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Chapter 2
Fornax and the Local Group

The cold dark matter (CDM) paradigm states that small galaxies are the building
blocks of larger galaxies. This formation scenario is quite successful at modelling

large scale structures but it has a problem for objects the size of current day dwarf galax-
ies: many more dwarfs are predicted than are actually observed in the Local Group. The
surviving dwarf galaxies give us the opportunity to learn more about them and their
relation to larger galaxies such as the Milky Way and M 31. By studying photometric
properties, kinematics and the detailed chemistry of individual stars in different systems,
both large and small, we can hope to better understand galaxy formation and evolution.

In my thesis I carry out a detailed high resolution spectroscopic study of individual
stars in a nearby dwarf galaxy: the Fornax dwarf spheroidal galaxy. In this chapter I
provide an introduction to what is currently known about Fornax and the environment
in which it is evolving.

2.1 Dwarf galaxies in the Local Group
The Local Group contains ∼40 dwarf galaxies, mostly clustered around two big spiral
galaxies, the Milky Way (MW) and M 31 (van den Bergh 2000), see Figure 2.1 for a
schematic overview. The majority of dwarf galaxies generally fall into two categories,
Dwarf Spheroidals (dSphs) and Dwarf Irregulars (dIrrs). The dSphs are generally found
close to a host galaxy and they typically don’t have current star formation or H i gas
associated with them and the dIrrs are typically more distant and generally have at least
some current star formation and gas (Mateo 1998).

The Local Group is a useful laboratory to study galaxies in detail because, as opposed
to high redshift surveys, we can resolve individual stars. This allows us a deeper insight
into the evolutionary path galaxies have followed since the earliest times. This can be
achieved using a range of techniques, including Colour-Magnitude Diagram analysis and
spectroscopic abundances. By observing large and small nearby galaxies in detail we
can hope to see evidence of galaxy building processes. Recent signs of this are bursts of
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Figure 2.1: Schematic representation of the Local Group (Grebel 1998).

star formation, tidal debris and on-going mergers, but to find evidence of similar events
in the distant past we need to uncover more deeply hidden information. One method
is to look for unique chemical signatures in stellar abundance patterns which reveal the
detailed evolutionary history of star formation in galaxies and can be used to determine
how much different galaxies have in common with each other throughout the history of
the Universe and thus if the assumptions of hierarchical galaxy formation are valid.

Dwarf galaxies offer us the opportunity to study the star formation history and chem-
ical evolution of complete systems that are quite different to the MW and likely to be
more similar to (the metal poor and small) galaxies found in the early universe. Their
small size also means that to a first approximation, they can be considered as chemically
homogeneous “single cell organisms”, creating stars as more of a single unit than a larger
galaxy such as the Milky Way; largely unaffected by complexities such as spiral arms,
and distinct components such as disk, halo and bulge. There is however the complication
that it is relatively easy for a small galaxy to loose metals during a supernovae explosions
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Figure 2.2: From Coleman
& Da Costa (2005), the
distribution of Fornax RGB
stars, where each star has
been convolved with a Gaus-
sian of width 10′. The outer
shell of Fornax is clearly vis-
ible, located 1.3◦ north-west
of the centre. The first shell
is too close to the centre to be
visible.

(e.g. Mac Low & Ferrara 1999). Due to their proximity to the gravitational potential
well of bigger galaxies (like the Milky Way or M 31 for Local Group Galaxies), dwarf
galaxies are also more likely to loose gas than to attract it and this may explain the dif-
ferent characteristics of dSphs and dIrrs (Einasto et al. 1974). When a dwarf galaxy falls
within the gravitational influence of a larger galaxy it may loose gas, stars and maybe
even globular clusters to the larger host galaxy. It is also plausible that tidal forces will
drive the star formation events (e.g. Mayer et al. 2001). There is clearly a range of dwarf
galaxy properties in the Local Group, and most recently there is evidence that we have
overlooked a large number of extremely faint dwarf galaxies around the Milky Way (e.g.
Belokurov et al. 2006a,b; Willman et al. 2005a,b; Zucker et al. 2006a,b).

2.2 Fornax dSph
The Fornax dSph galaxy is a relatively isolated, dark matter dominated dwarf galaxy
with a total mass∗ of 108 − 109 M� (Walker et al. 2006, Battaglia et al. in prep.), at a
distance of roughly 135 kpc (Bersier 2000). It is well resolved into individual stars, and
colour-magnitude diagram (CMD) analyses have been made going down to the oldest
main sequence turn-offs (e.g. Stetson et al. 1998; Buonanno et al. 1998; Saviane et al.
2000; Gallart et al. 2005). In common with most other dSph, Fornax has no obvious
H i associated to it at present, down to a density limit of 4 × 1018cm−2 in the centre
and 1019cm−2 at the tidal radius (Young 1999). Unusually for dwarf galaxies, Fornax
contains five globular clusters (see section 2.3).

∗ luminous mass ' 7× 107, Mateo et al. (1991)
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Figure 2.3: From Dinescu et al. (2004) proper motion study, the projection of the orbit
(gray line) of Fornax (F). The black lines represents the orbital paths of Fornax and the
LMC over the last Gyr. The dashed line represents the Galactic plane. The Magellanic
Stream is represented with H i column density contours (from Putman et al. 2003), down
to a column density of 1019 cm−2. The Sculptor dSph (S) and Phoenix dwarf (P) are
also marked on this plot.

Traditionally, dSphs are considered to be simple, uniform spherical systems. How-
ever, in a wide field photometric survey of Fornax, a small overdensity of stars was found
located approximately 17′ (or 670 pc) south-east from the centre of Fornax apparently
dominated by a relatively young stellar population with an age of ∼2 Gyr (Coleman et al.
2004) It is possible that this might be a shell structure, something previously unseen in a
dwarf galaxy, which may be the remnant of a merger with a small, gas-rich system that
occurred approximately 2 Gyr ago, although a detailed study by Olszewski et al. (2006)
suggests that the metallicity of this stellar population is the same as Fornax. A second
large shell-like structure has been discovered 1.3◦ north-west from the centre of Fornax,
outside the nominal tidal radius (Coleman & Da Costa 2005, see Figure 2.2).

Clearly Fornax exists in a complex environment. Proper motion studies of Fornax, us-
ing a combination of photographic plate material and HST Wide Field Planetary Camera
2 data suggest that Fornax crossed the Magellanic plane ∼190 Myr ago (Dinescu et al.
2004, see Figure 2.3). This crossing appears to roughly coincide with the termination
of all star formation in Fornax (Stetson et al. 1998). It is possible that ram pressure
stripping of the ISM may have caused the end of star formation in Fornax. There are
H i clouds found all along the proposed orbit of Fornax consistent with stripped mate-
rial from Fornax as it crossed the orbit of the Magellanic Clouds (Dinescu et al. 2004).
However, there remains a distance discrepancy between Fornax (135 kpc) and the LMC
(50 kpc) which makes it difficult to be sure if there was any interaction at all.
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Figure 2.4: (top): Relative
SFR for Fornax, taken from
Tolstoy et al. (2001). (bot-
tom): SFR of Fornax inner
field, taken from Gallart et al.
(2005).

Using CMDs from several sources, Tolstoy et al. (2001) constructed a schematic star
formation history for Fornax dSph. This is presented in the top panel of Figure 2.4.
More recently, a new star formation history has been published by Gallart et al. (2005),
for the inner field of Fornax, which we reproduced in the bottom panel of Figure 2.4.
The two plots do not agree very well, although both show a peak in star formation at
∼4 Gyr. The relative number of young and ancient stars differs significantly. This might
be due to studies covering different regions of Fornax which we now know has quite a lot
of spatial variation in stellar population (Battaglia et al. 2006). These differences require
further study.

Low resolution spectroscopic studies of individual stars have been made to determine
Ca II triplet metallicities for samples of ∼30 stars (Tolstoy et al. 2001), ∼100 stars (Pont
et al. 2004) and most recently ∼600 stars (Battaglia et al. 2006). These studies have
shown that Fornax contains a relatively metal-rich stellar population and has a complex
star formation history where the majority of stars have been created at intermediate ages
2− 6 Gyr ago with a peak at 5.4±1.7 Gyr ago. (Saviane et al. 2000). Fornax also has a
young stellar population (<1 Gyr) as well as an ancient one (10-12 Gyr) and stars with
a range in metallicity going from −2.8 dex to solar.

Detailed abundance analyses based on UVES high resolution spectroscopy have also
been carried out (Shetrone et al. 2003; Tolstoy et al. 2003) but these were limited to
three stars. In chapter 5, we present our abundance results for nine stars belonging to
three of the Fornax globular clusters, and in chapter 6, the abundances of an additional
81 stars belonging to the central (25′) field of Fornax.
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Figure 2.5: The HST Colour Magnitude Diagrams of three of the Fornax Globular
Clusters, from Buonanno et al. (1998). The RGB stars for which we obtain HR spectra
(see chapter 5) are marked.

2.3 Globular Clusters in Fornax
Globular clusters are rarely found associated to low mass dwarf galaxies. It is not clear if
this is because low mass galaxies loose their globular cluster populations, or if they typ-
ically don’t form stars actively enough to warrant a globular cluster population. Fornax
and Saggitarius are the closest dwarf galaxies with globular clusters. Contrary to the
Sagittarius dSph which is obscured by dust, and confused by merging with our Galaxy,
the Fornax dSph is high above the Galactic plane and offers a uniquely useful target for
investigation. The next example of a dwarf galaxy with globular clusters is WLM (Wolf-
Lundmark-Melotte), which is nearly 1 Mpc away, with only one globular cluster. By
studying the Fornax globular cluster population we can determine if all globular clusters
share the same properties regardless of the environment in which they were created or
if there are differences related to the size, type or location of their host galaxy. At the
very least globular clusters are a part of the overall picture of the star formation history
of a galaxy.

Unlike most other dSphs, Fornax contains five globular clusters (Shapley 1938; Hodge
1961), .1 kpc from its centre. This highly unusual specific frequency (∼70) is an order
of magnitude higher than the expected value for a galaxy of its size (. 5, Harris 1991).
According to Goerdt et al. (2006), in a cuspy cold dark matter halo, Fornax GCs should
sink to the centre within a few Gyr, raising the question of how these old GCs could have
survived to the present epoch. As Goerdt et al. (2006) show, a solution to this timing
problem is to adopt a cored dark matter halo. Under these conditions, it will take the GCs
many Hubble times to sink to the centre, as they will stall at the dark matter core radius.

Globular clusters are typically associated with the oldest stellar population compo-
nent of a galaxy. We do not know for sure under which conditions they form and survive
but they are generally assumed to be a ubiquitous old population associated with the
epoch of galaxy formation. Every large galaxy (spiral or elliptical) appears to have a
population of very old globular clusters (Harris 1991). It is commonly believed that
globular clusters are formed during periods of exceptional star formation, such as during
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the initial formation of the galaxy (Searle & Zinn 1978) or during a major merger (which
might be the same thing). However, this view breaks down in the Magellanic Clouds
where there are (at least) two distinct populations of globular clusters (one young and
relatively metal-rich, and the other old and metal-poor) and there is no similar signature
in the field star stellar population (van den Bergh 1981).

The Fornax dSph GCs, similarly to Galactic GCs, are single-age stellar populations.
Their globular-cluster-like ages have been determined by isochrones fitting on HST CMDs
(see Figure 2.5) going down to oldest main sequence turn-offs and are the same to within
± 1 Gyr, with the possible exception of cluster 4, which is buried in the centre. Some
studies have found it to be younger by about 3 Gyr (Buonanno et al. 1998). The metallic-
ities of the clusters vary, as summarised in Strader et al. (2003), but are more metal-poor
than the average for the field stellar population (by a factor of more than ∼1 dex), with
a bluer RGB, well populated blue horizontal branches (HB) and a range of HB morphol-
ogy (Buonanno et al. 1998, 1999). Thus the Fornax globular clusters represent quite a
different stellar population to the Fornax field stars (Stetson et al. 1998; Buonanno et al.
1999; Saviane et al. 2000).






