
poor (CEMP) star in this galaxy (Chapter 5).

2 Chemical abundance ratios in astronomy are usually defined on a logarhythmic scale where
[X/Y] = log(Nx/Ny)! " log(Nx/Ny)!, and N is the number of atoms for elements X and
Y per M!. On this scale, [X/Y] = 0 corresponds to the same abundance ratio as in the
sun, [X/Y] = "1 is equal to 1/10 of the solar ratio, [X/Y] = "2 to 1/100, etc.
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Figure 3: The ratio of sulphur to iron, as a function of [Fe/H], in red giant branch
stars in Sculptor (blue circles) and the Milky Way (gray symbols). A typical error bar
for the Sculptor results is shown in blue. (As a comparison, the Sun has [Fe/H]=0, and
[S/Fe]=0). For references and more detail see Fig. 3.7.

Sulphur & Zinc in Sculptor
Both the overall metallicities of stars, [Fe/H], and the more detailed chemical
abundance patterns and element ratios are highly dependent of the chemical
evolution history of the system in which they were formed. One clear example of
this is the ratio of !-elements (where the nucleus of the most abundant isotope is
made up of !-particles, i.e. two protons, and two neutrons) to iron. The [!/Fe]
ratios are sensitive to the relative contribution of Supernovae Type II, the deaths
of massive stars which explode after ! 10 million years and produce large amount
of !-elements; and Supernovae Type Ia, which are induced by mass transfer onto
a white dwarf, with longer time scales, ! 1 " 2 billion years, and pollute their
environment mostly with iron and other iron-peak elements (such as Cr and Ni).

Early in the chemical evolution of any system, the production and distribution
of metals is dominated by Supernovae Type II, since they have relatively short
time scales. The abundance ratios of !-elements to iron are thus typically higher
than in the solar neighbourhood, [!/Fe] > 0. After 1-2 Gyr, when the Supernovae
Type Ia start to contribute, polluting the environment with a lot of Fe compared
to the !-elements, the subsequent generations of stars show lower values of [!/Fe].

In Galactic halo stars, sulphur has been shown to behave like other !-elements
but until now, no comprehensive studies have been made of this element in stars
of other galaxies. In this thesis, high-resolution spectra were used to determine
sulphur abundances for 85 stars in the Sculptor dwarf spheroidal galaxy, covering
the metallicity range "2.5 $ [Fe/H] $ "0.9 (see Chapter 3), and the result is
shown in Fig. 3.

The sulphur abundances in Sculptor show the same behaviour as other !-
elements in that galaxy (such as Mg, Si, and Ca). At lower metallicities,
[Fe/H] $ "2 (typically the oldest stars), the abundances are consistent with
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Figure 4: The ratios of zinc to iron, as a function of [Fe/H], in stars in Sculptor (blue
circles), the dwarf galaxies Carina (yellow triangles) and Sagittarius (red triangles),
and in stars in various regions of the Milky Way (gray squares). (As a comparison, the
Sun has [Fe/H]=0, and [Zn/Fe]=0). For references and more detail see Fig. 4.17.

a plateau at [S/Fe] = +0.16, similar to what is observed in the Galactic halo,
[S/Fe]# +0.2. With increasing [Fe/H], the [S/Fe] ratio declines, reaching nega-
tive values at [Fe/H] > "1.5. The ratios of [!/Fe] can therefore be used to trace
time scales, when the contributions from Supernovae Type Ia start to be come
significant, 1-2 billion years after the onset of Supernovae Type II. In the Milky
Way, this happens at [Fe/H] " "1, while in the smaller Sculptor dwarf spheroidal
galaxy, star formation is less e#cient and the interstellar medium is only enriched
up to [Fe/H] # "1.8, before Supernovae Type Ia start to contribute

As the star formation died out in Sculptor, the contribution of Supernovae
Type Ia started to become more and more significant until negative values of
[!/Fe] were reached. In the Milky Way, however, there was a constant supply of
Supernovae Type II, counteracting the contribution of Type Ia, so the ratios of
!-elements to iron do not reach as low values. These subsolar ratios of [!/Fe], are
thus typical for nearby dwarf galaxies which had extended star formation that
stopped in the past.

Abundance measurements (and upper limits) were also measured for Zn in
!100 individual red giant branch stars in the Sculptor dwarf spheroidal galaxy,
covering the metallicity range "2.7 $ [Fe/H] $ "0.9 (see Chapter 4). This is the
largest available sample of Zn abundance measurements within a stellar system
beyond the Milky Way. These results are consistent with previous observations of
a limited number of stars in Sculptor and in other dwarf galaxies, Zn shows an !-
element-like behaviour, see Fig. 4. That is, super solar values at low metallicities,
and decreasing [Zn/Fe] with increasing [Fe/H]. At higher metallicities in Sculptor,
[Fe/H] > "1.8, we find very low values of Zn and a significant scatter, "0.8 <
[Zn/Fe] < 0.4. These results suggest that Zinc has a complicated nucleosynthetic
origin in Sculptor, neither completely being an !- nor an iron peak element, and
possibly having several production sites.
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Figure 5: The ratios of carbon to iron as a function of [Fe/H] in dwarf galaxies (in
various colours from the smallest dwarf galaxies in red, to the largest in magenta), and
in the Milky Way halo (gray and black squares). Filled black and coloured symbols are
CEMP-no stars, filled gray stars are unclassified CEMP stars. Note the first CEMP-no
star in Sculptor (blue triangle at [Fe/H]= "2). For references and more detail see
Fig. 6.1.

CEMP stars in Sculptor and other dwarf galaxies
The very first stars in the Universe formed out of pristine material containing only
H, He and some Li. Because of the absence of metals, cooling and fragmentation
in primordial gas clouds was ine#cient, and these first stars are thus predicted
to be typically more massive than present-day stars. The majority of these first
stars would have been short-lived, and therefore not still observable in the Local
Universe. No direct observation of a zero-metallicity star has yet been confirmed.

The properties of the first stars can be observed indirectly, through the chem-
ical elements they left behind. The gas that was polluted by these primordial
stars can still be observed today in the low-mass, long-lived stars which were sub-
sequently formed. The chemical abundance pattern that these zero-metallicity
stars left behind, should therefore be detectable in the photospheres of ancient
metal-poor stars.

All surveys for metal-poor stars in the Milky Way halo have found that a sig-
nificant fraction of stars with [Fe/H] $ "2.0 exhibit over-abundances of carbon,
(i.e. [C/Fe] % +0.7), see Fig. 5. These stars are referred to as carbon-enhanced
metal-poor (CEMP) stars.

These CEMP stars are divided into subcategories, depending on their heavy
element abundances (of elements such as Ba and Eu). Out of these subcategories
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CEMP-no stars are of particular interest since their frequency and carbon-excess
is found to increase with decreasing [Fe/H], becoming most extreme in the most
iron-poor objects, see Fig. 5. These results have led to the suggestion that the
chemical abundance pattern of CEMP-no stars indicates the original chemical
composition of their birth environment, possibly polluted by the first generation
of stars.

The first CEMP-no star discovered in Sculptor is presented in this thesis. This
star is consistent with forming out of a gas cloud that had previously been polluted
by a mixture of the first stars, and later generation stars. In addition to its carbon-
enhancement, this star also has other abundance anomalies (see Chapter 5). The
discovery of this CEMP-no star at an unusually high [Fe/H] = "2, led to the
modelling of the frequency of CEMP-no stars in dwarf galaxies in general (see
Chapter 6), revealing that the probability to observe CEMP-no stars is di!erent
between dwarf galaxies, depending on their star formation histories.

Conclusions
The Local Group of galaxies provides the unique opportunity to study individual
stars in extraordinary detail. Thus, we gain valuable insight into various processes
of galactic formation and evolution. In particular, ancient low-mass stars in
the Milky Way and its satellites are import relics of the chemical enrichment
processes in the early Universe, and can even reveal the properties of the very
first generation of stars. The Sculptor dwarf spheroidal galaxy is one of the
ideal targets to study the entire chemical evolution of a single system, due to
its relatively large number of stars, and simple star formation history. In the
upcoming years, more Milky Way satellites are expected to be revealed, which
along with more surveys of metal-poor stars will bring us an even clearer picture
of how the various chemical elements were built up in the Universe.
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De Lokale Groep & sterren-archeology

Van de vele miljoenen sterrenstels in het heelal zijn er maar een handjevol die
bijzonder interessant zijn vanwege het feit dat ze zo dichtbij liggen. Deze maken
deel uit van de zogenoemde Lokale Groep. De meerderheid van de massa in de
Lokale Groep zit in twee reusachtige spiraalstelsels, de Melkweg en Andromeda.
Maar er zijn veel meer dwergsterrenstelsels. Rondom de Melkweg zijn er meer dan
30 dwergstelsels, zie Fig. 1. In de afgelopen jaren zijn er steeds meer ontdekkingen
van zeer kleine dwergsterrenstels gedaan en de verwachting is dat er nog meer
ontdekt zullen worden in de komende jaren.

Het is bekend dat alle sterrenstels bestaan uit donkere materie, stof, gas,
sterren en de overblijfselen van sterren. De sterren zijn uit koude gaswolken
gevormd, en tijdens hun evolutie maken ze alle chemische elementen zwaarder dan
waterstof en helium. Door de tijd heen worden deze zware elementen, aangeduid

Figuur 1: De gehele Melkweg met bekende satelliet dwergsterrenstelsels. Sculptor
(Scl) is te zien onderaan in het beeld (credit: H. Jerjen & ESO).
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als metalen3, in hun omgeving verspreid door supernova-explosies. De volgende
generaties sterren worden dus van verrijkt gas gevormd, waarin de hoeveelheid
metalen met de tijd toeneemt. Sterren met een lage massa kunnen een levenduur
vergelijkbaar met de leeftijd van het heelal hebben. De fotosfeer van zo’n ster
kan tot op heden grotendeels onveranderd blijven. Ze zijn dus oude overblijfselen
van de vroegste stervorming die de chemische samenstelling van de omgeving van
hun geboorte behouden. Waarnemingen van sterren met verschillende leeftijden
geven dus een overzicht van de chemische verrijking van het sterrenstel waarin ze
zijn gevormd.

Hoewel fotometrie kan worden gebruikt om the hoeveelheid metalen, dit wordt
de metalliciteit genoemd, in sterren te schatten, zijn er spectra nodig voor gede-
tailleerde en accurate analyses van hoeveelheden van chemische elementen. Elk
atoom en molecuul laat absorptielijnen, waarvan de plaats bekend is, achter in
het spectrum van de ster. De sterkte van de lijnen hangt af van de hoeveelheid
van het element, maar ook van de fysieke eigenschappen van de ster.

In onze Melkweg en de nabije dwergstelsels kunnen we voor individuele ster-
ren met verschillende leeftijden spectra van hoge kwaliteit verkrijgen. Zo kunnen
we, ster voor ster, de chemische evolutie in deze systemen door de tijd heen be-
studeren. Verschillende soorten processen die een sterrenstelsel gedurende zijn
leven chemisch verrijken, hebben allemaal een unieke vingerafdruk. Het bestu-
deren van de gedetailleerde patronen van chemische hoeveelheden en ratio’s in
de sterren van een sterrenstelsel geeft inzicht in de tijdschaal en significantie van
de verschillende fysische processen die belangrijk zijn geweest in de chemische
evolutie van dat stelsel.

Alleen in het lokale heelal kunnen de tijdsafhankelijke eigenschappen van in-
dividuele sterrenstelsels worden gemeten vanaf hun begin tot op de dag van van-
daag. Deze studies vullen de onderzoeken naar stelsels met een grotere roodver-
schuiving aan. Bij deze laatste onderzoeken is het mogelijk om grotere aantallen
sterrenstelsels te observeren, maar met minder gedetailleerde informatie.

Sculptor
Het onderwerp doel van deze scriptie is Sculptor, een dwerg-ellipsstelsel met lage
oppervlakte helderheid, afgebeeld in Fig. 2. Sculptor was één van de eerste dwerg-
stelsels van de Melkweg die ontdekt werden. Dit gebeurde in 1983 door de astro-
noom Harlow Shapley.

Dit stelsel staat aan het zuideljike halfrond op een hoge galactische breed-
tegraad, zie Fig. 1. Sculptor heeft een totale massa van Mtot = 3.4 · 108 M#
(ongeveer !1/3000 van de massa van de Melkweg) en staat op een afstand van
86 ± 5 kpc (!280,000 lichtjaar) van het zonnestelsel. Vanwege deze afstand kun-
nen alleen de helderste sterren, dit zijn rode reuzen, worden waargenomen met
3 In de sterrenkunde alle elementen zwaarder dan helium word metalen genomd.
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Figuur 2: Centrale blik op Scultor, een dwerg-ellipsstelsel, beslaat 0.4x0.4 graden aan
de hemel (credit: Thomas de Boer).

hoge-resolutie spectroscopie. Dit is nodig om gedetailleerde en accurate chemische
hoeveelheden in sterren te meten.

De meeste sterren in Sculptor zijn oud. Het merendeel van de sterren is meer
dan 10 miljard jaar geleden gevormd en recent is er geen sterformatie geweest.
Het bestuderen van sterren in dit dwergstelsel geeft ons daarom een goed beeld
van de vroegste sterformatie en van chemische verrijkingsprocessen in één van de
meest voorkomende types van sterrenstelsels. In deze archeologie van sterren is
ijzer het meest gebruikt als representatie voor metalliciteit. Een typische ster in
Sculptor heeft [Fe/H] # "2, wat overeenkomt met 1/100 van de hoeveelheid ijzer
in de zon.4 Er is een grote variatie in metalliciteit in de sterren van Sculptor. De
sterren met de hoogste metallicitieit hebben [Fe/H] # "1 (1/10 van de waarde
van de zon), terwijl de, tot op heden ontdekte, sterren met de laagste metalliciteit
[Fe/H] # "4 hebben (1/10.000 van de zonswaarde).

Gedurende de laatste 15 jaar zijn er steeds meer en betere metingen van
chemische elementen gedaan voor individuele sterren in het Sculptor
dwergstelsel. Het doel van deze scriptie is om bestaand werk verder uit te breiden,
door het meten van van zwavel (Hoofdstuk 3) en zink (Hoofdstuk 4). Dit is
gedaan voor ! 90 sterren. Verder bevat deze scriptie nauwkeurige chemische
metingen voor een unieke ster die verrijkt is in koolstof, maar lage metalliciteit
heeft (Hoofdstuk 5).

4 Chemische hoeveelheden ratio’s zijn in astronomie meestal gedefinieerd op een logaritmi-
sche schaal, waar [X/Y] = log(Nx/Ny)! " log(Nx/Ny)!, en N is het aantal atomen for
elementen X and Y per M!. Op deze schaal correspondeert [X/Y] = 0 met dezelfde hoe-
veelheid als in de zon, [X/Y] = "1 is 1/10 van de hoeveelheid in de zon, [X/Y] = "2 is
1/20, etc.
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Figuur 3: De ratio zwavel tot ijzer, als functie van [Fe/H] voor rode reuzen in Sculptor
(blauwe cirkels) en in de Melkweg (grijze vierkanten). De representatieve fout voor
Sculptor is aangegeven in blauw. (Ter vergelijking: de zon heeft [Fe/H] = 0 en [S/Fe] =
0). Voor referenties en meer informatie, zie Fig. 3.7.

Zwavel & Zink in Sculptor
Zowel de globale metalliciteiten van sterren, [Fe/H], als de gedetailleerdere pa-
tronen in chemische kwantiteit en ratios van elementen zijn sterk afhankelijk van
de evolutie van het systeem waarin ze zijn gevormd. Een goed voorbeeld hiervan
is de ratio van !-elementen (hierbij bestaat de kern van de meest voorkomende
isotoop uit !-deeltjes, d.w.z. twee protonen en twee neutronen) tot ijzer. Deze
[!/Fe] ratios veranderen door de relatieve contributie van type II supernovae,
die het einde zijn van zware sterren die na ! 10 miljoen jaar exploderen en veel
!-elementen produceren, tot type I supernovae. Deze laatsten ontstaan doordat
er massa op een witte dwerg wordt overgebracht. Type Ia supernovae exploderen
pas na ! 1 " 2 miljard jaar en verrijken hun omgeving voornamelijk met ijzer en
elementen waarvan het massagetal bij ijzer in de buurt ligt (zoals Cr en Ni).

In het begin van de chemische evolutie van elk systeem worden de productie
en distributie van metalen gedomineerd door type II supernovae, omdat zij na
relatief korte tijd plaatsvinden. Dit betekent dat de ratio’s van !-elementen tot
ijzer hoger zijn dan in de omgeving van de zon, dus [!/Fe] > 0. Na 1-2 miljard
jaar, wanneer type II supernovae gaan bijdragen door hun omgeving te verrijken
met in verhouding veel Fe en weinig !-elementen, krijgen volgende generaties
sterren lagere [!/Fe] waarden.

Zwavel lijkt zich hetzelfde te gedragen als andere !-elementen voor sterren in
de halo van de Melkweg, maar er zijn geen uitgebreide studies gedaan naar zwavel
in andere sterrenstelsels. In deze scriptie zijn spectra met hoge resolutie gebruikt
om de hoeveelheid zwavel in 85 sterren van het Sculptor dwerg-ellipsstelsel te
meten. De sterren hebben metalliciteit "2.5 $ [Fe/H] $ "0.9 (zie Hoofdstuk 3)
en het resultaat is weergegeven in Fig. 3.

Zwavel hoeveelheden in Sculptor laten hetzelfde gedrag zien als andere !-
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Figuur 4: Ratio’s van zink tot ijzer, als functie van [Fe/H], in sterren in Sculptor
(blauwe cirkels), de dwergstelsels Carina (gele driehoeken) en Sagittarius (rode drie-
hoeken) en in sterren in verschillende regio’s van de Melkweg (grijze vierkanten). (Ter
vergelijking: de zon heeft [Fe/H] = 0 en [Zn/Fe] = 0) Voor referenties en details, zie
Fig 4.17.

elementen in dit stelsel (zoals Mg, Si en Ca). Bij lagere metalliciteit [Fe/H] $ "2
(meestal de oudste sterren) zijn de hoeveelheden consistent met een plateau van
[S/Fe] = +0.16. Iets dergelijks kan ook gezien worden in de halo van de Melkweg,
waar [S/Fe] # +0.2. Wanneer [Fe/H] stijgt, daalt de [S/Fe] ratio en deze laatste
ratio bereikt negatieve waarden rond [Fe/H] > "1.5. De ratio van [!/Fe] kan
dus worden gebruikt om de tijdsschaal te bekijken waarop contributies van type
Ia supernovae belangrijk worden, zo’n 1-2 miljard jaar na de aanvang van type II
supernovae. Dit gebeurt in de Melkweg rond [Fe/H] " "1. Sterformatie in het
kleinere Sculptor dwerg-ellipsstelsel is minder e#ciënt en hier is het interstellaire
medium slechts verrijkt tot [Fe/H] # "1.8 voordat type Ia supernova bij beginnen
te dragen.

Terwijl de sterformatie afnam in Sculptor, begon de contributie van type Ia
supernovae steeds belangrijker te worden, net zolang tot negatieve waarden van
[!/Fe] werden bereikt. In de Melkweg bleven type II supernovae echter actief.
Hierdoor werd de verrijking door type Ia supernovae tegengewerkt, waardoor de
ratio’s van !-elementen ten opzichte van ijzer niet zulke lage waarden bereikten.
Deze negatieve waarden van [!/Fe] zijn dus typisch voor nabijgelegen
dwergstelsels waar sterformatie lange tijd geleden is opgehouden.

De hoeveelheden (en bovengrenzen) van Zn zijn ook gemeten in 100 indivi-
duele rode reuzen in het Sculptor dwerg-ellipsstelsel, met metalliciteit "2.7 $
[Fe/H] $ "0.9 (zie Hoofdstuk 4). Dit is het grootste aantal metingen van Zn
in een systeem van sterren buiten de Melkweg. De resultaten zijn consistent
met eerdere metingen van een gelimiteerd aantal sterren in Sculptor en in andere
dwergstelsels. Zn vertoont gelijkenis met !-elementen, zie Fig. 4. Dit betekent
waarden onder die van de zon bij lage metalliciteit en een dalende [Zn/Fe] ratio
als [Fe/H] stijgt. Bij hogere metalliciteit, [Fe/H] > "1.8, vinden we in Sculptor
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Figuur 5: Ratio’s van koolstof tot ijzer als functie van [Fe/H] in dwergsterrenstelsels
(in verscheidene kleuren: van de kleinste dwergstelsels in het rood, tot de grootste in
magenta) en in de halo van de Melkweg (grijze en zwarte vierkanten). Gevulde zwarte
en gekleurde symbolen zijn CEMP-no sterren, gevulde grijze tekens zijn ongeclassifi-
ceerde CEMP sterren. De eerste CEMP-no ster in Sculptor is de blauwe driehoek op
[Fe/H] = "2. Voor referenties en meer details, zie Fig. 6.1.

erg lage waarden voor Zn en grote spreiding, "0.8 < [Zn/Fe] < 0.4. Deze resul-
taten suggereren dat zink een gecompliceerde nucleosynthetische oorsprong heeft
in Sculptor. Het is geen !-element, noch een element met massagetal rond dat
van ijzer. Mogelijk wordt het op meerdere plaatsen geproduceerd.

CEMP sterren in Sculptor en andere dwergster-
renstelsels
De allereerste sterren in het universum vormden uit het oorspronkelijke materiaal
dat slechts bestond uit H, He en een beetje Li. Omdat er geen metalen waren,
was koeling en fragmentatie in gaswolken van dit oorspronkelijke materiaal in-
e#ciënt, waardoor voorspeld wordt dat deze eerste sterren zwaarder waren dan
hedendaagse sterren. Het merendeel van de eerste sterren zal korte tijd hebben
geleefd en is daardoor niet meer zichtbaar in het lokale universum. Er is nog geen
directe waarneming van een ster met een metalliciteit van nul gedaan.

Eigenschappen van de eerste sterren kunnen indirect worden waargenomen,
door de chemische elementen die ze hebben achtergelaten. Het gas dat ver-
rijkt was door deze allereerste sterren kan nog steeds worden waargenomen in
de daarna gevormde lage-massa sterren die lang leven. Het patroon van
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chemische elementen dat deze sterren met metalliciteit nul hebben achtergela-
ten zou waarneembaar moeten zijn in de fotosfeer van antieke sterren met lage
metalliciteit.

Alle metingen van sterren met lage metalliciteit in de halo van de Melkweg
hebben gevonden dat een significant gedeelte van de sterren met [Fe/H] $ "2.0
een overschot aan koolstof heeft (dit betekent [C/Fe] % +0.7), zie Fig 5. Deze
sterren hebben in verhouding een lage metalliciteit en hoog koolstofgehalte en
worden aangeduid met de term CEMP (carbon-enhanced metal-poor) sterren.

Deze CEMP sterren kunnen worden verdeeld in subgroepen, afhankelijk van
de hoeveelheid zware elementen (zoals Ba en Eu). Van de verschillende
categorieën zijn CEMP-no sterren in het bijzonder van belang, omdat ze vaker
voorkomen en een groter overschot aan koolstof krijgen naarmate [Fe/H] afneemt.
Het meest extreem zijn de sterren met de laagste metalliciteit, zie Fig 5. Deze
resultaten suggereren dat het patroon van chemische elementen van CEMP-no
sterren de oorspronkelijke chemische compositie van hun geboorteplek weergeeft,
die mogelijk verrijkt is door de eerste generatie sterren.

De eerste CEMP-no ster in Sculptor wordt in deze scriptie gepresenteerd. De
ster klopt met het beeld dat hij is gevormd uit een gaswolk die eerst verrijkt werd
door een combinatie van eerste generatie sterren en sterren uit een latere gene-
ratie. Behalve het koolstofoverschot heeft deze ster ook andere eigenaardigheden
(zie Hoofdstuk 5). De ontdekking van deze CEMP-no ster met ongewoon hoge
[Fe/H] = "2, heeft geleid tot het bepalen van de frequentie waarmee CEMP-no
sterren in dwergstelsels in het algemeen voorkomen (zie Hoofdstuk 6). Dit bracht
aan het licht dat de waarschijnlijkheid om CEMP-no sterren waar te nemen va-
rieert per dwergstelsel, afhankelijk van de geschiedenis van hun sterformatie.

Conclusie
De sterrenstelsels in de Lokale Groep bieden een unieke gelegenheid om indi-
viduele sterren in groot detail te bestuderen. Hierdoor krijgen we waardevolle
inzichten in verscheidene processen die een rol spelen in de formatie en evolutie
van sterrenstelsels. Oude sterren met lage massa in de Melkweg en zijn
satellieten zijn belangrijke overblijfselen van de processen die zorgen voor chemi-
sche verrijking. Ze kunnen zelfs de eigenschappen van de eerste generatie sterren
onthullen. Het Sculptor dwergstelsel is een ideaal systeem om de gehele
chemische evolutie van een enkel systeem te bestuderen, omdat het relatief veel
sterren heeft en een eenvoudige geschiedenis van sterformatie. Het is de verwach-
ting dat er in de komende jaren steeds meer satellieten van de Melkweg ontdekt
zullen worden. Samen met grote databases van sterren met lage metalliciteit
kunnen deze satellieten ons een duidelijker beeld geven van hoe verschillende
chemische elementen in het heelal zich vermeerderd hebben.
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Stjarnfornleifafræ"i í Grenndarhópnum

Af öllum $eim milljónum stjörnu$oka sem eru í heiminum, $á eru nokkrar tylftir
$eirra sérstaklega áhugaver%ar, vegna $ess hve nálægt $ær eru Sólkerfinu. &essar
stjörnu$okur tilheyra hinum svokalla%a Grenndarhópi (e. Local Group), sem sam-
anstendur a% mestu leyti af tveimur stórum $yrilstjörnu$okum, Vetrarbrautinni
og Andrómedu, en $ar a% auki er fjöldinn allur af dvergstjörnu$okum af 'msum
stær%um og ger%um. Meira en 30 $ekktar dvergstjörnu$okur eru á sporbaug um
Vetrarbrautina, sjá Mynd 1. N'lega hafa fjöldamargar n'jar, litlar og daufar,
dvergstjörnu$okur veri% uppgötva%ar, og er búist vi% a% fleiri muni koma í ljós á
næstu árum.

Allar stjörnu$okur eru ger%ar úr mismunandi magni og samsetningu af huldu-
efni, ryki og gasi, stjörnum og stjörnuleifum. Stjörnur myndast úr köldum gas-
sk'jum og hafa skapa% öll frumefni í heiminum, $yngri en vetni og helíum. Gegn-

Mynd 1: Vetrarbrautin og dvergstjörnu"okur á braut um hana. Athugi# Sculptor
(Scl) ne#arlega á myndinni (fengi# frá: H. Jerjen & ESO).
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um tímann hefur mörgum $essara frumefna, e%a málma5, veri% dreift um umhverf-
i%, a%allega me% orkumiklum sprengistjörnum. Næstu kynsló%ir stjarna myndast
$ví úr gasi sem hefur veri% au%ga% af málmum, og eftir $ví sem tíminn lí%ur eykst
$etta magn málma í umhverfinu, og n'jar stjörnur ver%a málmríkari en forver-
ar $eirra. Massalitlar stjörnur geta haft líftíma sem er sambærilegur vi% aldur
alheimsins. Yfirbor% $essara stjarna helst í flestum tilvikum nánast óbreytt frá
upphafi, fram til dagsins í dag, og hægt er a% líta á $ær sem nokkurs konar forn-
minjar sem geyma uppl'singar um umhverfi% sem $ær myndu%ust úr. Me% $ví
a% sko%a stjörnur af mismunandi aldri getum vi% $ví fengi% nákvæma inns'n inn
í sögu frumefnanna í stjörnu$okunni $ar sem $ær ur%u til.

Til $ess a% mæla magn málma, (e. metallicities), og fá nákvæmt yfirlit yfir
efnasamsetningu stjarna er nau%synlegt a% rannsaka litróf $eirra. Öll frumefni
og sameindir hafa vel skilgreindar litrófslínur, og ræ%st styrkur $eirra bæ%i af
magni efnanna, og eiginleikum stjarnanna sjálfra (s.s. hitastigi og $yngdarafli á
yfirbor%i).

Í Vetrarbrautinni og nálægum dvergstjörnu$okum getum vi% fengi% hágæ%a
litróf af einstökum stjörnum, sem er ekki hægt ef fari% er út fyrir Grenndarhópinn.
&ví er mögulegt a% rannsaka í smáatri%um, stjörnu fyrir stjörnu, hvernig hin 'msu
frumefni safnast upp yfir líftíma stjörnu$oka. Ólíkar tegundir af stjörnum skilja
eftir sig mismunandi samsetningu af frumefnum. Me% $ví a% rannsaka hvernig
efnasamsetningar í stjörnum breytast me% aldri $eirra og málmamagni, kemur í
ljós hva%a ferli voru mikilvæg á hva%a tíma, og hversu langan tíma uppbygging
efnanna tók í efnafræ%ilegri $róun stjörnu$okanna.

Grenndarhópurinn er eini sta%urinn í heiminum $ar sem vi% getum rannsak-
a% tímahá%a eiginleika stakra stjörnu$oka, og mælt $á frá upphafi til dagsins í
dag. Slíkar rannsóknir eru $ví mjög gagnlegar til vi%bótar athugunum á fjarlæg-
ari stjörnu$okum $ar sem er mögulegt a% fá stór úrtök sem hægt er a% sko%a
tölfræ%ilega, en me% takmarka%ri uppl'singum um hverja og eina.

Sculptor
Megin vi%fangsefni $essarar ritger%ar er dvergstjörnu$okan Sculptor, sjá Mynd 2.
Sculptor var ein af fyrstu stjörnu$okunum á braut um Vetrarbrautina til a% vera
uppgötvu%, og ári% 1938 l'sti stjarne%lisfræ%ingurinn Harlow Shapley henni sem:
“N"rri tegund af stjörnukerfi”.

Sculptor er mjög gömul stjörnu$oka. Megin$orri stjarnanna mynda%ist fyrir
meira en 10 milljör%um ára, og engar stjörnur hafa or%i% til n'lega. Dvergstjörnu-
$okur á bor% vi% Sculptor, eru me% algengustu tegundunum af stjörnu$okum í
heiminum, og hár aldur stjarnanna gerir okkur kleift a% rannsaka stjörnumyndun
á fyrstu 1-4 milljör%um ára alheimsins.

5 Í stjarne#lisfræ#i eru öll frumefni "yngri en helíum köllu# málmar.
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Mynd 2: Mi#ja dvergstjörnu"okunnar Sculptor, alls 0.4x0.4 grá#ur á himninum (feng-
i# frá: Thomas de Boer).

&essi litla stjörnu$oka er á su%urhveli himins, á hárri breiddargrei%u, sjá
Mynd 1. Heildarmassi Sculptors er um 1/3000 af massa Vetrarbrautarinnar
(Mtot = 3.4 · 108 M#) og hún er í um 280 $úsund ljósára fjarlæg% frá Sólkerf-
inu. Í $essari fjarlæg% er a%eins f'silegt a% taka litróf í hárri upplausn af allra
björtustu stjörnunum (rau%um risum), en slík litróf eru nau%synleg til a% mæla
nákvæma efnasamsetningu stjarna.

Í stjarnfornleifafræ%i er magn járns oft nota% til a% meta heildarmagn málma
í stjörnum, me%al annars vegna $ess a% $a% er tiltölulega au%velt a% mæla. Me%-
alstjarnan í Sculptor hefur [Fe/H] = "2, $.e. 1/100 af járnmagni sólar.6 Málma-
magn hjá stjörnum í Sculptor nær yfir breitt svi%, $ar sem málmríkustu stjörn-
urnar hafa [Fe/H] # "1 (1/10 mi%a% vi% Sólina), en málmr'rustu stjörnurnar
sem fundist hafa eru me% [Fe/H] # "4 (1/10,000 af Sólarmagninu).

Sí%ustu 15 ár e%a svo hafa veri% ger%ar nákvæmar mælingar á efnasamsetningu
einstakra stjarna í dvergstjörnu$okunni Sculptor. Markmi%i% me% $essari ritger%
er a% útvíkka $essa $ekkingu enn frekar, me% $ví a% mæla magn brennisteins
(kafli 3) og sinks (kafli 4) í ! 90 stjörnum, sem og nákvæma efnasemsetningu á
mjög einstakri kolefnisríkri málmr'rri stjörnu í $essari stjörnu$oku (kafli 5).

6 Magn frumefna í stjarne#lisfræ#i er almennt skilgreint á lógaritmískum kvar#a,
[X/Y] = log(Nx/Ny)! " log(Nx/Ny)!, "ar sem N er fjöldi atóma af frumefnum X og Y á
hvern sólarmassa. Á "essum skala er [X/Y] = 0 sama hlutfall efnanna og mælist í Sólinni,
[X/Y] = "1 svarar til 1/10 af Sólarhlutfallinu, [X/Y] = "2 til 1/100, o.s.frv.
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Mynd 3: Hlutfall brennisteins og járns sem fall af [Fe/H] í rau#um risum í Sculptor
(bláir hringir) og Vetrarbrautinni (grá tákn). Me#alóvissa fyrir stjörnurnar í Sculptor
er s$nd me# bláum krossi. (Til samanbur#ar, "á hefur Sólin [Fe/H] = 0 og [S/Fe] = 0.)
Fyrir heimildir og nánari útsk$ringar, sjá mynd 3.7.

Brennisteinn & sink í Sculptor
Heildarmagn málma í stjörnum, og almenn efnasamsetning og hlutföll einstakra
frumefna eru mjög há% efnafræ%ilegri $róunarsögu kerfisins sem $ær voru mynd-
a%ar í. Sk'rt dæmi um $etta er hlutfall !-frumefna ($ar sem kjarninn er ger%ur
úr mörgum !-ögnum, $.e. tveimur róteindum og tveimur nifteindum) og járns.
Hlutfalli%, [!/Fe], ræ%st a%allega af framlagi tveggja tegunda sprengistjarna:
i) Ger% II, sem er dau%i stórra stjarna (! 8 " 40 sólarmassar) sem springa eftir
! 10 milljón ár og dreifa miklu magni af !-frumefnunum; ii) Ger% Ia, sem ver%a
me%al tvístirna $egar massi flyst yfir á hvítan dverg og veldur sprengingu. &etta
gerist 1-2 milljör%um ára eftir myndun stjarnanna, og me% $essari ger% spreng-
istjarna dreifast mestmegnis járn og önnur skyld efni (svo sem Cr og Ni) um
umhverfi%.

Snemma í sögu allra stjörnu$oka fer framlei%sla og dreifing málma fyrst og
fremst fram me% sprengistjörnum af ger% II, $ar sem $ær gerast á mjög stuttum
tíma, á stjarnfræ%ilegum mælikvar%a. Á $essu tímabili eru hlutföll !-frumefna
og járns $ví venjulega hærri en í nágrenni Sólar, [!/Fe] > 0. Eftir 1-2 milljar%a
ára, $egar sprengistjörnur af ger% Ia byrja a% hafa áhrif á umhverfi sitt (me% $ví
a% dreifa miklu magni af járni) $á lækkar hlutfalli% af [!/Fe] í næstu kynsló%um
stjarna.

Í stjörnum Vetrarbrautarinnar hefur veri% s'nt fram á a% brennisteinn hagar
sér líkt og önnur !-frumefni, en $ar til nú hefur ekki veri% ger% nein alhli%a
rannsókn á $essu frumefni í stjörnum í ö%rum stjörnu$okum. Í $essari ritger% voru
litróf me% hárri upplausn notu% til a% ákvar%a magn brennisteins í 85 stjörnum í
dvergstjörnu$okunni Sculptor, me% járnmagn á bilinu "2.5 $ [Fe/H] $ "0.9 (sjá
kafla 3).
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Mynd 4: Hlutfall sinks og járns, sem fall af [Fe/H], í rau#um risum í Sculptor (bláir
hringir), dvergstjörnu"okunum Carina (gulir "ríhyrningar) og Sagittarius (rau#ir "rí-
hyrningar), sem og stjörnum í mismunandi hlutum Vetrarbrautarinnar (gráir ferningar).
(Til samanbur#ar, "á hefur Sólin [Fe/H] = 0 og [Zn/Fe] = 0.) Fyrir heimildir og nánari
útsk$ringar, sjá mynd 4.17.

Brennisteinsmagn í stjörnum í Sculptor s'nir sömu heg%un og sjá má hjá ö%r-
um !-frumefnum í $essari stjörnu$oku (eins og Mg, Si og Ca), sjá mynd 3. Fyrir
málmr'rar stjörnur, [Fe/H] $ "2 (venjulega elstu stjörnurnar), $á eru ni%ur-
stö%urnar í samræmi vi% fast gildi, svipa% $ví sem a% mælist í Vetrarbrautinni,
[S/Fe] # +0.2. Eftir $ví sem a% [Fe/H] eykst, $á lækkar hlutfalli% [S/Fe], og nær
loks neikvæ%um gildum vi% [Fe/H] " "1.5. &etta hlutfall, [!/Fe], er $ví hægt a%
nota sem tímaskala, til a% mæla hvenær framlag sprengistjarna af ger% Ia fer a%
ver%a mikilvægt. Í Vetrarbrautinni gerist $etta í kringum [Fe/H] " "1, me%an í
minni stjörnu$okunni Sculptor var myndun stjarna ekki eins skilvirk og gasi% var
a%eins au%ga% upp í [Fe/H] # "1.8, á sama tímabili.

&egar myndun stjarna í Sculptor stö%va%ist, fór framlag sprengistjarna af
ger% Ia a% ver%a meira og meira ríkjandi, $ar til neikvæ%um gildum á [!/Fe]
var ná%. Í Vetrarbrautinni var hins vegar stö%ugt frambo% af sprengistjörnum
af ger% II sem unnu gegn lækkun [!/Fe], svo $essi hlutföll ver%a ekki eins lág.
Neikvæ% gildi á [!/Fe], $.e. $egar hlutfalli% er lægra en í Sólinni, eru $ví mjög
algeng fyrir nálægar dvergstjörnu$okur $ar sem myndun stjarna hefur stö%vast.

Mælingar voru einnig ger%ar á frumefninu sink (Zn) í !100 rau%um risum í
dvergstjörnu$okunni Sculptor, me% magn járns á bilinu "2.7 $ [Fe/H] $ "0.9
(sjá kafla 4). &etta er stærsta safn Zn mælinga í kerfi stjarna utan Vetrarbraut-
arinnar. Ni%urstö%urnar eru í samræmi vi% fyrri mælingar á takmörku%u upp-
lagi stjarna í Sculptor og ö%rum dvergstjörnu$okum, sem s'na heg%un líka !-
frumefnum, sjá mynd 4. &a% er, há gildi me%al málmr'rra stjarna, og lækkandi
[Zn/Fe] me% vaxandi [Fe/H]. Me%al málmríkari stjarna í Sculptor, [Fe/H] > "1.8,
mælast mjög lág gildi á Zn sem dreifast yfir stórt bil "0.9 < [Zn/Fe] < 0.4. &ess-
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Mynd 5: Hlutfall kolefnis og járns sem fall af [Fe/H] í dvergstjörnu"okum (litu# tákn
frá minnstu stjörnu"okunum í rau#u til "eirra stærstu í fjólubláu), og í Vetrarbrautinni
(grá og svört tákn). Fyllt svört og litu# tákn eru CEMP-no stjörnur, fyllt grá tákn
eru óflokka#ar CEMP stjörnur. Athugi# fyrstu CEMP-no stjörnuna í Sculptor (blár
"ríhyrningur me# [Fe/H] = "2). Fyrir heimildir og nánari útsk$ringar, sjá mynd 6.1.

ar ni%urstö%ur gefa til kynna a% sink eigi sér flókna sögu í Sculptor, og a% $a%
hagi sér hvorki alveg eins og !-frumefnin né fullkomlega eins og $au sem tilheyra
járnhópnum, og myndun $ess dreifist $ví mögulega á nokkra ólíka ferla.

CEMP stjörnur í dvergstjörnu#okum
Fyrstu stjörnurnar í alheiminum myndu%ust úr frumstæ%u efni, sem innihélt a%-
eins vetni, helíum, og örlíti% magn af lithium. Fjarvera málma ger%i $a% a%
verkum a% kæling gass var óskilvirk, sem og skipting $ess í minni einingar. Líkön
af myndun $essara fyrstu stjarna spá $ví $ess vegna a% $ær hafi almennt veri%
stærri en stjörnur dagsins í dag. Mikill meirihluti $eirra haf%i $ví stuttan líftíma7,
og $ví er ekki hægt a% sjá $ær í Grenndarhópnum í dag. Engar beinar athuganir
á málmlausri stjörnu hafa enn veri% sta%festar, en leitin heldur áfram.

Eiginleika $essara fyrstu stjarna má hins vegar rannsaka óbeint, út frá frum-
efnunum sem $ær skildu eftir sig. Gasi% sem var “menga%” af $essum frumstæ%u
stjörnum má sko%a í dag, á yfirbor%i lítilla langlífra stjarna sem myndu%ust úr
$ví. Efnasamsetningin sem a% $essar málmlausu stjörnur dreif%u til umhverfisins,
7 Almennt gildir reglan stærri stjarna, styttra líf.
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ætti $ví a% vera greinanleg á yfirbor%i fornra málmr'rra stjarna.
Allar stórar kannanir á málmr'rum stjörnum í Vetrarbrautinni hafa leitt í

ljós a% töluver%ur hluti allra stjarna me% [Fe/H] $ "2.0 hafa hlutfallslega miki%
magn kolefnis ($.e. [C/Fe] % +0.7), sjá mynd 5. &essar stjörnur eru kalla%ar
kolefnisríkar málmr'rar (e. carbon-enhanced metal-poor) stjörnur, e%a CEMP
stjörnur.

&essum CEMP stjörnum er skipt upp í undirhópa, eftir magni $ungra frum-
efna eins og barium og europium. Af $essum undirhópum, eru svokalla%ar CEMP-
no stjörnur sérstaklega áhugaver%ar, $ar sem tí%ni $eirra og umframmagn kolefnis
eykst me% lækkandi [Fe/H], og gífurlega há gildi á [C/Fe] finnast í málmr'rustu
stjörnunum, sjá mynd 5. &essar uppgötvanir hafa leitt til $eirrar ni%urstö%u a%
magn frumefna á yfirbor%i CEMP-no stjarna, s'ni upprunalegu efnasamsetningu
fæ%ingasta%ar $eirra, sem hafi veri% menga%ur af fyrstu kynsló% stjarna.

Fyrsta CEMP-no stjarnan sem var uppgötvu% í Sculptor er kynnt í $essari rit-
ger%. Efnasamsetning $essarar stjörnu er í samræmi vi% a% hafa myndast úr gas-
sk'i sem haf%i veri% menga% af bæ%i fyrstu kynsló% stjarna og seinni kynsló%um.
Til vi%bótar vi% miki% magn kolefnis, $á hefur $essi stjarna einnig a%ra óvenju-
lega $ætti í efnasamsetningu sinni (sjá kafla 5). Uppgötvun $essarar stjörnu vi%
óvenjulega hátt [Fe/H]= "2, leiddi til fræ%ilegrar rannsóknar á tí%ni CEMP-no
stjarna í dvergstjörnu$okum almennt (sjá kafla 6). Sú rannsókn leiddi m.a. í ljós
a% líkurnar á a% finna CEMP-no stjörnur eru ekki eins í öllum dvergstjörnu$okum,
heldur eru há%ar $ví hversu margar, og á hva%a tíma skala, stjörnur myndu%ust.

Lokaor"
Stjörnu$okurnar í Grenndarhópnum veita einstakt tækifæri til a% rannsaka stjörn-
ur í ótrúlegum smáatri%um. Vi% getum ö%last ómetanlega inns'n inn í hina
'msu ferla í myndun og $róun stjörnu$oka. Sér í lagi, $á eru gamlar stjörnur í
Vetrarbrautinni og fylgistjörnu$okum hennar mikilvægar fornminjar um efnaupp-
byggingu alheimsins, og geta jafnvel gefi% okkur uppl'singar um fyrstu kynsló%
stjarna. Dvergstjörnu$okan Sculptor er einstaklega gó%ur kostur til a% rannsaka
efnauppbyggingu staks kerfis frá byrjun til enda, vegna $ess a% hún hefur til-
tölulega margar stjörnur, og einfalda stjörnumyndunarsögu. Á komandi árum er
búist vi% a% enn fleiri dvergstjörnu$okur á braut um Vetrarbrautina ver%i upp-
götva%ar, sem ásamt fleiri rannsóknum á málmr'rum stjörnum munu færa okkur
enn$á sk'rari mynd af $ví hvernig hin 'msu frumefni ur%u til og dreif%ust um
heiminn.
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