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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



1.4: This thesis 11

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.






