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Chapter 1
Introduction

Dwarf spheroidal galaxies (dSphs) are the smallest and most numerous type of
galaxies in the Universe. They all contain ancient stars (>10 Gyr old), show

no current star formation and are devoid of gas. dSphs are in general satellites of
much larger galaxies, and in the Milky Way (MW) system they are predominantly
found within 300 kpc of the MW. Because of their vicinity, we can study dSphs in
great detail and this should in principle facilitate our understanding of these objects
in terms of galaxy formation and evolution.

The large mass-to-light ratios inferred by their kinematics indicate that dSphs are
the most dark matter (DM) dominated systems we know of and that they are the
smallest objects which contain DM. This makes dSphs valuable testing grounds for
DM theories.

In this thesis I concentrate on the study of two satellites of the Milky Way, the For-
nax and Sculptor dSphs. I used wide field photometry and spectroscopy of individual
stars to extensively study their properties, and improve our understanding of galaxy
formation and evolution on the smallest scales.

1.1 Galaxy formation and evolution
Understanding how galaxies form and evolve is one of the main unsolved problems in
astrophysics.

It is widely agreed that the Universe started from a very hot and dense state, which
then rapidly expanded through a phase called “inflation”. Small adiabatic density
fluctuations in the initial conditions provided the seeds from which structures formed
in our expanding Universe. As Primack (2001) said: “The evolution of adiabatic
fluctuations is easy to understand if you just remember that gravity is the ultimate
capitalistic principle: the rich always get richer and the poor get poorer.....”, i.e. those
regions in the Universe that start out with a little higher density than average expand
slower than the rest and become continuously denser; conversely, the regions that have
lower density than average, expand faster and become less dense. When some regions
reach the appropriate density, they stop expanding and start to collapse, i.e. they
decouple from the expansion of the Universe. It is during this collapse phase, which
affects both DM and gas, that structures in the Universe are created.
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Figure 1.1: Schematic representation of
the Milky Way system. The stellar part of
the Milky Way system consists of a bulge
(small dashed circle), a thin and a thick
disk (filled and non-filled central ellipses), a
stellar halo (dashed circle), which contains
stars and globular clusters, and a num-
ber of satellite galaxies most of which are
dSphs (small ellipses). The visible matter
is thought to be embedded in a large dark
matter halo (solid circle).

The collapse of gas inside DM halos and its subsequent transformation into stars
is what creates the amazing variety of galaxies that we see today: spiral, elliptical and
irregular galaxies, of a wide range of sizes and masses. We observe the evolution of these
galaxies through their baryonic component, which is affected by the mass potential,
in general dominated by the DM. Gas cools and forms stars, which will eventually die
and release gas and metals into the interstellar and intergalactic medium (which will
consequently become more metal rich); and the cycle continues until the gas runs out
or is removed. For example, our own MW system can be seen in Fig. 1.1.

According to the monolithic collapse scenario proposed by Eggen, Lynden-Bell, &
Sandage (1962, ELS), the formation of galaxies occurs in a rapid collapse phase. A few
years later Searle & Zinn (1978) proposed a different picture, in which galaxies form
over an extended period of time by the accretion of smaller fragments with masses
∼ 108 M� . The ELS scenario assumes that most of the mass was already in place
at the time of the collapse, and consequently that all the stars in a galaxy formed “in
situ”; whereas, in the Searle & Zinn (1978) scenario, a galaxy continues to accrete mass
over a longer time, and it is possible that many of its stars were originally formed in the
smaller fragments. In parallel to the view of Searle & Zinn the hierarchical paradigm of
structure formation in an Cold DM (CDM) framework started to be developed (White
& Rees 1978; Peebles 1982). This paradigm assumes that DM is in the form of massive,
weakly interacting particles which had non-relativistic (cold) velocities at the time they
decoupled from the expansion of the Universe. These non-relativistic velocities allow
DM to collapse on small scales. In this framework in general small haloes are the first
structures to form, and these merge together to form larger structures. This means
that in principle small galaxies such as dSphs are predicted to have formed before large
galaxies such as the MW. The signatures of accretion observed in galaxies provide
evidence supporting this scenario.
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1.1.1 dSphs as cosmological probes

Over the last years there have been numerous efforts to test different DM theories
and their relation to galaxy formation. At the moment ΛCDM theories are favoured
because of their ability to model the large scale structures in the Universe. However
hierarchical theories face problems on the small scales, the scales of dSphs. For example,
CDM theories of structure formation predict that virialized objects should follow an
Navarro, Frenk & White (NFW) density profile (Navarro, Frenk, & White 1996, 1997)
on every scale, from galaxy clusters to the smallest dwarf galaxies. Whilst the density
profiles of galaxy clusters and large galaxies are compatible with cuspy NFW profiles,
this is not the case for a few low surface brightness galaxies (e.g., Flores & Primack
1994; Moore 1994; McGaugh & de Blok 1998; de Blok et al. 2001). However accurately
determining the mass distribution of galaxies suffers from uncertainties related to the
role of baryons in contributing to the kinematics of the system, i.e. how dominant is
the DM. Baryons may also introduce uncertainties by changing the inner density profile
of the DM. With their large mass-to-light ratios of 100s (M/L)�, dSphs are good DM
probes as the contribution of baryons can be readily neglected.

Another problematic prediction of CDM models is the mass spectrum of virialized
structures that should surround galaxies like the MW. Moore et al. (1999) and Klypin
et al. (1999) showed that CDM predicts 100-1000 DM subhalos around massive galaxies
like the MW and until two years ago there were only 11 known MW satellites. This
mismatch is known as the “missing satellites problem”. In the past two years this
problem has been somewhat relieved by the discovery of ∼10 new faint MW satellites
by SDSS (Willman et al. 2005a,b; Zucker et al. 2006a,b; Belokurov et al. 2006, 2007;
Walsh et al. 2007), although it is still not resolved. A solution to this issue considers the
effect of the cosmic photoionizing background due to the reionization of the Universe,
which is expected to halt star formation in low mass subhaloes, leading to a significant
population of dark galaxies with no (or very little) visible matter. In this case, many of
the dSphs that we see today inhabit those subhaloes that started forming stars before
reionization and that were massive enough to retain their gas afterwards and be able
to form stars for a few Gyr. The implication of this prediction, if verified, is multi-
fold: first, obviously it would favour the CDM scenario of galaxy formation; second,
it implies that stars in dSphs formed at high redshift (z > 6), and thus should carry
information about the conditions of the very early Universe.

Any test of cosmological theories of galaxy formation requires accurate knowledge
of the mass content of a galaxy and its distribution. However DM is not directly
observable, and thus these theories have to be tested by looking at the properties
of the visible matter. The chemical abundance properties of galaxies have already
given important insights into hierarchical accretion theories. Due to their small sizes,
masses and their vicinity to the MW, dSphs are natural candidates to be the building
blocks of larger galaxies such as the MW, as predicted in a CDM hierarchical scenario.
Specifically, the MW stellar halo is predicted to be formed by the stellar content of
many building blocks which were torn apart by the gravitational interaction with the
host. If this scenario is correct, then the MW halo stars, which are known to be ancient
and metal poor, should have similar chemical composition to the ancient stars in dSphs.
Recent studies show however that dSphs are unlikely to be the MW building blocks as
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the chemical composition of old dSph stars and MW halo stars is significantly different
(e.g., Shetrone et al. 2001, 2003; Tolstoy et al. 2003; Venn et al. 2006; Helmi et al.
2006).

1.1.2 The effect of environment
In order to test theories of galaxy formation and evolution we need to look at the
properties of the baryonic component of galaxies. For this we need to take into ac-
count that galactic properties are not only driven by the internal mechanisms, but also
environmental effects can play a major role, radically changing the initial properties of
galaxies. For example, in high density environments such as cluster of galaxies, tidal
stripping and ram pressure significantly affect the interstellar medium of galaxies, rip-
ping it off and releasing it into the intergalactic medium. Similar mechanisms are also
thought to affect the evolution of dwarf galaxies which orbit much larger objects and
have been invoked to explain the characteristics of the Local Group.

The Local Group, in common with other galaxy groups, presents a morphology-
density relation (see van den Bergh 1999): dSphs, pressure supported and devoid of
gas, are in general found close to large galaxies (e.g. < 300 kpc from the MW); dIrrs,
which are rotation supported and contain gas, are in general found far from the large
galaxies (e.g. > 300 kpc from the MW). N-body models have shown that it is possible
to transform a rotationally supported system (dIrr) into a pressure supported one
(dSph) through the tidal stirring exerted by the host galaxy (Mayer et al. 2001, 2006).
This tidal stirring occurs mainly during pericentric passages and causes an increase
in the star formation history of the stirred object. In this picture the lack of gas in
dSphs can be explained by the combined effect of tides and ram pressure stripping. It
is possible to test this scenario by comparing the orbital period of the satellites to their
star formation histories. Also, as the transformation of dIrrs into dSphs is predicted to
be efficient for eccentric orbits and small pericentric distances, those satellites whose
orbital properties do not meet the conditions for an efficient tidal stirring should present
morphological and kinematic properties intermediate to dIrrs and dSphs, such as for
instance, the presence of a bar-like stellar distribution or residual rotation.

Thus the determination of the mass content and its distribution in dSphs, as well
as of other properties like the chemistry and star formation histories, can help us in
testing theories of the formation and evolution of all galaxies.

1.2 Resolved stellar population studies in the Local
Group

In order to compare observational evidence to theories of galaxy formation and evolu-
tion we need to accurately determine physical properties such as chemical enrichment
and star formation histories, and kinematics of galaxies.

The Local Group offers us a great opportunity to carry out these kind of studies
using techniques such as photometry and spectroscopy of individual stars to make
the most detailed and accurate measurements of galaxy properties and how they have
changed over time.
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Figure 1.2: Schematic repre-
sentation of a galaxy CMD. Some
of the CMD features highlighted
in the figure can be used as diag-
nostics for the presence of stars of
different ages. For example stars
found in the Blue-Loop phase are
young; stars in the Red Clump
have predominantly intermedi-
ate ages, whilst the Horizontal
Branch (HB) tells us that ancient
stars are present. The shape
and location of these features de-
pends also on metallicity. For ex-
ample, the HB can sometimes be
divided in a blue and red part
(BHB and RHB), which respec-
tively indicate the presence of
older/more metal poor stars and
younger/more metal rich stars.

I now briefly review the analysis techniques commonly used in resolved stellar pop-
ulation studies adopted in this thesis.

1.2.1 Colour-Magnitude Diagram analysis

Colour-Magnitude Diagram (CMD) analysis is commonly used in resolved stellar pop-
ulation studies to derive star formation histories. If no information is available about
the metallicity of individual stars the only accurate way of deriving star formation
histories is by detecting main sequence turn-offs. This is because the position of a
star on a CMD changes according to several factors, such as its age, metallicity and
mass, and the dependence on age and metallicity is often degenerate, expecially on the
Red Giant Branch (RGB). However, some specific features in CMDs are indicators of
the presence of young (<1 Gyr), intermediate age (2-8 Gyr) and ancient (>10 Gyr)
stars (see Fig.1.2). By simply counting the percentage of stars which are found in such
features we can reconstruct a simple star formation history which will not tell us if the
star formation was episodic or continuous for example, but if more stars were produced
in the early stages of the galaxy, if the star formation decreased in recent times etc.
This simple method, used on wide area photometry, allows us to detect if and how the
star formation changed throughout a galaxy (Chapters 3, 4).



14 chapter 1: Introduction

1.2.2 Metallicity
All the metals∗ in the Universe, except the primordial ones created during the Big Bang
(hydrogen, deuterium, helium and lithium), are produced in the stellar interiors and
subsequently expelled in the interstellar medium predominantly when stars die. As dif-
ferent elements can be produced by different mechanisms (stellar winds, SNIa, SNII...),
the chemical enrichment history of a galaxy tells us about the relative importance of
these mechanisms throughout the life of the galaxy.

The abundance of chemical elements in the ISM from which stars formed is pre-
served in the stellar atmosphere. By taking spectra of stars of different ages we there-
fore acquire direct information on how the chemical composition of a galaxy interstellar
medium changed with time. However, to derive the abundances of many chemical el-
ements requires high resolution spectroscopy which is very telescope time consuming
(see Letarte 2007, and Chapter 2). Therefore the measurement of the metallicity of a
star is often reduced to its Fe content ([Fe/H]), which is considered representative and
is relatively easy to measure because of the large number of Fe lines in stellar spectra.

To reconstruct the metal enrichment history of a galaxy one would like to: 1) observe
many stars covering the entire range of ages; 2) observe stars in different regions of a
galaxy to investigate the spatial variations of the metal enrichment history; 3) do the
above in a reasonable amount of telescope time.

In this respect RGB stars are very suitable spectroscopic targets: from stellar evo-
lution models it is known that low mass stars with ages >1 Gyr all undergo the RGB
phase, thus targeting RGB stars one covers most of the age of the Universe; in predom-
inantly old objects, such as dSphs, the RGB is also the brightest feature of the CMD
and thus most easily observable. Furthermore, a relation holds between the equivalent
width (EW) of the IR CaII triplet (CaT) lines and the [Fe/H] of individual RGB stars
in simple stellar populations, i.e. stellar clusters. The CaT lines are strong features in
the spectrum of RGB stars and can thus be resolved at low spectral resolution (unlike
many individual lines of other elements which need high resolution), which implies less
telescope time. In Chapter 2 the CaT EW-[Fe/H] relation is checked for composite
stellar populations, i.e. galaxies.

By targeting the RGB we are thus able to derive accurate metallicities for hundreds
stars at the same time with multi-fibre spectrographs on large telescopes and we can
cover most of the extent of MW dSphs in a few hours. The determination of such
a large number of individual metallicities is changing the classical pictures we had of
dSphs, revealing unexpected behaviour like spatial metallicity variations even in such
small galaxies (Tolstoy et al. 2004; Battaglia et al. 2006; Koch et al. 2006, Chapters 3,
4)

1.2.3 Kinematics
The mass of a galaxy is a fundamental quantity which is often poorly known even for
systems like our own Galaxy and its satellites. In small galaxies such as dSphs, the
mass must be an important factor in driving star formation and chemical enrichment
processes. This is because the capacity of a galaxy to retain the detritus expelled by
∗ In astronomy all the elements heavier than helium are called metals.
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Figure 1.3: Schematic representation of
the projection along the line-of-sight of the
random motions in a spheroidal system seen
on the equatorial plane (based on Binney &
Merrifield 1998). The ellipses show projec-
tions of the velocity ellipsoid on the equa-
torial plane, whose semi-axes are indicated
by solid lines. The dashed lines show two
lines of sight. The system is tangentially
anisotropic (σφ > σR) and we can see that
the velocity dispersion along the line-of-
sight increases with the projected radius.

supernovae explosions depends on the depth of the potential well. It is possible that
the relatively short star formation histories of some dSphs are due to their small masses
and consequent inability to retain their gas/metals for subsequent star formation. In
addition to these internal mechanisms, the mass also determines the efficiency with
which external factors, such as tidal stripping and ram pressure, can act on a galaxy.
Furthermore, the mass content of both small and large galaxies can be used to test
predictions of DM theories.

As most of the mass in the Universe is in the form of DM, and thus by definition
not observable, we have to use the kinematics of the visible matter to trace the total
potential and thus the total mass distribution. One should take into account that
it is only possible to reliably determine the mass enclosed in the region probed by
the kinematic tracers (Binney & Tremaine 1987) and therefore the use of the most
spatially extended tracer is desirable. In the case of the MW the most extended
feature is the (visible) halo, which consists of stars, globular clusters and satellite
galaxies (see Chapter 6); for dSphs however we have no other choice than to use the
stars (Chapter 5).

The kinematics of spheroidal structures, like stellar haloes and dSphs, are in general
dominated by random motions, which act as a pressure, to counteract the gravitational
force and prevent the collapse of the system. The components of these motions on three
orthogonal directions define the axes of the velocity ellipsoid. If all the components
of the velocity ellipsoid are the same, the system is said to be isotropic. However if
the components are different from each other, the system is said anisotropic. Velocity
anisotropy is thought to be the cause of the flattening of the stellar distribution in
non-rotating elliptical galaxies (see Binney & Merrifield 1998).
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These random motions can be quantified by measuring the velocity dispersion pro-
files of the tracer. The amplitude of the velocity dispersion profiles is due to the total
potential and so we can use them to recover the total mass distribution using the Jeans
equations (Binney & Tremaine 1987). However in practise this is not so straightfor-
ward because with the current instrumentation we can only derive accurate line-of-sight
velocities and thus velocity dispersion profiles along the line-of-sight, but not the veloc-
ities in the other 2 orthogonal directions. 3D velocities would require accurate proper
motions which are at the moment not feasible for individual stars outside the Solar
neighbourhood. This incomplete knowledge of the characteristics of the velocity ellip-
soid has consequences as to how accurately we can derive the mass distribution of a
system and this is illustrated in Fig. 1.3. If the system is tangentially anisotropic (e.g.
σφ(r) > σR(r)) the velocity dispersion along the line-of-sight is dominated by the radial
velocity dispersion (σR(r)) at small projected radii, and is dominated by the azimuthal
velocity dispersion (σφ(r)) at large projected radii. We would then measure a large
velocity dispersion at large projected radii, mimicking the effect of large amounts of
mass. In other words, by ignoring the effect of the velocity anisotropy we could be
subject to overestimating (or underestimating) the mass distribution.

As accurate proper motions for individual stars will not become available until
GAIA and SIM are launched, the approach commonly followed is to assume some
behaviour for the velocity anisotropy of the tracer and determine the mass of the
system under these different assumptions. This allows us to estimate the uncertainty
due to the unknown velocity anisotropy.

1.2.4 Combining all the information: DART
The power of combining kinematics and metallicity information was first realized by
ELS in 1962 who used the combined information to model the formation of disc and
halo stars in the MW. Since then numerous large studies have made it possible to
distinguish the different components of the MW (thin disc, thick disk, stellar halo and
bulge) using the markedly different chemo-dynamics of hundreds of stars in our Galaxy
which belong to the different components (e.g., Gilmore et al. 1989, 1995; Freeman &
Bland-Hawthorn 2002). The different chemo-dynamics gives us useful constraints on
different possible formation mechanisms.

The Dwarf Abundances and Radial velocity Team (DART) was set up to apply
chemo-dynamics to dSphs (e.g., Tolstoy et al. 2006). We have targeted 4 MW satel-
lites, the Sculptor, Fornax, Carina and Sextans dSphs. For these galaxies we have
acquired wide field photometry using WFI on the 2.2m MPG/ESO telescope on La
Silla, which we used both for CMD analysis and for selecting spectroscopic targets.
We have acquired VLT/FLAMES low resolution (R∼6500) spectra in the CaT region
over a large area for hundreds RGB stars in 3 of these galaxies, obtaining accurate
velocity and [Fe/H] measurements. The central regions of these dSphs have also been
observed with VLT/FLAMES at high resolution (R∼20000), obtaining detailed abun-
dances of many individual elements (Letarte 2007, Hill et al. 2007; Venn et al., in
preparation; Chapter 2).

This thesis deals with the photometry and low resolution spectroscopy of the Fornax
and Sculptor dSphs.
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1.3 Outline and summary of this thesis
In this thesis I use the chemistry and kinematics of large samples of resolved stars in
dSphs and in the Milky Way to improve our understanding of galaxy formation and
evolution. I first explore the observational characteristics of the Fornax and Sculptor
dSphs (Chapter 2-3-4), detailing their complex nature. I then derive fundamental
parameters such as the mass content for the Sculptor dSph and our own Galaxy, testing
predictions of cosmological theories of structure formation (Chapter 5-6).

1.3.1 The complex nature of dSphs
In Chapter 2 I explore the reliability of the commonly used CaT EWs method to
determine metallicities ([Fe/H]) for large samples of RGB stars. In the literature it
has been extensively shown that this method is reliable and accurate for RGB stars
in globular clusters (which are single stellar populations), where effects such as age
and variations of [Ca/Fe] are negligible. This method has also been widely applied to
composite stellar populations in galaxies, however the effect of extended star formation
histories typical of galaxies, which result in a variety of ages and [Ca/Fe], has not been
accurately quantified. To investigate this issue I used the DART sample of 129 RGB
stars observed in low and high resolution mode with VLT/FLAMES in the Sculptor
and Fornax dSphs. I derived [Fe/H] from the low resolution data using the CaT as
estimator and used the HR results from direct measurements of 60 Fe lines. I show
for the first time that the CaT method calibrated on globular clusters can be applied
with confidence to RGB stars in composite stellar populations over the interval −2.5 <
[Fe/H] < −0.5 for a range of ages.

In Chapter 3 I present the results of the DART survey of the Fornax dSph, using
ESO/WFI photometry extending out to the nominal tidal radius of the galaxy and
VLT/FLAMES low resolution CaT spectroscopy for 562 RGB stars which are probable
Fornax members. From the photometry the spatial distribution of the stars is found to
vary according to their age, with the ancient stars having the more extended and less
concentrated spatial distribution, the intermediate age stars having a less extended and
more spatially concentrated distribution than the ancient stars, and the young stars
being present only in the central regions. From the spectroscopic observations of large
samples of RGB stars, stars of different metallicity are found to exhibit both a distinct
kinematic behaviour and a different spatial distribution: metal rich (MR) stars, which
have intermediate ages, are more centrally concentrated and kinematically colder than
metal poor (MP) stars, which are mostly of ancient age. We can thus distinguish
the presence of multiple stellar populations on the basis of their spatial distribution,
metallicity and kinematics. This variation of the properties of the stellar population
with time must reflect the changes in the spatial distribution of the gas from which
the stars formed, which became more concentrated towards the centre of Fornax with
time. There is also evidence for a peculiar, non-equilibrium kinematics for a fraction
of the metal poor Fornax stars, consistent with the relatively recent an accretion of
a smaller galaxy (as proposed by Coleman et al. 2004, 2005). This could be evidence
that the hierarchical build-up of galaxies goes all the way down to the dwarf galaxy
scale.
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In Chapter 4 I present the results of the DART survey of the Sculptor dSph, using
ESO/WFI photometry out to the nominal tidal radius and VLT/FLAMES low reso-
lution spectroscopy for 470 RGB stars which are probable Sculptor members. There
is evidence for two distinct stellar populations in Sculptor, whose behaviour resem-
bles the findings for Fornax: the MR stars are less spatially extended, more centrally
concentrated and kinematically cooler than the MP stars. However, in contrast to
Fornax, all Sculptor stars are ancient (>10 Gyr old), and thus the differences between
the stellar populations must have arisen on a relatively short time scale. If Sculptor
is less massive than Fornax, this could be due to an interplay of mechanisms such as
supernovae explosions, tides and ram pressure which could have acted more efficiently
in a system with a shallower potential well. Another unexpected result of the survey
of the Sculptor dSph is the presence of a rotation signal along the major axis: this is
the first time that a statistically significant signal has been found in a dSph and this
might give us important clues on the role of the environment on the evolution of this
galaxy.

Such extensive and accurate datasets have allowed us to trace a detailed picture of
the properties of these two dSphs. Much of this work has been possible because of the
combination of information coming from such different approaches as CMD analysis,
chemistry of stars and kinematics. We have therefore shown that to focus on just one
aspect can lead to biased results.

Our knowledge of the characteristics of dSphs has significantly improved thanks
to the detailed observations presented in this thesis and in other recent works. Such
detailed observations provide useful information for future attempts to model the for-
mation and evolution of dSphs.

1.3.2 DM in the Milky Way system
In Chapter 5 I use kinematic modeling to determine the mass content and distribution
in the Sculptor dSph. Using the spectroscopic dataset presented in Chapter 4, I derived
the line-of-sight (l.o.s.) velocity dispersion profile of Sculptor out to its nominal tidal
radius, first considering all the Sculptor stars at once independently of their metallicity,
and then separating them into the two distinct metallicity components (MR and MP).
Comparison of these observed velocity dispersion profiles to the predictions from differ-
ent DM models show that the best-fitting model is a cored profile with a relatively large
core radius. An NFW profile is also statistically consistent with the data, although it
tends not to reproduce well the central values of the l.o.s. velocity dispersion profile of
the MR component. From this analysis the mass of Sculptor is one order of magnitude
larger than previous measurements, which gives it about 160 times more dark than
luminous matter.

In Chapter 6 I focus on the kinematics of the MW halo. For this I use l.o.s ve-
locities for a sample of 240 halo objects, including halo stars, globular clusters and
satellite galaxies. New data from the Spaghetti survey lead to a significant increase
in the number of known objects for Galactocentric radii beyond 50 kpc, which allow a
determination of the MW velocity dispersion profile out to ∼ 120 kpc. The observed
radial velocity dispersion profile is almost constant at around 120 km s−1 out to 30 kpc
and then declines down to 50 km s−1 at about 120 kpc. Assuming a constant velocity



1.4: On the evolution of the Sculptor and Fornax dSphs 19

anisotropy and a stellar halo density distribution that decreases as r−3.5, steep DM
density profiles are required to fit this fall-off, ruling out an isothermal sphere and
making an NFW profile unlikely. For an NFW model to be in agreement with the
data, the velocity anisotropy, which is known to be radial in the Solar Neighbourhood,
needs to become more tangential with radius in order to fit the rapid decline in the
observed velocity dispersion. Proper motions are fundamental in order to improve the
models and allow a distinction to be made between different hypothesis for the MW
DM density distribution.

1.4 On the evolution of the Sculptor and Fornax
dSphs

Sculptor appears to be a predominantly old object, which stopped forming stars around
10 Gyr ago. During the period of star formation activity, which lasted about 4-5 Gyr,
Sculptor formed MP stars (with average [Fe/H]= −2.0) everywhere in the galaxy, and
more MR stars (with average [Fe/H]= −1.5) in the central regions. The metal poor
stars represent ∼70% of the overall population, and the MR stars are the remaining
∼30%: thus the first phase of star formation was much more intense. At the moment
there is no evidence for two distinct episodes of star formation and so it is possible that
the decreasing star formation activity with time was caused by an efficient continuous
removal of gas from the outer regions on short timescales (more than 10 Gyr ago),
which resulted in the ever more concentrated star formation in the central regions.
This “readjustment” of the location where star formation took place is likely to have
caused the distinct kinematics of MR and MP stars.

Fornax evolved more slowly than Sculptor. In Fornax about 30% of the stars formed
during the first 5 Gyr of its evolution reaching an average [Fe/H]= −1.7, whilst the bulk
of the star formation (∼57%) happened at intermediate ages, giving rise to an average
metallicity of [Fe/H]= −1.0. A significant percentage of stars (∼13%) appears to have
formed around 1-2 Gyr ago, allowing the metallicity to rise to almost solar values. MR
stars are more confined to the central regions, but this is more evident for the stars
which formed 1-2 Gyr ago, and the star formation appears to have been continuous
from the earliest times until about 500 Myr ago. It appears that Fornax was able to
retain most of its gas, producing most of its stars at intermediate ages and this may
be linked to a deeper potential well of Fornax compared to Sculptor and/or a different
orbital history. It is unclear what might have caused the increase of star formation in
Fornax between 2-6 Gyr ago. We could invoke a pericentric passage around that time,
as in the models of formation of dSphs from dIrrs (Mayer et al. 2001, 2006) suggest.
The timescale for this pericentric passage would be consistent with what inferred from
recent proper motion measurements (Dinescu et al. 2004). However, star formation
rates increasing with time are quite typical of dIrrs, which are too far from the MW to
suffer from tidal stirring.
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1.5 Future prospects
From the work presented in this thesis it is clear that dSphs, traditionally considered
as simple systems, are in reality complex objects the understanding of which requires
several factors to be taken into account to explain their photometric, chemical and
kinematic properties. In the past years there has been major observational progress
in the characterisation of the properties of dSphs. However, the number of galaxies
with these kinds of detailed studies are few. It would be interesting to understand if
multiple stellar populations are a common characteristics of all dSphs, and if not which
mechanisms can cause their presence or erase it. The role of the environment is likely
to be an important one as it is possible to show that multiple components can be erased
by strong tidal interaction (Sales & Helmi, in preparation). In order to understand the
role of the environment it is necessary to accurate define the orbital history of these
small galaxies, which requires accurate proper motion measurements. Knowledge of
the orbital history is also likely to improve our understanding of the broad variety of
star formation histories seen in dSphs.

To assess the role of environment it would also be interesting to investigate the
morphology-density relation of the Local Group by exploring the relation between the
properties of dSphs and dIrrs: if some dIrrs at some point in the past were tidally
stirred and turned into dSphs, it is reasonable to think that both classes of objects
should exhibit similar properties such as similar metallicity distribution functions at
least in their oldest stellar populations. This would require carrying out DART-like
surveys of old stars in dIrrs.

In order to understand the complex results coming from observations, compre-
hensive numerical models of the formation and evolution of dSphs are needed, with
particular regard to the evolution of the baryonic component, such as the evolution of
gas and metals and the resulting kinematic properties. An important outcome from
such simulations can be the shape of the metallicity distribution function. It has been
shown observationally that dSphs appear to lack of very metal poor stars ([Fe/H]< −3).
This can be explained if dSphs formed from a pre-enriched medium (e.g., Helmi et al.
2006), and thus possibly after reionization. However it would be interesting to explore
if dSphs might have formed from pristine gas which was quickly enriched by a few
supernovae explosions. In the last case to find very metal poor stars in dSphs might
be as challenging as looking for a needle in a haystack.

Another outcome from such simulations could be a prediction of the behaviour of
the velocity anisotropy of the stars, much needed for accurately measuring the mass
distribution of dSphs.
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ABSTRACT–We demonstrate that low resolution Ca II triplet (CaT) spectro-
scopic estimates of the overall metallicity ([Fe/H]) of individual Red Giant Branch
(RGB) stars in two nearby dwarf spheroidal galaxies (dSphs) agree to ±0.1dex with
detailed high resolution spectroscopic determinations for the same stars over the
range −2.5 < [Fe/H] < −0.5. For this study we used a sample of 129 stars ob-
served in low and high resolution mode with VLT/FLAMES in the Sculptor and the
Fornax dSphs. We also present the data reduction steps we used in our low reso-
lution analysis and show that the typical accuracy of our velocity and CaT [Fe/H]
measurement is ∼2 km s−1 and 0.1 dex respectively. We conclude that CaT-[Fe/H]
relations calibrated on globular clusters can be applied with confidence to RGB stars
in composite stellar populations over the range −2.5 < [Fe/H] < −0.5.
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2.1 Introduction

An important aspect for a full understanding of galactic evolution is the metallicity
distribution function of the stellar population with time.

Carrying out detailed abundance analyses with high resolution (HR) spectroscopy to
trace the patterns that allow one to distinguish between the different galactic chemical
enrichment processes is time consuming for large samples of individual stars in a galaxy.
This is partly due to the observing time required, but also because of the complex
data reduction and analysis necessary. Fortunately, there is an empirically developed,
simply calibrated method available which can make an efficient estimate of metallicity
([Fe/H]) for individual RGB stars using the strength of the CaT lines at 8498, 8542,
8662 Å. This method was pioneered for use on individual stars by Armandroff & Da
Costa (1991). It has the advantage that the lines are broad enough that they can be
accurately measured with moderate spectral resolution (e.g, Cole et al. 2004).

The CaT method is routinely used to estimate [Fe/H] for nearby resolved stellar
systems and also provides an accurate radial velocity estimate. Both measurements
are facilitated by the strength of the CaT lines and by the generally red colours of
the target stars. However, the CaT-derived abundances are empirically defined, with
a poorly understood physical basis. Therefore it is important to check the results
against HR spectroscopic (i.e. direct) measurements of [Fe/H] and other elements. The
“classical” CaT calibration is based on the use of globular cluster stars, all of which are
drawn from a single age and metallicity stellar population. The CaT equivalent widths
are directly compared to HR spectroscopic measurements of [Fe/H] over a range of
metallicity, and this comparison is used to define the relation between CaT equivalent
width (EW) and [Fe/H] for all observations taken with the same set up. This approach
has been extensively tested for a large sample of globular clusters (Rutledge et al.
1997a,b). However, globular clusters typically exhibit a constant [Ca/Fe] for a large
range of [Fe/H]. This leads to uncertainty in the effect of varying [Ca/Fe] ratios such as
is seen in the more complex stellar populations found in galaxies. Furthermore, stars in
dwarf galaxies invariably cover a significant range of ages as well as metallicities. This
mismatch in the properties of calibrators and targets has led to suggestions that the
CaT method may not be a very accurate indicator of [Fe/H] for more complex stellar
populations, especially in those cases where [Ca/Fe] varies significantly.

In this paper we investigate the validity of the CaT method for complex stel-
lar populations. We compare large samples of [Fe/H] measurements coming from
VLT/FLAMES made using both the CaT method and direct HR spectroscopy mea-
surements for the same stars in two nearby dSphs, Sculptor and Fornax, over a range
of [Fe/H] and [Ca/H]. This is the first time such a detailed comparison has been made
for stars outside globular clusters. We also investigate the theoretically predicted be-
haviour of the CaT method for a range of stellar atmospheric parameters using a grid
of model atmosphere spectra from Munari et al. (2005).

The paper is organised as follows. In Sect. 2.2 we describe the data reduction steps
we use within the DART collaboration to estimate EW and velocities from observations
in the CaT region, as the accuracy with which this can be done clearly has important
implications for the reliability of our conclusions for these galaxies. We also discuss the
verification of the overall calibration and accuracy of the velocity and EW measure-
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ments by comparison of results from independent CaT observations and by comparing
with theoretical expectations based on signal-to-noise, resolution and line profile prop-
erties. In Sect. 2.3 we derive the standard CaT-[Fe/H] globular cluster calibration for
low resolution (LR) VLT/FLAMES data. In Sect. 2.4 we compare the derived [Fe/H]
from the CaT to the HR [Fe/H]. Finally, in Sect. 2.5 we discuss the uncertainties that
come from using Ca II lines to derive an [Fe/H] abundance for stellar populations
where the α-abundance varies and use a comparison with stellar model atmospheres to
further investigate age, metallicity and α-abundance effects.

2.2 Low Resolution Observations and Data reduc-
tion

All the LR CaT observations were made using VLT/FLAMES in Medusa mode. This
allows the simultaneous allocation of up to 132 fibres, including dedicated sky fibres,
over a 25’ diameter field-of-view. We used the GIRAFFE low resolution grating LR8,
which covers the wavelength range from 8206Å – 9400Å, and gives a resolution of
R≈6500. This allows the measurement of EW from CaT lines and also enables the
derivation of velocities accurate to a ≈few km/s. This setup was used as part of the
DART programme to obtain spectra for several different fields in each of the Sculptor,
Fornax and Sextans dSphs.

The central fields in Sculptor and Fornax were also observed with a similar VLT/FLAMES
setup but at HR with R≈20000, which facilitates direct measurement of individual lines,
and hence direct abundance determination, of numerous elements (see Sect. 2.4).

The data were all initially reduced using the GIRBLDRS∗ pipeline provided by the
FLAMES consortium (Geneva Observatory, Blecha et al. 2003). This package provided
individual spectral extraction and accurate wavelength calibration, based on daytime
calibration arc exposures. At the time we started this project no sky subtraction was
available within this pipeline which led us to develop several further reduction stages
for the LR analysis. We describe the LR analysis in detail here.

2.2.1 Sky subtraction and wavelength calibration
An example of a spectrum produced by the GIRBLDRS pipeline is shown in Fig. 2.1.
The numerous skylines visible in this part of the spectrum not only serve as an inde-
pendent check on the overall wavelength calibration, but also enable an update of the
wavelength calibration of the individual spectra.

Since the CaT lines only occupy a limited part of the LR spectra we optimised the
sky subtraction and wavelength refinement for the range 8400Å– 8750Å .

The first step is to combine all the sky spectra (typically 10–20 sky fibres were
allocated per field) using k-sigma clipping to remove spurious features and obtain an
average sky spectrum. The result is then split into continuum and sky line components
using an iterative k-sigma clipped non-linear filter (a combination of a median and a
boxcar). The average “sky-line” spectrum is then used to define a sky-line template

∗ available at SourceForge, http://girbldrs.sourceforg.net/
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Figure 2.1: An example of a LR spectrum from FLAMES in the CaT wavelenght
range. In the upper panel is the unskysubtracted spectrum and in the lower panel is
the result of automated sky subtraction. The CaT lines are marked.

mask, in order to isolate those regions of the sky spectrum with significant features
and mask out the remainder.

The processing of individual object spectra then proceeds as follows:
i. each spectrum is filtered as above to split the spectra into a line and continuum

component, but this time additionally masking out those regions affected by sky lines
to allow a more accurate definition of the continuum;

ii. the object line spectrum, which includes sky lines, is then cross-correlated with
the masked line component of the average sky spectrum. This provides an accurate
differential wavelength update. The object line spectrum is then (re)interpolated to be
on the same wavelength scale as the average sky spectrum;

iii. for the sky subtraction we compare the masked sky-line and object-line spectra,
and find the optimum scale factor and profile matching kernel that produce the mini-
mum average absolute deviation (L1 norm). This is applied to the line-only spectra.

The optimum scaling factor, which in this case is chosen to minimise the L1 norm
rather than the commoner L2 norm to reduce sensitivity to non-Gaussian outliers, is
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derived using a simple grid search with progressively finer step size. As noted previ-
ously, a mask is used to isolate the relevant regions of the sky spectrum to match to a
template. By first removing the continua from both sky and object, more emphasis is
placed on minimising the impact of sky line residuals.

iv. finally the object continuum is added back to the wavelength-updated object-
line spectrum, the sky continuum is removed using the sky-line scaling factor and
the sky-subtracted spectrum is saved for the next stage in the processing. Of course,
implicit in the sky correction is the reasonable assumption that the derived scale factor
for both sky lines and sky continuum is the same.

The sky subtraction process described above involves some key components which
are crucial to achieve good results. Accurate wavelength registration is absolutely
vital for good sky subtraction and is facilitated by the presence of copious numbers of
strong sky lines. These sky lines are unresolved at this resolution and at the signal-
to-noise achieved (see later) which readily enables sub-km s−1 precision in wavelength
alignment. This also has the added advantage of ensuring that systematic offsets due
to wavelength calibration for velocities from different observations are negligible.

As a final step in this process, all the average sky spectra from each FLAMES
observation, are cross-correlated with a chosen reference sky spectrum and used to
put all the observations on the same internal system. This is done to avoid possible
systematic differences between observations taken at different times.

The effects of combining the sky spectra to form an average sky and re-interpolating
the object spectrum to this average wavelength system, almost invariably results in
a slight mis-match between the spectral line profiles of the object and average sky
spectra. This is circumvented by applying a Hanning smoothing kernel to each in turn
and finding which combination of smoothed and un-smoothed gives the best results (as
determined by the optimum scale factor). More sophisticated adaptive kernel matching
(e.g., Alard & Lupton 1998) is probably unwarranted in this case.

2.2.2 Velocity and equivalent width estimation
The first stage of the process is to estimate the continuum in a similar manner to that
described in the previous section. Each spectrum is split into a line-only, and smoothly
varying continuum-only component, using an iterative k-sigma clipped non-linear filter.
This time the region around each CaT line is masked out, prior to filtering, to prevent
the continuum tracking the wings of strong CaT lines. The effective scale length of the
filtering is set to ∼ 15Å which, in conjunction with the masking and iterative clipping,
is sufficient to follow continuum trends without being affected by the presence of strong
lines. At the same time an estimate of the overall signal-to-noise in the continuum is
made by measuring the median continuum level in the CaT region and the pixel-to-
pixel noise covariance matrix in regions containing no lines. The latter is needed to
correct the apparent random noise for the cumulative smoothing effects of spectral
interpolation and resampling, which we find typically results in a factor of ≈2 overall
random noise reduction.

After normalising by the computed continuum the velocity is estimated by cross-
correlating each spectrum with a template. This template is constructed from a zero-
level continuum superimposed on three Gaussian absorption lines located at the vacuum
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Figure 2.2: Top: the upper spectrum shows the CaT region for a K-giant in the
Sculptor dSph (V=17.7, S/N ≈ 40/Å, derived [Fe/H]CaT = −1.50 dex), showing an
example of automated continuum fitting (dashed line); the lower spectrum shows the
residuals after continuum removal and subtracting Gaussian model fits to the three
CaT lines. Bottom: the derived cross-correlation function and associated Gaussian fit
around the peak region (± 50 km s−1 about the peak). The fit is so good that it is
indistinguishable from the observations.

rest wavelengths of the CaT lines. The Gaussian line depths are scaled in the ratio
3:5:4 to reflect the true relative strengths of CaT lines and all are set to have a full
width at half maximum (FWHM) = 2.35Å . An example of a continuum fitting to a
Sculptor dSph K-giant spectrum together with the computed cross-correlation function
and Gaussian fit to the peak is shown in Fig. 2.2.

An accurate estimate of the position of the cross-correlation peak is made by fitting
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a Gaussian to a localised region around the peak. This velocity is then used to define
the wavelength region around each CaT line to use for EW estimation. We estimate the
EW in two ways. The first consists in simply summing the flux contained in a region
centred on each CaT line. After some trial and error we settled on a region 15Å wide
centred on each line as a reasonable trade-off between including all the line flux and
minimising the noise. To derive the second estimate we fit individual unconstrained
Gaussian functions to each CaT line over the same wavelength region (see Fig. 2.2).
This also allows a semi-independent check on the accuracy of the derived velocity by
providing three separate velocity measures with associated errors. The weighted sum
of these velocity errors provides the basic error estimate for the velocity derived from
the cross-correlation. We prefer to use the latter method for the velocity estimate since
it is effectively a constrained model fit. As a final step the derived velocity is corrected
to the heliocentric system.

The combined EWs for CaT lines #2 and #3 (λ8542, λ8662) for both the integral
and Gaussian fits are then compared and used to compute an overall correction to
the Gaussian fit. This is necessary since the real line profile is a complex function
of many parameters, and in particular, the dampening wings visible in strong lines
are distinctly non-Gaussian in appearance. This correction is equivalent to computing
the average overlap integral between the real line profiles and the Gaussian fits and
is accomplished by measuring the gradient between the two as a function of EW. In
deriving this correction we neglect line #1 (λ8498) as it is the weakest and would only
add noise to the determination.

In the rest of our analysis we use the Gaussian-derived EW estimator since although
the simple integral is unbiased it is also significantly noisier than a Gaussian fit. We
show in the next section how the measurements of the continuum level and the random
noise error in the continuum can be used to estimate errors in the EWs and velocities.

2.2.3 Error bounds for velocities and equivalent widths
For detailed abundance work most lines of interest are weak e.g. , EW ≈ 100mÅ.
Notable exceptions are the CaT lines which are generally heavily saturated and on
the damped part of the curve-of-growth. Turbulence plus rotation of late-type giants
typically only broaden the line profiles by ≈ a few km s−1 , hence the profile of the
CaT lines, which are completely unresolved at R=6500, are dominated by intrinsic
broadening due to saturation (typically FWHM 2Å – 3Å ) and to a lesser extent by the
resolution of the spectrograph (FWHM ≈1.3Å ).

Despite the dampening wings, to first order the LR CaT lines can be reasonably
well approximated by Gaussian functions (e.g. see Fig. 2.2) and we can use this to gain
some insight into the limiting factors that determine the accuracy of the velocity and
EW measurements.

Here we define the resolution as FWHM = 2.35σ where σ is the Gaussian profile
equivalent scale parameter. Since the total line flux is then Ip

√
2πσ = Ip× FWHM

×1.07, where Ip is the “peak” flux, this implies that line saturation (i.e. Ip = C, where
C is the continuum level/Å ) occurs when EW ≈ FWHM. The intrinsic FWHM of
weak lines in these late-type giants is typically only a few km s−1 , i.e. lines with EWs
of ≈100mÅ and above are saturated. As noted previously, the CaT lines are heavily
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saturated and typically have EWs well above 1Å .
To a reasonable approximation, the noise in the continuum (σn per Å ) due to sky

plus object dominates, and over any individual line C can be taken to be constant.
Therefore, the EW and its error due to random noise, ∆EW , are given by

EW = η

C
∆EW = σn

√
w

C
=
√
w

S/N
(2.1)

where the total line flux is η, S/N is the signal-to-noise per Å and w is the effective
width (Å) the line is integrated over.

For a fitted Gaussian profile

w =
√

4πσ ≈ 1.5 FWHM (2.2)

hence

∆EW =
√

1.5 FWHM
S/N

(2.3)

The FWHM of the line and continuum signal-to-noise are the primary abundance error
drivers from a random noise point-of-view. For example, the two strongest CaT lines,
λ8542, λ8662, used in our analysis have FWHM at a resolution of R=6500 of 2Å –3Å ,
which for a continuum signal-to-noise of 10/Å implies a lower bound on the combined
EW error of ≈0.3Å .

In a similar way we can place constraints on the accuracy of measuring velocities.
For Gaussian-like line profiles, which are good approximations even for saturated lines
like the CaT, the minimum variance bound on the error in the estimated line position
λ̂ is given by

var{λ̂} = σ2

η

σ2
n

√
16π σ
η

(2.4)

where the line flux is η and where the noise in the continuum, σn (/Å), dominates and
can be taken to be a constant over the region of interest. Rewriting this in terms of
the FWHM of the line, the EW and the continuum signal-to-noise, leads to

∆λ̂ ≈ FWHM
3
2

EW S/N
(2.5)

where all measurements are per Å.
As an example, for observations at R=6500, the FWHM of the strongest CaT line

is typically between 2–3Å , while the EW of these lines is typically ≈2Å ,implying accu-
racies of wavelength centring at a continuum signal-to-noise of 10/Åof around 0.2 Åper
line, or equivalently ≈5 km/s using all three CaT lines. This is the minimum signal-
to-noise we consider acceptable in our analysis and is achievable on VLT FLAMES for
V=20 objects in 3600s of integration.
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Figure 2.3: Locations of the observed FLAMES targets at LR (squares) for the
Sculptor dSph (left), centred at 01h00m09s −33◦42′30′′ (Mateo 1998), and the Fornax
dSph (right), centred at 2h39m52s −34◦30′49′′ (Battaglia et al. 2006). The ellipses
indicate the tidal radius (Sculptor: Irwin & Hatzidimitriou (1995); Fornax: Battaglia
et al. (2006)). The dashed circles show the FLAMES pointings. North is up and East
to the left.

2.2.4 Errors for velocity and equivalent width from repeated
measurements

The LR datasets presented here were collected between 2003 and 2005. They consist
of 15 pointings in Sculptor dSph and 11 in Fornax dSph spread over the galaxies
(Fig. 2.3)∗. Some fields were observed with 1 hour exposure time, whilst other fields
have repeated exposures of shorter integration time and two different plate set-ups,
with the aim of testing the reliability of the derived velocities, EWs and the stability of
the instrument. The resulting number of independent measurements for each dataset
is 1740 for Sculptor and 1359 in Fornax. The number of distinct targets is 1013 for
Sculptor and 1063 for Fornax.

For Sculptor we have 464 stars observed only once, 428 stars observed twice, 73
stars observed 3 times, 39 observed 4 times and 9 observed 5 times. For Fornax we
have 816 stars observed only once, 209 stars with double, 23 stars with triple, 14 stars
with quadruple measurements.

We test for the reliability of our velocity and related errors by analysing the distri-
bution of velocity differences from double measurements. The jth observed velocity vji
for a star i can be considered a random variable which follows a Gaussian distribution
centred around the true value vtrue,i with a dispersion given by the velocity error σji.
The difference between two repeated measurements v1,i and v2,i, ∆vi = v1,i − v2,i,
∗ When plotting the stars location we use rectangular coordinates, i.e. the coordinates on the plane

of the sky. These are related to α and δ by ξ = cos(α − α0)/(sin δ0 tan δ + cos δ0 cos(α − α0))
and η = (cos δ0 tan δ − sin δ0 cos(α − α0))/(sin δ0 tan δ + cos δ0 cos(α − α0)), where (α0, δ0) are
the coordinates of the galaxy centre.
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Figure 2.4: Comparison between velocity measurements for stars with double mea-
surements in the Sculptor dSph. a) Distribution of velocity differences for all the stars
(dashed line, 428 stars), and for the stars with S/N per Å> 10 and estimated error
in velocity < 5 km s−1 for each measurement (solid line, 203 stars). The weighted
mean velocity, rms dispersion and scaled median absolute deviation from the median
(1.48*MAD ≡ a robust rms e.g.Hoaglin et al. (1983)) are: −0.5±1.3 km s−1 , 25.1±1.0
km s−1 , 6.7 ± 0.2 km s−1 (dashed line); 0.1± 0.3 km s−1 , 3.1± 0.4 km s−1 , 3.1± 0.4
km s−1 (solid line). b) As above but now the velocity difference is normalised by the
predicted error. With these S/N and velocity error cuts the measured error in the
velocity distribution is very close to the expected unit variance Gaussian (standard
deviation = 1.2 and MAD = 1.1). c) Comparison of velocities for stars with S/N per
Å> 10 and predicted error in velocity < 5 km s−1 .
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Figure 2.5: Comparison between velocity measurements for stars with double mea-
surements in the Fornax dSph. a) Distribution of velocity differences for all the stars
(dashed line, 209 stars), and for the stars with S/N per Å> 10 and error in velocity
< 5 km s−1 for each measurement (solid line, 138 stars). The weighted mean velocity,
dispersion and MAD are: 1.4±2.0 km s−1 , 27.7±1.4 km s−1 , 3.2±0.2 km s−1 (dashed
line); −0.01±0.36 km s−1 , 2.6±0.4 km s−1 , 2.4±0.4 km s−1 (solid line). b) As above
but now the velocity difference is normalised by the error. With these S/N and velocity
error cuts the measured error in the velocity distribution is very close to the expected
unit variance Gaussian (standard deviation = 1.0 and MAD = 0.9). c) Comparison of
velocities for stars with S/N per Å> 10 and predicted error in velocity < 5 km s−1 .
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is a random variable following a Gaussian distribution centred around zero and with
dispersion given by σi =

√
σ2

1,i + σ2
2,i. Thus, if both velocities and their errors are cor-

rectly determined, the distribution of velocity differences ∆vi normalised by σi should
be a Gaussian with mean zero and dispersion unity. Figures 2.4 and 2.5 show that if we
take into consideration all the stars with repeated measurements both for Sculptor and
Fornax the distribution has large tails of stars with ∆v/σ > 3. If we restrict ourselves
to the stars with S/N per Å> 10 and error in velocity < 5 km s−1 , then the resulting
distribution is very close to a Gaussian. For Sculptor the resulting standard deviation
is 1.2 and the scaled Median Absolute Deviation (MAD) is 1.1, with just 5 stars with
∆v/σ > 3 (2%). For Fornax the standard deviation is 1.0 and the scaled MAD is 0.9.

Hereafter we consider a S/N per Å> 10 and an error in velocity < 5 km s−1 as the
minimum requirements for a reliable determination of velocity and EW.

Figures 2.6(a, b) and 2.7(a, b) show the comparison of summed EW for the two
strongest CaT lines, ΣW = EW2 +EW3, which we use as indicator of metallicity (see
Sect. 2.3), for the stars with double measurements in Sculptor and Fornax respectively.
As mentioned in Sect. 2.2.2 the Gaussian-derived estimator is considerably less noisy
than the integral estimator and thus we use this estimator in all our analysis. As
an extra criteria to guarantee the reliability of the estimated EW measurements we
also impose a cut-off in the difference between the Gaussian-derived and the integral
estimators of less than 2 Å .

We derive the error in ΣW for single observations and how this varies with S/N
from the comparison of ΣW for stars with double observations. Figures 2.6(c) and
2.7(c) show that, as expected, the comparison of ΣW improves for increasing S/N. We
find that the random error in ΣW from repeated measurements is well represented by
σΣW ≈ 6/(S/N), and hereafter we will adopt this formula as estimate of the errors in
the single measurements. This is a factor ∼ 2 larger than we estimated from theoretical
calculations; however a larger error is not surprising given the effect of all the steps
involved in the data reduction (e.g. sky subtraction and continuum estimation). Such
an error in ΣW results in a [Fe/H] error of ∼ 0.1 dex at a S/N per Å of 20 (see Sect. 2.3).

Finally, the measurements for stars with multiple observations were combined,
weighting them by their error, and this results in 1013 distinct targets for Sculptor
and 1063 for Fornax. The final sample was carefully checked to weed out any spurious
objects (e.g., broken fibres, background galaxies, foreground stars, etc). Excluding the
spurious objects, and the objects that did not meet our S/N and velocity error criteria,
our final sample of acceptable measurements consists of 648 stars in Sculptor and 944
in Fornax. Among these, 2 stars in Sculptor and 1 in Fornax did not meet our EW
criteria.

As an indication of the good quality of our data, the median S/N and median error
in velocity are 32.1 and 1.6 km s−1 , respectively, for the Sculptor dataset, and 24.3
and 1.7 km s−1 for the Fornax dataset.
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Figure 2.6: Sculptor dSph: Comparison between summed EW measurements
(EW2+EW3) of CaT lines from integrated flux (a), Gaussian fitting (b, c) for stars
with multiple observations, S/N> 10 and predicted error in velocity < 5 km s−1 (203
stars). The solid lines in panel (c) indicate the 1 and 3 σ region for an error in summed
EW given by σΣW = 6/(S/N) (see text). Assuming this error, the weighted average,
r.m.s. and MAD for the differences in ΣW from Gaussian-derived estimator (panel b)
is 0.04± 0.04 Å , 0.30± 0.05 Å , 0.32± 0.05 Å .
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Figure 2.7: Fornax dSph: Comparison between summed EW measurements
(EW2+EW3) of CaT lines from integrated flux (a), Gaussian fitting (b, c) for stars with
multiple observations, S/N> 10 and error in velocity < 5 km s−1 (138 stars). The solid
lines in panel (c) indicates the 1 and 3 σ region for an error in summed EW given by
σΣW = 6/(S/N). Assuming this error, the weighted average, r.m.s. and scaled MAD
for the differences in ΣW from Gaussian-derived estimator (panel b) is 0.07± 0.05 Å ,
0.36± 0.05 Å , 0.34± 0.05 Å .

2.3 The standard CaT calibration with VLT/FLAMES
using globular clusters

The next step is to transform the CaT EW into metallicity, [Fe/H]. The dependence
of CaT line strength on metallicity is theoretically difficult to understand, however
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it has been empirically proved by extensive calibration using RGB stars in globular
clusters (Armandroff & Zinn 1988; Olszewski et al. 1991; Armandroff & Da Costa 1991).
Rutledge et al. (1997a) presented the largest compilation of CaT EW measurements
for individual RGB stars in globular clusters, which Rutledge et al. (1997b) calibrated
with HR metallicities, proving the CaT method to be reliable and accurate in the range
−2.1 . [Fe/H] . −0.6.

As summarised in Rutledge et al. (1997b) the line strength index ΣW , which is a
linear combination of the EW of individual CaT lines, depends on [Fe/H], the gravity
log g and Teff . As log g and Teff decrease going up the RGB, it is possible to remove
the effect of the gravity and temperature taking into account the position of the star
on the RGB with respect to the HB.

Armandroff & Da Costa (1991), using globular clusters, showed that this is most
efficiently achieved when defining a “reduced equivalent width”:

W ′ = ΣW + β × (V − VHB) (2.6)

where VHB is the mean magnitude of the horizontal branch. The advantage of using
V − VHB over for instance the absolute I magnitude or the V − I colour is that the
slope β is constant, since it does not vary with [Fe/H]. Using VHB also removes any
strong dependence on the distance and/or reddening. The “reduced equivalent width”
W ′ is thus the CaT line strength index at the level of the horizontal branch. With the
above definition, Armandroff & Da Costa (1991) empirically proved thatW ′ is directly
correlated with [Fe/H].

Using 52 globular clusters Rutledge et al. (1997b) found β = 0.64 ± 0.02Åmag−1

across the range −2.1 . [Fe/H] . −0.6. Cole et al. (2004) re-determined the value
of β for their sample, which included globular and open clusters. They found β =
0.66 ± 0.03Åmag−1 when using only globular clusters, similar to the value found by
Rutledge et al. (1997b), and β = 0.73 ± 0.04Åmag−1 when including open clusters,
which covered a higher metallicity range (−0.6 . [Fe/H] . −0.15).

The first uncertainty in using the CaT calibration is of course which combination
of the 3 CaT lines should be used. In the literature there are several examples: Rut-
ledge et al. (1997a) used a weighted sum of the 3 lines; Tolstoy et al. (2001, hereafter
T01) excluded the first CaT line from the sum; Cole et al. (2004, hereafter C04) used
an unweighted sum of the 3 lines. Such a choice usually depends on the quality of
the data-set: in the case of limited signal-to-noise and with possible sky-line residual
contamination, the weakest line of the CaT is usually the least reliable and so the
determination of its EW is often doubtful.

These previous studies all calibrated the CaTW ′ on the Carretta & Gratton (1997)
scale (CG97), and Friel et al. (2002) for the open clusters, meaning that the relation
between [Fe/H] and W ′ has been derived assuming that the calibration clusters have
the metallicities derived by CG97. To define their [Fe/H] scale, CG97 re-analysed high-
quality EWs from different sources, using a homogeneous compilation of stellar atmo-
sphere parameters, gf values and so on, making the largest and most self-consistent
analysis of this kind. It is important to note that even the HR values of the [Fe/H]
for globular clusters can differ significantly from each other (see Pritzl et al. 2005).
Obviously, choosing a different [Fe/H] scale implies that the derived relations will be
different.
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Cluster RA(J2000) DEC(J2000) VHB vsys [km s−1 ] [Fe/H]CG97 [Fe/H]R97 [Fe/H]T01 [Fe/H]C04 [Ca/Fe]
NGC104 00h24m05.2s −72◦04′51′′ 14.06 −14.4±0.7 −0.70±0.03 −0.78±0.05 −0.68±0.06 −0.82±0.06 0.30
NGC5904 15h18m33.8s +02◦04′58′′ 15.07 53.2±0.7 −1.11±0.03 −1.13±0.07 −1.02±0.08 −1.19±0.06 0.21
NGC3201 10h17m36.8s −46◦24′40′′ 14.77 497.5±1.2 −1.23±0.05 −1.27±0.07 −1.17±0.06 −1.36±0.07 0.11
NGC4590 12h39m28.0s −26◦44′34′′ 15.68 −98.3±1.7 −1.99±0.06 −1.94±0.06 −1.90±0.07 −2.11±0.06 0.32

Table 2.1: The globular clusters used in this work. Positions and VHB are from Harris
(1996). The systemic velocity vsys was derived in this work. [Fe/H]CG97 is the value
of metallicity from Carretta & Gratton (1997). [Fe/H]R97, [Fe/H]T01, [Fe/H]C04 are
the values of the metallicity from this work, using the calibrations from Rutledge et al.
(1997a,b), Tolstoy et al. (2001), Cole et al. (2004), i.e. Eqs. 2.13, 2.14, 2.15. The errors
in the derived metallicities were obtained from the standard deviation of the values of
reduced equivalent width for each globular cluster. [Ca/Fe] are from Carretta et al.
(2004) for 47 Tuc and all the other ones are listed in Koch et al. (2006).

This variety of approaches and calibrations can lead to a degree of confusion when
viewing the literature. It is not possible to find out a priori which way of summing
CaT EWs and which calibration must be used; we thus test each of the mentioned
approaches from the literature and see which one performs better for our data-set. In
addition, we derive our own calibration.

We use VLT/FLAMES data for a sample of 4 globular clusters: NGC104, NGC5904,
NGC3201, NGC4590, which cover the range −2.0 . [Fe/H] . −0.7 on the CG97 scale
(see Table 2.1). We acquired the data for NGC104 during an observing run in January
2005, whilst the other data are from ESO archive. The photometry and astrometry are
from Stetson (2000)∗. We reduced all the data using the GIRAFFE pipeline and our
own software described in Sect. 2.2 to derive the velocities and the EWs, in the same
way we reduced the Sculptor and Fornax data.

We derive the systemic velocity and velocity dispersion of each cluster following an
iterative procedure. The results are summarised in Table 2.1. We assign membership
to those stars within 3σ of the systemic velocity. For the CaT analysis, we select only
those stars whose colour and magnitude are consistent with what is expected for RGB
stars, with V − VHB < 0, S/N> 10/Å and error in velocity < 5 km s−1 .

Each of the three calibrations that we examined from the literature consists of three
relations:

1) a linear combination of the CaT lines EW:

ΣWR97 = 0.5EW1 + EW2 + 0.6EW3 (2.7)

ΣWT01 = EW2 + EW3 (2.8)

ΣWC04 = EW1 + EW2 + EW3 (2.9)

2) a relation for the “reduced equivalent width”:

W ′R97 = ΣWR97 + 0.64(±0.02)× (V − VHB) (2.10)

W ′T01 = ΣWT01 + 0.64(±0.02)× (V − VHB) (2.11)
∗ http://cadcwww.hia.nrc.ca/standards
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W ′C04 = ΣWC04 + 0.73(±0.04)× (V − VHB) (2.12)
3) the calibration of the “reduced equivalent width” with [Fe/H]:

[Fe/H]R97
CG97 = −2.66(±0.08) + 0.42(±0.02)×W ′R97 (2.13)

[Fe/H]T01
CG97 = −2.66(±0.08) + 0.42(±0.02)×W ′T01 (2.14)

[Fe/H]C04
CG97 = −2.966(±0.032) + 0.362(±0.014)×W ′C04 (2.15)

where R97 stands for Rutledge et al. (1997a,b), T01 for Tolstoy et al. (2001) and C04
for Cole et al. (2004).

Figure 2.8 shows ΣW versus (V − VHB) for the 4 GCs, summing the CaT lines as
in Eqs. 2.7, 2.8, 2.9. As the minimum S/N per Å of these data is ∼ 40 and the median
is ∼ 100 per Å the errors in the summed EW are very small, . 0.1 Å . As consistency
check we calculate the weighted average slope for each of the calibrations and find that
they are consistent at the 1-σ level with the previous works (βR97,thiswork = 0.59 ±
0.04 Åmag−1, βT01,thiswork = 0.62± 0.03 Åmag−1, βC04,thiswork = 0.79± 0.04 Åmag−1 )

The metallicities derived from the best-fitting W ′ from an error-weighted linear fit
of ΣW versus (V − VHB) are summarised in Table 2.1. In general the metallicities
derived from these observations agree within 1σ with the metallicities on the CG97
scale. The metallicities from the C04 calibration seem to be systematically lower by ∼
0.1 dex. The T01 calibration appears to give the best performance. Thus, amongst the
three relations in the literature, we will apply the T01 to our dSphs dataset. Figure 2.9
shows that the relation betweenW ′ and [Fe/H]CG97 derived from the 4 globular clusters
dataset is linear in each case.

In order to derive our own calibration, we should repeat all the steps, i.e. derive a
W ′ using the slope we find by fitting the summed EW versus (V − VHB), and finding
the best W ′-[Fe/H] relation. However, as mentioned before, the slopes we find are
consistent with those in the literature, and since the number of stars in most of our
calibration globular clusters is not large, we prefer to use as relations those in the
literature (Eqs. 2.10, 2.11, 2.12). We just repeat the last step and find the best-
fitting W ′-[Fe/H] relations by performing an error-weighted linear-fit. The relations
we find are all consistent within 1-σ with the relations in the literature. The calibration
obtained using Eq. 2.11 appears to give the best results and is the following:

[Fe/H]thiswork
CG97 = (−2.81± 0.16) + (0.44± 0.04)×W ′T01 (2.16)

In the following section we test to see if the [Fe/H]-W ′ relation derived for the
globular cluster sample is reliable when applied to RGB field stars in galaxies. To do
so, we apply Eqs. 2.14 and 2.16 to the Sculptor and Fornax sample and we compare
the metallicities so derived to the HR metallicities.

2.4 Comparison to High Resolution metallicity mea-
surements

One major uncertainty in applying the CaT method to field stars in galaxies, for
example in dSphs, is that the [Fe/H]-CaT W ′ relations have so far been calibrated
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Figure 2.8: The CaT calibrations using globular clusters: EWs vs. (V − VHB) for
RGB stars in 4 globular clusters of different metallicities (asterisks: NGC104; squares:
NGC5904; diamonds: NGC3201; triangles: NGC4590), using 3 different linear com-
binations of CaT lines (from top to bottom: R97, T01, C04). The dotted lines show
the relations in R97, T01, C04, using the [Fe/H] published in CG97; the solid lines
show our best-fitting relations, keeping the slope fixed within each calibration. The
best-fitting metallicities are summarised in Table 2.1.
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Figure 2.9: Relation between CG97 [Fe/H] and W ′ for the 4 calibrating clusters
using R97, T01 and C04 calibrations (from top to bottom). The solid lines show the
best-fitting CG97 [Fe/H] and W ′ relation for each calibration.
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exclusively on globular clusters. Some dSphs contain intermediate age and even young
stellar populations and have a large spread in metallicity, whilst the above relations
have been derived for single age stellar population older than 10 Gyr, over a relatively
narrow metallicity range and also a very narrow range in [α/Fe], which is very different
from composite stellar populations. Furthermore, in composite populations it is more
difficult to assign a unique magnitude for the horizontal branch, although Cole et al.
(2000, 2004) showed that the uncertainty due to this effect is ∼ 0.05 dex, which is not
significant compared to the intrinsic precision of the method (∼ 0.1 dex).

The only way to reliably test the standard globular cluster calibration for dSph field
stars is to compare the [Fe/H] derived from CaT EWs to that obtained from direct
measurements in HR observations of the same field stars. HR metallicities should be
more accurate than CaT measurements because the iron abundance is not inferred
from other elements but obtained by direct measurement of typically more than 60
separate Fe lines with two different ionisation states (i.e. FeI and FeII).

Until now a comparison between HR and LR [Fe/H] has not been thoroughly made
for dSph field stars, partly due to the lack of a large sample of overlapping mea-
surements. Thanks to instruments like FLAMES, it is now possible to get suitable
comparison spectra for many objects at the same time.

As part of the DART Large Program at ESO, HR FLAMES spectra have been taken
for 93 probable Sculptor velocity member stars in the central regions of the Sculptor
dSph (Hill et al. 2007, in preparation) for which there is also LR CaT data (Tolstoy
et al. 2004). A similar study was made of a central field in Fornax (Letarte et al. 2007,
in preparation), for which 36 stars overlap our LR sample (Battaglia et al. 2006).

These observations consist of R∼20000 resolution spectra of ∼80 stars in the centre
of both Fornax and Sculptor, covering ∼60nm in three different FLAMES setups (534-
562nm; 612-641nm; 631-670nm), and reaching typical S/N of 30 per 0.05nm pixel. The
chemical analysis of the sample was performed using OSMARCS one-dimensional stel-
lar atmosphere models in LTE (OSMARCS models, Gustafsson et al. 2003, 2007), an
extension of the OSMARCS models referenced above (Plez, private communication),
and a standard EW analysis. Stellar parameters were determined using a combina-
tion of photometric indices (V, I, J, H, K) and spectroscopic indicators (excitation
and ionisation equilibrium). The results include the abundances of ∼10 elements, in-
cluding iron and calcium which are reported here for comparison to the LR results.
Error bars on HR abundances indicated on the plots refer to the combined abundance
measurement errors and propagated stellar parameters uncertainties.

The detailed description of the data reduction and analysis of the HR spectroscopic
data can be found in a series of papers (Hill et al. 2007; Letarte et al. 2007; Letarte
2007). Also note that the HR results have been put on to UVES system (e.g., Letarte
2007).

• CaT calibration using HR data: First we determine the relation between
[Fe/H]HR and CaT W ′ directly for the dSph data. Figure 2.10 shows the HR
[Fe/H] of the overlapping stars between the HR and LR samples plotted against
their reduced CaT equivalent width (Eq. 2.11). The best linear fit we obtain
allowing for errors in both coordinates is

[Fe/H]HR = −2.94(±0.04) + 0.49(±0.01)W ′ (2.17)
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Figure 2.10: Top: HR [Fe/H] versus CaT W ′ for the RGB stars overlapping between
the HR and LR sample for Sculptor and Fornax dSphs (36 stars in Fornax, asterisks,
and 93 in Sculptor, squares). The solid line represents the best error-weighted linear
fit to the data (−2.94(±0.04) + 0.49(±0.01)W ′). Bottom: Residuals to the linear fit.
The 1σ y−errobars are the errors in HR [Fe/H]. The r.m.s. around the relation is 0.19
dex (MAD = 0.12 dex), comparable to the measurement errors.

This calibration is consistent at the 1-σ level with the calibration derived in the
previous section for 4 globular clusters, however there are some differences. For
small W ′ the above relation predicts a [Fe/H] ∼ 0.1 dex lower than from the
globular cluster calibration given in Eq. 2.16, whilst the opposite happens for
large W ′.

• Comparison between HR and LR results using FLAMES globular
cluster calibration: The traditional globular cluster calibration of CaT is
now applied to our LR CaT W ′ and the results compared to [Fe/H]HR. Fig-
ure 2.11 shows the comparison between HR [Fe/H] and CaT [Fe/H] from our
globular cluster calibration (Eq. 2.16). As also indicated in the previous figure,
the two methods are generally in good agreement. The average difference is
∆[Fe/H] = [Fe/H]LR − [Fe/H]HR = 0.04 ± 0.02 dex and the spread is 0.17±0.02
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Figure 2.11: Top: Comparison between HR and CaT [Fe/H] for Fornax (asterisks)
and Sculptor (squares) dSphs. The CaT metallicities are derived using Eq. 2.16. Bot-
tom: The above comparison plotted as a difference. The diamonds with errorbars show
the weighted average (and dispersion) of [Fe/H]LR−[Fe/H]HR in bins of 0.3 dex.

dex, which is comparable with the measurement errors. We can thus apply the
globular cluster calibration to dSph field stars with some confidence, between
−2.5 .[Fe/H]. −0.8 dex, where the relation between HR and LR data is linear.
It is unclear if the comparison at [Fe/H]> −0.8 dex indicates a non-linearity in
the relationship, as the appearance of “non-linearity” is given by ∼ 4 stars. To
make a concrete statement requires more data at high [Fe/H].

The average difference calculated for the entire sample would suggest the absence
of systematics in our evaluation of [Fe/H]LR. However when plotting ∆[Fe/H]
versus [Fe/H]HR (bottom panel Fig. 2.11) a trend is visible, such that the LR
[Fe/H] is overestimated of ∼ 0.1 dex at [Fe/H]HR . −2.2, and underestimated of
∼0.1-0.2 dex at the high [Fe/H] end, at [Fe/H]HR & −1.2, which instead suggests
the presence of systematics in the [Fe/H]LR derivation.
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Figure 2.12: Top: As previous figure, but the CaT metallicities are derived from
Eq. 2.14. Though the average difference is very small, [Fe/H]LR−[Fe/H]HR =
−0.04±0.02 dex, the bottom panel shows that there is a gradient in
[Fe/H]LR−[Fe/H]HR with [Fe/H], more enhanced than in the previous case. The
r.m.s. scatter around the one-to-one relation is 0.17 dex (MAD = 0.12 dex).

• Comparison between HR and LR results using globular cluster calibra-
tions from the literature: As a comparison Fig. 2.12 shows the CaT [Fe/H]
derived from the T01 calibration (Eq. 2.14), which we used in Tolstoy et al. (2004)
and in Battaglia et al. (2006). The trend with [Fe/H] is similar to the previous
case, because of the similar slopes in the [Fe/H] versus W ′ relations. The sys-
tematic shifts are more enhanced with respect to the globular cluster calibration
at the low [Fe/H] end, whilst the performance at the high [Fe/H] end is better
than for Eq. 2.16.

Both the relations in the literature and our FLAMES globular clusters calibration
are in agreement with the HR data in the range −2.5 .[Fe/H]. −0.8 dex. Given
the slight differences between the relations, the choice of one over the other does not
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affect considerably the derived metallicities. In the remainder of the paper we follow
the standard approach and use our own globular cluster calibration (Eq. 2.16). We
also checked that [Fe/H] derived from our CaT calibration is in agreement with other
derivations, such as in Pont et al. (2004).

2.5 Possible sources of uncertainty in the CaT metal-
licity determination

Although [Fe/H] derived from the CaT method is in good agreement with the deriva-
tion from HR measurements, it would be interesting to understand the causes of the
apparent systematics.

As mentioned in Sect. 2.4, the traditional CaT calibration has a number of implicit
assumptions in it: 1) [Ca/H] does not play a role in determining W ′, and thus one
can exclude it from the calibration; 2) alternatively, if it plays a role, one assumes
that globular clusters and dSphs have similar [Ca/Fe]; 3) the CaT EW is a better
estimator of [Fe/H] than [Ca/H]; 4) the effect of age differences between dSphs and
globular clusters stars can be neglected. In the following we explore the validity of
these assumptions.

2.5.1 CaT EW as [Ca/H] estimator
Calibration from globular clusters

To test assumption 3) we derive a relation between W ′ and [Ca/H] using the globular
clusters as calibrators, and we apply it to our sample of dSphs. If W ′ traces [Ca/H],
then we should expect a good one-to-one relation between the Ca abundance derived
from the calibration and the HR [Ca/H]. The relation we obtain from the globular
clusters is

[Ca/H]CaT = −2.57(±0.18) + 0.44(±0.05)dex/Å W ′ (2.18)
We derived the [Ca/H] values we used for the calibration by assuming an average value
of [Ca/Fe]=0.235 dex for the 4 globular clusters (see Table 2.1 for the individual values).
Using the individual [Ca/Fe] values does not change the best-fitting relation, it just
increases the resulting minimum χ2 value of the fit. Figure 2.13 shows the comparison
between [Ca/H]CaT and the corresponding [Ca/H] derived from HR measurements for
Sculptor and Fornax dSphs∗. The agreement between the two is not as good as for
[Fe/H]: the scatter is much larger and [Ca/H]CaT is in general overestimated, especially
at [Ca/H]& −1.3. The comparison gets worse if we approximate the trend of [Ca/Fe]
with [Fe/H] with a function, to circumvent the effect of the large errors in [Ca/Fe].

Thus the Ca abundance cannot be the only factor that drives the W ′.

Calibration from the literature

We compared our results to those of Bosler et al. (2006). They used 15 Galactic
globular and open clusters, covering the range 2 Gyr . age . 14 Gyr and −2.2 <

∗ Out of the 93 stars in the overlapping sample in Sculptor, 3 had too low signal-to-noise to allow
a determination of the HR [Ca/H]
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Figure 2.13: [Ca/H]CaT from
Eq. 2.18 versus [Ca/H]HR for Sculp-
tor (squares) and Fornax (asterisks)
dSphs.

[Ca/H] < +0.2, to derive a calibration between CaT W ′ and Ca abundance, the idea
being that usingW ′ as tracer of [Ca/H] instead of [Fe/H] one can apply the calibration
to systems such as globular cluster or dSphs, without worrying about the different
[Ca/Fe] trends. The relation they derive is:

[Ca/H]Bosler = −2.778(±0.061) + 0.470(±0.016)dex/Å W ′ (2.19)

and they apply it to the Leo I and Leo II dSphs. This relation is consistent with our
Eq. 2.18, and this results in a poor comparison between [Ca/H]CaT and [Ca/H]HR.

2.5.2 Exploring the effect of [Ca/Fe]
Another of the uncertainties in applying the CaT method to composite stellar pop-
ulations (i.e. galaxies) is the varied and extended star formation histories of these
systems, which results in a range of [Ca/Fe] values and a trend with [Fe/H]. Fig-
ure 2.14 shows that our calibrating globular clusters have an almost constant [Ca/Fe]
trend with [Fe/H] (except for NGC3201), whilst both for the Sculptor and Fornax dSph
[Ca/Fe] decreases with [Fe/H]. At [Fe/H]. −1.1 there is overlap between the [Ca/Fe]
values for the globular clusters and the dSphs, although [Ca/Fe] in the globular clus-
ters is larger than the average for the dSphs at the same [Fe/H]; at [Fe/H]∼ −1.1 the
[Ca/Fe] value for the globular clusters is ∼ 0.2 dex larger then the average value for
Sculptor and at [Fe/H]= −0.7 is ∼ 0.5 larger than the average value for the Fornax
dSph. This results in a smaller [Ca/H] abundance for globular clusters with respect to
our dSphs sample at the low [Fe/H] end, and we have the opposite effect at the high
[Fe/H] end. If the W ′ is an increasing function of both [Fe/H] and [Ca/H] abundances,
to neglect the effect of [Ca/H] in our globular cluster calibration would result in an
overestimated [Fe/H]LR with respect to [Fe/H]HR in the region where [Ca/H]dSph >
[Ca/H]GC; instead we would underestimate [Fe/H]LR with respect to [Fe/H]HR in the
region where [Ca/H]dSph < [Ca/H]GC. This goes in the same direction to what we see
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Figure 2.14: HR [Ca/Fe] ver-
sus HR [Fe/H] for the Sculptor
(squares) and Fornax (asterisks)
dSphs. The triangles show the
values for the calibration globu-
lar clusters (Tab. 2.1). The di-
amonds with errorbars show a
weighted average and dispersion
of [Ca/Fe] in [Fe/H] bins.

in Fig. 2.11. This suggests that [Ca/H] might also play a role in determining the CaT
W ′.

It is not obvious how to quantify this effect as it is not known how the CaT W ′

depends on [Ca/H] (linearly, quadratically, etc). We tested for a simple dependence of
this kind:

W ′ = a[Fe/H] + b[Ca/H] + c (2.20)

where a, b and c are constants. We derive a = 1.58, b = 0.36, c = 5.85 by fitting
the observed values of W ′ from the dSphs dataset as a function of the corresponding
[Fe/H] and [Ca/H] from HR measurements. This relation, when applied to the globular
cluster data (Fig. 2.15), agrees well with the observed values of W ′ and indicates that
[Ca/H] plays a smaller role than [Fe/H] in producing W ′.

Figure 2.15: Observed CaT W ′ for
our globular cluster sample versus
CaT W ′ derived from a linear com-
bination of Fe and Ca abundances
(Eq. 2.20), calibrated on the dSphs
sample. The good agreement between
the two measurements indicates that
both Ca abundance and Fe abundance
might drive the CaT W ′.

This analysis is clearly not exhaustive, but indicative of the effects of the obvious
sources of uncertainty. Since we are interested in understanding the effect on the [Fe/H]
determination, it is important to notice that notwithstanding the large difference in
[Ca/Fe] between calibrating globular clusters and dSphs at the high [Fe/H] end (∼ 0.5
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dex at [Fe/H]∼ −0.7) and the large difference in age (Fornax stars at ∼ −0.7 have an
age of 3-6 Gyr) the error in estimating [Fe/H] using globular clusters as calibrators is
just 0.1-0.15 dex.

We point out that in this respect the Fornax dSph is one of the most extreme cases
as the large majority of dSphs do not show extended star formation history, and so the
difference in [Ca/Fe] (and in age) with respect to the calibrating globular clusters will
typically not be as extreme.

2.5.3 On age effects
As shown in Pont et al. (2004), for metallicities < −0.5 dex, a relative age difference
of ∼12 Gyr with respect to calibrating globular clusters results in an underestimate in
metallicity of ∼0.2 dex (their Fig.16, middle panel). This error decreases substantially
for smaller age differences. The stars in the Sculptor dSph have ages > 8 Gyr (e.g.,
Monkiewicz et al. 1999) and [Fe/H]. −1, thus the age effect will be negligible. The
bulk of stars in Fornax dSph have an age between 3-6 Gyr old (e.g., Pont et al. 2004;
Battaglia et al. 2006); only a small fraction of stars have younger ages∗, thus the age
effect could result in an underestimate of ∼0.1-0.15 dex from the CaT measurement for
3-6 Gyr old stars. As mentioned above, most of the dSphs do not show star formation
histories as extended as Fornax, thus the age effect should typically be even smaller.

2.5.4 Synthetic stellar atmospheres
Another way of approaching these issues is to model the expected behaviour of the
CaT lines using stellar atmospheres and synthetic spectra. It is perhaps not surprising
that these lines exhibit a strong dependence on global metallicity, best represented
by [Fe/H], rather than on the abundance of calcium itself, given the strength of the
features. With EWs ranging from ∼500 mÅ to several Å , the CaT lines are not only
saturated but are truly in the strong line regime of line formation, when a significant
part of the flux is found in the pressure-broadened wings rather than the core of the
line. This effectively means that electronic pressure (Pe) is driving the strength of
the line rather than the usual combination of temperature and elemental abundance
that shape weak lines. This can explain a fundamental characteristic of the CaT: since
many metals contribute to Pe, the CaT lines become sensitive to the global metallicity,
[Fe/H], rather than calcium abundance alone, through the pressure-dependent wings.
In fact, natural broadening dominates the wings of CaT lines, so that line strength
will increase with decreasing electronic pressure (roughly as 1/Pe). This explains why
the CaT line strenghts increase with increasing luminosity (i.e. decreasing gravity
and hence pressure). The metallicity dependence of Pe will therefore also contribute
to shaping the CaT lines. Finally, global metallicity also plays a role in changing
the blanketing properties by numerous small metallic absorption lines, both in the
wavelength regions used to define the continuum and in the CaT wings themselves. It
is therefore difficult to speculate theoretically how the CaT W ′ should behave upon
varying each stellar parameter and we have therefore used synthetic stellar spectra,
“observed” with an approach mimicking our observational procedure.
∗ these spectroscopic samples of RGB stars anyway contain only stars older than 1 Gyr
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We have checked the validity of calibrating [Fe/H] to the width of the CaT lines by
using synthetic spectra of RGB stars. Munari et al. (2005) published a large grid of
synthetic spectra covering the CaT region at various resolutions. Since our FLAMES
LR resolution of R ≈ 6500 did not correspond to the available resolutions we rebinned
the Munari R = 20000 resolution spectra to the FLAMES LR resolution. The model
atmosphere spectra cover a range of stellar parameters including logg, Teff , [M/H] and
also include models computed with [α/Fe]=0.0 and +0.4. The CaT equivalent widths
of a representative sample of model atmosphere spectra covering the range of stellar
RGB parameters encountered in dSphs were measured in a similar manner to those of
our observed LR spectra.

In particular, we measured the equivalent width of a set of synthetic stars taken
along the upper RGB of a series of 12 Gyr isochrones with−2.5 ≤[Fe/H]≤ +0.0 (Bertelli
et al. 1994). We then derived the corresponding [Fe/H] using our CaT calibration
based on globular clusters (Eq. 2.16). The V magnitude for each synthetic star was
read off the isochrone, while the VHB was assumed [Fe/H] dependent, of the form
VHB = 1.17+0.39×[Fe/H] (Ortolani et al. 1995, which also fit well the same isochrones).
The resulting (V − VHB) range from 0.5 to 3.5 (RGB tip), and are very similar to the
range of luminosities of our targets in Sculptor.

The CaT equivalent widths were measured in both α-poor and α-rich models, and
Fig. 2.16 shows how remarkably well the resulting metallicities from the CaT calibra-
tion ([Fe/H]CaT) agree with the input model metallicity ([Fe/H]model). Our calibra-
tion on the α-rich synthetic spectra overestimates the [Fe/H]model by only +0.19 dex
with a negligible dispersion and no particular trend, while our [Fe/H]CaT of the α-poor
spectra underestimates [Fe/H]model by −0.38 dex in the mean. This is expected, as
our calibration is based on globular clusters, which have in the mean [α/Fe]∼ +0.25,
and are therefore closer to the α-rich grid of Munari et al. (2005). Moreover, the rela-
tion between the CaTW ′ and [Fe/H]model is linear, with a slope (for α-rich) matching
exactly the slope of our calibration. This reassuring result supports the soundness of
using simple CaT (linear) calibrations to derive metallicities.

We also examined the effect of using the same calibration for synthetic stars along
younger RGB isochrones of 2.5 Gyrs (similar to the mean age of the stars in our For-
nax sample). The main effect is the luminosity increase: at a given metallicity, the
RGB isochrones of intermediate and old ages overlap almost perfectly in temperature
and gravity, but younger RGB stars appear more luminous than old stars of the same
temperature and gravity (because a younger star with the same gravity and temper-
ature will be of higher mass, and hence more luminous). Between a 12 and 2.5Gyrs
isochrone, the luminosity at a given gravity increases by ∼0.5 mag, translating into
a −0.2 dex metallicity decrease once the CaT calibration is applied, as illustrated in
Fig. 2.16. This age effect is small, and comparable to the shallow slope observed in
Fig. 2.11 (lower panel) where our younger metal-rich stars (Fornax) tend to give lower
[Fe/H]CaT abundances than expected.

As a final comment on this comparison, we would like to stress that the CaT
behaviour as a function of luminosity and metallicity assumed in this work is fully
consistent with what is expected from synthetic spectra. The synthetic spectra are
however probably not precise enough to further constrain the CaT behaviour, as the
core of these very strong lines is almost certainly not well modelled by the stellar
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Figure 2.16: Left: Relation between the W ′ and the input metallicity of the syn-
thetic spectra of the Munari et al. (2005) grid ([Fe/H]model) along a 12Gyr isochrone.
Filled squares are the models with [α/Fe]=0.0 and filled triangles are the models with
[α/Fe]=0.4. The thick black line shows our calibration. The open symbols show the ef-
fect of changing the age of the isochrone from 12 to 2.5Gyrs for metallicities [Fe/H]≥-1.
Right: Comparison between the metallicity obtained using our CaT calibration on the
synthetic spectra ([Fe/H]CaT) and the input metallicity of the model ([Fe/H]model).
Dotted lines show the mean offsets of the [α/Fe]=0.0 models and [α/Fe]=0.4 models
with respect to the 1:1 relation (solid line).

atmosphere models, as the cores of the lines form close to the stellar surface, a region
which is problematic to model, and may even include a possible contribution from the
stellar chromosphere.

2.6 Summary and conclusions
We described the data reduction steps we use within the DART collaboration to esti-
mate velocities and CaT metallicities for LR data for RGB stars in dSphs. We showed
that we obtain accurate velocities and [Fe/H] measurements, with internal error in
velocity ∼ 2 km s−1 and in [Fe/H] ∼ 0.1 dex at a S/N per Å of 20.

We used 4 Galactic globular clusters observed with VLT/FLAMES in the CaT
region to test the performance of several CaT W ′-[Fe/H] relations existing in the lit-
erature. We also derived the best calibration from these globular cluster data. The
relation here derived is consistent at the 1-σ level with the calibration derived in Tol-
stoy et al. (2001), which we used in Tolstoy et al. (2004), Battaglia et al. (2006) and
Helmi et al. (2006).

We used a sample of 93 and 36 RGB stars in Sculptor and Fornax dSph, respectively,
overlapping between our LR and HR VLT/FLAMES observations, to test the globular
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clusters CaT calibration. This is the first time that the CaT calibration is tested on
field stars in galaxies. We find a good agreement between the metallicities derived
with these two methods. However, a systematic trend is present with [Fe/H], such that
at [Fe/H]HR < −2.2 the [Fe/H] measurement from CaT is overestimated of ∼0.1 dex,
whilst at [Fe/H]HR > −1.2 it is underestimated of ∼0.1-0.2 dex. In order to understand
this systematic effect, we explored the possible contribution of Ca abundance to the
calibration, and showed that there are indications that it might well affect the CaT
W ′, although much less than [Fe/H]. From our dataset we also show that, contrary to
previous claims, it is not advisable to use the CaT W ′ as a linear indicator of [Ca/H].

Finally we investigated the effect of varying stellar atmosphere parameters on the
CaT method by analysing a large sample of model atmosphere spectra (Munari et al.
2005). We again demonstrated that the CaT method is (surprisingly) robust to the
usual combination of age, metallicities and [α/Fe] variations seen in nearby dSphs.

From our analysis we see that even for large differences in [Ca/Fe] between calibrat-
ing globular clusters and our sample of dSphs (∼ 0.5 dex at [Fe/H]∼ −0.7) and large
difference in ages (at [Fe/H] ∼ −0.7 Fornax stars are ∼ 10 Gyr younger than globular
clusters stars) the error in estimating [Fe/H] using globular clusters as calibrators is
just 0.1-0.15 dex. The Fornax dSph is likely to represent the most extreme case as
it has had one of the most extended star formation histories among the dSphs in the
Local Group.

We conclude that CaT-[Fe/H] relations calibrated on globular clusters can be ap-
plied with confidence to RGB stars in composite stellar populations such as galaxies, at
least in the [Fe/H] range probed by the above analyses, −2.5 < [Fe/H] < −0.5. Hence,
the CaT method provides a good indicator of the overall metallicity of resolved stars.

This has implications for the efficiency with which we can obtain metallicity dis-
tribution functions of nearby resolved galaxies. The HR data collected in this paper
required more than 6 nights of VLT observing time for ∼ 150 spectra, whereas ∼ 120
CaT spectra were obtained in one hour VLT observing time.
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ABSTRACT– As part of the DART project we have used the ESO/2.2m Wide
Field Imager in conjunction with the VLT/FLAMES∗ GIRAFFE spectrograph to
study the detailed properties of the resolved stellar population of the Fornax dwarf
spheroidal galaxy out to and beyond its tidal radius.
We re-derived the structural parameters of the Fornax dwarf spheroidal using our
wide field imaging covering the galaxy out to its tidal radius, and analysed the
spatial distribution of the Fornax stars of different ages as selected from Colour-
Magnitude Diagram analysis. We have obtained accurate velocities and metallicities
from spectra in the Ca II triplet wavelength region for 562 Red Giant Branch stars
which have velocities consistent with membership of the Fornax dwarf spheroidal.
We have found evidence for the presence of at least three distinct stellar components:
a young population (few 100 Myr old) concentrated in the centre of the galaxy, visible
as a Main Sequence in the Colour-Magnitude Diagram; an intermediate age popula-
tion (2-8 Gyr old); and an ancient population (> 10Gyr), which are distinguishable
from each other kinematically, from the metallicity distribution and in the spatial
distribution of stars found in the Colour-Magnitude Diagram.
From our spectroscopic analysis we find that the “metal rich” stars ([Fe/H]> −1.3)
show a less extended and more concentrated spatial distribution, and display colder
kinematics than the “metal poor” stars ([Fe/H< −1.3). There is tentative evidence
that the ancient stellar population in the centre of Fornax does not exhibit equilib-
rium kinematics. This could be a sign of a relatively recent accretion of external
material, such as the merger of another galaxy or other means of gas accretion at
some point in the fairly recent past, consistent with other recent evidence of sub-
structure (Coleman et al. 2004, 2005).
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3.1 Introduction

The Fornax Dwarf Spheroidal galaxy (dSph) is a relatively distant companion of the
Milky Way at high galactic latitude (b = −65.7o). It is located at a distance of

138 ±8 kpc (e.g. Mateo 1998; Bersier 2000), with an heliocentric velocity vhel = 53
±2 km/s (Mateo et al. 1991), a luminosity MV = −13.0 ± 0.3, and a central surface
brightness Σ0,V = 14.4± 0.3 mag/arcmin2 (Irwin & Hatzidimitriou 1995). The Fornax
dSph is one of the most massive and luminous of the dwarf galaxy satellites of our
Galaxy, second only to Sagittarius, with a total (dynamical) mass in the range 108-109

M� (Mateo et al. 1991; Łokas 2002; Walker et al. 2006, Battaglia et al., in preparation).
Similarly to Sagittarius, Fornax has its own globular cluster population, but con-

trary to Sagittarius all of the Fornax globular clusters appear to be metal poor (e.g.
Strader et al. 2003; Letarte et al. 2006a). Fornax is known to contain a large num-
ber of carbon stars with a wide range of bolometric luminosities indicating significant
mass (and hence age) dispersion at intermediate ages (e.g. Demers & Kunkel 1979;
Aaronson & Mould 1980; Stetson et al. 1998; Azzopardi et al. 1999). This is supported
by a well populated intermediate age sub-giant branch and red clump. Fornax also
contains a sizable population of RR Lyrae variable stars with an average metallicity
of [Fe/H]RR ∼ −1.6 ± 0.2 (Bersier & Wood 2002). From detailed Colour-Magnitude
Diagram (CMD) analysis (e.g. Stetson et al. 1998; Buonanno et al. 1999; Saviane et al.
2000; Pont et al. 2004) it is clear that, unlike most dSphs in the Local Group, Fornax
has had a long history of star formation, which only ceased a few hundred Myr ago.
However, in common with most dSph galaxies, Fornax does not appear to have any HI
gas at present (e.g. Young 1999). It is difficult to understand how Fornax lost all it
gas. It is possible that, as a consequence of the recent star formation, the gas is fully
ionized; however detections of ionized gas are difficult.

A recent proper motion estimate suggests that Fornax has a low eccentricity polar
orbit that crossed the path of the Magellanic Stream about 190 Myr ago (Dinescu et al.
2004), and that the excess of small scale structure in the Magellanic stream, tracing
back along the proposed orbit of Fornax, comes from gas lost by Fornax during this
encounter. The authors propose this encounter as a viable mechanism to make Fornax
lose its gas and stop forming stars. However, previous proper motion measurements
do not suggest such an encounter (Piatek et al. 2002).

Fornax has been the centre of some attention recently for the discovery, in photo-
metric surveys, of stellar over-densities in and around the system (Coleman et al. 2004,
2005; Olszewski et al. 2006). These over-densities have been interpreted by Coleman
et al. as shell structures caused by the recent capture of a small galaxy by Fornax.

There have been previous spectroscopic studies of individual stars in Fornax. Stud-
ies of kinematic properties indicated a (moderate) central mass-to-light ratio M/L &
5(M/LV)�, possibly as high as 26 (e.g. Mateo et al. 1991), and a global M/LV ∼
10-40 larger than the M/LV of the luminous component (Walker et al. 2006). This is
much higher than is typical for globular clusters, which have mass-to-light ratios in the
range 1-3 (e.g. McLaughlin & van der Marel 2005), but considerably lower than that
found for many other dSphs such as Draco and Ursa Minor (M/L > 100 (M/LV)�,
e.g. Kleyna et al. 2003; Wilkinson et al. 2004).

There have been two previous Ca II triplet (CaT) studies of Red Giant Branch
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(RGB) stars in the central region of Fornax (33 stars, Tolstoy et al. 2001; 117 stars,
Pont et al. 2004), both using VLT/FORS1. There are also detailed abundance studies
of 3 field stars (Shetrone et al. 2003) and 9 globular cluster stars (Letarte et al. 2006a)
made with VLT/UVES. This is about to be extended dramatically by VLT/FLAMES
(∼ 100 stars, Letarte et al. 2006b). These spectroscopic studies conclude that the bulk
of the stellar population is more metal rich than could be inferred from the position of
the RGB in the CMD, with a peak at [Fe/H] ∼ −0.9, a metal poor tail extending out
to [Fe/H] = −2 and a metal rich tail extending beyond [Fe/H] = −0.4 with more than
half the stars on the RGB having ages < 4 Gyr.

Here we present the first results of a study of the Fornax dSph from the DART
(Dwarf Abundances and Radial velocities Team) large programme at ESO. The aim
of DART is to analyse the chemical and kinematic behaviour of individual stars in
a representative sample of dSphs in the Local Group, in order to derive their star
formation and chemical enrichment histories, and explore the kinematic status of these
objects and their mass distribution. Our targets are Sculptor (Tolstoy et al. 2004),
Fornax and Sextans dSphs. From our large program at ESO we obtained for each of
these galaxies: extended WFI imaging; intermediate resolution VLT/FLAMES spectra
in the CaT region to derive metallicity and velocity measurements for a large sample
of RGB stars covering an extended area; and VLT/FLAMES high resolution spectra
in the central regions, which give detailed abundances over a large range of elements
for ∼ 100 RGB stars.

In this work we present our results for both wide field imaging and intermediate
resolution FLAMES spectroscopy for 562 RGB kinematic members of Fornax out to
the tidal radius. The relatively high signal-to-noise (S/N ≈ 10-20 per Å) of our data
has enabled us to derive both accurate metallicities (≈ 0.1 dex from internal errors) and
radial velocities (to ≈ ±2 km/s). We can thus study the different stellar populations in
Fornax and how their metallicities and kinematic properties vary spatially with a much
larger sample than any previous study. Our study differs from Walker et al. (2006) in
that we have both abundance and kinematics and this has been shown to be crucial
information for disentangling complicated galaxy properties (Tolstoy et al. 2004).

In future works we will present our detailed kinematic modelling of Fornax dSph
(Battaglia et al., in preparation) and accurate star formation history from our VLT/FLAMES
high resolution abundances of Fornax (Letarte et al. 2006b).

3.2 Observations and data reduction
3.2.1 Photometry
Our ESO Wide Field Imager (WFI) observations were collected between 2003-2005 and
initially included some earlier archival data from the central regions. Table 3.1 shows
the journal of WFI observations taken in service mode early in 2005 that were used to
generate the final overall photometric and astrometric catalogues. Although the earlier
WFI observations were used for target selection for some of the spectroscopic followup,
all of the analysis and results presented in this paper are based on the 2005 service
mode data. This was taken in photometric conditions, with generally good seeing (<1
arcsec), unlike most of the earlier photometry.
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Name Filter UT of observation airmass exptime seeing (arcsec)
FNX-1 V 07-Jan-2005 02:13 1.1 3x300s 0.87

I 1.1 3x300s 0.89
FNX-2 V 07-Jan-2005 02:55 1.2 3x300s 0.90

I 1.2 3x300s 0.80
FNX-3 V 07-Jan-2005 03:39 1.3 3x300s 0.93

I 1.3 3x300s 0.93
FNX-4 V 07-Jan-2005 04:22 1.5 3x300s 1.13

I 1.6 3x300s 0.87
FNX-13 V 08-Jan-2005 02:19 1.1 3x300s 0.75

I 1.1 3x300s 1.19
FNX-5 V 08-Jan-2005 02:55 1.2 3x300s 0.82

I 1.2 3x300s 1.12
FNX-6 V 08-Jan-2005 03:26 1.3 3x300s 1.03

I 1.3 3x300s 1.00
FNX-8 V 01-Feb-2005 01:54 1.3 3x300s 0.98

I 1.3 3x300s 0.94
FNX-9 V 01-Feb-2005 02:18 1.4 3x300s 1.09

I 1.5 3x300s 0.97
FNX-14 V 01-Feb-2005 02:54 1.6 3x300s 1.01

I 1.7 3x300s 0.93
FNX-16 V 02-Feb-2005 01:35 1.2 3x300s 1.09

I 1.3 3x300s 1.21
FNX-7 V 01-Feb-2005 01:16 1.2 3x300s 1.02

I 1.2 3x300s 0.97
FNX-21 V 03-Feb-2005 02:10 1.4 3x300s 1.02

I 1.5 3x300s 1.09
SA98 V 06-Jan-2005 05:08 1.2 10s,30s 0.92,0.95

I 05:19 1.2 10s,30s 0.93,0.94
SA95 V 07-Jan-2005 01:32 1.2 10s,30s 1.06,1.03

I 01:44 1.2 10s,30s 1.06,0.80
RU-149 V 07-Jan-2005 05:02 1.2 5s,30s 0.89,0.95

I 05:12 1.2 10s,30s 1.66,1.16
SA95 I 09-Jan-2005 02:48 1.2 10s,30s 1.16,1.26
RU-149 V 31-Jan-2005 00:46 1.0 5s,30s 3.55,3.61

I 01:00 1.0 10s,30s 2.70,2.56
SA98 V 01-Feb-2005 00:30 1.4 10s,30s 0.98,0.93

I 00:42 1.3 10s,30s 1.14,1.24
SA95 V 02-Feb-2005 00:44 1.2 10s,30s 1.24,1.22

I 00:58 1.2 10s,30s 1.05,1.02
SA101 V 02-Feb-2005 08:33 1.5 10s,30s 0.94,1.15

I 08:41 1.5 10s,30s 1.30,1.22
PG1323-086 V 02-Feb-2005 09:10 1.1 5s,30s 0.86,0.91

I 09:22 1.1 10s,30s 1.20,1.07
SA95 V 03-Feb-2005 01:37 1.3 10s,30s 0.95,0.87

I 01:48 1.3 10s,30s 0.91,0.80
SA107 V 03-Feb-2005 09:17 1.4 10s,30s 0.79,0.88

I 09:28 1.3 10s,30s 0.69,0.74
SA98 V 04-Feb-2005 01:02 1.2 10s,30s 1.16,1.23

I 01:13 1.2 10s,30s 0.63,0.74

Table 3.1: Table of Fornax ESO/WFI observations. The seeing is the average stellar
FWHM from the final image.
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Image reduction and analysis was based on the pipeline processing software de-
veloped by the Cambridge Astronomical Survey Unit for dealing with imaging data
from mosaic cameras. Details of the pipeline processing can be found in Irwin (1985),
Irwin & Lewis (2001) and Irwin et al. (2004). Each set of frames for a particular field
is processed individually to remove gross instrumental artefacts (ie. bias-corrected,
trimmed, flatfielded, and defringed as necessary). An object catalogue is then con-
structed and used to derive accurate astrometric transformations to enable stacking of
multiple images for each field in a common coordinate system. The stacked images,
produced from a sequence of 3 dithered exposures, are then used to generate the final
object catalogues, and the astrometric information is updated.

The astrometric solutions are based on a general Zenithal Polynomial projection
(e.g. Greisen & Calabretta 2002), which for the ESO WFI is particularly simple since
the radial distortion is effectively zero. Astrometric standard stars were selected auto-
matically from APM scans of UKST photographic survey plates (http://www.ast.cam.ac.uk/casu)
which in turn are calibrated with respect to TYCHO 2. Each of the 8 detectors mak-
ing up the mosaic is solved for independently using a 6 constant linear solution linking
detector x,y to projected celestial coordinates. Residuals in the fit per star are typi-
cally ≈ 200mas, which is almost entirely due to the random error in the photographic
astrometry. Even in the outer parts of Fornax there are more than 100 plate-based
standards per detector which means that any systematic errors in the solution are
negligible (<100 mas).

Objects are morphologically classified on each stacked frame as either noise arte-
facts, galaxies, or stars, primarily according to the properties of the curve-of-growth
light distribution using a series of aperture fluxes. At the same time aperture cor-
rections for stellar profiles are derived at the detector level to enable accurate (≈1%)
conversion to total fluxes.

The internal gain correction, applied at the flatfielding stage, ensures a common
photometric system across the mosaic (to ≈1%) and hence photometric calibration
simplifies to finding a single magnitude zero-point for each science observation. A
correction for scattered light, which affects the flatfielding in addition to the science
images for WFI data, was also made. This was directly derived from the standard
star observations assuming a radially symmetric effect. This is a well-known problem
with the WFI (Manfroid & Selman 2001) and the correction was made prior to the
photometric calibration.

The first-pass photometric calibration is based on observations of photometric stan-
dard fields taken during the same nights as the target observations. Since these ob-
servations were undertaken in service mode in mainly photometric conditions, we used
the default La Silla extinction for these passbands to derive an airmass correction (the
range in airmass and number of the standard star observations precluded any other
option). The colour equations to correct the data to the Johnson-Cousins system were
taken from the ESO web pages. Each photometric standard field observed contains
between ≈10-50 suitable standards and provides a single zero-point with better than
≈1% random error; assorted systematic errors (e.g. aperture corrections, flatfielding
gradients, scattered light correction) contribute at about the same level.

The zero-point trend over all the service observing is consistent within the errors
±1−2% with photometric conditions on all nights apart from the standard star obser-
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vation for the night of 2005 Jan 31st. Since no science target frames were taken during
this night this data point was ignored and a constant zero-point adopted for both the
V- and I-band images. (Note that this was also the night with very poor seeing.)

As a final check of the overall calibration the overlap (≈ 5%) between adjacent
fields was used to determine the internal consistency of the magnitude system and
small ≈ ±2% adjustments were made to bring all the observations to a common scale.
This ensures that the whole system is on the same photometric zero-point, which is
essential for analysis of large scale structure. The final sensitivity of all the images is
the same within 0.1 magnitude.

The final step was to merge all the object catalogues in the V- and I-band to
produce a unique set of object detections for the whole area studied. In the case of
multiple measurements for a given object the one with the smallest error estimates were
used. This catalogue forms the basis for all subsequent photometric and spectroscopic
analysis.

3.2.2 Spectroscopy
We selected targets classified as stellar in our ESO/WFI photometry and with a posi-
tion on the CMD consistent with an RGB star, but with a wide colour range to avoid
biasing our sample in age or in metallicity. We used VLT/FLAMES feeding the GI-
RAFFE spectrograph in Medusa mode, that allows the simultaneous allocation of 132
fibres (including sky fibres) over a 25’ diameter field of view (Pasquini et al. 2002). We
used the GIRAFFE low resolution grating (LR8, resolving power R∼ 6500), covering
the wavelength range from 8206 Å to 9400 Å, to obtain spectra for 7 different fields
in Fornax dSph. These data were reduced using the GIRAFFE pipeline (Geneva Ob-
servatory; Blecha et al. 2003). The sky-subtraction and extraction of the velocities
and equivalent widths of CaII triplet lines were carried out using our own software
developed by M.Irwin (for the details see Chapter 2). Out of a total of 800 targets, 69
have double measurements due to overlapping fields. We find that a S/N per Å > 10
is the minimum for accurate determination of velocity and equivalent width, thus we
exclude from our analysis the stars with S/N per Å lower than 10. The typical error in
velocity was found to be . 2 km s−1 . We excluded from our analysis all the stars with
an error in velocity larger than 5 km s−1 . The r.m.s. velocities and equivalent widths
from the 35 stars with repeated measurements that passed our selection criteria are
2.2 km s−1 and 0.34 Å respectively. The latter corresponds to an error in metallicity
of 0.14 dex (see Sect. 3.4). For 27 out of 35 stars with double measurements we find
agreement within the velocity errors. Only 2 out of 35 have velocities that differ by
more than 2σ, however both are within 3σ.

The final sample was carefully checked to weed out any spurious objects (e.g. broken
fibres, background galaxies, foreground stars, etc.). We removed 6 objects because they
were inadvertently assigned to fibres which were not available during our observing
runs; we found no background galaxies and removed 12 objects because the continuum
shape or the presence of very broad absorption line was not consistent with what is
expected for RGB stars spectra. Excluding the objects that did not meet our S/N
and velocity error criteria, our final sample of acceptable measurements consists of 641
stars.
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Figure 3.1: ESO/WFI coverage for Fornax dSph. The inner shell-like feature detected
by Coleman et al. (2004) is located at ξ ∼0.12 deg, η ∼ −0.20 deg and elliptical radius
of 0.33 deg. The circles indicate the location of Fornax globular clusters and the ellipse
shows Fornax tidal radius (ellipse parameters derived in this work, see Table 3.2). The
North is at the top, the East on the left-hand side. The physical scale at the distance
of the Fornax dSph is 1 deg = 2.4 kpc.

3.3 Results: Photometry
In this section we present the results of our wide field, ESO/WFI photometry of Fornax,
out to its nominal tidal radius (see Fig. 3.1), and going down to V = 23 and I = 22
(MI = 1.2).

3.3.1 The structure of Fornax
Previous studies have revealed the spatial structure of Fornax to be far from regular.
Hodge (1961), using photographic plates, found that the ellipticity (defined as e =
1 − b/a, where b and a are respectively the semi-minor and semi-major axes of the
galaxy) increases with radius, from a value of 0.21 in the central regions to 0.36 in
the outer parts. Irwin & Hatzidimitriou (1995) noticed that in the inner regions the
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Table 3.2: Table of Fornax parameters. 1. This work. 2. Mateo et al. (1998). The
position angle is defined as the angle between North and the major-axis of the galaxy
measured counter-clockwise; the ellipticity is e = 1− b/a.

α2000 2h39m52s 1
δ2000 −34◦30′49′′ 1
Position angle 46.8◦ ± 1.6◦ 1
Ellipticity 0.30± 0.01 1
LV 1.55× 107L� 2
Distance 138± 8 kpc 2
Vh 54.1± 0.5 km s−1 1
[Fe/H]mean −1.15 1

isopleths showed departures from elliptical symmetry and that they were more closely
spaced on the east side of the major axis than in the west, as already noticed by Hodge
(1961). The asymmetry was found to be centred close to cluster 4 (ξ ∼ 0.05, η ∼ −0.1
in Fig. 3.1). The ellipticity was again found to increase with radius. Coleman et al.
(2005), using only RGB stars, found that the position of the centre shifts 3′ towards
west within a radius of 20′ and 4′ towards south at all radii. For radii larger than
35′ they find an opposite trend for the ellipticity, i.e. the outer contours become more
circular.

Due to the variety of previous estimates, sometimes differing significantly from each
other, we decided to re-derive the structural parameters of Fornax dSph. We divided
the 2D spatial distribution of the stellar objects in our photometry (Fig. 3.1) into a grid
with a “pixel” width of 0.02 deg and associated with each pixel the number of stars it
contained. We then used the IRAF task ELLIPSE to derive the variation with radius of
the central position, ellipticity and position angle (Fig. 3.2), by fitting ellipses at radii
between 15′ and 60′ with a ∼ 5′ spacing. We find that the centre is at (αJ2000, δJ2000)
= (2h39m52s, −34◦30′49′′), west (−1.5′±0.3′) and south (−3.8′±0.2′) with respect to
the values listed in Mateo (1998). The centre now appears to be located very close to
cluster 4. With this new analysis the ellipticity, with an average value 0.30±0.01, does
not show any trend with radius. The position angle (P.A.) appears to be larger in the
inner 15′ and then to become approximately constant with radius. A larger position
angle for the inner region could be caused, for example, by the presence of cluster 4 or,
more likely, by the presence of young stars with a markedly different distribution (see
Sect. 3.3.3). In our subsequent analysis we adopt the average value of the P.A. to be
46.8◦ ± 1.6◦, consistent with previous estimates. Our re-derived structural parameters
are listed in Table 3.2. With the exception of the position of the centre of the galaxy,
all the derived parameters are consistent with the values listed by Mateo (1998).

We also rederived the surface density profile for Fornax in bins of 3′ out to a radius
of 83′ (see Fig. 3.3). The contamination by field star density, from a weighted average
of the points beyond 68′, is 0.78±0.02 stars arcmin−2. From previous estimates of the
tidal radius (e.g. Irwin & Hatzidimitriou 1995) we know that it is unlikely that our
data extend out to a pure background region. Thus our determination of the Galactic
contamination is of necessity an overestimate due to our limited spatial coverage. We
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Figure 3.2: The variation with radius of the central position (x and y coordinate, a)
and b) respectively), c) ellipticity and d) position angle for the entire stellar population
of Fornax, from ESO/WFI imaging data. The variation of the central position is with
respect to the value listed in Mateo (1998). We find that the centre is at α = 2h39m52s
and δ = −34◦30′49′′, west (−1.5′ ± 0.3′) and south (−3.8′ ± 0.2′) with respect to the
values listed in Mateo (1998).

compared this Galactic contamination-subtracted profile to several surface brightness
models using a least-square fit to the data. We used an empirical King profile (King
1962), an exponential profile, a Sersic profile (Sersic 1968) and a Plummer model
(Plummer 1911).

The King model has been extensively used to describe the surface density profile of
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Figure 3.3: The surface density profile for the Fornax dSph galaxy with overlaid best-
fitting King, Sersic, exponential and Plummer models (solid, dashed, dotted, dash-dot
lines, respectively). The Galactic stellar contamination, 0.78±0.02 stars arcmin−2

calculated from a weighted average of the points beyond 1.13 deg (68′), has been
subtracted from each point. The error bars are obtained by summing in quadrature
the errors from Poisson statistics and the error in Galactic stellar contamination. Our
best fit to the data is a Sersic profile with Sersic radius, RS = 17.3 ± 0.2 arcmin and
m = 0.71. The best-fitting parameters for the different models are summarized in
Table 3.3.

dSphs.
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It is defined by 3 parameters: a characteristic surface density, I0,K, core radius, rc and
tidal radius, rt. The last parameter is defined as that distance on the line connecting
the centre of the galaxy and the centre of the host where a star on this line is pulled
neither toward nor away from the galaxy at the moment of perigalacticon passage.
This radius is set by the tidal field of the host galaxy. Thus, an excess of stars in
the outer parts of dSphs with respect to King models have been interpreted as tidally
stripped stars, assuming that the King profile is the correct representation of the data.
Excess stars beyond the King tidal radius have been found in Fornax (e.g. Coleman
et al. 2005) and in a number of other Local Group dSphs, e.g. Carina (Majewski et al.
2005), Draco (Wilkinson et al. 2004; Muñoz et al. 2005).

Another possibility to explain the excess of stars in the outer parts of dSphs is that
the King model does not provide the best representation of the data at large radii.
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Table 3.3: Parameters of best-fitting King model (core radius, rc, tidal radius, rt),
Sersic model (Sersic radius, RS, shape parameter, m), exponential model (scale radius,
rs) and Plummer model (scale radius, b) for all stellar populations, intermediate age
and old stellar components in Fornax dSph. For each model we also compute the half-
number radius, rh; for the Plummer model this coincides with b. The errors in the
parameters are formal errors from the fitting procedure.

King Sersic Exponential Plummer
rc[′] rt[′] rK,h[′] RS[′] m rS,h[′] rs[′] rEx,h[′] b[′]

All 17.6±0.2 69.1±0.4 19.1 17.3±0.2 0.71 ± 0.01 18.6 11.0±0.1 18.5 19.6±0.1
Intermediate 15.7±0.2 68.5±0.4 18.1 16.7±0.2 0.69 ± 0.01 17.5 10.0±0.1 16.7 17.1±0.1
Old 26.8±1.1 77.2±1.6 23.7 24.6±0.8 0.62 ± 0.02 23.5 13.7±0.2 23.0 24.6±0.4

The Sersic profile is known to provide a good empirical formula to fit the projected
light distribution of elliptical galaxies and the bulges of spiral galaxies (e.g. Caon et al.
1993; Caldwell 1999; Graham & Guzmán 2003; Trujillo et al. 2004):

IS(R) = I0,S exp

[
−
(
R

RS

)1/m
]

(3.2)

where I0,S is the central surface density, RS is a scale radius andm is the surface density
profile shape parameter. The de Vaucouleurs law and exponential are recovered with
m = 4 and m = 1, respectively; for m < 1 the profile is steeper than an exponential;
m = 1/2 gives a Gaussian. The light profile of some dSphs in the Local Group are
found to be best fitted with m < 1 (e.g. Caldwell 1999). Physical justifications for
this law have been proposed (see for instance Graham & Guzmán 2003, and references
therein), however none is widely accepted.

The surface density profile of the Plummer model is

IP(R) = I0,Pb
2

π(R2 + b2)2
(3.3)

where I0,P is a characteristic density and b is a scale radius.
In our analysis, King and Sersic profiles reproduce the data much better than a

Plummer or an exponential profile. Our best fit is a Sersic profile with Sersic radius,
RS = 17.3± 0.2 arcmin, and m = 0.71, thus steeper than an exponential (Fig. 3.3).

For the best-fitting King model we find a core radius rc = 17.6±0.2 arcmin and a
tidal radius rt = 69.1±0.4 arcmin. The core radius determined here is 4′ larger than
previous estimates whilst the tidal radius is in agreement with the value of 71±4 arcmin
from IH95. The slightly smaller value we obtain for the tidal radius is likely due to our
overestimated field star density.

Figure 3.3 shows that in our determination of the density profile there is an excess
of stars with respect to the King profile (solid line) for radii larger than 1 deg. At
this distance the Sersic profile (dashed) best follows the data. Both exponential and
Plummer profiles (dotted and dash-dot) over-predict the surface density at r < 0.1 deg
and at radii larger than ∼ 0.8 deg, and under-predict it at intermediate distances. A
summary of the best-fitting parameters is given in Table 3.3.
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3.3.2 The Colour-Magnitude Diagram
It is well established that the Fornax dSph has had a very complex star formation
history (e.g. Stetson et al. 1998; Buonanno et al. 1999; Saviane et al. 2000). Stetson
et al. (1998), in a photometric study covering a field of 1/3 deg2 near the centre of
Fornax, found that the majority of stars fall into three distinct stellar populations: an
old one represented by HB and RR Lyrae stars; an intermediate age population of He-
core-burning clump stars (Red Clump, RC); and a young population, indicated by the
presence of main sequence stars. Fornax displays a broad RGB, classically interpreted
as due to a large spread in metallicity.

Figure 3.4a shows our WFI Colour-Magnitude diagram for Fornax within the tidal
radius (∼ 2◦ × 2◦); it contains 73700 stars, including a quantity of foreground stars,
which lie in a fairly constant density sheet redwards of V − I = 0.6. We notice the
following features (highlighted in Fig. 3.4b, and directly visible in the Hess diagram in
Fig. 3.5):

Ancient stars (> 10 Gyr):

These stars are to be found in:

• A red horizontal branch (RHB), extending from V ∼21.2 to V ∼21.6 and from
V −I ∼0.5 to V −I ∼0.7. Hints of a blue horizontal branch (BHB) from V ∼21.2
to V ∼21.6 and from V − I ∼0.05 to V − I ∼0.35. Between the BHB and RHB
we can see the instability strip where RR Lyrae variable stars are to be found.

• A broad RGB with distinct blue (B-RGB) and red (R-RGB) components. The
RGB contains stars with ages > 10 Gyr, as well as intermediate age stars (2-8
Gyr), as will be discussed in Sect. 3.4.2. There is a hint of bifurcation below the
tip of the RGB.

Intermediate age stars (2-8 Gyr):

These stars are to be found in:

• An “AGB bump”, from V ∼ 20.05 to V ∼ 20.6 and from V−I ∼0.9 to V−I ∼1.15.
A similar feature was detected by Gallart (1998) in the LMC and called an “AGB
bump”, and assumed to occur at the beginning of the AGB phase.

• A red clump (RC), that hosts the bulk of detected stars (∼ 30%) in our WFI
CMD. It extends from V ∼ 20.9 to V ∼ 21.6 and from V − I ∼0.7 to V − I ∼1.1.
From theoretical modelling of RC stars, Caputo et al. (1995) found that it is
possible to estimate the age of the dominant stellar component from the extension
in luminosity of the RC. They found that the larger the spread in luminosity,
the younger the RC population. The predictions in Caputo et al. (1995) are
made using models of metallicity Z=0.0001 and 0.0004, which is lower than the
bulk of Fornax population (Z∼ 0.002). Assuming a distance to Fornax of 138
kpc, an extinction in V band of 0.062 (Schlegel et al. 1998) and a colour excess
E(V − I)'0.026 the upper and lower MV of the RC are 0.14 and 0.84. Using the
above mentioned models, this translates into an age of 3-4 Gyr for the dominant
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Figure 3.4: CMD for objects classified as stellar from our ESO/WFI imaging covering
the whole extent of the Fornax dSph. The boxes in panel b) indicate the regions we
used to select different stellar populations (MS: main sequence; BL: Blue Loop; FOR:
foreground; BHB: Blue Horizontal Branch; RRLy: RRLyrae; RHB: Red Horizontal
Branch; B-RGB: Blue-Red Giant Branch; R-RGB: Red-Red Giant Branch; AGBb:
AGB bump; RC: Red Clump).
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Figure 3.5: The Hess diagram
for Fornax dSph CMD from
ESO/WFI imaging, where the
structures, and their relative in-
tensity, in the different regions
of the CMD are visible. Each
cell is ∆(V − I) ×∆V = 0.01 ×
0.05. A darker tone represents
an higher density of stars; zero-
density is set to white. This al-
lows us to see the structure in
the Red Clump and Red Hori-
zontal Branch.

stellar population, assuming no strong variation due to metallicity. We also derive
the age of the dominant RC stellar population by overlaying to the observed CMD
Padua isochrones (Girardi et al. 2000), which have a mass grid fine enough to
resolve the red clump structure. Even though isochrones predictions for colour
and magnitude of the red clump feature are valid for single stellar populations,
they will provide a reasonably accurate estimate of the mean age of a composite
stellar population such as Fornax. We find that the observed mean magnitude
of the RC feature (V = 21.2, see Fig. 3.5) is reproduced assuming a dominant
stellar population of 2-4 Gyr old and metallicity Z in the range 0.001-0.004.

Young stars (< 1 Gyr):

These stars are found in:

• A plume of young Blue Loop (BL) stars from V ∼ 19.4 to V ∼ 20.8 and from
V − I ∼0.78 to V − I ∼ 0.9. Blue Loop stars are produced during the He-core
burning phase for stars with mass & 2-3 M� and ages from few million years to
1 Gyr. The position (colour) of this feature is strongly dependent on metallicity
(e.g. Girardi et al. 2000) .

• A main sequence extending from V ∼ 20 to V ∼ 23 at V − I∼ 0, showing that
very recent star formation (less than 1 Gyr ago) has occurred in Fornax. The
maximum luminosity of this feature indicates that there are stars as young as
200-300 Myr in Fornax.
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3.3.3 The spatial distribution of different stellar populations
The spatial distribution of different stellar components in a galaxy gives an indication
of how and where the star formation took place at different times and how long the
gas was retained as a function of radius.

Previous studies of dSphs in the Local Group (e.g. Hurley-Keller et al. 1999; Majew-
ski et al. 1999; Harbeck et al. 2001; Tolstoy et al. 2004) have shown that HB properties
vary as a function of the distance from the centre in several dSphs: in general the
RHB is more centrally concentrated than the BHB. This indicates the dominance of
old and/or metal poor stars in the outer regions and younger and/or more metal rich
stars in the inner regions.

Fornax contains both old (e.g. HB), intermediate (e.g. RC), and young stellar
components (MS and Blue Loop stars). Previous photometric studies of individual
stars, which have been limited to the central regions of Fornax, have found indications
that the intermediate age stars have a more concentrated distribution than the ancient
stars (Stetson et al. 1998; Saviane et al. 2000). Stetson et al. (1998) found that the
MS stars displayed a centrally concentrated asymmetric distribution, with a major axis
tilted ∼ 30◦ with respect to the main body of Fornax.

Our WFI data, covering the entire extent of Fornax, allow us to analyse the spatial
distribution of the resolved stellar population of Fornax out to its nominal tidal radius.
We plot a CMD for 3 different spatial samples, i.e. for stars found at elliptical radius
r < 0.4 deg, 0.4 deg < r < 0.7 deg, and r > 0.7 deg (Fig. 3.6). Clear differences are
visible between the inner and the outer regions: the main sequence and Blue Loop stars
(young) are absent in the outer regions. The extent inMV of the RC decreases with the
distance to Fornax centre; this means that the age of the dominant stellar component
in this feature is older in the outer parts (Caputo et al. 1995). We also notice that the
BHB, which is almost hidden by the main sequence in the inner region, becomes more
clearly visible the further out we go, because the MS disappears. Finally, we can see
that the RGB changes: the red side, generally younger and more metal rich than the
blue side, becomes less evident in the outer regions.

Below we analyse the spatial distribution of the different components, through their
location in the field of view and the trend of the cumulative fraction with radius.

Ancient populations

In Fornax the BHB stars overlap the MS in the inner regions, thus we reduce the
selection box of BHB stars to V−I∼0.15 - V−I∼0.35. In Fig. 3.7a-b we plot the spatial
distribution of the BHB and RHB components, and in Fig. 3.8a the location of B-RGB
stars. Figure 3.9 shows the Galactic contamination subtracted density profile for the
ancient populations (left) and the fraction of stars within a radius r, f(< r), in bins of
0.1 deg (right). The ancient stellar components clearly all have the same distribution,
the only exception being the trend at r <0.3 deg for the BHB population, which suffers
from small number statistics. It is also likely that the BHB behaviour is altered by the
presence in the selection box of MS stars (see Fig. 3.4b). A χ2 two-sample test applied
to the percentage of stars within a radius r out to the estimated Fornax tidal radius
gives a probability of 99.99% that the ancient stellar populations are drawn from the
same distribution.
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Figure 3.6: ESO/WFI CMDs for the Fornax dSph at radii r < 0.4 (a), 0.4 < r < 0.7
(b), r > 0.7 deg (c). We have normalized the number of stars in the 3 panels to allow
a more meaningful comparison. Note the change in stellar population as function of
radius: the young population (main sequence and Blue Loop stars) is absent beyond
r > 0.4 deg, whilst the ancient population becomes more dominant, as can be seen for
example from the more visible BHB at r > 0.4 deg, the bluer average colour of the
RGB, and the less extended RC in V magnitude.
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Figure 3.7: Spatial distribution of BHB, RHB and RC stars in the Fornax dSph as
selected from the CMD shown in Fig. 3.4b. The RC stars show a more concentrated
and less extended distribution than RHB and BHB stars. The number of RC stars has
been normalised to the number of RHB stars.
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Figure 3.8: Spatial distribution of Blue RGB and Red RGB stars in the Fornax dSph
(as selected from the CMD shown in Fig. 3.4b).
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Figure 3.9: Surface number density (left) and fraction of stars within elliptical radius
r (right) of ancient stellar populations in the Fornax dSph (solid line: RHB stars;
dotted line: BHB stars; dash-dot-dot line: RRLyrae stars; dashed line: B-RGB stars).
The surface number density has been Galactic stellar contamination subtracted. Note
that all the ancient stars, even if found at different stages of stellar evolution, display
a similar spatial trend with radius. In the right panel we show for comparison the
fraction of stars within elliptical radius r for RC stars (long dashed line), representa-
tive of intermediate age stars: note the more extended and less concentrated spatial
distribution of ancient stars with respect to intermediate age stars.

Taking as reference the RHB cumulative distribution, we can see that 95% of the
ancient population is found within r . 0.9 deg. The dominant, intermediate age stellar
population in Fornax, i.e. RC stars, shows a distinctly different distribution, with 95%
of its stars distributed within r . 0.7 deg. Clearly, the ancient populations display a
more extended spatial distribution then the intermediate age stars. The same χ2 test
applied to the RHB and RC stars gives a low probability, 5%, that these two populations
are drawn from the same parent population, confirming the fact that intermediate and
ancient stars show very different spatial distributions.

There is evidence for small scale spatial substructure in part of the ancient stellar
component of Fornax. In Fig. 3.8a (B-RGB) there is a clear overdensity of stars at
ξ ∼ −0.15 and η ∼ −0.25 (α ∼ 2h39m8s, δ ∼ −34◦45′51′′); this also appears to be
present, though less pronounced, in the spatial distribution of RHB stars at similar
position, however in contrast the distributions of BHB and RRLyrae stars appear to
be smooth. We find the number of B-RGB within 4′ of the above feature significantly
larger (within 2σ) than the number within 3 control fields, of the same dimensions
and at the same elliptical radius; the overdensity of RHB is instead not statistically
significant. A CMD centred on this overdensity shows a slightly bluer colour for the
RGB in the over-density than in the 3 control fields.

There is no evidence that the nearby cluster 2 (ξ ∼ −0.23 deg, η ∼ −0.30 deg in
Fig. 3.1) is related to this over-density, because the stars in the over-density do not
match the cluster 2 CMD (e.g. Buonanno et al. 1998).

Similar overdensities in the stellar distribution have been found in previous works
both in other dSphs as well as in Fornax dSph (e.g. Coleman et al. 2004).



74 chapter 3: The DART survey of the Fornax dSph

Figure 3.10: As in Fig. 3.9 but for intermediate age stellar populations (solid
line: RC stars; dotted line: R-RGB stars; dash-dot-dot line: AGB bump stars). All
the intermediate age populations display a similar spatial trend with radius. In the
right panel we show for comparison the fraction of stars within elliptical radius r for
RHB stars (long dashed line), representative of ancient stars, as in Fig. 3.9: note the
more extended and less concentrated spatial distribution of ancient stars with respect
to intermediate age stars.

Intermediate age populations

The spatial distribution of the intermediate age populations (2-8 Gyr old) is represented
by the RC, AGB bump and R-RGB star distribution. Figure 3.7c shows the location
on the field of view of the selected RC stars. As already mentioned, the RC stars
form the dominant stellar population in Fornax. Thus, to allow a more meaningful
comparison between the spatial distributions of intermediate age and ancient stars,
we normalised the RC population to the number of stars present in the RHB. Visual
comparison of these two distributions shows that RC stars have a less extended and
more concentrated spatial distribution than RHB stars. The distribution of R-RGB
stars (Fig. 3.8b) is similar to the RC stars, indicating a similar origin and thus similar
age/metallicity properties for the stars found in the red part of the RGB in Fornax and
in the RC. Figure 3.10 shows the Galactic contamination subtracted density profile
(left) and the cumulative fraction (right) of RC, AGB bump and R-RGB: they clearly
have the same spatial distribution; a χ2 test applied to the percentage of stars within
a radius r out to the estimated Fornax tidal radius gives a probability of 99.99% that
the intermediate age stellar populations are drawn from the same distribution. Thus,
it appears likely that all the stars with ages of 2-8 Gyr formed from the same gas
distribution.

Young populations

We have already seen from the CMDs in Fig. 3.6 that young MS (< 1 Gyr old) and BL
stars are only present within r < 0.4 deg, in the central region of Fornax. Figure 3.11
shows the spatial distribution of MS and Blue Loop stars (panel a,b). The main
sequence stars are centrally concentrated and show a different, asymmetric distribution
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Figure 3.11: Spatial distribution of main sequence (a) and Blue Loop (b) stars in
the Fornax dSph (as selected from the CMD shown in Fig. 3.4b) and c) the foreground
contamination in the Blue Loop distribution as from a CMD-selected sample of fore-
ground stars to match the Blue Loop contamination density. Note the asymmetric
distribution of MS stars in a), elongated in the E-W direction and tilted by ∼ 40◦ with
respect to the main body of the Fornax dSph. The inner shell-like feature detected by
Coleman et al. (2004) is located at ξ ∼0.12 deg, η ∼ −0.20 deg and elliptical radius of
0.33 deg. This is also the position of one of the two fields observed by Olszewski et al.
(2006).

with respect to the older stars. They predominantly form a structure extended in the
E-W direction, with a major axis tilted at ∼ 40◦ with respect to the bulk of the stellar
population (as already noted by Stetson et al. 1998). The overall spatial distribution
of BL stars is also asymmetric, although not as pronounced as the MS. It is difficult
to remove the effects of the foreground contamination (Fig. 3.11c) but it appears that
the BL stars have a more relaxed distribution than the MS.

As mentioned in Sect. 3.3.2 the colour of the BL feature is strongly dependent on
metallicity. Overlaying Padua stellar isochrones (Girardi et al. 2000) on the CMD
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Figure 3.12: CMD for
stars within 0.4 degree
of the centre of the
Fornax dSph; the box
shows the selection re-
gion for the Blue Loop
stars. The colours
and magnitudes of the
Blue Loop stars are con-
sistent with theoretical
Padua isochrones (Gi-
rardi et al. 2000)
of metallicity Z=0.004
([Fe/H]∼ −0.7) and
age 0.4,0.5,0.6, 0.7 Gyr
(from top to bottom).
The stars forming the
BL feature have mass in
the range 2.3- 2.8 M� .

(Fig. 3.12), we find that the Blue Loop stars are consistent with ages between 400 and
700 Myr and metallicity Z=0.004. Isochrones of lower metallicities (Z=0.001) predict
the presence of a plume of Blue Loop giants much closer to the MS than observed,
and the predicted average colour of the BL feature for higher metallicities (Z=0.008)
is significantly redder than observed∗.

Figure 3.12 also shows that the Girardi et al. (2000) Padua isochrones suggest that
the MS contains stars as young as 200-300 Myr, and as old as 1 Gyr, which is different
to the BL stars age range. Thus, to compare the spatial distribution of MS and BL
stars, we must separate the MS stars in two groups, those predominantly younger and
those older than 400 Myr. This is achieved by splitting the MS in colour: the “young”
and “old” MS stars are approximately bluer and redder, respectively, than V − I =0.
In this case we find that the spatial distribution of “old” MS stars is consistent with
the BL spatial distribution, whilst “young” MS stars display a more asymmetric and
centrally concentrated distribution. Thus, it seems that the “young” MS stars are
found closer to the location where they were formed, whilst “old” MS and BL stars
have diffused to larger radii. To estimate the diffusion time, we use the dynamical
time (Binney & Tremaine 1987), which ranges between 350- 800 Myr, assuming a mass
within the tidal radius between 108-1.55×107 M� . This is consistent with the age of
the “old” MS stars. Thus the elongated structure of the MS is formed predominantly
by the younger MS stars, and is presumably the remaining signature of the collapsed
gas from which the stars were formed.

∗ Using different sets of isochrones, e.g. Geneva (Lejeune & Schaerer 2001) or Yonsei-Yale (Yi et al.
2001; Kim et al. 2002), would bring slightly different results, however qualitatively in agreement.
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A quantitative comparison between stellar populations

We have shown that the younger the stellar population the more concentrated and
less extended is its spatial distribution over all the observed populations. We have
also shown that stars in the same age range (but different stellar evolutionary phases)
display very similar spatial distributions, and that the blue and red side of the RGB are
linked to the ancient and intermediate age populations, respectively. A χ2 test applied
to the percentage of stars within a radius r out to the estimated Fornax tidal radius
for the several stellar components (Figs. 3.9, 3.10) gives a probability of 99.99% that
RC, AGB and R-RGB stars are drawn from the same distribution, and again 99.99%
for the different ancient stellar populations, whilst when comparing the distribution of
an ancient population, e.g. RHB, to one of the intermediate age population, e.g. RC,
we obtain a probability of 5% that they are drawn from the same spatial distribution.
This shows that we can consider stars found at different stages of stellar evolution but
with similar ages as belonging to the same population.

We derived density profiles, from which Galactic contamination has been sub-
tracted, for these two components and compared them to the models used in Sect. 3.3.1.
The best-fitting profile for the old population is given by the King model, that follows
more closely the data beyond 1 deg than the Sersic profile. However, the density profile
of the intermediate age stars is better represented by a Sersic profile, since the King
model declines too steeply. In both cases the exponential and Plummer models over-
predict the density for r . 0.2 deg and r & 0.9 deg, and underpredict it at intermediate
radii. Independently of the adopted model, the results of the fit (see Table 3.3) show
that intermediate age stars are more centrally concentrated and less extended than old
stars.

The spatial distribution of different stellar populations is a powerful way to identify
stellar populations of different ages in a dwarf galaxy.

3.3.4 Shells
The discovery of two shell-like features was recently reported in Fornax from photo-
metric studies (Coleman et al. 2004, 2005). The first of these features was identified
outside the core radius at α = 2h40m28.5s and δ = −34◦42′33′′ (corresponding to
ξ ∼0.12 deg, η ∼ −0.20 deg and elliptical radius of 0.33 deg in Fig. 3.1) as a small
over-density of stars in data down to I ∼21 (Coleman et al. 2004). Adding deeper data
from Stetson et al. (1998) to their sample the authors found the shell to be consistent
with being dominated by young, 2 Gyr old, ZAMS stars. The authors proposed that
this might be analogous to the shells found in elliptical galaxies and suggested that
Fornax might have accreted a smaller gas-rich galaxy around 2 Gyr ago.

A second “shell” was found in the RGB distribution outside the tidal radius, around
1.3◦ northwest of the centre (Coleman et al. 2005) and, similarly to the inner shell,
located along the minor axis and elongated along the major axis.

Olszewski et al. (2006) carried out much deeper imaging of this over-density, down
to R ∼ 26 and refined the age of the “feature” and suggested that the excess of stars
in the shell might be the result of a burst of star formation which occurred 1.4 Gyr
ago with a metallicity Z=0.004 ([Fe/H]= −0.7), favouring a scenario in which the gas
from which these stars formed was pre-enriched within Fornax itself.



78 chapter 3: The DART survey of the Fornax dSph

Figure 3.13: Location
of the observed
FLAMES fields and
targets (with S/N per Å
> 10 and error in veloc-
ity < 5 km s−1 ) in the
Fornax dSph (squares:
probable members;
crosses: probable non-
members). The black
filled circles show the
location of Fornax glob-
ular clusters, the black
small ellipse shows the
location of the “shell-
like” feature detected
by Coleman et al. 2004,
and the dashed circles
indicate the observed
FLAMES fields. The
tidal radius is from this
work.

Our photometry covers the region of the inner shell, and we do not detect such
a feature, but comparing our sample with the additional data-set from Stetson et al.
(1998), we find signs of the shell when we include the stars we had discarded from
our analysis because they were detected in V but not in the I band. This makes it
clear that the feature is just at the detection limit of our data. We also note that the
MS stars are asymmetrically distributed, and this could cause the presence of local
overdensities with respect to other regions in Fornax, at the same elliptical radius,
where young stars might be under-represented. Deeper photometry covering the entire
region at r <0.4-0.5 deg would make it possible to resolve this issue.

3.4 Results: Spectroscopy
Our VLT/FLAMES spectroscopic survey of individual stars in the Fornax dSph allows
us to determine velocities and metallicities ([Fe/H]) from the CaT equivalent width
for a subsample of RGB stars out to the nominal tidal radius of Fornax dSph (see
Fig. 3.13).

The dependence of CaT equivalent width on metallicity has been empirically proved
by extensive work in the literature (e.g. Armandroff & Zinn 1988; Olszewski et al.
1991; Armandroff & Da Costa 1991). Rutledge et al. (1997a) presented the largest
compilation of CaT EW measurements for individual RGB stars in globular clusters,
which Rutledge et al. (1997b) calibrated with high resolution metallicities, proving the
CaT method to be reliable and accurate in the probed metallicity range, −2.2 <[Fe/H]<
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Figure 3.14: Histogram of velocities for the observed VLT/FLAMES targets in the
Fornax dSph which passed our S/N and velocity error criteria (641 stars).

−0.6.
We obtained metallicities from the CaT equivalent widths by using the relation

derived by Rutledge et al. (1997b); Tolstoy et al. (2004)∗:

[Fe/H] = −2.66 + 0.42W ′ (3.4)

To derive the reduced equivalent width W ′ we used the equation below, as in Tolstoy
et al. (2001):

W ′ = (W8542 +W8662) + 0.64(V − VHB) (3.5)

where W8542 and W8662 are the equivalent width of the two strongest CaT lines, at
λ = 8542.09 Å and λ = 8662.14 Å ; V is the apparent V magnitude of the star;
and VHB the mean magnitude of the horizontal branch. We checked this calibration
against VLT/FLAMES HR measurements of an overlapping sample of 90 stars (Hill
et al. 2006) to confirm our calibration and accuracy of CaT metallicity determination.
Details are provided in Chapter 2.

Since the Fornax dSph displays a very broad RGB (see Sect. 3.3.2 and Fig. 3.4) we
chose our targets from a box around the RGB covering a wide colour range, to avoid
∗ The metallicity calibration from the literature used in this work differs only slightly by the

calibration derived in the previous chapter from the standard globular cluster analysis. We have
described in Chapter 2 the differences in the resulting metallicity distribution.
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biasing our sample in age or in metallicity. The spatial distribution of our targeted
VLT/FLAMES is shown in Fig. 3.13, together with the position of Fornax globular
clusters and the location of the shell-like feature (Coleman et al. 2004). The fields
cover a wide range of radii. Since, as discussed in Sect. 3.3, the stellar population of
different ages display different spatial distributions, our sample will contain predomi-
nantly intermediate age stars in the central fields, and ancient stars in the outermost
fields. Previous studies, which were restricted to the central regions, were clearly biased
towards the properties of the intermediate age population.

Figure 3.14 shows the velocity histogram of our VLT/FLAMES targets which met
our S/N and velocity error criteria (641 stars). To find the systemic velocity of Fornax
we first selected the stars found within 4σ of the velocity peak associated with Fornax.
We used the value of σ = 13 km s−1 taken from the literature (e.g. Walker et al.
2005) as a first approximation. We calculated the mean velocity and the velocity
dispersion from the 4σ sample and then repeated the procedure selecting stars within
3σ and finally the stars within 2.5 σ. We found a systemic velocity Vsys = 53.1±0.6
km s−1 and a velocity dispersion σlos = 13.7±0.4 km s−1 (3σ), and Vsys = 54.1±0.5
km s−1 , σlos = 11.4±0.4 km s−1 (2.5σ).

Because Fornax has a systemic velocity that strongly overlaps with the Galaxy, we
tested to see if the large variation in velocity dispersion for different σ cuts might be due
to foreground contamination. We performed Monte Carlo simulations producing 10000
sets of 600 velocities about the mean velocity of Fornax Gaussianly distributed with a
trial dispersion of 15 km s−1 . The dispersions obtained cutting the artificial velocity
set at 3 σ and 2.5 σ were consistent within 2 σ in 99.63% of the cases. We obtained
very similar results when we fixed the dispersion at 12 km s−1 , and/or convolved
the simulated velocities with observational errors. This means that the differences in
velocity dispersion we obtain with the 3σ and 2.5σ cuts for our data are most likely
not due to the cuts themselves, but to the presence of Galactic contamination. A
similar result is obtained by adding a Galactic component to the simulated velocities
of Fornax, as a Gaussian with parameters determined from the Besançon model (Robin
et al. 2003). The input velocity dispersion for the dSph velocity distribution is recovered
with the 2.5σ cut, whilst the dispersion from the 3σ cut is overestimated. We thus adopt
the 2.5σ selection about the systemic velocity to limit the foreground contamination.

From our kinematic selection the number of probable Fornax members (with S/N
per Å >10 and error in velocity < 5 km s−1 ) is 562 (see Fig. 3.15). Note that probable
members are also observed beyond the nominal tidal radius (derived in Sect. 3.3.1). In
Fig. 3.16 we show the location on the CMD of probable velocity members and non-
members. Because of the low heliocentric velocity of Fornax it is not always possible to
firmly distinguish between members and non-members according to a pure kinematic
selection: some members are present in a region of the CMD where none are expected.
Visual inspection of these spectra shows that all but one are consistent with a RGB
spectrum. However it is difficult to distinguish between dwarf and RGB stars in the
spectral range covered by our data. The distribution of metallicity versus velocity
(Fig. 3.17) shows that Fornax members are recognizable in this parameter space and
the foreground stars (kinematic non-members) appear to cluster predominantly in the
region between −1.8 < [Fe/H] < −1. The Fornax members off the RGB (asterisks
in Fig. 3.16) are also identified in Fig. 3.17. All but one fall in the region between
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−1.8 < [Fe/H] < −1, thus the distribution of these stars in this parameter space again
suggests that they are highly likely to be Galactic contamination. As the number of
these objects is very small and removing or including them in our present analysis will
not affect the conclusions, we decided to include them in the sample. A more strict
membership selection will be carried out before analysing the detailed kinematics of
Fornax (Battaglia et al., in preparation).

Figure 3.15: Heliocentric velocity with elliptical radius from VLT/FLAMES spec-
troscopic observations of individual RGB stars in the Fornax dSph. We plotted all
the stars which satisfy our selection criteria (S/N per Å > 10 and velocity error <
5 km s−1 ). The dashed line is the systemic velocity, Vsys = 54.1 km s−1 , and the
dotted lines encompass the 2.5σ region of our kinematic selection. The squares show
Fornax velocity members (filled: metal rich members, [Fe/H]> −1.3; open: metal poor
members, [Fe/H]> −1.3), and the crosses foreground contamination.

3.4.1 Chemo-dynamics
Several spectroscopic studies of individual stars in the Fornax dSph galaxy have shown
that it is the most metal rich of the Milky Way dSph satellites (except for Sagittarius),
with a peak metallicity at [Fe/H]∼ −1.0 and a large metallicity spread (Tolstoy et al.
2001; Pont et al. 2004). The extent of the metal poor and metal rich tail has changed
depending mainly on the size and the spatial location of the observations. The most
recent study, consisting of CaII triplet measurements of 117 RGB stars (Pont et al.
2004), showed that Fornax contains stars as metal poor as [Fe/H]∼ −2.0 and as metal
rich as −0.4 with a peak at [Fe/H]= −0.9.

Figure 3.18 shows the metallicity distribution with elliptical radius for the Fornax
members kinematically selected from our VLT/FLAMES data. A variation of metal-
licity with elliptical radius is clearly visible: a metal poor population (−2.8 < [Fe/H]
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Figure 3.16:
Location on the
CMD of the observed
FLAMES targets for
Fornax dSph (squares:
probable members;
crosses: probable
non-members). The
boundaries of our
target selection region
closely follow the loca-
tion of the targets. The
asterisks indicates stars
selected as velocity
members falling in
unusual position in the
CMD; they are likely to
be Galactic foreground
contamination (see
Fig. 3.17).

Figure 3.17:
Metallicity versus
heliocentric velocity for
the observed FLAMES
targets with S/N per
Å > 10, and error in
velocity < 5 km s−1 .
The dotted lines show
the region of our
kinematic selection.
Note that Galactic
contaminants predomi-
nantly cluster between
−1.8 <[Fe/H]< −1.0
(horizontal lines). The
asterisks show the For-
nax velocity members
present in unusual
position in the CMD
(see Fig. 3.16).

< −1.2) is seen throughout the galaxy; a more metal rich population ([Fe/H]peak ∼
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Figure 3.18: Metallicity distribution with elliptical radius for the Fornax dSph. Note
the trend of decreasing metallicity with radius and the absence of very metal poor stars
(dotted line indicates [Fe/H]. −2.8).

Figure 3.19:
Histogram of metal-
licity measurements for
individual RGB stars
in the Fornax dSph
(solid line: all veloc-
ity members; dotted
line: velocity members
within r < 0.4 deg
from the centre; dashed
line: velocity members
between 0.4 < r < 0.7
deg from the centre;
dashed-dotted line:
velocity members at
r > 0.7 deg from the
centre).
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Table 3.4: Number of stars, weighted mean heliocentric velocity, and line of sight
velocity dispersion for Fornax members (all mem), metal rich (MR) and metal poor
(MP) stars at every elliptical radius (all r), and in 3 distance bins (r < 0.4, 0.4 < r <
0.7, r > 0.7 deg).

all r r < 0.4◦ 0.4◦ < r < 0.7◦ r > 0.7◦
all mem MR MP MR MP MR MP MR MP

number 562 377 185 232 53 122 68 23 64
< V > [km s−1 ] 54.1± 0.5 53.9±0.6 54.5±1.0 53.3± 0.8 57.7± 1.9 54.5± 0.9 53.1± 1.5 54.8± 1.9 53.0± 1.7
σ [km s−1 ] 11.4± 0.4 10.6±0.4 13.0±0.7 11.3± 0.5 13.6± 1.4 9.9± 0.7 12.3± 1.1 8.6± 1.4 13.1± 1.2

−0.9) is present out to 0.7 deg from the centre; and an even more metal rich tail,
extending out to [Fe/H]= −0.1, is present mainly in the inner 0.3-0.4 deg. This is
quantified in a histogram in Fig. 3.19, where the sample is divided into 3 spatial bins
(inner r <0.4, middle 0.4 < r < 0.7, and outer r >0.7 ) and we can see that the metal
poor component, centred at [Fe/H]∼ −1.7, is present in each bin and is thus spread
throughout the galaxy; another component, centred at [Fe/H]= −1, with a width at
half peak of about 0.3, is present in the middle and inner regions; only the innermost
region contains the most metal rich component.

Such a large sample of velocity and metallicity measurements, covering a much
larger area than previous studies, gives us the possibility to explore the relationship
between the kinematics and metallicity in this galaxy. We divided the metallicity
distribution into two parts: stars more metal rich (MR) and more metal poor (MP) than
[Fe/H]= −1.3. This value of the metallicity was chosen to minimise the overlap between
the two metallicity components. However a slightly different cut (e.g. [Fe/H]= −1.2
or −1.4) does not significantly change the conclusions of our analysis.

Figure 3.20 shows the velocity distributions for the two metallicity components in 3
different spatial bins (inner r < 0.4 deg, middle 0.4 < r < 0.7 deg, outer r > 0.7 deg).
The metal poor population exhibits a larger velocity dispersion than the metal rich
population∗ (see Table 3.4); furthermore, in the first bin the velocity distribution of
the metal poor stars is far from being Gaussian: it is flat or even double peaked (with
peaks between 37-42 km s−1 and 67-72 km s−1 ). Changing the binning in the histogram
leaves the main features of the velocity distribution unchanged. Figure 3.21 shows
the cumulative function of the MP stars at r < 0.4 deg compared to the cumulative
distribution for a Gaussian with the same mean velocity and dispersion as the metal rich
component in the same distance bin. The two cumulative functions are very different,
and this also shows that the cumulative function of the MP stars is similar to what is
expected for a uniform distribution, with two peaks at ∼ 40 km s−1 and ∼ 70 km s−1 .

An issue is if the velocity distribution of MP stars in the first bin is artificially
biased by our choice of the metallicity cut, namely if by assigning metal poor stars to
the metal rich component we could cause the small observed number of MP stars with

∗ The velocity dispersion values we list are from the weighted standard deviation and do not
include the broadening due to measurement errors. The true dispersion σtrue is approximately
σ2

true = σ2
obs − σ

2
meas, where σobs is the observed velocity dispersion and σmeas is the average

measured error in velocity. For our FLAMES data the average error in velocity is ∼ 2 km s−1 ;
the resulting values of the velocity dispersion are thus only marginally inflated, for example if
σobs = 10 km s−1 then σtrue = 9.8 km s−1 .
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Figure 3.20: Velocity histograms for 3 different distance bins for metal rich (dashed)
and metal poor (dotted) stars in the Fornax dSph. The “metal rich” stars display a
colder kinematics than the “metal poor” stars (see Table 3.4). Note the flat/double-
peaked velocity distribution of MP stars in the inner bin.

Figure 3.21: The squares with
errorbars show the cumulative
velocity distribution for MP stars
([Fe/H]< −1.3) in the inner dis-
tance bin in the Fornax dSph (see
Fig. 3.20). The dotted line is
the cumulative distribution of a
Gaussian with mean velocity and
dispersion as measured for MR
stars in the inner distance bin
and the same number of stars
as in the MP component within
r < 0.4 deg (solid line with er-
rorbars). A KS-test gives a prob-
ability of 0.7% for MP and MR
stars in the inner bin to be drawn
from the same distribution.
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velocity close to the systemic in the inner bin. This can be explored by changing the
cut in metallicity, e.g. using [Fe/H] < −1.6 for the metal poor component, and [Fe/H]
> −1.1 for the metal rich one. We find the same features for the MP distribution at
r < 0.4 deg as in the case with a metallicity division at [Fe/H]= −1.3, showing that the
choice of a different metallicity cutoff does not alter our conclusions and accentuates
the differences between the velocity distributions for metal rich and metal poor stars.

We tested to see if the differences in velocity distribution between the metal poor
and the metal rich components are statistically significant: can the metal poor pop-
ulation in the inner bin be drawn from the metal rich and how significant would this
be? A two-sided KS-test applied to the velocity distributions gives a probability of
0.7%, 0.4% and 16% that the MP stars in the first bin might be drawn from the same
distribution as respectively: the MR stars in the inner bin; the MR stars in the middle
bin; the MP stars in the middle bin. Thus the differences in the velocity distribution
of MR and MP stars are unlikely to be an artifact of the observed number of stars,
and instead point to significantly different kinematic behaviour of different metallicity
components.

We also tested to see if the differences between the velocity distribution of MP stars
in the inner and middle bins, reflected in the relatively low value of the K-S test, are
due to the peculiarities of the velocity distribution of the MP stars at r < 0.4 deg, or are
intrinsic. Thus, we artificially “removed” the two velocity peaks by considering as the
“expected” number of stars at the velocities of the peaks as the average of the number
of stars in the adjacent bins. We then randomly removed the stars in “excess” from the
velocity peaks (5.5±2.3 for the peak at ∼ 40 km s−1 and 14±4 at ∼ 70 km s−1 ). The
velocity distribution of the remaining stars is compatible with a Gaussian distribution
with velocity dispersion σ = 13.4±1.74 km s−1 (probability of 99.85% from a KS-test).
In this case MP stars in the inner and middle distance bins have a 93.7% probability
of having been drawn from the same velocity distribution.

Thus Fornax dSph shows clear differences in the kinematics of its MR and MP
component. Contrary to expectations, part of the metal poor component, arguably
the oldest component, displays non-equilibrium kinematic behaviour at r < 0.4 deg. A
possible explanation for this is that Fornax recently captured external material which
is disturbing the underlying distribution. Since we detect signs of disturbance only in
the MP component, we argue that part of the object accreted by Fornax must have
been dominated by stars more metal poor than [Fe/H]< −1.3.

3.4.2 Age determination
It is well known that the main uncertainty in deriving the absolute ages of stars in a
CMD of a complex stellar population (ie. a galaxy) is that the position of a star changes
depending degenerately upon both age and metallicity. We can break this degeneracy
using metallicities derived from spectroscopy. In Fornax we can use our spectroscopic
metallicities of 562 RGB stars to determine which isochrone set to use to determine the
ages of these stars, and thus produce an age-metallicity relation for the galaxy over the
age range covered by RGB stars (>1Gyr). The ages we determine in this way remain
uncertain in absolute terms due to the limitations in the stellar models used to create
the isochrones, but in relative terms the ages are accurate. Given the low systemic
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velocity of Fornax there will be foreground stars contaminating our samples.
We chose to use the Yonsei-Yale isochrones (Yi et al. 2001; Kim et al. 2002) because

they cover the range of ages and metallicities we require in a uniform way, and they
allow for a variation in [α/Fe]. They also provide a useful interpolation programme
which allows us to efficiently calculate the exact set of isochrones to compare with each
spectroscopic metallicity. These isochrones did have the problem that they did not
always extend up to the tip of the RGB for young metal rich stars, but comparison
with the Padua isochrones (Girardi et al. 2000) of the same metallicity suggested that
we could extrapolate these Y-Y isochrones to the tip of the RGB which allowed us to
determine ages of the young metal rich stars in our sample.

In Fig. 3.22a we plot the CMD of the 39 stars in our spectroscopic sample with
[Fe/H]= −1.7 ± 0.1 and over-plot the Y-Y isochrones of the same metallicity for two
different ages: the majority of metal poor stars fall on the blue side of the RGB and
are consistent with old ages (>10Gyr old), and thus can be associated with the ancient
component from the photometric analysis in Sect. 3.3. The stars found outside the
range of the isochrones to the red (V −I & 1.4) may be Galactic contamination. There
are also several quite blue stars (at V − I ∼ 1.1; V ∼ 18.3) which are consistent with
having young ages (2 Gyr), and these are most likely to be foreground contamination.
The more metal rich stars for which we have spectroscopy, with [Fe/H]= −1 ± 0.1
(119 stars), are shown in Fig. 3.22b. They are generally consistent with young, 2-
5Gyr old isochrones and match the dominant intermediate age component found in the
photometric analysis. Fornax members at higher metallicity ([Fe/H]= −0.7 ± 0.1) are
better represented by ages of 1.5 -2 Gyr (Fig. 3.22c).

In Fig. 3.23 we show the age-metallicity relation obtained for Fornax from fitting Y-
Y isochrones to our entire spectroscopic sample. We used [α/Fe]= 0, in agreement with
the average value from preliminary HR measurements of RGB stars in the centre of the
Fornax dSph (Letarte et al. 2006b). We derived the errors in the age determination
from the errors in magnitude and colour of the photometry, and assuming a metallicity
error of 0.1 dex for each star. This figure contains 465 stars (out of the total sample
of 562 stars), among which 103 were young stars which were too bright for the young
isochrones (but fainter than the tip of the RGB); 97 stars fell completely outside the
age range of the isochrones and therefore had to be excluded.

If we change the [α/Fe] assumed, and repeat our age determination for [α/Fe]= 0.3;
and for a variation in α with [Fe/H] ([α/Fe]= 0.2 for [Fe/H] < −1.7 and decreasing
to [α/Fe]= 0 between [Fe/H] = −1.7& − 1.0 and then remaining constant), as found
in HR studies of the central region of Fornax (Letarte et al. 2006b) we obtain slightly
different results as shown by the relations plotted in Fig. 3.23. The different trend is
enhanced by the fact that previously excluded groups of low metallicity stars when
using [α/Fe]> 0 isochrones could now be included. Thus the α-element abundance of
a star has an impact on deriving accurate ages, and it would clearly be desirable to be
able to correct for this effect for each star. Unfortunately [α/Fe] determination requires
HR spectroscopy and for the large sample here this is a daunting task. However we
can make use of the HR study of the central region and use the general trends found
there. HR studies (Letarte et al. 2006b) find that [α/Fe]< 0 for [Fe/H]& −1.0, however
as there are no currently available sets of isochrones for [α/Fe]< 0, it is not clear how
this will affect our age estimates. Assuming the interpolation between [α/Fe] = 0.3
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Figure 3.22: The comparison between measured metallicities and colours of Fornax
stars (asterisks) with the theoretical isochrones (lines) for the metallicity of the stars.
a) Stars with [Fe/H]= −1.7±0.1 and two YY isochrones of [Fe/H]= −1.7 and age 2 and
13 Gyr (from left to right). b) Stars with [Fe/H]= −1± 0.1 and two YY isochrones of
[Fe/H]= −1 and age 2 and 5 Gyr (from left to right). c) Stars with [Fe/H]= −0.7±0.1
and two YY isochrones of [Fe/H]= −0.7 and age 1 and 2 Gyr (from left to right).
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Figure 3.23: Ages and errorbars derived from isochrones fitting of the VLT/FLAMES
spectroscopic sample of RGB stars in Fornax dSph. The lines shows the average value
of [Fe/H] as a function of age assuming [α/Fe]= 0 (solid), [α/Fe]= 0.3 (dotted), and
[α/Fe] decreasing with [Fe/H] (dashed). The stars plotted as asterisks and diamonds
were excluded from the analysis because they fell outside the age range of the isochrones
for the considered metallicity.

and 0.0 continues to −0.3 this would go in the direction of reconciling the discrepancies
between the observations and the isochrones at high metallicities.

3.5 Discussion

3.5.1 Age & metallicity gradients
One of the main results of our imaging and spectroscopic survey of the Fornax dwarf
spheroidal galaxy is the presence of a population gradient. The stellar population
shows a clear variation in age and metallicity as a function of radius (e.g. Figs. 3.6,
3.19 and 3.20). We can associate most of the more metal poor component with an
ancient population (> 10Gyr), and most of the more metal rich component with an
intermediate age population (2-8 Gyr) with overlapping metallicity distributions.

Population gradients have been detected in several other dwarf spheroidal galaxies
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in the Local Group from imaging (e.g., Harbeck et al. 2001), and spectroscopy (e.g.,
Tolstoy et al. 2004). This must point to some common process in the formation of stars
in these small systems, as this variation most likely reflects the original spatial distri-
bution of gas from which the different stellar populations were formed. It is unlikely
that the spatial distribution of one stellar component can have changed significantly
with respect to another over time. Although weak encounters could diffuse an older
component, it is unlikely to be an important effect because the relaxation time (Bin-
ney & Tremaine 1987) of Fornax is > 1.5× 1010 years, i.e. longer than the age of the
ancient population. Therefore, the present spatial distribution of stars of different ages
gives us an indication of how the gas from which they were formed was distributed,
and requires an explanation for how gas has apparently been progressively “removed”
from the outer regions, and more recently, apparently, completely from the system.

Star formation is likely to have a dramatic impact on the interstellar medium of
these small galaxies. It is possible that gas is frequently blown away as the result of
supernovae type II explosions of massive stars (e.g. Mac Low & Ferrara 1999; Mori
et al. 2002). This expelled gas should be able to fall back onto the galaxy, if the
galaxy has a large enough potential, and on its return the gas will sink deeper into the
central regions, where further generations of star formation can occur, with potentially
different spatial, kinematic, metallicity and age characteristics. This next generation
stellar population will likely be a more centrally concentrated, younger, more metal
rich component. In this case we should expect a direct correlation between the mass
of the galaxy and the fraction of gas retained by the system, as the deeper potential
well of the most massive dSphs is more capable of retaining more of the original gas
(e.g., Ferrara & Tolstoy 2000). Consistent with this picture, Fornax differs from the
less massive Sculptor dSph in having a much more extended star formation history.

However this correlation is not a straight forward prediction of the properties of
all the dwarf galaxies in the Local Group. This is because it is not only the mass of
galaxies that determines their ability to retain an interstellar medium; dSph typically
live in a fairly active environment with competing effects of the tidal field of our much
larger Milky Way and several fairly large interacting companions (e.g., the Magellanic
Clouds), and the debris left around by these interactions (e.g., the Magellanic Stream).
N-body simulations indicate that tidal stripping combined with ram pressure stripping
is a feasible combination to explain the lack of gas at the present time in dSphs (Mayer
2005). The importance of these effects depends strongly on the orbital parameters
of the satellite, the apocenter-to-pericenter ratio, and the time at which the satellite
enters the Milky Way potential. Whilst the satellite is orbiting the Galaxy, part of
its gas may be ionized by the Milky Way corona, perhaps in combination with the
cosmic UV background. The gas can be then removed over time, with varying degrees
of efficiency, if the apocenter-to-pericenter ratio is large enough.

Recent proper motion measurements for Fornax suggest a pericentric distance of the
order of the present Galactocentric distance (Piatek et al. 2002; Dinescu et al. 2004),
and an almost circular orbit with an orbital period of ∼ 4-5 Gyr (Dinescu et al. 2004).
Even though proper motion measurements are rather uncertain, this would suggest
that we can exclude strong interaction with the Milky Way. Thus, as suggested by
Mayer (2005), an object like Fornax may not be completely stripped of its gas, but
would be able to retain it in its central regions and thus maintain an extended star
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formation history.
N-body models that predict dIrr to be the progenitors of dSphs, transformed into

spheroids by tidal stirring from the Milky Way (Mayer et al. 2001a,b), predict an
increase in the star formation activity of a satellite after pericentric passage. The
pericentric passage can also provoke the formation of a bar that funnels gas into the
central region, making the gas distribution more centrally concentrated. These models
are highly dependent upon the starting conditions for the satellite. It is found that an
apocentre-to-pericentre ratio of ∼ 5 and a pericentre distance of ∼ 50 kpc would be
required to transform a dIrr into a dSph. Fornax has never been specifically modelled;
however, as it is now thought to be close to its pericentre and the previous passage
probably occurred around 4-5 Gyr ago, this would correspond well to the time frame
of the last period of intense star formation. This scenario could explain both the vari-
ation in the spatial distribution of the Fornax stellar population and the large fraction
of intermediate age stars. Specific simulations, emulating the orbital parameters of
Fornax, are required for a more detailed comparison between these observations and
N-body simulations.

3.5.2 Peculiar kinematics
In addition to the different spatial distribution of ancient, intermediate age and young
stars, we also find a different kinematic behaviour of metal rich and metal poor stars.
This behaviour appears similar to what is seen, for example, in our Milky Way. The
stellar bulge of our Galaxy is much less extended and kinematically colder than the
stellar halo. This distinction may merely reflect the different spatial distribution re-
quired by a star moving with a larger velocity to reach larger distances or it may be
telling us something more fundamental about the different conditions of the formation
of these two different components. To test this we can use the Jeans equation to derive
the line of sight velocity dispersion predicted for stars following the different density
profiles of old and intermediate age stars (Binney & Tremaine 1987). This calculation
shows that it is difficult to interpret the observed differences in velocity dispersion of
MR and MP stars as being only due to their different spatial distribution (Battaglia et
al., in preparation), and the same result is found in N-body simulations (e.g., Kawata
et al. 2006). In a future paper we will present detailed kinematic modelling of these
distinct stellar populations, taking into account the possibility of different orbital prop-
erties for the two populations (Battaglia et al., in preparation, and see Chapter 5 for
Sculptor dSph).

Another aspect that deserves further investigation is the apparently non-equilibrium
kinematics of the metal poor, presumably the oldest, stellar population in the centre
of Fornax. A possible interpretation of this is that we are seeing a remnant of accreted
material. Given the presence of 5 globular clusters in Fornax, it would not be surprising
for this to be a disrupted globular cluster. In this case we would expect the metallicity
distribution of the stars forming the velocity feature to be extremely narrow, however
the metallicity of the stars in the double peak ranges from −2 .[Fe/H]. −1.4, showing
a much larger spread than can be accounted for by a globular cluster.

An alternative explanation, as proposed by Coleman et al. (2004, 2005), is that
Fornax accreted a smaller galaxy at some point in the recent past. These authors
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propose the accretion of a gas-rich dwarf ∼ 2 Gyr ago. In this case the MP stars with
unrelaxed kinematics could be the remnant of the disrupted old stellar component of
this accreted galaxy, and the asymmetric spatial distribution of the young stars (BL
and MS) could be a result of the gas which subsequently formed stars as a consequence
of the accretion process. Measuring the metallicities of the young stars in Fornax
could help to answer this question by determining whether or not they are consistent
with the bulk of the older stellar population in Fornax. Unfortunately we do not have
spectroscopic metallicities of these stars, but the indications from the colour of the
Blue Loops in the CMD (see Sect. 3.3.3) suggest that these stars have a metallicity
of [Fe/H]∼ −0.85 ± 0.15, consistent with the mean of the youngest RGB stars (age
>1-2 Gyr) in our VLT/FLAMES sample. However, our FLAMES sample also contains
a significant number of stars with higher metallicity, up to [Fe/H]∼ −0.1. Assuming
we can directly compare metallicities derived with these two different methods, this
could be an indication that Fornax has recently (<1-2 Gyr ago) been polluted with
external gas of lower metallicity than the gas in Fornax at that time. This would also
explain the peculiar kinematics of the MP stars in the centre of Fornax. However, this
conclusion requires further confirmation, such as high resolution follow-up of the metal
rich RGB stars in the central region (Letarte et al. 2006b), spectroscopic analysis of
the Blue Loop and/or main sequence stars, and detailed dynamical modelling.

3.6 Summary
We have presented results from accurate ESO/WFI photometry of resolved stars in
the Fornax dSph galaxy covering the entire extent out to its nominal tidal radius, and
also velocity and metallicity measurements from our VLT/FLAMES spectroscopy of
562 RGB stars also out to the nominal tidal radius.

Using our ESO/WFI photometry we re-derive basic structural parameters of For-
nax such as central position, ellipticity and position angle. In common with previous
imaging studies we show that the Fornax dwarf spheroidal galaxy contains 3 stellar
components: an ancient component, with ages between 10-15 Gyr old, which is spa-
tially extended; an intermediate age component, with ages 2-8 Gyr old, that contains
the bulk of the stellar population (∼ 40%), which is more centrally concentrated and
less extended than the older component; a young population, with stars younger than
∼ 1 Gyr old. The youngest component (<1 Gyr old) is the most centrally concentrated
and is completely absent beyond a radius of 0.4 deg from the centre, and it shows an
asymmetric, disc-like (or bar-like) distribution. Within this component, the 200-300
Myr old stars show the most asymmetric and centrally concentrated distribution. The
colour of the plume formed in the CMD by Blue Loop stars indicates that this young
population has a metallicity [Fe/H] between −0.7 and −1.0. Spatial analysis shows
that substructures might be present in the ancient stellar population represented by
the B-RGB.

The VLT/FLAMES spectroscopy in the CaT wavelength region for a sample of 562
Fornax RGB velocity members shows that the mean metallicity of the stellar population
changes with radius with the central regions more metal rich than the outer regions. No
stars more metal poor than [Fe/H]. −2.7 are found anywhere in the galaxy, but we can
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distinguish a metal poor component, with a mean of [Fe/H]∼ −1.7 and extending from
−2.5 .[Fe/H]. −1, that is found throughout the galaxy; a more metal rich component,
with a mean of [Fe/H]∼ −1 and extending from −1.5 .[Fe/H]. −0.5, present mainly
within 0.7 deg from the centre and is thus more spatially concentrated than the metal
poor stars; a metal rich tail, [Fe/H]. −0.1, is found at radii less than 0.4 deg from
the centre. “Metal rich” and “metal poor” populations (stars with [Fe/H]> −1.3
and < −1.3, respectively) show different kinematics: metal rich stars have a colder
velocity dispersion than metal poor stars, and these differences are not dependent
on the metallicity cut. The metal poor component shows signs of non-equilibrium
kinematics in the inner regions (r < 0.4 deg), arguably due to the accretion of external
material. A more complete modelling of chemo-dynamics of Fornax is the subject of a
future paper (Battaglia et al.).
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Chapter 4

The DART imaging and CaT survey
of the Sculptor Dwarf Spheroidal

Galaxy

G. Battaglia, E. Tolstoy, A. Helmi, M. J. Irwin, P. Jablonka, V. Hill &
L. Pasquini

paper in preparation

ABSTRACT– In this chapter we present the DART photometric and spectroscopic
survey of the Sculptor dwarf spheroidal galaxy.
We use ESO/2.2m Wide Field Imager (ESO/WFI) photometry covering Sculptor
out to and beyond its nominal tidal radius to study the spatial properties of the
Sculptor stars of different ages/metallicities as selected from the Colour-Magnitude
Diagram (CMD).
We obtained VLT/FLAMES low resolution (R∼6500) spectra of 1013 Red Giant
Branch stars in the CaII triplet (CaT) region out to the nominal tidal radius of
Sculptor. From this sample we derived accurate velocities and CaT metallicities
([Fe/H]) using the methods described in Chapter 2. This results in a sample of 470
probable Sculptor kinematic members.
We find that Sculptor stars of different metallicities have different spatial distri-
butions and kinematic properties, with the metal rich stars being more centrally
concentrated, less extended and kinematically colder than the metal poor stars.
We also find signs of rotation around the projected minor axis of Sculptor. The
measured velocity gradient of 7.6+3.0

−2.2 km s−1 deg−1 makes the shape of Scl consistent
with being flattened by rotation.
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4.1 Introduction

The Sculptor (Scl) dwarf spheroidal galaxy (dSph) is a satellite of the Milky Way
(MW), located at (l, b)=(287.5◦, −83.2◦) and with an heliocentric distance of 79

kpc (Mateo 1998, and references therein). It is a moderately luminous dSph (LV =
2.15× 106 L�), with a central surface brightness Σ0,V = 23.7 ± 0.4 mag arcsec−2.

Because of the relatively close distance to the MW, Scl has received much attention
as a candidate for tidal disruption. Several photometric studies have revealed a complex
isophotal structure (Demers et al. 1980; Eskridge 1988a,b; Irwin & Hatzidimitriou 1995;
Walcher et al. 2003; Westfall et al. 2006): the inner parts of Scl appear to be almost
circular, while the isophote ellipticity increases in the outer parts. There have been
claims of detections of tidal structures such as over-densities and tails (e.g., Walcher
et al. 2003), however these have not been reconfirmed. At the moment there is no
unambiguous evidence of tidal disruption in Scl.

Scl contains predominantly ancient stars (>10 Gyr old), as shown by a well popu-
lated Horizontal Branch (HB) and the presence of RRLyrae stars (Kaluzny et al. 1995;
Clementini et al. 2005). Monkiewicz et al. (1999), using HST photometry reaching
3 magnitudes below the oldest main sequence turn-off, concluded that the age of the
bulk of Scl stellar population is similar to the oldest Galactic globular clusters, and is
consistent with an age spread of few Gyrs. It is unclear for how long stars formed in
Scl as star formation as recent as 2 Gyr ago cannot be completely ruled out. However,
until now there is no unambiguous evidence for the presence of any intermediate-age
stars (2-8 Gyr old). A few candidate AGB stars have been found (Frogel et al. 1982;
Azzopardi et al. 1986), although most of them might be reclassified (Shetrone et al.
1998; Groenewegen 2002). It is most likely that all stars in Scl are older than 10 Gyr.

As seen in other dSphs in the Local Group, Scl shows a radial variation of the
HB morphology. This was first suggested by Hurley-Keller et al. (1999) and Majewski
et al. (1999) on the basis of CMD analysis, and confirmed by Harbeck et al. (2001)
and by later wide field imaging studies (Tolstoy et al. 2004, hereafter T04; Coleman
et al. 2005; Westfall et al. 2006). As HB stars are known to be older than 10 Gyr,
the gradient in the HB morphology is an age/metallicity gradient in the ancient stellar
component of Scl.

There have been spectroscopic studies of individual Red Giant Branch (RGB) stars
in Scl, both at low and high spectral resolution (Tolstoy et al. 2001; Shetrone et al.
2003; Tolstoy et al. 2003). These studies, which focused on the central regions, found
an average metallicity of [Fe/H]= −1.5± 0.3 dex, and a large metallicity spread, with
stars covering the range [−2.1,−1.3]. T04 made the first wide field combined photo-
metric and spectroscopic survey of the Scl dSph. They found a wider metallicity range
than previous studies, which is confirmed by an HR follow-up (Hill et al. 2007, in
preparation; see also Chapter 2), and a spectroscopically confirmed metallicity varia-
tion with radius, with the metal rich RGB stars being more centrally concentrated than
the metal poor stars. This radial variation was found to resemble the radial variation
of the HB morphology, and thus the Scl metal rich RGB stars could be the lower mass
counterpart of the RHB stars, and so are the metal poor RGB stars with respect to the
BHB stars. This galaxy appears to have experienced a complex evolution in a short
time in its early evolutionary stages.
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In the light of the complexity found in the most recent works on dSphs it is now
clear that studies limited to the central regions of these objects and/or to a particular
population will provide an incomplete picture of these galaxies.

In this Chapter we carry out a detailed analysis of the large scale properties of the
Scl dSph, benefiting from the combined information derived from our photometric and
spectroscopic surveys out to and beyond Scl nominal tidal radius.

4.2 Observations and Data Reduction
4.2.1 Photometry
The photometric data presented here were acquired with the ESO/2.2m WFI at La
Silla between September 2003 and September 2004. A total of 19 fields were observed.
Initially we had included some archival data for the central regions in order to select
targets for our early spectroscopic VLT/FLAMES observations. We also re-observed
the central regions resulting in better quality data and we used these data for the final
photometric catalogue, although they were not yet available for target selection.

The data reduction was done in a standard way and for the details we refer to
Chapter 3 and references therein. Table 4.1 shows the journal of our WFI observations
of Scl.

To find the 90% and 50% completeness limits we calculate the average magnitude
of the stars with a magnitude error of 0.1 mag and 0.2 mag, respectively, in each
passband. We use as a global completeness limit the magnitude of the shallowest of
the completeness limits for each of the different fields. For our WFI data we find that
in the V band the 50% completeness limit has a V magnitude V50% =23.0 and an I
magnitude I50% =22.2. The 90% completeness level is V90% =21.8 in the V band and
I90% =21.1 in the I band. In the following sections, when deriving the photometric
properties of the Scl dSph, we will use the photometric sample complete at the 90%.

Table 4.1: Table of Scl ESO/WFI observations. The seeing is the average stellar
FWHM from the final coadded image.

Name Filter UT of observation exptime airmass seeing (arcsec)
SCL_25 V 20-Sep-2003 02:23 2x300s 1.4 1.68

I 4x300s 1.3 1.00
SCL_07 V 20-Sep-2003 03:52 2x300s 1.1 0.9

I 2x300s 1.1 0.95
SCL_32 V 20-Sep-2003 04:25 2x300s 1.0 0.86

I 2x300s 1.0 0.88
SCL_11 V 20-Sep-2003 04:59 2x300s 1.0 0.87

I 2x300s 1.0 0.73
SCL_05 V 20-Sep-2003 05:33 2x300s 1.0 0.83

I 2x300s 1.0 0.78
SCL_06 V 20-Sep-2003 06:05 2x300s 1.0 0.74

I 2x300s 1.0 0.69
SCL_08 V 20-Sep-2003 07:30 2x300s 1.1 1.10
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Table 4.1: continued.

Name Filter UT of observation exptime airmass seeing (arcsec)
I 2x300s 1.1 1.28

SCL_02 V 19-Sep-2003 05:10 2x300s 1.0 0.99
I 2x300s 1.0 0.87

SCL_03 V 19-Sep-2003 06:30 2x300s 1.0 0.87
I 2x300s 1.0 0.79

SCL_04 V 19-Sep-2003 07:03 2x300s 1.0 1.00
I 2x300s 1.1 0.99

SCL_14 V 19-Sep-2003 07:36 2x300s 1.1 0.89
I 2x300s 1.1 0.88

SCL_09 V 19-Sep-2003 08:15 2x300s 1.2 1.12
I 2x300s 1.2 1.12

SCL_17 V 19-Nov-2004 04:38 2x300s 1.3 0.60
I 2x300s 1.3 0.56

SCL_20 V 19-Nov-2004 05:10 2x300s 1.3 0.63
I 2x300s 1.4 0.53

SCL_10 V 19-Nov-2004 01:19 2x300s 1.0 0.71
I 2x300s 1.0 0.87

SCL_12 V 19-Nov-2004 02:17 2x300s 1.0 0.62
I 2x300s 1.0 0.89

SCL_13 V 19-Nov-2004 02:51 2x300s 1.0 0.73
I 2x300s 1.0 1.07

SCL_14 V 19-Nov-2004 03:34 2x300s 1.0 0.69
I 2x300s 1.1 0.76

SCL_15 V 19-Nov-2004 04:06 2x300s 1.1 0.64
I 2x300s 1.2 0.66

4.2.2 Spectroscopy
We selected targets classified as stellar in our ESO/WFI photometry and with a position
on the CMD consistent with an RGB star, but allowing a wide colour range about the
RGB to avoid biasing our sample in age or metallicity. We used VLT/FLAMES feeding
the GIRAFFE spectrograph in Medusa mode, that allows the simultaneous allocation
of 132 fibres (including sky fibres) over a 25’ diameter field of view (Pasquini et al.
2002). We used the GIRAFFE low resolution grating (LR8, resolving power R∼ 6500),
covering the wavelength range from 8206 Å to 9400 Å, to obtain spectra for 15 different
fields in Scl dSph (see Chapter 2). We presented our initial results in T04, and with
respect to the data presented there we have acquired 7 new fields.

Our data were all reduced using the GIRBLDRS∗ pipeline provided by the FLAMES
consortium (Geneva Observatory, Blecha et al. 2003). This package provided individual
spectral extraction and accurate wavelength calibration, based on daytime calibration
arc exposures. The sky-subtraction and extraction of the velocities and equivalent

∗ available at SourceForge, http://girbldrs.sourceforg.net/
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widths of CaII triplet lines were carried out using our own software developed by
M. Irwin (for the details of the data reduction process see Chapter 2).

The number of independent measurements in Scl is 1740, for 1013 distinct targets.
As described in Chapter 2, we checked for the reliability of our velocity and equivalent
width measurements using the stars with double measurements. We find that a S/N
per Å > 10 and an error in velocity < 5 km s−1 is the minimum for an accurate
determination of velocity and equivalent width, thus we exclude from our analysis
the stars that do not meet these criteria. To guarantee the reliability of the equivalent
width estimate we impose as an additional selection criteria that the EWmeasurements
coming from our gaussian and integrated flux estimators (see Chapter 2) must agree
within 2 Å .

From the stars with double measurements we find that the internal velocity error
(from the median absolute deviation) of our dataset is ± 2 km s−1 and the internal
error in equivalent widths is ± 0.22 Å . The latter corresponds to an error in metallicity
of ± 0.1 dex.

Finally the repeated measurements (also satisfying the signal-to-noise and velocity
error criteria) were combined, weighting them by their errors. The final sample was
carefully checked to weed out any spurious objects (e.g. broken fibres, background
galaxies, foreground stars, etc.). We removed 4 objects because they were inadver-
tently assigned to fibres that were not available during our observing runs; we found
no background galaxies and removed 7 objects because the continuum shape or the
presence of very broad absorption line was not consistent with what is expected for
RGB spectra. Our final sample of acceptable measurements consists of 648 stars for
the velocities and 646 for the metallicities.

In order to investigate the possible presence of binary stars in our sample we calcu-
late the χ2

obs value for those stars with multiple observations (whose individual mea-
surements met our selection criteria) and calculate the probability of observing a larger
χ2 value by chance, p(χ2 ≥ χ2

obs). Following the criterion of Olszewski et al. (1996),
we consider candidate binaries to be those stars for which p(χ2 ≥ χ2

obs) ≤ 0.001. We
find 6 possible binaries out of 177 stars, i.e. a possible binary fraction of 0.03, negli-
gible for our purposes. This is a crude estimate of the binary fraction as it does not
take into account the effect of the distribution of the binary orbital parameters, such
as orbital inclination and period. However, previous authors (e.g., Olszewski et al.
1996; Hargreaves et al. 1996) have demonstrated that the presence of binary stars has
a negligible effect on the derived velocity dispersion, especially in comparison to other
sources of errors such as sampling and velocity errors. In the following analysis we
therefore ignore the contribution of binaries.

4.3 Results from ESO/WFI photometry
4.3.1 Spatial structure of the Sculptor dSph
The structure of the Scl dSph has been studied in several imaging studies, which
found radial changes in the ellipticity (Eskridge 1988b; Irwin & Hatzidimitriou 1995;
Walcher et al. 2003; Coleman et al. 2005; Westfall et al. 2006) and an extended break
population in the surface density profile of RGB/HB stars, which might hint at an



102 chapter 4: The DART survey of the Sculptor dSph

Table 4.2: Table of Scl parameters. 1. Mateo (1998) and references therein. 2. Irwin
& Hatzidimitriou (1995). The position angle is defined as the angle between North and
the major-axis of the galaxy measured counter-clockwise; the ellipticity is e = 1− b/a.

α2000 1h0m09.00s 1
δ2000 −33◦42′30′′ 1
e 0.32 2
P.A. 99◦ 2
Distance 79 kpc 1
VHB 20.13 2

Figure 4.1: Left: The surface density profile for the Scl dSph galaxy from star counts
of all the stellar objects in our photometry (squares with errorbars). The lines show
the best-fitting King (solid), Sersic (dashed), exponential (dotted) and Plummer (dash-
dotted) models. Right: As above but considering the stars in the 90% complete sample.

extra-tidal population, (Westfall et al. 2006). However, Coleman et al. (2005) explain
this same break in the density profile without invoking tidal disruption, but by simply
taking into account the different spatial distribution of the two stellar components that
Scl harbours (e.g., Harbeck et al. 2001; T04).

In the following, for our analysis of the spatial structure of Scl dSph we adopt
the values for the centre listed in Mateo (1998) and the ellipticity and position angle
derived in IH95 (see Table 4.2).

We re-derived the surface density profile of Scl (from number counts) in bins of 0.05
deg (3 arcmin) out to 1.825 deg (109 arcmin). Though our photometry extends beyond
the previously estimated tidal radius (76.5 arcmin from Irwin & Hatzidimitriou 1995,
hereafter IH95), in the outer parts our coverage is not complete and homogeneous,
which may cause an overestimated Galactic foreground density.

The contamination by field star density was calculate from a weighted average of
the density values beyond 1.6 deg, where the density profile reaches a constant level
which we can associate with the Galactic contamination density, and is 0.62±0.03 stars
arcmin−2. The Galactic contamination-subtracted density profile that we derived for
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Figure 4.2: Colour-Magnitude Diagram
of the Scl dSph. We show the selection
boxes for deriving the spatial distribution
of BHB, RHB and RGB stars. The box
around the RGB follows the magnitude and
colour criteria we adopted for selecting tar-
gets for our VLT/FLAMES observations.
Preliminary photometry was used to select
part of our FLAMES targets; the poor qual-
ity of this photometry resulted in the pres-
ence of some targets outside the selection
box when compared to the accurate final
WFI photometry.

all the objects classified as stellar in our photometry is shown in Fig. 4.1 (left). We
compared this Galactic contamination-subtracted profile to several surface brightness
models using a least-square fit to the data. We compared to an empirical King profile
(King 1962), an exponential profile, a Sersic profile (Sersic 1968) and a Plummer model
(Plummer 1911). For the exact form of these profiles see Chapter 3. We found that
none of these profiles give a good representation of the data, as they all considerably
underestimate the surface brightness at r > 0.7 deg (Table 4.3). Indeed at r > 0.7
deg the surface brightness has a shallower trend than the one predicted by the models.
This corresponds to the “break population” detected by Westfall et al. (2006).

To avoid issues of saturation, completeness and varying sensitivity from one WFI
pointing to another one we also re-derived the surface density profile using the pho-
tometric sample complete at the 90% level (see previous section). Figure 4.1 (right)
shows the resulting surface density profile, from which we subtracted a Galactic con-
tamination density of 0.47±0.02 stars arcmin−2 from a weighted average of the points
beyond 1.6 deg. In this case the only profile which gives a reasonable fit to the data is
a Plummer profile with I0 =2.93 ± 0.04 stars arcmin−2, b = 13.1± 0.2 arcmin. The
“break population” becomes much less evident, although there is still a hint of it at r >
0.7 deg. We will come back to this point in the next section. Changing the number of
outer points for the determination of the Galactic foreground density has a negligible
effect on the derived best-fitting model parameters.

4.3.2 The spatial distribution of different stellar populations

As already mentioned in Scl the RHB stars are more centrally concentrated and less
extended than the BHB stars. We re-derive the surface number density profile for the
RHB, BHB and RGB stars. The magnitude and colour criteria used to select the stars
in the different evolutionary phases are shown in Fig. 4.2. These samples are more
than 90% complete.
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Table 4.3: Parameters of best-fitting King model (core radius, rc, tidal radius, rt),
Sersic model (Sersic radius, RS, shape parameter, m), exponential model (scale radius,
rs) and Plummer model (scale radius, b) for all stellar populations, all stellar popu-
lations for the sample complete at the 90% level (All 90%), RHB, BHB and RGB in
the Scl dSph. For each model we also list the value of the minimum reduced χ2. The
values of core and tidal radii for the different Scl populations (RGB, RHB, BHB) are
consistent with the results of Coleman et al. (2005), except for the tidal radius of the
RHB component. However we point out that Coleman et al. (2005) photometry of
RHB stars in not complete everywhere.

King Sersic Exponential Plummer
rc[′] rt[′] χ2

min,red RS[′] m χ2
min,red rs[′] χ2

min,red b[′] χ2
min,red

All 8.7±0.2 58.1±0.9 11.6 10.1±0.3 0.76 ± 0.02 10.3 7.3±0.1 12.1 13.0±0.2 6.7
All 90% 8.4±0.2 63.6±1.9 4.6 9.3±0.4 0.83 ± 0.03 3.9 7.4±0.1 4.4 13.1±0.2 2.2
RHB 4.9±0.4 57.2±2.7 1.9 7.7±0.9 0.74 ± 0.07 0.7 5.2±0.2 1.0 8.9±0.4 0.9
BHB 9.4±0.7 82.5±4.8 1.7 8.3±1.1 1.04 ± 0.07 2.1 9.0±0.3 2.1 15.1±0.5 1.6
RGB 7.7±0.4 69.3±4.2 2.0 8.0±0.7 0.93 ± 0.06 2.1 7.2±0.2 2.1 12.7±0.3 1.2

• RHB stars: We use a selection box of 20 < V < 20.5, 0.5 < V − I < 0.75
(see Fig. 4.2). The RHB stars are in a region of the CMD which is contami-
nated by Galactic foreground stars. The contamination by the field star den-
sity, from a weighted average of the surface density values at r >1.375 deg, is
0.0085 stars arcmin−2 ∗. The best-fitting model (in terms of χ2) of the Galactic
contamination-subtracted surface density profile is a Sersic, with I0 = 3.03±0.42
stars arcmin−2, RS [arcmin]= 7.71 ± 0.85, m = 0.74 ± 0.07 (Fig. 4.3a). Also a
Plummer model gives a good representation of the data (I0 =0.22 ± 0.01 stars
arcmin−2, b = 8.9± 0.4 arcmin). In the following, we use the Sersic profile for
the spatial distribution of RHB stars.

• BHB stars: We use a selection box of 19.8 < V < 20.8, −0.2 < V − I < 0.3
(see Fig. 4.2). From the CMD we see that the BHB stars are found in a region
barely contaminated by the Galactic foreground. When deriving the surface
number density profile for this component we find that at r >1.6 deg the density
behaviour is noisy and it is difficult to establish whether we have reached a
constant density level which we can associate to the Galactic foreground density.
We fit the surface number density profile in two cases: subtracting no foreground
density and subtracting the foreground density derived from a weighted average
of the values at r >1.6 deg, 0.0018 stars arcmin−2. In each case, the best-fitting
model is a Plummer profile, with I0 =0.35 ± 0.01 stars arcmin−2, b = 15.5±
0.5 arcmin (no foreground), and I0 =0.34 ± 0.01 stars arcmin−2, b = 15.1± 0.5
arcmin (foreground=0.0018 stars arcmin−2). There is no significant difference in
the derived parameters for the two cases. In the following we adopt the values
from the foreground subtracted fit (see Fig. 4.3b).

∗ the use of a different region does not change the best-fitting parameters or the best-fitting model
significantly, within the errors.
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Figure 4.3: The surface density profile for Scl dSph from star counts (squares
with errorbars), with overlaid best-fitting King (solid), Sersic (dashed), exponen-
tial (dotted) and Plummer (dash-dotted) models for RHB (a), BHB (b), and RGB
stars (c). The Galactic stellar contamination (different in each of the panels) was
calculated from a weighted average of the outermost points and has been sub-
tracted from each point. The errorbars are obtained by summing in quadrature
the errors from Poisson statistics and the error in Galactic foreground density.
The best-fitting parameters are summarised in Table 4.3. Panel d) shows the
surface density profile for RGB stars (squares with errorbars) overlaid to the
best-fitting two component model (solid line) given by the sum of a Sersic (dot-
ted line) and a Plummer (dashed line) profile.
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• RGB stars: The RGB stars are the less evolved counterpart of the HB stars,
both RHB and BHB. Their spatial distribution is thus expected to be inter-
mediate between the distributions of the HB components. The RGB profile is
determined from a selection box which has magnitudes and colour similar to the
one used for the VLT/FLAMES targets selection (Fig. 4.2). The foreground den-
sity we derive at r >1.6 deg is 0.08 stars arcmin−2. The best-fitting profile is
a Plummer model, with I0 =0.82 ± 0.02 stars arcmin−2, b = 12.7± 0.3 arcmin
(Fig. 4.3c). We check that our determination of the Galactic foreground density
is appropriate by comparing our derived value to the Galactic foreground density
predicted by Besançon model (Robin et al. 2003) over an area similar to the area
covered by our photometry and in the same CMD region used for the RGB stars.
The two values agree well with each other, with the Besançon model predicting
∼10% more foreground.

We saw in Sect. 4.3.1 that the overall density distribution of Scl is not well represented
by a single component fit; this is because of an extended “break population” found in
the outer parts. We find that a two-component fit to the overall density distribution
(stars in the 90% complete sample), where the two components have the same shape
of the best-fitting profiles for RHB and BHB stars, gives a reasonable representation
of the data. This also applies to the distribution of RGB stars, confirming the result of
Coleman et al. (2005). Figure 4.3d shows the composite fit to the RGB density profile.
We point out that “break populations” should not necessarily be interpreted as signs
of tidal disturbance, in particular in galaxies with distinct stellar components that are
differently distributed. A summary of the best-fitting results presented in this Section
is given in Table 4.3.

With the above analysis we confirm that the spatial distribution of RHB stars is
more centrally concentrated and less extended than the one of BHB stars, in agreement
with previous works (e.g., Harbeck et al. 2001; T04; Coleman et al. 2005; Westfall et
al. 2006). This implies a complex early (> 10 Gyr ago) evolution for Scl. This is
somewhat different from our finding in Fnx (Chapter 3), where all the ancient stars (>
10 Gyr old) exhibit the same extended spatial distribution.

4.3.3 Contour maps
Maps of the 2D distribution of iso-density regions in a galaxy can be used to explore its
morphology. They can, in particular, point out radial variations in the ellipticity and
position angle, and show the presence of over/under-dense regions. Also indications as
to the dynamical status of the objects can be inferred from these maps, for example
“S-shaped” contours might indicate tidal disruption (or triaxiality).

From the contour plots shown in Figure 4.4a,b we confirm the previously observed
radial change in the ellipticity of Scl contours, with the inner contours being rounder
than the outermost. However, the region of 3σ significance above the foreground con-
tamination is restricted to r < 0.8 deg and at larger radii it becomes difficult to separate
Scl from the foreground. We do not detect any clear extension in the North-East direc-
tion which was found in some previous works, nor any signs of tidal disturbance such
as “S-shaped” contours.
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Figure 4.4: Contour maps of stellar distribution in Scl for the stars in the 90% com-
plete sample (a), RGB stars (b), RHB (c) and BHB stars (d). Each star was convolved
with a unit-normalised Gaussian of width 0.05 deg (3 arcmin). The outermost ellipse
shows the nominal tidal radius (IH95); the inner ellipse indicates the radius where the
density (not foreground subtracted) is 3σ times the foreground density. The first con-
tour is chosen to be approximately contained within the region with density 3σ above
the foreground. Each contour indicates a density equal to the 1.5 (a,b) or 2 (c,d) times
the previous contour. We overplot the individual stars in each sample to highlight the
features of the observed spatial distributions, as well the small number statistics.
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Figure 4.5: Distribution
of heliocentric velocities
for all the stars observed
with VLT/FLAMES in
the direction of the Scl
dSph (648 stars, with S/N
per Å> 10 and error in ve-
locity < 5 km s−1 ) and
with V magnitude and
V − I colour consistent
with RGB stars. The
dotted lines indicate the
region used for the 3-σ
membership selection.

We also attempted a separate analysis of the maps of RHB and BHB stars. Fig-
ure 4.4c,d suggest that the BHB stars have a more flattened distribution than RHB
stars as the latter have more circular contours. However, comparing the distributions
at similar radii we do not see significant differences. It is clear from the plots that
definitive conclusions are hampered by small number statistics.

From this test we conclude that Scl does not show evident signs of tidal disturbance
in its morphology, only that blue (older) HB stars are less centrally concentrated than
red (younger) HB stars.

4.4 Results from VLT/FLAMES spectroscopy
From our VLT/FLAMES spectroscopic survey of individual stars in the Scl dSph we
derived accurate velocities and metallicities ([Fe/H]) from the CaT equivalent width
for 648 and 646 RGB stars, respectively. Hereafter we will use in our analysis only
these stars. We refer to Chapter 2 for the details regarding the calibration and validity
of metallicities derived from the CaT method.

4.4.1 Systemic velocity and global velocity dispersion
Figure 4.5 shows the velocity histogram of the VLT/FLAMES observations which
passed our quality selection criteria. We derive the systemic velocity and velocity
dispersion of Scl using an iterative k-σ clipping procedure. We first calculate the
weighted average velocity and dispersion for the stars within 4σ of the velocity peak
associated with Scl, using as a first guess a dispersion σ =15 km s−1 , until the values
converge. We repeat the procedure restricting the k-σ range of selection. From the
3-σ clipping we find a systemic velocity vsys = 110.6 ± 0.5 km s−1 and a line-of-sight
(l.o.s.) dispersion σlos = 10.1± 0.3 km s−1 . This is in good agreement with the value
found by Queloz et al. 1995 (vsys = 109.9±1.4 km s−1 ), and in 2σ agreement with the
value from Westfall et al. (2006), vsys = 107.96± 0.76 km s−1 . Note that our velocity
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Figure 4.6: Location of the
observed VLT/FLAMES fields
(dashed circles) and targets in
the Scl dSph (squares: proba-
ble members within 3σ of sys-
temic velocity; crosses: prob-
able non-members, beyond 3σ
of systemic velocity). The el-
lipse shows the nominal tidal
radius (value from IH95); the
dashed circles indicate the ob-
served FLAMES fields.

resolution is better than in Westfall et al. (2006) and with lower errors. A simple 3-σ
selection of our measurements results in 470 probable Scl members. The location of
these probable members and non-members is shown in Fig. 4.6.

4.4.2 Metallicity distribution
We have already shown that there is a radial variation of the metallicity properties of
the RGB stars in the Scl dSph, with the metal rich stars being more centrally concen-
trated than the metal poor stars (T04). In this work we add additional fields, update
and improve this earlier result, using the calibration derived in Chapter 2 for deriving
metallicities from the CaT EW. Figure 4.7 shows the Scl metallicity distribution. Scl
stars cover a large range of metallicities, from −3.0 . [Fe/H] . −0.8. In the region
r . 0.2 deg stars covering the full [Fe/H] range are found, whilst at larger distances
we find preferably stars with [Fe/H]. −1.6. This confirms the trend shown in T04,
and adopting the new metallicity calibration has a negligible difference with respect to
that used by T04.

The overall metallicity distribution is shown in Fig. 4.8 and is reasonably approxi-
mated by the sum of two Gaussians, one representing the metal-rich (MR) part of the
distribution and the other one the metal-poor (MP) part. In this case the MR com-
ponent peaks at [Fe/H]∼ −1.5 with a dispersion of 0.2 dex, and the MP component
peaks at [Fe/H]∼ −2.0 with a dispersion of 0.26 dex. From Fig. 4.8 we also see that
MP stars represent the bulk of the Scl RGB population.

Finally we note that the typical metallicity errors for these observations are of order
0.15 dex (see Chapter 2), thus metallicity errors alone do not account for the observed
spread in metallicity of the two components. This is in contrast with the suggestion of
two almost mono-metallicity components (Majewski et al. 1999), although the predicted
[Fe/H] for these two components is consistent with the [Fe/H] peaks of the MR and
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Figure 4.7: Metallicity distribution as function of elliptical radius of the Scl 3σ mem-
bers (squares with errorbars). We use the metallicity calibration derived in Chapter 2.
The stars with [Fe/H]> −1.5 found at r & 0.5 deg are likely to be Milky Way contam-
inants (see Chapter 5).

Figure 4.8: Metallicity
distribution function for
Scl 3σ members (his-
togram). The solid lines
show the two best-fitting
gaussians which approx-
imate the MR and MP
component, while the
dashed line shows their
sum.
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MP stars distributions found in this work.

Figure 4.9: As previous figure but the MR stars are defined as those with [Fe/H]>
−1.5 and the MP stars with [Fe/H]< −1.7. Note the colder kinematics of MR stars
with respect to the MP stars, indicated by the values of the velocity dispersion. In the
next chapter we will see that the MR stars present in the bin at r > 0.5 deg are very
likely to be contaminants from the Milky Way, causing the high value of the velocity
dispersion.

4.4.3 Chemo-dynamics
We have shown that Scl RGB stars of different metallicity have a different kinematic be-
haviour, with the MR stars being kinematically colder than the metal poor stars (T04).
Here we quantify the behaviour of Scl stars of different metallicities by examining the
kinematics of MR and MP stars.
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As shown in Fig. 4.8 the two Gaussians representing the MR and MP stars cross
at [Fe/H]∼ −1.6 and have a large metallicity range of overlap.

Thus, it is likely that the two components may contaminate each others kinematics.
This is especially true for the MR stars, which are outnumbered by the MP stars at
r & 0.2 deg. We thus need to try and minimise this contamination. As a compromise
between avoiding the largest region of overlap and still having a reasonably large num-
ber of stars in each of the two components, hereafter we define as MR the stars with
[Fe/H]> −1.5 and as MP the stars with [Fe/H]< −1.7. At [Fe/H]∼ −1.5 the ratio
between the number of MR versus MP stars, NMR/NMP, is 0.6 and so is NMP/NMR at
[Fe/H]∼ −1.7; the two ratios quickly increase within the mentioned metallicity ranges.
From Fig. 4.9 we see that the velocity dispersion of the MR stars is distinctly different
and colder than the MP stars at radii r < 0.5 deg, confirming the preliminary findings
of T04.

The exception to the above trend is the last bin. Fig. 4.10 may explain the reason
for this: the [Fe/H] versus velocity plot shows that the vast majority of the stars found
outside the 3σ membership selection region, and hence most likely to be foreground
contamination from the MW, are preferentially found in the range −2.1 . [Fe/H]
. −0.7. According to their CaT metallicity value 50% of these contaminants have
[Fe/H] > −1.5 and are therefore classified as MR, and just 20% have [Fe/H] < −1.7
and are classified as MP. This means that the MR stars in Scl are more likely to be
contaminated by MW stars whose velocity happens to fall in the membership velocity
selection region, in particular in the outer parts where the foreground to Scl members
ratio becomes more significant. We will examine this issue further in Chapter 5.

In summary, our data show that Scl hosts two kinematically distinct components,
one peaking at [Fe/H]∼ −1.5 less extended and with colder kinematics than the other
component peaking at [Fe/H]∼ −2.0. Also in Fnx the MR stars have a less extended
spatial distribution and a colder dispersion than the MP stars, however unlike in Scl,
the bulk of stars in Fnx is MR (see Chapter 3).

4.4.4 Velocity substructure
Another feature visible in the velocity versus projected radius diagram (e.g., Fig. 4.9)
is the presence of a group of 17 stars with 0.2 . r . 0.6 deg, clustering around an
heliocentric velocity of 133 km s−1 (between 128 km s−1 and 142 km s−1 ). This group
of stars exhibits a particularly low velocity dispersion, 2.4±0.7 km s−1 .

The spatial distribution of these stars is shown in Fig. 4.11 (top). They are spread
over the inner region of Scl, unlike the cold kinematic structures in Ursa Minor (Kleyna
et al. 2003) and in Sextans (Walker et al. 2006b) which are more localised.

Their metallicity distribution is also shown in Fig. 4.11 (bottom) and compared
to the global metallicity distribution of Scl. Considered all together, the stars in the
“substructure” cover quite a large range in [Fe/H], from −2.8 . [Fe/H] . −1.6. If
we consider separately the stars at 0.2 < r < 0.3 deg, we see that this group of stars
shows a much narrower metallicity range, with an average [Fe/H]= −1.96± 0.05 and a
spread of 0.08±0.06 dex, lower than the typical metallicity error for the sample of Scl
stars. Such a narrow [Fe/H] and low velocity dispersion could indicate that these stars
belong to a dissolved stellar cluster.
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Figure 4.10: [Fe/H] versus heliocentric velocity for the observed VLT/FLAMES tar-
gets. The dotted lines indicate the region where most likely Scl members are to be found
(3σ membership region). Note that the stars found outside this region, which are prob-
able Galactic contaminants, tend to be preferentially found in the range −2.1 . [Fe/H]
. −0.7. This means that Scl stars at [Fe/H]. −2.1 are less likely to be contaminated
by Galactic stars whose velocity falls in the 3σ membership selection region.

To test if this detection is statistically significant we calculated the expected number
of stars at those radii and velocities, assuming that the stars are drawn from a Gaussian
distribution centred around the measured Scl systemic velocity vsys and with dispersion
given by the measured Scl dispersion at 0.2 < r < 0.3 and at 0.3 < r < 0.6 deg
from a 2σ selection (7.7 and 9.2 km s−1 respectively), which excludes the stars in the
“substructure”. The expected number of stars is 1.2±1.1 and 6.1±2.5. Thus we have
approximately 7 stars in excess at 0.2 < r < 0.3 deg, and 3 at 0.3 < r < 0.6 deg,
implying that in the latter bin the observed number of stars is consistent with being
drawn from the main Scl population.

Therefore, the only significant detection appears to be for the stars found at 0.2 <
r < 0.3 deg, which are those that show a narrow [Fe/H] range. Assuming that the ratio
of these excess stars to the total number of Scl members (7/470) is representative, then
the stars in the substructure would be 1.5% of the overall Scl population. Assuming
a total Scl V luminosity LV = 2.15× 106 L� (Mateo 1998) and a stellar mass-to-light
(M/L)lum,V =2 typical of globular clusters (Illingworth 1976; Pryor et al. 1988) and
thus plausible for an old stellar population such that of Scl, crude estimates of the
possible total luminosity and mass of this structure are ∼ 3.2×104 L� and ∼ 6.4×104
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Figure 4.11: Top: Location of the stars found in a cold structure at 0.2 . r . 0.6
deg centred at heliocentric velocity between 128 and 142 km s−1 . The ellipse
shows the nominal Scl tidal radius (IH95) and the dashed circles the location of our
VLT/FLAMES pointings. Bottom: Metallicity distribution of Scl 3σ probable mem-
bers with elliptical radius (small squares with errorbars). The larger filled squares and
open diamonds indicate the stars found in the velocity substructure at 0.2 . r . 0.3
deg and 0.3 . r . 0.6 deg, respectively.

M� , respectively. This is of the same order of the luminosity and mass that Kleyna
et al. (2003) and Walker et al. (2006b) derived for the cold-structures in Ursa Minor
and Sextans, respectively. This luminosity corresponds to an absolute MV = −6.4,
which is similar to globular clusters found in the Fnx dSph and in other dwarf galaxies
(e.g., see van den Bergh 2006).
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It should be noted that the [Fe/H] values are calculated assuming that the stars
in the “substructure” are at the same distance of Scl. If these stars are actually an
external feature, then the [Fe/H] derived here are unlikely to be correct.

4.4.5 Kinematic status and rotation
There has been an ongoing debate as to whether the large velocity dispersion values
measured for dSphs are due to large amounts of dark matter present in these galaxies,
or if they are merely the result of tidal heating by the Milky Way. It has been proposed
that dSphs do not contain any dark matter and that they are being tidally disrupted
by the interaction with the potential of the host galaxy (e.g., Kroupa 1997; Klessen &
Kroupa 1998). This model predicts tidal tails extending for several kpc, that should be
detectable, for instance via the broadening of the horizontal branch in the CMD. This
has not been seen in any of the dSphs satellites of the Milky Way. Another prediction
of this kind of models is the presence of “apparent rotation”, i.e. a velocity gradient
should be detectable in the outer parts of dSphs (outside the “true” tidal radius) along
the azimuthal direction of the galaxy’s motion (e.g., Oh et al. 1995; Klessen & Zhao
2002). The expected l.o.s. velocity gradient is predicted to be about 20 km s−1 deg−1

(Klessen & Zhao 2002).
Another factor that could inflate the measured velocity dispersion is actual rotation.

However detecting rotation in dSphs might be hampered by large velocity errors, a low
vrot/σ ratio and the lack of (or partial) coverage at large radii. A low vrot/σ would
make it difficult to distinguish a rotation signal from the “noise” caused by the large
dispersion. Large velocity errors would have the same effect. Furthermore, if we
compare with rotation curve studies in low surface brightness galaxies or in dEs in
the Virgo cluster of galaxies (e.g., Geha et al. 2003), we expect a slowly rising rotation
curve for low luminosity galaxies such as dSphs. Detecting such a rotation signal would
thus require good coverage of the outermost regions. For many years studies of these
galaxies have focused only on the central regions, and even now that the outer regions
are starting to be considered, the number of stars at large distance from the centre
still remains low due to the complexity of distinguishing members from the dominant
foreground population. Marginal rotation has been detected in Ursa Minor, Draco and
LeoII (Hargreaves et al. 1994, 1996; Wilkinson et al. 2004; Koch et al. 2007a). Carina is
the only dSph which shows a statistically significant signal, which has been interpreted
as a sign of tidal disruption (Muñoz et al. 2006).

Here we test for the presence of (an apparent or real) rotation signal in our dataset
of Scl stars.

As the signal, if present, is likely to be of order a few km s−1 , for the following
tests we use the velocity in the Galactic Standard of Rest (GSR) frame, vGSR. This is
to avoid introducing spurious gradients from the component of the Solar motion and
Local Standard of Rest (LSR) along the line-of-sight to Scl stars.

The Galactic Standard of Rest velocity is related to the heliocentric velocity vh(l, b)
by

vGSR(l, b) = vh(l, b) + v�(l, b) + vLSR(l, b) (4.1)

where v�(l, b) is the Solar motion along the line of sight and vLSR(l, b) is the LSR veloc-
ity along the line-of-sight (see Binney & Tremaine 1987, for extended formula). We use
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Figure 4.12: Velocity field for
the Scl dSph. The velocities of
individual stars were corrected
for the Solar and LSR motion
along the line of sight to each
star. The velocity field was
smoothed with a median filter.
The colorbar indicates the ve-
locity scale. The dotted ellipses
are placed at 0.2, 0.5, 0.7 deg to
give an idea of the distance scale.
The solid ellipse shows the nom-
inal tidal radius (from IH95).

vLSR =220 km s−1 , and a Solar motion (U ,V ,W )=(−10.00, 5.25, 7.17) km s−1 (Dehnen
& Binney 1998), i.e. v� =13.38 km s−1 in the direction (l, b)=(27.7◦, 32.4◦). In this
system the systemic velocity of Scl is vsys,GSR = 78.3 km s−1 .

2D maps

We built a 2D velocity field of Scl dSph to look for signs of rotation everywhere in the
galaxy. We applied a median smoothing to the data to remove small scale variations. In
practise, for each star we replaced its velocity with the median velocity of neighbouring
stars with coordinates (ξ, η) falling in a square of side 0.1 deg centred on the star.

Figure 4.12 shows the velocity field obtained for the vGSR of 3σ members. We
find hints of rotation, as there is a concentration of stars with velocity lower than
the systemic located at ∼(0.6 deg, −0.1 deg) and higher than the systemic at ∼(0.6
deg, +0.1 deg), thus approximately along the major axis. Because of the present
distribution of measurements is difficult to distinguish a clear rotation pattern purely
from this diagram. More data covering the whole region along the tidal radius would
be desirable.

Using the most recent of the proper motion measurements for the Scl dSph (Schweitzer
et al. 1995; Piatek et al. 2006) we also checked that the contribution of the bulk motion
of Scl along the line-of-sight of each Scl star has a negligible effect on the measured
velocities, and hence on the detected rotation signal.

Rotation signal

We will now attempt to quantify the signatures of rotation visible in Fig. 4.12 in a
statistically robust way.
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Figure 4.13: Difference of average
velocity for the two halves of the Scl
dSph bisected by a line having the po-
sition angle of each star, versus the po-
sition angle. The error-bars are from
the errors in the average velocity mea-
surements. The velocities were cor-
rected for Solar and LSR motion.

• We bisect the field of view of Scl with lines having the position angle of each of
the stars and calculate the average vGSR for the two halves of the galaxy, as done
in Walker et al. (2006a) for the Fornax (Fnx) dSph. The difference in the average
velocity of the two halves is plotted against the position angle (Fig.4.13). If Scl
rotated as a rigid body, the trend of the average difference in velocity with position
angle is expected to be a sine function, with an amplitude approximately twice
the rotational speed and with a phase given by the projected axis of rotation.
With the present spatial coverage of measurements, the resulting velocity field
makes it difficult to assess if Scl is rotating as a rigid body or not, thus the
parameters of the fitted sinusoid will just give an indication of the magnitude
of the rotation signal and its direction. The velocities in the GSR system give
a “rotational speed”, ∼ 2.70 ± 0.04 km s−1 , with a preferred projected axis of
rotation of ∼ 0.2± 0.6◦, close to Scl minor axis (P.A.= 9◦).
We test for the significance of this rotational signal by simulating 104 sets of 470
stars (number of 3σ members) with positions as observed and velocities randomly
drawn from a Gaussian distribution of σ = 10.1 km s−1 , allowing for an error in
velocity of 2 km s−1 . We find that none of the simulated datasets produce an
amplitude as large as the one measured in the observations. However the trend
of the velocity difference versus position angle in the mock sets is often far from
being a sine function, so when we refer to an amplitude we mean the maximum
value of the velocity difference. This test tells us that our data are consistent
with a rotation signal around the minor axis of Scl dSph.

• We now analyse the velocity trend of stars falling within “slits” along axes with
pre-established position angles (see Fig. 4.14).
Figure 4.15 shows the observed velocity trend of Scl stars falling in the above
“slits”. In each case we plot the median velocity per distance bin using a con-
stant number of stars per bin (N∼30). We use the median instead of the average
because it is less sensitive to substructures and asymmetries in the velocity dis-
tribution.
We find that the only detectable signal is along the major axis (4.15c), where at
r ∼ −0.7 deg the median velocity is larger than the systemic and at r ∼ +0.5
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Figure 4.14: Selection regions (within the two solid lines) for stars along the
minor axis (a), an axis with P.A.= 45◦ (b), the major axis (c), an axis with
P.A.= 135◦ (d). The North is up (η > 0) and the East is on the left side (ξ > 0).
Figure 4.15 shows the velocity trend with distance of the Scl probable members
which fall in the above selection regions.

we see the opposite behaviour. This signal is consistent both with a straight-
line and with a constant mean velocity in the central regions and a variation in
the outer parts. The best-fitting straight-line gives a velocity gradient of 7.6+3.0

−2.2
km s−1 deg−1. The error on this gradient has been derived from fitting 1000
mock velocity datasets created by drawing the velocities from Gaussians centred
on the observed vGSR with dispersion given by the measured velocity error and
the measured Scl dispersion (i.e. σlos = 10.1 km s−1 ).

Along the other “slits”, the trend of the median velocity per bin is consistent
with no radial variation. We also investigate if the stars identified in Sect. 4.4.4
as a possible substructure might affect the velocity trend. We find that removing
these stars has a negligible effect on the results.

We repeated the same test dividing our sample in MR and MP stars. The MR
stars do not show any sign of rotation neither along the major nor the minor axis.
The MP stars reflect the overall behaviour, thus a rotation signal consistent with
zero within ±0.5 deg and visible at larger distances. Taking into account that MR
stars have a less extended spatial distribution than MP stars, we conclude that
there is no conclusive evidence that MR and MP stars show different rotation
patterns.
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Figure 4.15: Galactic Standard of Rest velocity (vGSR) versus elliptical distance
(squares with errorbars) for Scl 3σ members which fall on a selection region along
the minor axis (a), an axis with P.A.= 45◦ (b), the major axis (c), an axis with
P.A.= 135◦ (d). The selection regions are shown in Fig. 4.14. The bottom panels
of a), b), c), d) show the median vGSR per bin (diamonds with errorbars). Each
bin contains 30 stars, except in the last bin (with the most negative distance),
which has 16(a), 19(b), 21(c) and 24(d) stars. The errorbars on the median come
from 10000 MonteCarlo realisations of the observed dataset, assigning an intrinsic
dispersion of 10.1 km s−1 . The solid lines show the systemic velocity in the GSR
reference frame, vsys,GSR =78.3 km s−1 . Along the major axis positive distances
correspond to the east side of the galaxy, negative distances to the west side.
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Therefore our data are consistent with a velocity gradient of 7.6+3.0
−2.2 km s−1 deg−1

(∼5.4 +2.2
−1.5 km s−1 kpc−1) along the projected major axis of Scl. This signal is

consistent with the previous derivation from bisecting the face of the galaxy in
halves. We interpret this signal as actual rotation around Scl projected minor
axis and not as a sign of tidal disruption. We discuss the reasons for our favourite
interpretation in the next section.

4.5 Discussion
4.5.1 Rotation signal
Our VLT/FLAMES survey of the Scl dwarf spheroidal galaxy shows that a rotation
signal is present along the major axis, which could arguably be consistent both with
tidal disruption and/or actual rotation.

There are a number of reasons to argue against tidal disruption. A clear sign of
tidal disruption is the presence of “S-shaped” contours in the spatial distribution of
the stars due to the presence of tidal tails. The tidal tails are usually perpendicular
to the main body of the galaxy and in general aligned with the orbital motion of the
satellite, so in principle we would not detect them if the tidal tails are (close to) either
perpendicular or parallel to our line-of-sight. This would imply Scl is on an almost
radial or tangential orbit, but although the uncertainties are large, the existing proper
motion measurements do not suggest either of these two hypotheses (Schweitzer et
al. 1995; Piatek et al. 2006). All other inclinations should make tidal tails visible,
however we do not detect any evidence of these in our data.

One can argue that the tidal tails are not visible because they have a low surface
brightness and our photometric data are not deep enough to detect them. However, let
us suppose the detected rotational signal from the spectroscopy is apparent rotation
from faint tidal tails. We detect this signal with spectroscopically observed RGB stars,
more luminous than V = 20. Our photometry is complete at ∼ 2 magnitudes deeper
than this, and shows the presence of many more stars than the selected RGB stars.
Furthermore, our RGB stars classified as 3σ members from the spectroscopy represent
only ∼ 15% of the RGB stars in the photometry. Thus if we can detect a signal from
our spectroscopy then we should have enough statistics to also be able to detect it in
our photometry.

Another prediction from models of tidally disrupted dSphs to compare to the ob-
servations is the l.o.s. velocity gradient along the direction of orbital motion (e.g. Oh
& Lin 1995; Klessen & Zhao 2002). The orbital direction on the sky is indicated by
the proper motion. Since we detected a l.o.s. velocity gradient along the major axis
of Scl, we would expect the direction of orbital motion to be aligned with the major
axis if the detected signal is caused by tidal disruption. Figure 4.16 shows that neither
of the two proper motion measurements suggests an alignment between the direction
of Scl orbital motion and the detected signal, unless allowing for ∼ 2σ errors in the
proper motion measurements.

From these arguments we conclude that it is unlikely that the detected velocity
gradient along the major axis of Scl is a signature of tidal disruption, and thus it is
likely to be due to real rotation.
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Figure 4.16: Schematic representation of the projected direction of Scl orbital motion
from the existing proper motion measurements. The dark arrow at a P.A. = 39.94◦
(labelled as S95) indicates the measurement from Schweitzer et al. (1995), which derived
a proper motion of (µα, µδ)=(36±22, 43±25) mas/century (corrected for the LSR and
a Solar motion of (−9, +11, +7) km s−1 and assuming a distance of 8.5 kpc for the
Sun from the Galactic centre). The light arrow at a P.A. = 332.9◦ (labelled as P06)
indicates the measurement from Piatek et al. (2006) which derived a proper motion of
(µα, µδ)=(−23±13, 45±13) mas/century ( corrected for the LSR and a Solar motion of
(−10.00, +5.25, +7.17) km s−1 and assuming a distance of 8.5 kpc for the Sun from the
Galactic centre). The solid lines (black and red) are placed at the maximum position
angle allowed by considering 1σ errors in both coordinates of the proper motion. The
dashed line shows Scl projected major axis. If the rotation signal we detect in Scl is
due to tidal disruption the proper motion is expected to align with the projected major
axis direction.

If the detected signal is caused by rotation, then we can use the fitted value of
the gradient to derive a lower limit of vrot,max = 6 km s−1 to the maximum rotational
velocity (at r = 0.8 deg, the distance of our outermost bin along the major axis).

When rotation is responsible for the flattening of an axisymmetric galaxy, a simple
relation holds between the true ellipticity of the galaxy and its v0/σ0 value, where v0 is
the mass weighted rotational velocity and σ0 an estimate of the mass weighted velocity
dispersion (Binney & Tremaine 1987). For a galaxy flattened by rotation and with
an isotropic velocity ellipsoid, this relation does not vary much with the inclination of
the galaxy with respect to the line-of-sight. In this case it is possible to replace v0/σ0
with the value measured along the line-of-sight vrot,los/σlos (thus already mass/number
weighted in resolved stellar populations studies) and consider the apparent ellipticity
as the true one. Of course, we do not know either if Scl is an “isotropic rotator” nor
its intrinsic inclination, however we are going to approximate v0/σ0 with vrot,los/σlos,
which for Scl is ∼0.6.

The ratios expected for an “isotropic rotator” of a certain ellipticity are tabulated
in Binney & Merrifield (1998), and for a galaxy of ellipticity 0.3 like Scl this ratio is
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equal to 0.649. This means that the shape of Scl is consistent with being flattened
by rotation, although due to the fact that Scl velocity ellipsoid and inclination are
unknown, it is possible that velocity anisotropy is also contributing to the flattening
of the galaxy.

The presence of actual rotation in Scl might give us important clues on the for-
mation of dSphs. Mayer et al. (2001) proposed that rotationally supported galaxies
such as dIrrs might transform into pressure supported systems such as dSphs through
the tidal stirring exerted by the host galaxy, which in this case is the MW (see dis-
cussion in Chapter 3). Typically the predicted v0/σ0 for ellipticity similar to Scl is
.0.5, comparable to the vrot,los/σlos ∼ 0.6 measured in Scl. The efficiency of this
transformation process is highly dependent on the orbital parameters of the satellite
galaxies, i.e. pericentric distance and/or apocenter-to-pericenter ratio. It is thus ex-
pected that according to their orbital history some systems will suffer less from tidal
stirring and might retain some of their original kinematic properties. One could expect
the dSphs that are further away from the MW to show more evident signs of rotation.
The marginal signal found in both Leo I and Leo II (Koch et al. 2007b,a) which have
distances larger than 200 kpc could argue against this. However, their current location
does not necessarily indicate that they were never close to the MW. As no proper
motion measurements exist for these galaxies due to their large distance, it is possi-
ble that they are currently close to their apocenter, and/or are in a more radial orbit
with respect to Scl, so that they suffered enough tidal stirring to erase the rotation
signal. Once again more accurate proper motion measurements are necessary to make
definitive statements.

4.5.2 Stellar population variations
Our DART photometric and spectroscopic surveys of the Scl and Fnx dSphs (Chapter 3)
have highlighted important similarities and differences between these two galaxies.

The main similarity is the presence of multiple stellar components which are distin-
guishable in metallicity, spatial distribution and kinematics. In both cases, the metal
rich stars are preferentially found in the central regions and have colder kinematics
than the metal poor stars, which dominate in the outer regions.

Multiple stellar components might be a common characteristic of dSphs. Although,
large surveys combining both photometric, velocity and metallicity measurements have
not been carried out for many dwarf galaxies. Preliminary analysis of VLT/FLAMES
data for the Sextans dSph (Battaglia et al. in preparation) shows the presence of a
spatial variation in the metallicity but the kinematics of the MR and MP stars do not
differ significantly. There is currently photometric evidence for stellar population gra-
dients in Carina and Tucana (e.g., Harbeck et al. 2001), and a weak spectroscopically
confirmed metallicity radial variation in Carina (Koch et al. 2006). For most of the
discussion as to what could cause population gradients we refer to the discussion in
Chapter 3. Here we speculate on some of the differences between Scl and Fnx.

The first striking difference is the age of the stellar components in Scl and Fnx.
In Scl the multiple populations, both the MR and MP, are ancient (>10 Gyr old).
In Fnx instead the MP component is as ancient as in Scl, but the MR component is
between 2-8 Gyr old. Therefore it is clear that the differences between the various
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stellar populations in Fnx have arisen on a longer timescale than in Scl.
Another major difference is that in Scl the majority of the stellar population is

MP (and ancient), whilst in Fnx we have the opposite: the majority of Fnx stars are
MR and have intermediate age. Assuming that MP stars formed in the earliest star
formation epoch, this implies that the bulk of the star formation in Fnx occurred at
intermediate epochs, around 2-8 Gyr ago, whilst in Scl there was apparently no gas
left to form stars after the first star formation epoch.

If we also make the reasonable assumption that the different spatial distribution
of MP/old and MR/younger stars reflects the distribution of the gas from which they
formed (see also Chapter 3), it seems that the gas and/or metals were removed more
efficiently from Scl than from Fnx, which managed to retain most of its gas/metals
for subsequent star formation (assuming that Fnx did not accrete additional gas from
external sources).

Several different mechanisms, such as supernovae explosions, tides and ram pres-
sure, could be responsible for the higher removal efficiency of gas/metals from Scl. For
example an higher number of SN might have exploded in Scl over a short time frame.
This would affect the [α/Fe] vs [Fe/H] distribution, producing more α-enhanced stars
in Scl at the low metallicity end, and shifting the “knee” of the distribution to higher
[Fe/H] in Scl with respect to Fnx. The current data do not suggest such a difference
(Letarte 2007; Hill et al. 2007; see also Chapter 2), however more HR data covering
the low metallicity end of Fnx are needed to accurately test this. Also, supernovae
explosions might have affected Scl more if it has a smaller potential well than Fnx.
In favour of this hypothesis, there are indications that Fnx could be somewhat more
massive than Scl (Walker et al. 2006; Battaglia et al. in preparation; see Chapter 5
for the mass determination of Scl). Simulations following the gas and metal evolution
could give insights into the mass threshold needed to cause the observed differences.
An alternative hypothesis is tides and ram pressure stripping (e.g., Mayer et al. 2006),
in which case both the potential well and the orbital history of the objects would play
a role. Less massive dSphs are more likely to be stripped of their gas, and so are dSphs
with small pericenter distances and high apocenter-to-pericenter ratios. Consistent
with this picture, Scl appears to have an orbital period of ∼ 2 Gyr and a pericenter of
∼ 70 kpc (Piatek et al. 2006) with respect to the longer orbital period of Fnx, which
is 4-5 Gyr, and the larger pericenter, ∼ 120 kpc. However, when taking into account
the uncertainties in the proper motion measurements, the orbital parameters for these
two galaxies overlap, making more definitive conclusions difficult.

In reality it is most likely that a combination of several mechanisms is responsible for
the changes in the behaviour of stellar populations with time. Studies of isolated dSphs
would be useful in order to distinguish between these effects. Objects like Tucanae for
example were probably never close enough to a large galaxy to have suffered from either
tidal or ram pressure stripping. The presence of stellar population gradients in isolated
dSphs would argue against environmental effects as a possible cause. More observations
of a similar nature to the ones presented here are needed for a large number of dSphs and
more distant to study the effect of the environment on their detailed chemo-dynamical
properties. The large aperture telescopes such as Magellan, VLT and Keck equipped
with wide area CCD cameras and multi-fibres spectrographs like FLAMES, MIKE and
DEIMOS make this a feasible task for all Milky Way satellites, requiring only 2-3 nights
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observing time in order to derive accurate velocities and CaT metallicities for hundreds
of RGB stars out to the tidal radius.

4.6 Summary and conclusions
We have undertaken the most complete and accurate survey of the Scl dSph out to and
beyond the nominal tidal radius, combining ESO/WFI photometry with VLT/FLAMES
low resolution spectroscopy to study in detail the spatial and chemo-dynamical prop-
erties of the resolved stellar population of this galaxy.

From our photometry we studied the spatial distribution of Scl stars of different
ages/ metallicities as selected from the CMD. We find that the BHB stars, older/metal
poor, have a less centrally concentrated and more extended distribution than the RHB
stars, which are younger/more metal rich. The RHB stars follow a Sersic profile with
scale radius RS[′] = 7.7 ± 0.9 and shape parameter m = 0.74 ± 0.07; the BHB stars
follow a Plummer profile with b[′] = 15.1± 0.5.

As in previous works we find that the overall density surface profile of Scl is not well
represented by a single component fit because it shows hints of a “break population”
at radii r > 0.7deg, which has been interpreted in previous studies as a sign of tidal
disturbance. However our new data show that this “break population” is most likely
due to the fact that Scl hosts two stellar populations with different spatial distributions,
and thus it is necessary to fit the overall profile with the sum of these two components.

From our VLT/FLAMES low resolution (R∼6500) spectroscopy in the CaT region
we derived accurate velocities (± 2 km s−1 ) and metallicities (±0.1 dex) for ∼ 650
RGB stars. A simple kinematic selection gives 470 probable members of Scl from this
sample.

The resulting metallicity distribution function shows a wide metallicity range, −3.0 .
[Fe/H] . −0.7, and is well approximated by the sum of a MR and a MP component.
The first one peaks at [Fe/H]= −1.5 with dispersion 0.2 dex, and the latter peaks at
[Fe/H]= −2.0 with dispersion 0.26 dex. These two components have different spatial
distributions and kinematics, with the more MR stars found predominantly in the cen-
tral regions of the galaxy and having a colder kinematics, and the more MP stars found
everywhere. This variation happens on the same spatial scale as the RHB/BHB swap
of dominance, hinting at the fact that MR stars are associated to RHB and the MP
stars to the BHB.

We can thus distinguish in Scl two stellar components according to their spatial,
metallicity and kinematics properties. Determination of the age of these stars is nec-
essary to understand on which time scale such differences have arisen.

Our spectroscopic analysis of Scl shows that the kinematics of this galaxy is consis-
tent with a velocity gradient of 7.6+3.0

−2.2 km s−1 deg−1 along the projected major axis.
We interpret this signal as rotation around the minor axis, which makes Scl the only
dSph of the MW system in which statistically significant rotation has been measured.

Another finding of our spectroscopic survey is the presence of a cold structure,
which might be the remnant of a dissolved stellar cluster.

The data presented here show that a wealth of information on dSphs might be
missed leading to inaccurate conclusions when limiting the analysis of these objects to
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a small region or aspect. Combining photometry and spectroscopic follow up over a
large field has proved to be crucial to obtain an accurate picture of these surprisingly
complex small galaxies.
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Chapter 5

The mass content of the Sculptor
Dwarf Spheroidal Galaxy

G. Battaglia, A. Helmi, E. Tolstoy, M. J. Irwin

paper in preparation

ABSTRACT– We derive the line-of-sight (l.o.s.) velocity dispersion profile of the
Sculptor dwarf spheroidal galaxy using the VLT/FLAMES low resolution spectra of
Red Giant Branch stars presented in Chapters 2 and 4. Our data extend out to and
beyond Sculptor nominal tidal radius. The l.o.s. velocity dispersion for all Sculptor
stars is approximately constant around 9 km s−1 out to the last measured point at
r = 1.3 deg (1.8 kpc, i.e. 13.3 core radii).
We also derive separately the dispersion profiles of the metal rich (MR) and metal
poor (MP) populations known to be present in Sculptor. The MR l.o.s. velocity
dispersion is ∼ 9 km s−1 in the central regions and then declines to ∼ 2 km s−1 at
0.5 deg. The profile for the MP stars is relatively flat and reflects the behaviour of
the global dispersion profile, in agreement with the fact that this is the dominant
population in Sculptor.
We compare these observed l.o.s. profiles to predictions from dark matter models.
The model that best fits the data is an isothermal profile with core radius rc = 0.5
kpc and mass enclosed within the last measured point 3.4± 0.7× 108 M� assuming
an increasingly radially anisotropic velocity ellipsoid. In this model the mass-to-light
ratio is 158±33 (M/L)� inside 1.8 kpc. Cosmologically motivated models such as
an NFW profile with c = 20 and virial mass Mv = 2.2+1.0

−0.7 × 109 M� also provide
a fit which is statistically consistent with the observations, but they tend to yield
poorer fits for the MR stars. The combined modeling of the two populations has
the important advantage of breaking some of the degeneracies present in modeling
Sculptor as a single component galaxy.
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5.1 Introduction

Dwarf spheroidal galaxies (dSphs) are the smallest objects which require the pres-
ence of dark matter (DM) to explain their kinematics in the context of Newtonian

gravity and they are also the most DM dominated kind of systems.
dSphs have similar luminosities (105, 106 L�) and central velocity dispersions (6-10

km s−1 ) to globular clusters (GCs), but they are much more extended, with half-light
radii of hundreds of parsecs, about one order of magnitude larger than for GCs. This
has an important implication: assuming that both these systems are in equilibrium,
the virial theorem implies no DM for GCs (Illingworth 1976; Pryor et al. 1988), while
large amounts are required to sustain the dispersion observed in dSphs.

This was first hinted at in the work of Aaronson (1983), who derived an M/L ratio
of 30 (M/L)� for the Draco dSph by measuring its central velocity dispersion with
three carbon stars. Despite the small number statistics and the problems connected
with the use of carbon stars to measure velocities, this suggested a large amount of
unseen matter in this galaxy. Since then numerous works have been carried out to
measure the DM content of dSphs. For a long time these measurements were based
just on the central value of the dispersion and on the hypothesis that mass follows light
(e.g., Mateo et al. 1991; Suntzeff et al. 1993; Hargreaves et al. 1994, 1996). The advent
of large telescopes with multi-fibres spectrographs has made the derivation of velocity
dispersion profiles possible for most of the dSphs around the Milky Way (MW), allowing
more sofisticated and accurate mass modeling (e.g., Kleyna et al. 2003; Wilkinson et al.
2006; Walker et al. 2006). These more recent works were able to rule out the hypothesis
that mass follows light, and this implies that dSphs must be embedded in extended DM
haloes. Furthermore, mass-to-light ratios of several 100s (M/L)� have been derived,
which makes dSphs the most DM dominated objects known to date.

However, the presence of DM in dSphs has been regularly questioned. The debate
as to whether dSphs have DM or not has been driven by the fact that dSphs are
small galaxies which (in general) orbit much larger systems. For instance, in the Local
Group the great majority of dSphs are found within 300 kpc of the MW or M31 and
are thus susceptible to experience strong interactions with the potential of the host.
This raises the question as to whether these systems are in equilibrium or if the large
observed velocity dispersion might merely be the result of tidal disruption. For example
Kroupa (1997) and Klessen & Kroupa (1998) found in numerical simulations that
tidally disrupted systems with no DM could reproduce the photometric and kinematic
properties of dSphs. These issues have triggered many studies looking for possible signs
of tidal disturbance in dSphs such as tidal tails, broadening of the horizontal branch
(HB) width and velocity gradients, as predicted by the models. Until now possible signs
of disturbance have been found only in the Carina (see Muñoz et al. 2006, and references
there in) and Ursa Minor dSphs (Bellazzini et al. 2002; Palma et al. 2003), although
the latter case is somewhat controversial. It is interesting that no tidal signatures have
been found in Draco (e.g. Ségall et al. 2007), which has a mass-to-light ratio of ∼300
(M/L)� (Kleyna et al. 2001), one of the largest ever measured.

Given that so few signs of tidal disruption have been found, we can assume that
most dSphs are in equilibrium. We can thus use these objects as a good test ground
for DM theories as the study of the DM mass content and distribution on small scales



5.1: Introduction 131

can put important constraints on the nature of DM (e.g., hot, warm, cold).
A prediction of DM theories of structure formation is the mass spectrum of virialized

structures. In this context “hot” DM can be excluded because it does not cluster on
such small scales as dSphs (e.g. Lin & Faber 1983; Gerhard & Spergel 1992). The
currently most succesful theory of galaxy formation in a cosmological context is based
on Cold DM (CDM). This theory however faces problems on the small galactic scales.
One of the most well-known issues is the “missing satellites problem”: CDM theories
predict the presence of 100-1000s bound substructures (subhaloes) surrounding a galaxy
like the MW (Moore et al. 1999; Klypin et al. 1999), whilst until two years ago there
were only 11 known MW satellites. This mismatch of 1-2 orders of magnitude between
the number of predicted and observed satellites has been somewhat mitigated by the
discovery of about 10 new low luminosity MW satellites in the past two years by SDSS
(Willman et al. 2005a,b; Zucker et al. 2006a,b; Belokurov et al. 2006, 2007; Walsh
et al. 2007). Whilst this suggests that the observed satellites might be the “tip of the
iceberg”, at the moment observations and CDM simulations are still far from being
fully reconciled.

A solution to the “missing satellites problem” was suggested by Stoehr et al. (2002)
and Hayashi et al. (2003), who proposed that the observed satellites might inhabit the
∼10 most massive DM subhaloes, implying that the mass of dSphs had been strongly
underestimated. They predicted these subhaloes to have peak circular velocities, vmax,
exceeding 35 km s−1 (Hayashi et al. 2003) and a present mass of ∼ 109 M� (Stoehr
et al. 2002), whilst haloes with lower peak circular velocities would “lack readily de-
tectable luminous counterparts” (Hayashi et al. 2003). Other solutions consider the
effect that the photoionizing background due to the reionization of the Universe has on
the formation of small galactic systems, proposing that after reionization gas accretion
and/or star formation is halted in systems with vmax < 30 km s−1 ; many dSphs should
thus have formed their stars before reionization in larger subhaloes (Bullock et al. 2000;
Benson et al. 2002; Kravtsov et al. 2004). Accurate measurements of the mass in dSphs
and fainter recent discoveries can help in confirming or disproving this hypothesis.

Another prediction that different theories provide is the density distribution of DM.
In the case of WDM, cored density profiles are expected (Dalcanton & Hogan 2001;
Kaplinghat 2005; Cembranos et al. 2005; Strigari et al. 2007c), whilst CDM predicts
them to be cusped (Dubinski & Carlberg 1991; Diemand et al. 2005). Specifically, in
the case of CDM theories of structure formation virialized objects should follow an
Navarro, Frenk & White (NFW) density profile (Navarro, Frenk, & White 1996, 1997)
on every scale, from galaxy clusters to the smallest dwarf galaxies. Here again CDM
encounters problems on the small scales: whilst the density profiles of galaxy clusters
and large galaxies are compatible with cuspy NFW profiles, this is not the case for some
low surface brightness galaxies (e.g. Flores & Primack 1994; Moore 1994; McGaugh &
de Blok 1998; de Blok et al. 2001). However it has been argued that these galaxies
rotation curves might have suffered from several effects, including instrumental ones
such as for instance due to beam-smearing or physical effects such as presence of bars,
triaxiality, which could prevent definitive conclusions on the subject (e.g. Hayashi &
Navarro 2006). For dSphs, i.e. on the smallest scales, several studies of the DM
density distribution (see Wilkinson et al. 2006; Walker et al. 2006; Koch et al. 2007,
and references there in) have shown that cores are compatible with the observations,
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although cusps cannot be excluded. Thus the debate is still open.
In this chapter we derive the mass content and distribution of the Sculptor (Scl)

dSph using our spatially extended and accurate spectroscopic dataset obtained at
VLT/FLAMES (Chapter 4). The previous mass determination for Scl dates back to
the work of Queloz et al. (1995). Using velocities for 23 Scl RGB stars in the central
regions, they derived a moderate mass-to-light ratio of 13±6 (M/L)�, resulting in a
mass of ∼ 3 × 107 M� . Recently Westfall et al. (2006) derived a velocity dispersion
profile for Scl out to 50 arcmin (using 147 stars), well within its nominal tidal radius
(see previous chapter), but they did not carry out a mass modeling.

5.2 The observational sample
The observational sample has already been described in Chapter 4. Here we remind
the reader that our spectroscopic targets were chosen from a box on the Scl CMD
(Fig. 4.2, Chapter 4) such that the stars have magnitudes and colours consistent with
being Scl Red Giant Branch stars.

After applying quality selection criteria we obtained velocities and metallicities for
470 Sculptor probable members, where the probable members are stars whose velocity
falls within 3σ from the systemic velocity. The spatial location of these stars is shown
in Fig. 4.6 (Chapter 4).

5.3 Observed velocity dispersion profile
Velocity dispersion profiles are commonly used to study the mass content of a galaxy.
In resolved stellar population studies, velocity dispersion profiles are derived from the
measurement of velocities of individual stars, which are in general selected from a
specific region on a CMD. As can be seen in Fig. 4.2 (Chapter 4), these selection regions
are bound to contain a certain amount of interlopers, i.e. stars which do not belong to
the object under study. In our case most of the contaminants will be foreground stars
from the MW.

As the kinematics of these interlopers are unrelated to the object under study and
do not trace the object mass distribution, it is important to clean up the sample from
these objects.

We can divide the methods for interlopers’ removal in two basic kinds: a direct
and a statistical approach. In the direct approach it is possible to physically identify
which stars are contaminants and remove them. In the statistical approach instead
assumptions are made on the expected amount of contaminations, and the “suspected
contaminants” are either removed or their presence is taken into account in a statistical
sense.

At the magnitudes and colours considered here, the contamination from the MW
is most likely given by dwarf stars in the thin and thick disks. Since dwarfs have a
much higher surface gravity than RGB stars it is possible to use gravity indicators
as dwarf/giant discriminators (direct approach). For example, Washington M, T2 +
DDO51 photometry, which uses the gravity sensitivity of the Mg triplet and MgH line
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at 5150 Å, has proved to be a very successful dwarf/giants discriminator (e.g., Majewski
et al. 2000; Morrison et al. 2001).

However our V , I photometry is not suitable as discriminator, and the spectral
range covered by our data is from 8200 Å to 9000 Å , thus not including the Mg lines
at ∼ 5000 Å. Hence here we do not use a direct approach in order to separate the
contaminants from Scl∗.

Below we describe the two different statistical approaches we use to deal with the
presence of interlopers and derive the observed dispersion profile: first we describe the
traditional 3-σ clipping and then we introduce a more sofisticated maximum likelihood
approach. Finally we present first the global Scl l.o.s. velocity dispersion profile,
derived without separating the stars according to their metallicity, and then for the
MR and the MP components separately.

Beside the issue of contamination, the velocity dispersion profile will need to be
corrected for the rotation signal found in Scl, described in Chapter 4. This is necessary
because a rotational signature may artificially inflate the measured dispersion.

Our velocity dispersion profile will be obtained by binning the velocities of stars at
similar radii. Besides the issue of the optimal binning, it is also worthwhile exploring
the choice of how to bin the data: in elliptical or in circular annuli. In fact, one uses
stars with a non-spherical spatial distribution as kinematic tracers of an underlying
mass distribution which might be spherical (as well as oblate, prolate or even triaxial).

All of these effects are taken into account in both our statistical approaches when
deriving the global velocity dispersion profile and the two components profiles, but we
discuss these in more detail in the case of the 3-σ clipping approach for the global
profile.

5.3.1 3-σ clipping
The statistical approach commonly used to separate dSph members from MW stars is
to iteratively apply a k-σ cut on the observed velocity distribution (e.g., see Fig. 4.5 in
Chapter 4). The k-σ cut in common use is the 3σ which is justified by the fact that the
velocity distribution of stars in dSphs (as well as the velocity distribution of galaxies
in clusters) is close to Gaussian (see Wojtak et al. 2007, for references, more discussion
and tests). With this method those objects whose velocity exceeds the 3σ limit are
removed from the sample.

Here we apply this method to the Scl dataset, considering as probable members
those stars with heliocentric velocity in the range vsys±3σlos, as described in Chapter 4.

We derive the velocity dispersion profile for these stars both imposing bins of con-
stant width and also fixing the number of stars per bin to a constant value (Fig. 5.1),
i.e. N=40 with the exception of the last bin which contains 30 stars. A smaller number
of stars per bin is not desirable as it causes the velocity dispersion profile to be too
noisy. The binning is done in elliptical annuli of constant ellipticity and position angle
(e =0.32, P.A.= 99◦), to follow the projected shape of the stars spatial distribution. We
also allow the average velocity per bin to vary, and derive the dispersion with respect
to the average velocity in each bin (we will come back to this point later). We consider
∗ We will explore the use of the MgI line at 8807 Å as a possible direct dwarf/giant discriminator

in a future work.
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Figure 5.1: Kinematic properties of probable Scl members for the binning we use in
our analysis. From top to bottom: l.o.s. heliocentric velocity versus elliptical radius
(a); number of stars (b); average l.o.s. velocity (c, asterisks); l.o.s. velocity dispersion
for 3σ members (d, asterisks). In panel a) the solid line indicates the systemic velocity,
the horizontal long-dashed lines show the region used for the 3σ membership selection
and the vertical dashed lines show the binning. For comparison we show the average
l.o.s. velocity and the l.o.s. velocity dispersion profile derived fixing the number of
stars per bin to N = 40, with the exception of the last bin which contains 30 stars
(diamonds in panels c and d).
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as the error in the variance δvar =
√

2σ4
tot/N , where N is the number of stars per bin

and σ2
tot = σ2+ < σ2

meas > (see Hargreaves et al. 1994). Here σ is the dispersion in the
bin and < σ2

meas > is the variance due to the measured errors in the velocities. Here the
contribution of the latter is always very small compared to the measured dispersion.
Finally, the error in the dispersion is δvar

2σ
.

We find that the constant width binning and N=40 binning (Fig. 5.1) give very
similar results and the derived velocity dispersion profile is almost constant around
a value of ∼ 9 km s−1 , with an hint of decline in the last measured point. In the
following we adopt the binning with fixed bin size, which in general has a larger number
of points per bin and it is smoother.

Figure 5.1a,c also shows that at r & 0.7 deg the value of the average velocity per bin
departs from the systemic velocity. This is likely due to a combination of the rotation
signal (see Chapter 4) and the fact that in this distance range our coverage is biased
towards the west part of Scl, where there is an excess of stars with “receding velocities”.
The larger dispersion at r ∼ 0.6 deg might be in part due to this effect.

We point out that the bin centered at 1.3 deg is peculiar; of the 5 stars present
in this bin, 3 have large receding velocities with respect to the systemic (vh > 130
km s−1 ). These 3 stars are located close to the projected major axis, in the east side of
the galaxy (ξ [deg] ∼ +1.3, −0.2 < η [deg] < +0.2), which from our rotation analysis
(see Chapter 4) should be the approaching part. It seems likely that these 3 stars are
contaminants.

Elliptical versus circular binning: Analysis of the velocity moments fields in
elliptical galaxies (see for example Emsellem et al. 2004; Douglas et al. 2007) shows that
the contours of constant l.o.s. velocity dispersion have approximately the same shape
and orientation as the light distribution. Therefore mapping the kinematic behaviour
along circular annuli would mix together stars with different kinematics. However,
dwarf spheroidal galaxies appear to be much more DM dominated than large ellipticals,
thus the underlying DM potential might influence much more strongly the shape of the
equi-σlos contours. The relation between the potential and the shape of the equi-σlos
contours is not trivial as it also depends on the viewing angle and on the distribution
and kinematics of the stars (e.g. Lanzoni & Ciotti 2003, see also Eq. 5.12).

Since we do not have any constraints on the inclination, we opt for an empirical
approach to explore the effect of binning the data following the shape of the light
distribution. The velocity dispersion profile derived with the circular binning is shown
in Fig. 5.2. The differences with respect to the dispersion profile derived with the
elliptical binning are negligible, as the two profiles are everywhere consistent with each
other at the 1σ level. This is probably due to the fact that our coverage is mostly
sampling roughly along the major axis, where circular and elliptical radii coincide.
The lower value of the velocity dispersion in the last bin is due to the 3 peculiar stars
mentioned above, found at ξ [deg] ∼ +1.3, −0.2 < η [deg] < +0.2.

In the remainder of the paper we adopt elliptical binning.
Removing the rotation signal: To explore the effect of rotation we re-derived

the velocity dispersion profile by removing the observed rotation signal. Accurately
removing the rotation signal in principle requires knowledge of the global rotation
pattern, however, as we saw in Chapter 4, it is difficult to establish exactly how the
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system is rotating (e.g., vrot = f(x, y) or vrot = f(x) etc) with the present spatial
sampling. We adopt a simple empirical approach and assume that vrot = kx, where
k = −7.6 km s−1 deg−1 is the measured velocity gradient along the major axis and x
is simply the projected abscissa on the sky. We subtract vrot from the observed GSR
velocities, and propagate the error in the measured rotation signal onto the individual
velocity errors. After this subtraction, the velocity field and the average velocity along
the major axis are consistent with no rotation.

The velocity dispersion profile derived from these rotation-corrected GSR velocities
is shown in Fig. 5.3. Now the average velocity per bin at r &0.7 deg is consistent with
the systemic velocity (except in the last bin, the causes have already been discussed
above). This shows that, as anticipated, the variation of the systemic velocity with
radius was a combination of the rotation signal and the asymmetric coverage.

In the remainder of the chapter we use the rotation-subtracted GSR velocities to
derive velocity dispersion profiles.

5.3.2 Statistical approach
To apply a sharp k-σ cut to the whole sample in order to remove interlopers might
cause some problems.

The choice of the appropriate cut depends not only on the assumption that the
dSph velocity distribution is Gaussian but also on the amount of MW contamination
one expects given the bulk velocity of the system. For instance, we found that a 2.5-σ
cut is preferable to a 3-σ cut to limit the contamination in the case of the Fornax dSph
(Chapter 3), where the velocity distribution is heavily affected by MW foreground due
to its low heliocentric velocity (vsys = 54.1 km s−1 ).

Finally, since there is no sharp distinction between the velocity distribution of MW
and dSphs stars, the k-σ method does not take into account that a percentage of MW
stars will fall within the k-σ range. This percentage will increase the farther out we go
from the centre of the galaxy as a consequence of the decreasing ratio between dSph
and MW densities.

In what follows we describe the more complete statistical approach we use to derive
the l.o.s. velocity dispersion of the Scl dSph. Our aim is take into account the MW
foreground contamination in the most reliable way possible. This means deriving the
level of contaminants in the region of the CMD that we used to select our targets, how
this is distributed in l.o.s. velocity and how its relative contribution to the Scl signal
changes with radius.

Relative number of stars We derive the expected numbers of RGB stars in Scl
and the MW contaminants in the selection region of the CMD from the observed RGB
surface density profile and relative foreground density derived from the photometric
analysis in Sect. 4.3.2. This allows us to determine the fraction of MW and Scl RGB
stars per distance bin, NMW(r1 < r < r2)/NTOT(r1 < r < r2), NdSph(r1 < r <
r2)/NTOT(r1 < r < r2), where NTOT(r1 < r < r2) = NMW(r1 < r < r2) +NdSph(r1 <
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Figure 5.2: As Fig. 5.1 but the distance from the centre is the circular radius.
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Figure 5.3: Variation of rotation-subtracted GSR velocity with elliptical radius (a),
average rotation-subtracted GSR velocity (b), velocity dispersion profile using rotation-
subtracted GSR velocities (c). In panels (b) and (c) the asterisks show the properties
derived from the 3σ members and the squares show the properties derived using the
statistical method presented in Sect. 5.3.2. The solid line in panel (a) and (b) indicates
the systemic velocity in the GSR system (vsys,GSR = 78.3 km s−1 ). We propagated
the error in the subtracted rotation signal onto the measured velocity errors of the
individual stars.



5.3: Observed velocity dispersion profile 139

Figure 5.4: Left: Fraction of Sculptor RGB stars and MW contaminants with respect
to the total as function of elliptical radius, derived from the observed surface brightness
profile and foreground density in Chapter 4. Right: as before, but these are the
expected fractions within the velocity range used for the 3-σ membership selection.

r < r2), and r1 and r2 are a generic inner and outer radii defining one elliptical
annulus (bin). Figure 5.4 (left) shows that already at a distance of r ∼0.7 deg the MW
foreground stars outnumber Scl RGB stars.

Line-of-sight velocity distribution of Milky Way stars We use the Besançon
model∗ (Robin et al. 2003) to estimate the velocity distribution of MW stars along
the Scl l.o.s. with V magnitude and V − I colour falling within our selection box for
RGB stars. The resulting velocity distribution is well approximated by the sum of two
Gaussians (see Fig. 5.5):

NMW,Bes(v) = k1,MWe
−

(v−v1,MW)2

2σ2
1,MW + k2,MWe

−
(v−v2,MW)2

2σ2
2,MW . (5.1)

In the heliocentric system the best-fitting parameters are v1,MW = 5.35 km s−1 ,
v2,MW = 15.98 km s−1 , σ1,MW = 12.86 km s−1 , σ2,MW = 50.37 km s−1 (reduced
χ2

min = 1.13). The ratio of the two Gaussians’ amplitudes is R = k2,MW/k1,MW = 1.02.
We make the reasonable assumption that the shape of the MW velocity distribution

does not vary across the small area under consideration. This implies that the parame-
ters v1,MW, v2,MW, σ1,MW, σ2,MW, R are fixed. Instead we let the normalization, k1,MW
and k2,MW, change with the distance from the centre. The reason is that, although
the density of MW stars is constant everywhere, the number of MW stars is changing
with radius because of the varying area of the elliptical annuli used for the binning.

∗ http://www.obs-besancon.fr/modele/modele.html
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Figure 5.5: Histogram of the
velocity distribution of MW
stars along the Scl l.o.s. and
with V magnitude and V − I
colour falling within our RGB se-
lection box from the Besançon
model. The errorbars are from
Poisson noise. The solid line
shows the best-fitting sum of
two Gaussian functions, and the
dashed and dashed-dotted lines
show the individual Gaussians.
For our purposes it is impor-
tant to model the velocity range
around [80, 140] km s−1 , where
Scl stars are likely to be found.

The MW foreground velocity distribution as a function of radius is then:

NMW(v, r1 < r < r2) = k1,MW(r1 < r < r2)e
−

(v−v1,MW)2

2σ2
1,MW +

+ k2,MW(r1 < r < r2)e
−

(v−v2,MW)2

2σ2
2,MW . (5.2)

The number of stars in each elliptical annuli is equal to the integral over the l.o.s.
velocities

NMW(r1 < r < r2) = k1,MW(r1 < r < r2)
√

2πσeff,MW (5.3)
where we defined σeff,MW = σ1,MW+Rσ2,MW. From the above we can derive k1,MW(r1 <
r < r2) and k2,MW(r1 < r < r2):

k1,MW(r1 < r < r2) = NMW(r1 < r < r2)√
2πσeff,MW

(5.4)

and
k2,MW(r1 < r < r2) = RNMW(r1 < r < r2)√

2πσeff,MW
. (5.5)

where NMW(r1 < r < r2) is derived from the photometry as described before. Now
both the shape and the normalization of the MW foreground l.o.s. velocity distribution
are determined at every radius.

dSph velocity distribution We assume that the l.o.s. velocity distribution of the
stars in the dwarf galaxy is well described by a Gaussian. At every radius the velocity
distribution of the dSph is

NdSph(v, r) = NdSph(r)√
2πσ2

dSph(r)
e
−

(v−vdSph(r))2

2σ2
dSph(r) (5.6)
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where NdSph(r) is fixed by the photometry. The quantity we are interested in is
σdSph(r).

Overall probability distribution The probability of observing a velocity vi ex-
tracted from the overall velocity distribution (dSph+MW), taking into account the
measured velocity errors σi, is:

P (vi | vdSph, σdSph) = NMW

NTOT
√

2πσeff,MW
e
−

(vi−v1,MW)2

2σ2
1,MW +

+ RNMW

NTOT
√

2πσeff,MW
e
−

(vi−v2,MW)2

2σ2
2,MW + NdSph

NTOT

√
2π(σ2

dSph + σ2
i )
e
−

(vi−vdSph)2

2(σ2
dSph+σ2

i
)
.(5.7)

The likelihood of observing a set of velocities vi with i = 1, ..., N is

L(v1, ..., vN | vdSph, σdSph) =
N∏
i=1

P (vi) (5.8)

We maximize the above likelihood function in each distance bin and find the corre-
sponding best-fitting average velocity vdSph(r) and dispersion σdSph(r). The errors are
determined from the intervals corresponding to 68.3% probability.

Results: Observed l.o.s. velocity dispersion profile Figure 5.4 (right) shows
that only beyond r ∼ 1.3 deg half of the stars that fall within the velocity range used
for the 3σ membership selection are likely to be MW contaminants. This distance
corresponds to our last measured point, thus we see that the MW contamination in
Scl is not severe in the sampled region. Hence we can use it as a good test for our
statistical method which should give similar results to our 3σ selection.

We apply the statistical procedure to the rotation-subtracted GSR velocities. Fig-
ure 5.3c,d shows that both the fitted average velocity and dispersion per bin are very
similar for the statistical and 3σ determinations. The two profiles are everywhere con-
sistent at the 1σ level. In the following we will use for our analysis the dispersion
profile derived from the maximum likelihood procedure.

Results: Observed l.o.s. velocity dispersion profile for MR and MP stars
We now derive the velocity dispersion profile for MR and MP RGB stars in the Scl
dSph. To apply the statistical method that we just described we need to derive: 1)
the number profile of MR and MP stars; 2) the amount of foreground contamination
in these two populations.

1) In Sect. 4.3.2 we fitted the RGB distribution with two components, where the
MR component was represented by a Sersic profile with best-fitting shape parameters
(Rs and m) as for the RHB star distribution and the MP component by a Plummer
profile with the best-fitting b parameter as for the BHB star distribution. We adopt
the normalization found from the two component fit. Therefore we associate to the
MR stars a Sersic profile with I0,MR = 4.5 ± 0.7 stars arcmin−2, Rs = 7.7 ± 0.9
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arcmin and m = 0.74± 0.07, and to the MP stars a Plummer profile with parameters
I0,MP = 0.60± 0.04 star arcmin−2 and bMP = 15.1± 0.5 arcmin.

2) We need to determine which fraction of the MW foreground contamination de-
rived from the Besançon model might contaminate the MR and the MP Scl components,
when considered separately. To estimate this, we simply calculate how many of the
stars found in our sample at v < vsys − 3σ (i.e. in the non-membership region more
populated by foreground stars) are classified as MR ([Fe/H]> −1.5) and how many as
MP ([Fe/H]< −1.7), and we repeat this for the various distance bins. The fraction of
stars with v < vsys− 3σ classified as MR is ∼ 0.5, whilst the fraction of stars classified
as MP is ∼ 0.2. We thus adopt as MW contaminants for the MR and MP population
the 50% and 20% of the amount derived from the Besançon model, respectively. Note
that as explained in Chapter 4 we are excluding the region −1.7 < [Fe/H] < −1.5 to
avoid that the MR and MP components might contaminate each others kinematics.

The resulting velocity dispersion profile for MR stars is shown in Fig. 5.6. The
profile declines very fast, and at r & 0.5 deg the statistical procedure assigns every ob-
served star to the MW component and not to Scl. For comparison the profile resulting
from the 3σ selection (also in Fig. 5.6) is very similar to the above profile out to r ∼
0.5 deg, whilst at larger distances it gives a higher dispersion, which does not follow
the trend observed at smaller radii.

Figure 5.7 shows the velocity dispersion profile for the MP stars, which is consistent
with being constant or mildly declining. The shape is very similar to the overall profile
derived not imposing any metallicity cut, except at r .0.3 deg, where the MP velocity
dispersion is larger. At those radii the MR stars are present in a considerable number
and they tend to lower the overall profile because of their colder kinematics. Note that
for the MP stars the contamination from the MW is negligible at all distances.

5.4 Predicted velocity dispersion profile using the
Jeans equation

The Jeans equation for a spherical system is

d(ρ∗〈v2
r,∗〉)

dr
+ ρ∗

r
[2 〈v2

r,∗〉 − 〈v2
θ,∗〉 − 〈v2

ϕ,∗〉] = −ρ∗
dφ

dr
= −V

2
c
r

(5.9)

where ρ∗ is the density of the tracer∗, 〈v2
r,∗〉, 〈v2

θ,∗〉 and 〈v2
ϕ,∗〉 are the tracer second

velocity moments in the (r, θ, ϕ) direction respectively, and φ and Vc are the potential
and the circular velocity of the total mass distribution. As described in Binney &
Tremaine (1987), let us consider a galaxy whose velocity structure is invariant under
rotation about its centre, hence 〈v2

θ,∗〉 = 〈v2
ϕ,∗〉. In the absence of net streaming motions

in any of the directions, 〈v2
r,∗〉 = σ2

r , 〈v2
θ,∗〉 = σ2

θ , 〈v2
ϕ,∗〉 = σ2

ϕ. The Jeans equation thus
becomes

1
ρ∗

d(ρ∗σ2
r,∗)

dr
+

2βσ2
r,∗

r
= −dφ

dr
= −V

2
c
r

(5.10)

∗ By “tracer population” we mean those objects whose kinematics can be used to recover properties
of the total potential. In this case our tracers are the stars, which trace the total potential given
by the mass distribution of the stars themselves and the DM.
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Figure 5.6: Kinematic properties for MR stars ([Fe/H]> −1.5). We show the variation
of rotation-subtracted GSR velocity versus elliptical radius (a); number of stars (b);
average rotation-subtracted GSR velocity (c); velocity dispersion profile using rotation-
subtracted GSR velocities (d). The solid horizontal line indicates the systemic velocity,
the horizontal long-dashed lines show the region used for the 3σ membership selection
and the vertical dashed lines show the binning. In panel (c) and (d) the squares
show the properties which we will use in our analysis and that were derived using the
maximum likelihood procedure, whilst the asterisks show the properties derived using
the 3-σ clipping. Here we have used a Sersic profile to represent the Scl MR stars in the
maximum likelihood procedure for deriving the velocity dispersion. At r & 0.6 deg the
maximum likelihood procedure assigns all the observed stars to the MW component.

where β is the velocity anisotropy parameter, defined as β = 1 − σ2
θ/σ

2
r , assuming

σ2
θ = σ2

φ. Note that β = 0 if the velocity ellipsoid is isotropic, β = 1 if the ellipsoid
is completely aligned with the radial direction, and β < 0 for tangentially anisotropic
ellipsoids.
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Figure 5.7: As previous figure but for MP stars ([Fe/H]< −1.7). For our analysis we
use the dispersion profile derived from the maximum likelihood procedure (squares) for
the MP stars.

The Jeans equation relates observable quantities like the density distribution of the
tracer and its radial velocity dispersion profile to quantities of interest such as the
total mass distribution. Knowing ρ∗(r) and β(r), and assuming a mass model, one
can derive the predicted radial velocity dispersion profile for the mass model under
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consideration and compare it to the observed radial velocity dispersion profile of the
tracer. However, knowledge of the velocity anisotropy parameter requires proper mo-
tion measurements of the individual stars and at the moment this is possible only in
the Solar Neighbourhood. Therefore in practise one uses parametrizations for how β
varies with r. The general solution of Eq. 5.10 is

σ2
r,∗(r) = 1

ρ∗ e
∫

2βdx

∫
x

∞
ρ∗ V

2
c e
∫

2βdx′′ dx′, x = ln r. (5.11)

The quantity to compare to the observations is the l.o.s. velocity dispersion of the
tracer population (Binney & Mamon 1982):

σ2
los(R) = 2

Σ∗(R)

∫ ∞
R

ρ∗(r)σ2
r,∗ r√

r2 −R2
(1− βR

2

r2
)dr (5.12)

where R is the projected radius (on the sky) and Σ∗(R) is the mass surface density of
the tracer.

One common assumption is to treat the velocity anisotropy as constant. In this
case the radial velocity dispersion predicted from the Jeans equation for a spherical,
non-rotating system is:

σ2
r,∗(β = constant) = r−2β

ρ∗(r)

∫ ∞
r

r′2βρ∗(r′)
Vc(r′)2

r′
dr′ (5.13)

and according to Łokas & Mamon (2003) Eq. 5.12 can be reduced to:

σ2
los(R) = 2

Σ∗(R)

∫ ∞
R

V 2
c (y)y2β−1ρ∗(y)H(y)dy (5.14)

with

H(y) =
∫ y

R

(1− βR
2

r′2
) r

′ 1−2β
√
r′2 −R2

dr′. (5.15)

We refer to Mamon & Łokas (2005) for the derivation of the l.o.s. velocity dispersion
profile from the Jeans equation using different hypotheses on β.

Although previous studies of dSphs have shown that the luminous matter gravi-
tational contribution is negligible, we can investigate this further by separating σlos
into the relative contributions of DM and luminous matter, σ2

los = σ2
los,DM + σ2

los,lum.
These are simply obtained by replacing the circular velocity V 2

c (r) in Eq. 5.14 with
V 2
c (r) = V 2

c,DM(r)+V 2
c,lum(r). dSphs do not appear to contain gas, hence the luminous

matter is solely represented by the stars.
As the discovery of multiple stellar populations in dSphs is a recent one, tradition-

ally dSph galaxies have been treated as single component systems. For consistency
with previous works, we will first analyze our data using this approach and thus com-
pare the l.o.s. velocity dispersion profile predicted by different DM models to the overall
observed l.o.s. dispersion profile. However, we will show that there is a significant ad-
vantage in modeling each component (e.g., MR and MP) separately, as it allows us to
relieve some of the degeneracies present in the single component modeling.

Below we discuss in detail the ingredients to solve the Jeans equation.
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5.4.1 The spatial distribution of the tracer
As a first approach we treat Sculptor as a single component galaxy, i.e. we not make
any distinction according to metallicity. In Sect. 4.3.2 we found that the surface number
density profile of RGB stars in Scl, N∗(R), is reasonably described by a Plummer profile,
with b = 12.7 arcmin. Assuming a constant mass-to-light ratio (M/L)∗ for the tracer,
the surface mass density Σ∗(R) is directly related to the surface brightness I∗(R),
i.e. Σ∗(R) = (M/L)∗ I∗(R). We also assume that the surface brightness is directly
proportional to the surface number density profile, i.e. I∗(R) = kN∗(R) (derived in
Sect. 4.3.2). The 3D density profile is derived from N∗(R) through inversion of Abel
integrals, assuming that the stars are spherically distributed.

Note that the predicted l.o.s. velocity dispersion profile depends only on the func-
tional form of the spatial distribution of the tracer population, therefore there is no
need to set the normalization, i.e. (M/L)∗ and k.

In the second approach we treat the MR and MP stars in Scl as distinct tracers.
For these we use the Sersic and Plummer profiles from Sect. 5.3.2. For the expression
of the 3D density associated to the Sersic profile we refer to Łokas (2002).

5.4.2 The kinematics of the tracer
We examine two specific aspects of the velocity behaviour of the tracer population,
namely how to deal with the detected rotation signal and what to assume for the
velocity anisotropy parameter.

Rotation: The expression for the projected velocity dispersion (Eq. 5.12), which
measures the projected random motion in a galaxy, has been derived for the hypothesis
that the system is not rotating.

Observations of rotating elliptical galaxies show that the l.o.s. velocity distribution
(LOSVD) is sometimes significantly skewed, so that the observed projected streaming
velocity and dispersion are not meaningful. In most of these cases this is due to the
presence of an embedded rotating disk (see Binney & Merrifield 1998, and references
therein), and the LOSVD can be approximated by a broad non-rotating component
superimposed on a narrower rotating component. However, if the LOSVD is close to
Gaussian, then the velocity dispersion calculated with respect to the observed streaming
motion reflects the intrinsic random motions of the galaxy.

The LOSVD is most likely to be skewed in the regions where the maximum ro-
tation signal is present. We checked that the Sculptor LOSVD in those regions (see
Chapter 4) is symmetric and centered around the expected rotation signal. Hence, we
can approximate the velocity dispersion derived from the rotation-subtracted velocities
with the velocity dispersion predicted for a non-rotating system.

Alternatively, in systems where the rotation law can be accurately derived and
there is enough statistics to derive the dispersion profile along both the major and
minor axes, one can use the Jeans equations in cylindrical coordinates for a rotating
system making an assumption as to how the motion in the azimuthal direction is
divided between random motions and streaming motions. The present coverage of this
dataset does not allow this alternative.

Velocity anisotropy: As already mentioned, the variation of the velocity anisotropy
with radius is not known. We thus compare our observations to the model predictions
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for two hypotheses: considering β as constant with radius; using the Osipkov-Merritt
parametrization for β (Osipkov 1979; Merritt 1985)

βOM = r2/(r2 + r2a) (5.16)

where ra is the anisotropy radius. In the Osipkov-Merritt parametrization the anisotropy
is always ≥ 0, i.e. it is never tangential. The central regions are isotropic, and for
ra →∞ the anisotropy becomes purely radial. At r = ra, β = 0.5. The smaller ra, the
faster the anisotropy becomes very radial. Models with large ra correspond to models
with almost isotropic behaviour.

5.4.3 Total mass distribution
The total mass distribution in which the tracer population is embedded is given by the
contribution of stars and DM.

Stars

To determine the contribution from the luminous matter to the circular velocity, Vc,lum,
we need to know its mass distribution, i.e. Mlum(r). What we measure, however, is
the number surface density in terms of star counts as a function of the projected ra-
dius R. As previously described, we trasform this into a surface brightness, Ilum(R),
and then into a mass surface density, Σlum(R). If we assume that the stellar popu-
lation is homogeneusly distributed with r, then the surface brightness profile Ilum(R)
is proportional to the number surface density profile. The surface density is then
Σlum(R) = (M/L)∗,V Ilum(R).

From our photometric analysis we found that the projected distribution of all Scl
stars (from the 90% complete sample) is best approximated by a Plummer profile with
b = 13.1± 0.2 arcmin. This is also consistent with the best-fitting profile for the tracer
population, i.e. the RGB stars. The mass distribution for a Plummer profile is

Mlum(r) = (M/L)lum Ltot r
3

(b2 + r2)3/2
(5.17)

where (M/L)lum is the mass-to-light ratio of the luminous component and Ltot its
luminosity.

We assume Ltot = L∗,V = 2.15 × 106L� (Mateo 1998) and (M/L)lum,V =2. The
sole effect of the mass-to-light ratio is to vary the amplitude of the projected velocity
dispersion for the luminous component as

√
(M/L)∗,V . We will see in the next section

that the contribution of the luminous matter to the total dispersion is negligible for
any reasonable choice of (M/L)lum,V .

Dark matter

We consider two different models for a spherically symmetric dark-matter halo poten-
tial:
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• Pseudo-Isothermal sphere. This model has been extensively used in the context of
extragalactic rotation curve work (see Swaters et al. 2000, and references therein).
The density profile and circular velocity associated to this model are:

ρ(r) = ρ0
r2c

(r2c + r2)
, (5.18)

and
V 2

c (r) = V 2
c (∞)

(
1− rc

r
arctan r

rc

)
, (5.19)

where rc is the core radius, ρ0 = V 2
c (∞)

4πGr2c
is the central density and Vc(∞) is the

asymptotic circular velocity. At large radii the density behaves as ρ ∝ r−2.
The resulting mass profile is:

M(< r) = 4πρ0r
2
c
(
r − rc arctan r

rc

)
. (5.20)

The profile is completely defined by ρ0 and rc, or any couple of non-degenerate
parameters.

• NFW model. This profile is motivated by cosmological N-body simulations in a
CDM framework (Navarro et al. 1996, 1997). In this case the DM density profile
is given by

ρ(r) = δcρ
0
c

(r/rs)(1 + r/rs)2
(5.21)

where rs is a scale radius, ρ0
c the present critical density and δc a characteristic

over-density. The latter is defined by δc = 100 c3g(c)
3

, where c = rv/rs is the
concentration parameter of the halo, rv its virial radius, and g(c) = (ln(1 + c)−
c/(1 + c))−1. The circular velocity associated with this density distribution is

V 2
c (s) = V 2

v g(c)
s

[
ln(1 + cs)− cs

1 + cs

]
(5.22)

where Vv is the circular velocity at the virial radius rv and s = r/rv. The
concentration c has been found to correlate with the halo virial mass Mv in the
range 1011-1014h−1 M� (Navarro et al. 1997; Bullock et al. 2001; Wechsler et al.
2002), so that at a given redshift more massive haloes have lower concentrations.
Using the formula in Gentile et al. (2007) the concentration predicted for a MW-
sized halo (MV ∼ 1.0×1012 M� ) is ∼ 10; extrapolating the behaviour at smaller
masses, higher concentrations are expected for dSph galaxies (c = 20 for a virial
mass ∼ 1010 M� and c = 35 for a virial mass ∼ 108 M� ). In principle, the
relation between c and Mv makes the NFW model completely defined by one
parameter (e.g., Mv). However at a fixed mass the scatter in the predicted
concentration is large, of the order of ∆(log10 c) = 0.18 (Bullock et al. 2001),
thus we do not consider the NFW density profile as a one-parameter family, but
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we describe it both by the concentration c and by the virial mass or the circular
velocity at the virial radius.
At large radii (for r � rs), the density behaves as ρ ∝ r−3, and therefore, the
total mass diverges logarithmically. The resulting mass profile is

M(< r) = Mv
f(r/rs)
f(c)

(5.23)

where f(x) = ln(1 + x)− x

1 + x

When integrating Eq. 5.12, we set the upper integration limit to rv where we use
r2βρ∗σ

2
r,∗|rv = 0 (we are essentially assuming that the particles are bound out to

the virial radius). As we will see in the next Section, the extent of the luminous
matter is a few kpc, an order of magnitude smaller than the extent of the DM
halo, thus setting the upper integration limit to rv instead of to infinity will not
affect our results, only decrease the computation time.

5.5 Results from kinematic modeling
The methodology we use consists of comparing the observed l.o.s. velocity dispersion
σlos for each distance bin with that predicted for the different models discussed in the
Sect. 5.4. We explore the space of parameters which define each model and determine
the χ2 as:

χ2 =
Nbins∑
i=1

(
σlosi − σlos(Ri; pβ , p)

εi

)2
. (5.24)

The variable p denotes a characteristic parameter of each dark matter model (e.g. the
mass enclosed within the last measured point for the isothermal sphere and the virial
mass for the NFW model), pβ denotes a parameter describing the behaviour of the
velocity anisotropy (pβ = β for the models using β constant with radius, pβ = ra
for the models using βOM). Finally, εi is the error in the observed l.o.s. velocity
dispersion. The best-fitting parameters are defined as those for which χ2 is minimized.
We quote as errors in the individual parameters the projections of the ∆χ2 = 2.3 region
(corresponding to the region of 68.3% joint probability for a two free parameters χ2

distribution).

5.5.1 Scl as a single component galaxy
β constant with radius

• Isothermal sphere: In this model the total mass of the DM halo is not finite,
therefore we choose to fit the value of the mass within the last measured point,
M(< rlast), where rlast =1.8 kpc. This quantity is related to the core radius and

the asymptotic circular velocity by V 2
c (∞) = GM(< rlast)

(
rlast − rc arctan rlast

rc

)−1
.
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Figure 5.8: Left: Observed l.o.s. velocity dispersion profile (squares with er-
rorbars) overlaid on the best fit model (solid line) for an isothermal sphere
with β constant and rc = 0.05 (black), 0.5 kpc (grey). The dotted lines show
the contribution of the stars (M/L=2) and the dashed lines the dark matter con-
tribution. Assuming a distance of 79 kpc for the Scl dSph, 1 deg ∼ 1.4 kpc.
Right: Contour plots of ∆χ2 corresponding to a probability of the 68.3%, 95.4%
and 99.73% (1-2-3σ regions) for the isothermal sphere models shown in the left
panels, as indicated by the colours.

Therefore the isothermal sphere model can be fully described by two parameters,
i.e. M(< rlast) and rc. The other free parameter to take into account is the
velocity anisotropy β. In practise, we fix the core radius to several values and
minimize the χ2 to obtain the best-fitting M(< rlast) and β.

We explore the performance of models with core radii rc = 0.001, 0.05, 0.1, 0.5, 1
kpc (in Fig. 5.8 we plot the results for the rc = 0.05, 0.5 kpc models). We find that
the best results are obtained for core radii smaller than 0.1 kpc. The latter models
predict similar velocity dispersion profiles, of comparable fit-qualities (χ2

min ∼ 8),
and result in tangential values of the velocity anisotropy.

This tendency for increasing tangential anisotropy with decreasing core radius
comes from the fact that smaller core radii models have higher concentrations
of mass in the central regions and this tends to increase the central value of the
velocity dispersion. To match a nearly constant velocity dispersion profile the
anisotropy then needs to be tangential.

Figure 5.8 show the results for the model with rc = 0.05 kpc, with best-fitting
parameters β = −1.1+0.7

−1.1 and M(< rlast) = 1.3 ± 0.2 × 108 M� . In general, we
find that as the core radius increases, the best-fitting anisotropy changes from
tangential to radial and the best-fitting mass becomes larger. For rc=0.5 kpc
(see Fig. 5.8), the predicted velocity dispersion profile is too large both in the
inner and in the outer regions. The ability of the isothermal model to fit these
data diminishes for larger core radii.
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Figure 5.9: Left: Observed l.o.s. velocity dispersion profile (squares with er-
rorbars) overlaid on the best fit models (solid lines) for an NFW model with
β constant and c=20 (grey), 35 (black). Right: Contour plot of ∆χ2 corre-
sponding to a probability of the 68.3%, 95.4% and 99.73% (1-2-3σ regions) for
the NFW models shown in the top panel, as indicated by the colours.

• NFW model: For this model we let the concentration vary from c =20, 25, 30,
35, and for each of these values we derive the best-fitting virial mass and velocity
anisotropy.
Among the four models we explored, the one with the highest concentration,
c = 35, gives the best result, with best-fitting parameters β = −0.5+0.4

−0.8 and a
virial mass Mv = 6.1+2.2

−1.6 × 108 M� (χ2
min = 8.3, M(< rlast) = 1.4+0.5

−0.4 × 108

M� ). For the other concentrations the best-fitting profiles are in reasonable
agreement with the data (χ2

min =8.8-10.9). The best-fitting virial mass differs by
approximately a factor two between the lowest and highest concentration models
(in Fig. 5.9 we plot the results for the c = 20 and c = 35 models), whilst the
best-fitting anisotropies are all mildly tangential, and consistent with each other.
We can refer to this effect as to the “virial mass-concentration degeneracy”: for
each concentration, the combination of c and the best-fitting virial mass is such
that all the models have similar M(r) within the last measured point, which in
turn results in similar best-fitting β for all of them to be consistent with the same
σlos.

β Osipkov-Merritt

We now relax the assumption of a constant velocity anisotropy. We repeat the fitting
procedure using βOM for the velocity anisotropy. In this case the anisotropy radius ra
is the free parameter.

• Isothermal sphere: we explore the same range of core radii as in the previous
section (Fig. 5.10). In this case the best-fitting model is defined by rc =0.5 kpc,
ra = 0.4+0.2

−0.1 kpc and M(< rlast) = 3.2 ± 0.5 × 108 M� (χ2
min = 8.3). Also the
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Figure 5.10: As Fig. 5.8. Here the model is an isothermal sphere with βOM;
the grey line and contours show the rc = 0.05 kpc model and the black lines and
contours the rc = 0.5 kpc model.

models with rc = 0.1, 1 kpc give acceptable results. The resulting best-fitting
mass for each of the models is almost equal to the case with constant anisotropy,
whilst the quality of the fit is in some cases very different. Now that the minimum
value the anisotropy can assume is zero, the predicted central dispersion remains
too high for small core radii, resulting in a bad fit. Conversely, for large core radii
instead the fit with constant β was predicting too large a dispersion in the outer
parts, which is now lowered by the very radial anisotropy, giving an acceptable
fit.

• NFW model: we explore the same range of concentrations as in the previous
section (Fig. 5.11). As in the hypothesis of constant anisotropy, the explored
models with different concentrations give similar, acceptable results, with best-
fitting masses comparable to the previous case and velocity anisotropies consistent
with isotropy. Unlike the constant β case, now the quality of the fit improves for
lower concentrations.

Remarks on this section

From the above analysis we see that the modeling of Scl as a single component system
is subject to several degeneracies.

The isothermal sphere model gives an example of the well-known “mass profile-
anisotropy degeneracy”: the best-models for the β(r) = constant case, which have
small core radii (rc < 0.1 kpc), mildly tangential β and a mass within the last measured
point of ∼ 1.3 × 108 M� , give fits of comparable quality to the best-model with
β(r) = βOM (i.e. radial anisotropy), which has a larger core radius (rc = 0.5 kpc)
and approximately twice the mass. In this case, knowledge of the global value of the
anisotropy parameter would help to distinguish between the two models.
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Figure 5.11: As Fig. 5.9. Here the model is an NFW with βOM; the black line and
contours show the c = 20 model and the grey lines and contours the c = 35 model.

Within the β(r) = constant case, which is slightly favoured with respect to the
β(r) = βOM case, we find that it is not possible to distinguish between an isothermal
sphere and an NFW model. The best isothermal models (rc < 0.1 kpc) produce very
similar velocity dispersion profiles to the best NFW model (c = 35), both in terms
of the mass predicted within the last measured point (1.3-1.4×108 M� ) and of the
predicted, mildly tangential, anisotropy. The reason for this is that we are sampling a
distance range where the logarithmic slope of the dark matter density distribution is
very similar for both the models, explaining the similarities between the two fits.

5.5.2 Scl as a two component galaxy

From the previous section we saw that it is difficult from the analysis of the overall
velocity dispersion profile of Scl to prefer one dark matter model over the other. We
now use Scl MR and MP components as different tracers of the same potential in the
attempt to relieve some of the above degeneracies.

In this case we treat as free parameters: the mass of dark matter in Scl (virial
or within the last measured point), the parameter defining the anisotropy of the MR
stars (βMR or ra,MR) and the anisotropy of the MP stars (βMP or ra,MP) as there is no
reason to assume that MR and MP stars have the same orbital chracteristics. For each
combination of these 3 parameters we compare the predicted to the observed velocity
dispersion for the MR component, obtaining a χ2

MR value. We repeat this exercise for
the MP component (χ2

MP). We find the best-fitting parameters by minimizing the sum
χ2 = χ2

MR + χ2
MP. The resulting χ2 distribution has 3 free parameters and 11 degrees

of freedom, and as errors in the individual parameters we quote the projection of the
region of combined 68.3% probability (corresponding to a ∆χ2 = 3.53).
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Figure 5.12: Observed MR (left) and MP (right) velocity dispersion profile
(squares with errorbars) wih overlaid the best-fitting model (solid line) from the
joint fit of the velocity dispersion profile of MR and MP stars. The model is an
isothermal halo, in the hypothesis of β constant with the radius and rc = 0.05
kpc (grey), 0.5 kpc (black).

β constant with radius

In this case the fits for both an isothermal and an NFW model are quite poor, as the
joint fits are not satisfactory for both MR and MP components simultaneausly.

• Isothermal sphere: the best result for a joint fit of the MR and MP velocity
dispersion profiles is given by a model with a core radius rc = 0.5 kpc, M(<
rlast) = 3.3 ± 0.8 × 108 M� , βMR & 0.65, 0.3 . βMP . 0.9, with χ2

min =
(χ2

MR + χ2
MP)min = 17.3 (Figs. 5.12, 5.A1). All the models are able to reproduce

the rapid decline of the MR velocity dispersion with very radial anisotropies. In
general larger core radii are preferred by the MR population not to overpredict
the amplitude of the central dispersion. Instead the almost flat trend of the MP
population is better reproduced by small core radii and tangential anisotropy.

• NFWmodel: Figures 5.13 and 5.A2 show that lower concentrations are favoured
by the MR component for the same reason as above: the lower concentration mod-
els predict a lower central dispersion, because they have less mass in the central
regions. As for the isothermal model, very radial anisotropies are required to
explain the rapid decline of the MR velocity dispersion. In contrast the MP dis-
persion is better described by models with larger concentrations and tangential
β.

β Osipkov-Merritt

• Isothermal sphere: When assuming a βOM (Figs. 5.14, 5.A3) we find that an
isothermal sphere model with rc =0.5 kpc, M(< rlast) = 3.4 ± 0.7 × 108 M� ,
ra,MR = 0.2+0.1

−0.15 and ra,MP = 0.4+0.3
−0.2 kpc gives an excellent description of both
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Figure 5.13: Observed MR (left) and MP (right) velocity dispersion profile (squares
with errorbars) wih overlaid the best-fitting model (solid line) from the joint fit of the
velocity dispersion profile of MR and MP stars. The model is an NFW halo, in the
hypothesis of β constant with the radius and c =20 (black), 35 (grey).

the MR and MP velocity dispersion profiles (χ2
min = 6.9, with χ2

MR = 0.6 and
χ2

MP = 6.3).

Models with different core radii yield either a good fit for the MR stars or for the
MP stars, but not for both simultaneously.

• NFW model: In the case of an NFW halo (Figs. 5.15, 5.A4), the best fit is
given by a model with c = 20, Mv = 2.2+1.0

−0.7 × 109 M� , ra,MR = 0.2 ± 0.1 kpc
and ra,MP = 0.8+2.0

−0.4 kpc (χ2
min = 10.8, with χ2

MR = 4.2 and χ2
MP = 6.6). This

gives a mass within the last measured point of ∼ 2.4+1.1
−0.7 × 108 M� , which is

consistent with the mass predicted by the best-fitting isothermal sphere model.
This model tends to overpredict the central values of the MR velocity dispersion,
and this tendency is accentuated for larger concentrations. NFW haloes with
c < 20 would be needed to improve the agreement with the MR dataset. We
discuss this further below.

Remarks on this section

The joint fit of the observed velocity dispersion profile for MR and MP stars reveals that
both for an isothermal and an NFW model, a constant velocity anisotropy is strongly
disfavoured. Models with Osipkov-Merritt velocity anisotropy give excellent fits to the
data (see Table 5.1). In both cases the quality of the fit for the MP component is
comparable (χ2

min ∼ 6). There is however a significant difference in the quality of the
fit for the MR component, which is much better for the isothermal sphere. The NFW
model, on the other hand, overpredicts the central values of the MR velocity dispersion
profile.
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Figure 5.14: Observed MR (left) and MP (right) velocity dispersion profile (squares
with errorbars) wih overlaid the best-fitting model (solid line) from the joint fit of the
velocity dispersion profile of MR and MP stars. The model is an isothermal halo, in
the hypothesis of βOM and rc =0.05 kpc (top), 0.5 kpc (bottom).

Table 5.1: Parameters of the best-fitting dark matter models for the two components
Sculptor modeling. The columns show: the minimum χ2, the reduced minimum χ2,
the minimum χ2 for the MR and the MP component, the parameter defining the
anisotropy of the MR and the MP component (this is β itself for the β = const case,
and the anisotropy radius ra[kpc] for the β = βOM case), the mass contained within
the last measured point.

χ2
min χ2

min/ν χ
2
min,MR χ2

min,MP pβ,MR pβ,MP M(< rlast)
Iso rc = 0.5 kpc β = const 17.3 1.6 2.7 14.6 0.9 0.7 3.3±0.8× 108 M�
NFW c = 20 β = const 17.3 1.6 4.9 12.4 0.8 0.1 2.0+1.3

−0.7 × 108 M�
Iso rc = 0.5 kpc β = βOM 6.9 0.6 0.5 6.3 0.2 0.4 3.4±0.7× 108 M�
NFW c = 20 β = βOM 10.8 1.0 3.8 7.0 0.2 0.8 2.4+1.1

−0.7 × 108 M�
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Figure 5.15: Observed MR (left) and MP (right) velocity dispersion profile (squares
with errorbars) wih overlaid the best-fitting model (solid line) from the joint fit of the
velocity dispersion profile of MR and MP stars. The model is an NFW halo, in the
hypothesis of βOM and c =20 (top), 35 (bottom).

It is particularly important then to accurately determine the amplitude of the cen-
tral values of the velocity dispersion profile. For this we can use our VLT/FLAMES
velocities from high resolution (HR) measurements in the central regions of the Scl
dSph. As described in Chapter 2, 93 stars in the Scl central regions overlap in our HR
and LR datasets. As the HR velocities are derived from the measurements of ∼100
lines, the resulting error in velocity is considerably smaller than the one we typically
obtain from CaT measurement.

The velocity dispersion derived from the HR measurements for MR and MP stars
is shown in Fig. 5.16 and agrees well with the dispersion from the CaT. The value of
the velocity dispersion for the MR stars using the HR data is ∼ 6.4 ± 1.1 km s−1 at
R = 0.15 kpc in comparison to the LR value 8.2±1.7 km s−1 . When repeating the
χ2 fitting procedure substituting the velocity dispersion from the LR in the first 3
bins with that obtained from the HR dataset we find that the NFW model fits are
worst, even if we allow for lower concentrations. The best fit is now obtained for
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Figure 5.16: HR VLT/FLAMES Scl sample (left: MR stars; right: MP stars). From
top to bottom: rotation-subtracted GSR velocity, number of stars per bin, velocity
dispersion per bin (asterisks). For comparison the squares with errorbars in the bottom
panels show the velocity dispersion for MR (left) and MP (right) stars derived from
our low resolution sample. The solid horizontal line indicates the systemic velocity;
the dotted lines the usual 3σ range; the vertical dashed lines the binning used.

a c = 15 and Mv = 4.2+2.5
−1.7 × 109 M�model. This model predicts a lower velocity

dispersion for the MR stars, more in agreement with the data, but the overall fit is
still not satisfactory for this component (χ2

min = 12.7, χ2
min,MR = 4.8). For higher

concentrations the performance of the fit improves for the MP stars and is poorer for
the MR, and viceversa for lower concentrations.

On the contrary an isothermal sphere with rc =0.5 kpc still gives an excellent fit
using also the HR data. This further strengthens the case for the isothermal sphere
model with relatively large core under the assumption of an Osipkov-Merritt anisotropy.

5.6 MOND
As alternative to the presence of dark matter, we briefly explore the performance
of Modified Newtonian Dynamics (MOND) in recovering the observed l.o.s. velocity
dispersion profile of Scl. First we consider all Scl members together and then we jointly
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fit the dispersion profiles of MR and MP stars.
In the MOND framework the true acceleration g is related to the Newtonian accel-

eration gN by
µ(x)g = gN (5.25)

where x = |g|/a0, a0 is the critical acceleration and µ(x) is an unspecified function
that asymptotically behaves as µ(x) = x when x � 1 and µ(x) = 1 when x � 1
(Milgrom 1983). The standard value of a0 was derived by Begeman, Broeils, & Sanders
(1991) from a sample of high-resolution rotation curves for spiral galaxies and is a0 =
1.2× 10−10 m s−2.

In principle, the attractiveness of MOND resides in its predictive power. Unlike in
the case of dark matter models, the MOND potential does not involve free parameters
and it is completely defined by a0 and the amount of visible matter, parametrized by
its mass-to-light ratio M/L. The MOND force field is determined through Eq. 5.25.
We can use the Jeans equation to derive the predicted MOND l.o.s. velocity dispersion
profile where the total potential is represented by the stellar potential in the MOND
regime. Now that the only potential is due to the stars we cannot fix the stellar M/L
but we must consider it as a free parameter. In this case we use the stellar M/L in the
V band. As in the previous section we must assume a functional form for β (with a
corresponding free parameter).

For µ(x) we explore the performance of µKM(x) = x/
√

1 + x2 (Kent 1987; Milgrom
1988, hereafter KM), and µFM05(x) = x/(1 + x), which was found to better agree with
observations of the terminal velocity curve of the MW given the standard value of a0
(Famaey & Binney 2005, hereafter FB05).

The solutions for the gravitational field in the MOND regime are:

gKM = a0

√
y2 + y

√
y2 + 4

2
(5.26)

and
gFB05 = a0

2
(y +

√
y2 + 4y) (5.27)

where y = gN/a0.

5.6.1 Scl as a single component galaxy

In the case of Scl the stars are distributed as a Plummer sphere with b = 13.1 arcmin
(as in Sect. 5.4.3). We find a good agreement between the predicted l.o.s. velocity
dispersion profile and the observed one, both in the case of β constant with radius
and βOM (reduced χ2

min ∼ 1). Both functional forms for µ(x) give very similar and
consistent results for the best-fitting values of the free parameters. The model that
performs slightly better has constant β and µFM05, which gives a χ2

min = 8.1 for a
β = −0.3+0.3

−0.5 and M/L= 4.1+1.1
−0.8 (M/L)� (Fig. 5.17). The predicted shape and quality

of fit are very similar to the best-fitting DM models (see Sect. 5.5).
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Figure 5.17: Left: Observed velocity dispersion profile for the Sculptor dSph (squares
with errorbars) wih overlaid the best-fitting MOND model (solid line) in the hypothesis
of β constant with radius. Here we use the functional form for µ(x) proposed by KM
(see text). Right: Contour plot of ∆χ2 corresponding to a probability of the 68.3%,
95.4% and 99.73% (1-2-3σ regions) relative to the model in the left panel.

Figure 5.18: Observed MR (left) and MP (right) velocity dispersion profile (squares
with errorbars) wih overlaid the best-fitting MOND model (solid line) from the joint fit
of the velocity dispersion profile of MR and MP stars in the hypothesis of βOM. Here
we use the functional form for µ(x) proposed by FM05 (see text).
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5.6.2 Scl as a two component galaxy
In the case of a combined fit of the MR and MP velocity dispersion profiles we find that
there is a better agreement between predictions and observations in the case of βOM.
The best-fitting model (χ2

min = 13.5, with χ2
MR = 5.8 and χ2

MP = 7.7) has parameters
ra,MR = 0.2±0.1 kpc, ra,MP = 1.4 kpc (with a lower limit of 0.5 kpc) and M/L= 4.8+1.7

−1.3
(M/L)� (Fig. 5.18). This model matches the data well except in the first bin of the
MR velocity dispersion profile, as the model predicts a dispersion which is too large,
especially if we take into account the more precise value of 6.4 km s−1 indicated by the
HR data for the second bin.

The quality of the fit for this MOND model is poorer than with for the best-fitting
isothermal and NFW models.

The M/L ratio for the luminous component that we derived from the combined
MR and MP fit remains very similar to the single component case. These best-fitting
M/L in the V band are towards the higher end of what predicted for an ancient simple
stellar population for a Salpeter IMF (Maraston 1998).

5.7 Discussion
Our analysis shows that taking into account the presence of the MR and MP com-
ponents in Scl has important implications for the kinematic modeling of this galaxy.
First of all, ignoring the presence of multiple components impacts the interpretation of
modeling results. Secondly, as distinct tracers of the potential the MR and MP com-
ponents when properly distinguished allow us to better constrain the mass distribution
and content of Scl in comparison to the traditional single component approach.

5.7.1 The multi-component nature of Scl
The MR stars in Scl, which dominate the central regions, exhibit a strongly declining
velocity dispersion profile. In contrast, the more spatially extended MP stars have a
dispersion profile which is mildly declining with distance from the centre. This combi-
nation conspires to produce a nearly flat velocity dispersion profile when no distinction
in metallicity is made and all the stars are considered together. This is because the
colder velocity dispersion of the MR stars tends to lower the overall dispersion in the
central regions, whereas the middle and outer regions are dominated by the hotter
kinematics of the MP stars.

This interplay between MR and MP stars can explain the apparent contradictions
found when comparing the results of previous kinematic studies of Scl, particularly if
one takes into account the differences in the location and sample sizes. For example pre-
vious studies, none of which had metallicity information available, found systematically
lower dispersions in the central regions because of the bias induced by preferentially
sampling the MR population. Queloz et al. (1995) found a very low dispersion for Scl
(6.2± 1.1 km s−1 ) when observing the very central regions (the inner 0.15 deg) with a
sample of only 23 stars, which can be readily explained by the fact that, inadvertedly,
they were mostly probing the colder kinematics of the MR stars. In contrast, Westfall
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et al. (2006), with a larger sample covering more of the galaxy, found a global disper-
sion ∼8 km s−1 out to 0.5 deg, and ∼11 km s−1 at larger radii, which is consistent with
our findings (their Fig. 12).

It is possible that the combination of multiple components producing nearly flat
global dispersion profiles is more common and may lead to the incorrent interpretation
of kinematic modeling. Flat dispersion profiles, as seen in Scl, are better modelled
by a constant, mildly tangential velocity anisotropy, as found by Kleyna et al. (2002),
Łokas (2002) and Kazantzidis et al. (2004) to fit the global dispersion profiles of Draco
and Fornax. As noted by Kazantzidis et al. (2004), this is in agreement with predic-
tions from formation scenarios of dSphs, such as tidal stirring (Mayer et al. 2001a,b).
However, tangential anisotropy is not required when considering the kinematics of the
multiple components separately. In fact, in our analysis of the Scl dSph, radial or close
to isotropic velocity ellipsoids are favoured by the indipendent kinematic modeling of
the MR and MP stars. McConnachie et al. (2006) also showed that the shape of the
overall velocity dispersion profile of Draco and Fornax can be reproduced by isotropic
toy models assuming two components. It is thus important to accurately define the
detailed properties of even these most simple small systems.

5.7.2 Comparison to ΛCDM models
The multi-component nature of Scl has allowed us to constrain fundamental properties
such as its mass content and distribution. Our interpretation favours a cored profile;
however a cusped profile such as the NFW model is also statistically consistent with
these data. We can also use the derived properties of Scl to test further predictions
of DM theories, such as the mass spectrum of satellite galaxies predicted to orbit the
MW, and to put constraints on the nature of dark-matter.

In the Introduction (Sect. 5.1) we touched upon the “missing satellites problem”
that challenges CDM theories. Most solutions to this problem propose a threshold in
the peak circular velocity, vmax, for the DM subhaloes in which dSphs are embedded.
This prediction can be tested by measuring vmax for dSphs. However this is not a
simple measurement.

From our analysis of Scl we have seen that the determination of vmax in the standard
single component modeling is subject to several degeneracies. In particular, for an
NFW profile the virial mass/concentration degeneracy does not allow us to constrain
the vmax of the DM halo. This degeneracy is expecially severe in systems where the
peak of the velocity curve occurs beyond the farthest point probed by the data (see
also Strigari et al. 2006), as in Scl. However, with our two component modeling of Scl
we were able to relieve this degeneracy and significantly constrain the range of vmax
allowed by the data. For the best-fitting NFW models we find vmax = 24 km s−1 when
using only the LR data (c = 20,Mv = 2.2+1.0

−0.7×109 M� ) and vmax = 27.6 km s−1 when
adding the HR data (c = 15 andMv = 4.2+2.5

−1.7×109 M� ). These values are a bit lower
but not incompatible with what is predicted if dSphs are assumed to have formed their
stars before reionization, but more difficult to reconcile with the values of vmax > 35
km s−1 predicted by Stoehr et al. (2002) and Hayashi et al. (2003) if dSphs inhabit the
most massive subhaloes.

At this point we could simply conclude that the peak circular velocity of Scl is



5.7: Discussion 163

a bit lower than what is typically expected for CDM subhaloes. However, a proper
comparison between predictions and observations should take into account how the
properties of a subhalo (satellite), like its concentration, density profile etc, can be
modified by interactions with the host galaxy. It is possible that the vmax values
measured today for dSphs are not representative of what they were in the past, but
that they have been lowered as a consequence of the fact that subhaloes lose mass
because of the tidal forces exterted by their host halo. The change in vmax is related
to the orbital history of the satellite and thus how strong has been the interaction
with the host galaxy. Satellites that suffer dramatic mass loss will have their vmax
reduced by as much as 50% (Hayashi et al. 2003; Kravtsov et al. 2004). For systems
with pericentric distances &50 kpc, mass loss because of tidal interaction is likely to
be minimal and vmax changes only slightly (Fig. 3 in Kravtsov et al. 2004). Recent
proper motion measurements for Scl suggest a pericentric distance of 70 kpc (Piatek
et al. 2006) which would imply that the currently measured vmax resembles the initial
value. However these proper motions still have large uncertainties and thus it is not
possible to firmly establish the orbital history of Scl.

A possible way to circumvent the uncertainties in the comparison between predic-
tions and observations is to use quantities which are both well determined observation-
ally and are not expected to be significantly altered during the evolution of the satellite.
One example is the DM mass within the extent of the light distribution. In this respect
it is worth considering the suggestion of revisiting the missing satellites problem made
by Strigari et al. (2007b). These authors proposed to use the mass enclosed within
0.6 kpc, M0.6. They derived M0.6 for the MW satellites using the latest kinematic
information from the literature and compared the data to the predictions from the Via
Lactea simulation (Diemand et al. 2007). They found that the observed M0.6 cumula-
tive function could be reproduced by assuming that either the dSphs were embedded
in the earliest accreted subhaloes or that they were in the most massive haloes at the
time of accretion (note that they did not use the observed satellite spatial distribution
as a constraint). For the Scl dSph they found M0.6 = 2.7 ± 0.4 × 107 M� assuming a
CDM halo. For comparison, we find M0.6 = 4.4+1.1

−0.8 × 107 M� (where the errors are
derived by marginalizing with respect to the other parameters) from our best-fitting
NFW profile (c = 20). This value is larger than what found by Strigari et al. (2007b)
but in 2σ agreement with their result.

The approach of using the mass enclosed within a certain point, be it within 0.6
kpc or the extent of the light distribution, seems to be promising and less subject to
uncertainties. Obviously this requires homogeneity in the measurements of the different
galaxies, whose mass should be considered out to the same radius.

An independent test on the nature of DM can be given by experiments devoted
to detect γ-ray flux from DM haloes. In this context, γ-rays are produced by anni-
hilation between weakly interacting particles, such as for instance WIMPS, which are
good candidates for CDM. Strigari et al. (2007a) showed that, assuming that dSphs
are embedded in smooth NFW haloes, the expected γ-ray flux depends on the NFW
parameters such as the characteristic density ρs and the scale radius rs, and from their
analysis they found that Ursa Minor and Draco are the most promising targets in terms
of expected γ-ray flux. Using the parameters from our best-fitting NFW model we find
ρs = 1.7 × 107 M� kpc−3 and rs = 1.7 kpc, which give an expected flux ∼ 10−11
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photons cm−2 s−1 from a region of 2 degrees radius centered on Scl assuming a smooth
DM halo, slightly above the predictions of Strigari et al. (2007a) (their Fig. 3). This
makes Scl a potentially interesting target for GLAST (see Strigari et al. 2007a, and
references therein), although still fainter than Ursa Minor and Draco.

5.8 Summary and conclusions
We derived the l.o.s. velocity dispersion profile of the Sculptor dSph out to its nominal
tidal radius using accurate velocities from low resolution (R ∼6500) VLT/FLAMES
spectroscopic measurements of ∼ 470 RGB stars in the CaT region, supplemented by
HR (R∼20000) velocities in the centre.

The observed global velocity dispersion profile is approximately constant around 9
km s−1 out to its last measured point at 1.3 deg (1.8 kpc). When taking into account
the metallicity information, we find that MR stars exhibit a strongly declining velocity
dispersion profile while the MP velocity dispersion profile is consistent with being nearly
flat or mildly declining.

We compared the observed l.o.s. velocity dispersion profile to the predictions of DM
models, in order to derive the Scl mass content, using a maximum likelihood method
which takes into account the presence and percentage of MW foreground interlopers,
and how this varies with radius.

Following the traditional approach, we first modeled Scl as a one component galaxy.
In this case, we find that the results are subject to several degeneracies that do not
allow us to distinguish between a cored and a cusped DM distribution.

Because of the two distinct kinematic components identified in Scl (Chapter 4) we
were also able to model Scl as a two component system, using the MR and MP popu-
lations as distinct tracers of the same potential. This allowed us to break some of the
degeneracies that plague single component modeling. Under the explored assumptions
for the behaviour of the velocity anisotropy, some of the models are not able to simul-
taneously satisfy both the MR and MP velocity dispersion trends, and in particular
they are unable to reproduce the central values of the MR velocity dispersion. From
the combined fit of MR and MP stars we find that the best model is a cored profile
with rc =0.5 kpc and M(< rlast) = 3.4±0.7×108 M� , which gives an excellent repre-
sentation of the data assuming an increasingly radial anisotropy. An NFW profile with
c = 20 and a virial mass Mv = 2.2+1.0

−0.7×109 M� is also statistically consistent with the
data, but it overpredicts the central velocity dispersion of the MR component. The
mass enclosed within the last point by the NFW model is M(< rlast) = 2.2+1.0

−0.7 × 108

M� , which is consistent with the cored profile value within 1σ. These values for the Scl
mass within the last measured point do not confirm (by an order of magnitude) the sug-
gestion that dSph galaxies might have a common mass scale of 4× 107 M� (Wilkinson
et al. 2006). The scale radius rs = 1.7 kpc derived from our best-fitting NFW model
appear to confirm the suggestion made by Penarrubia et al. (2007) that the stellar
component of dSphs is likely to be deeply embedded in their DM halo, resulting in a
core radius-scale radius ratio of 0.07.

An alternative approach such as MOND is also statistically consistent with these
data but less satisfactory than any of the best fitting dark matter haloes fit under the
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velocity anisotropy assumptions we used. A velocity ellipsoid which is tangential in
the central region and becomes radial in the outskirts would, however, likely improve
the quality of fit both for an NFW model and a MOND approach.

We conclude that the mass of Scl is one order of magnitude larger than was derived
in previous measurements (Queloz et al. 1995) and that the favoured mass distribution
is a cored profile with rc = 0.5 kpc assuming an Osipkov-Merritt velocity anisotropy.

The results from such a large and spatially extended dataset which combines kine-
matic and metallicity information clearly shows that attention should be paid to the
way targets are selected even in these seemingly simple systems.

The use of the kinematics of distinct stellar populations to help breaking the mass
distribution/velocity anisotropy degeneracy has proved very useful. Since most of the
dSphs satellites of the Milky Way show multiple stellar components, the technique
pioneered here should be applied more widely in the future.
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Appendix 5.A Contour plots from Scl two compo-
nents modeling

Figure 5.A1: Contour plot of ∆χ2 corresponding to a probability of the 68.3%, 95.4%
and 99.73% (1-2-3σ regions) for the isothermal models in the hypothesis of β constant
with the radius shown in Fig. 5.12 (top: rc = 0.05 kpc; bottom: rc = 0.5 kpc; left:
MR; right: MP). Hereafter for the joint fit of MR and MP stars we are treating the
χ2 distribution as a 3 parameters distribution, and we plot the projections of the 3D
probability region onto the considered parameter plane.



170 chapter 5: The mass content of the Sculptor dSph

Figure 5.A2: Contour plot of ∆χ2 corresponding to a probability of the 68.3%, 95.4%
and 99.73% (1-2-3σ regions) for the NFW models in the hypothesis of β constant with
the radius shown in Fig. 5.13 (top: c = 20; bottom: c = 35; left: MR; right: MP).
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Figure 5.A3: Contour plot of ∆χ2 corresponding to a probability of the 68.3%, 95.4%
and 99.73% (1-2-3σ regions) for the isothermal models in the hypothesis of βOM shown
in Fig. 5.14 (top: rc = 0.05 kpc; bottom: rc = 0.5 kpc; left: MR; right: MP).
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Figure 5.A4: Contour plot of ∆χ2 corresponding to a probability of the 68.3%, 95.4%
and 99.73% (1-2-3σ regions) for the NFW models in the hypothesis of βOM shown in
Fig. 5.15 (top: c = 20; bottom: c = 35; left: MR; right: MP).
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Figure 5.A5: Contour plots of ∆χ2 corresponding to a probability of the 68.3%,
95.4% and 99.73% (1-2-3σ regions) relative to the best-fitting MOND model shown in
Fig. 5.18 for MR (left) and MP (right) stars.
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ABSTRACT– We have compiled a new sample of 240 halo objects with accu-
rate distance and radial velocity measurements, including globular clusters, satellite
galaxies, field blue horizontal branch stars and red giant stars from the Spaghetti
survey. The new data lead to a significant increase in the number of known objects
for Galactocentric radii beyond 50 kpc, which allows a reliable determination of the
radial velocity dispersion profile out to very large distances. The radial velocity
dispersion shows an almost constant value of 120 km s−1 out to 30 kpc and then
continuously declines down to 50 km s−1 at about 120 kpc. This fall-off puts im-
portant constraints on the density profile and total mass of the dark matter halo of
the Milky Way. For a constant velocity anisotropy, the isothermal profile is ruled
out, while a dark halo following a truncated flat model of mass 5.1±2.5×1011M� is
consistent with the data. A velocity ellipsoid which becomes tangentially anisotropic
with radius is required for a NFW model to be consistent with the data. The signif-
icant increase in the number of tracers combined with the large extent of the region
probed by these has allowed a more precise determination of the Milky Way mass
in comparison to previous works. We also show how different assumptions for the
velocity anisotropy affect the performance of the mass models.
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6.1 Introduction

The determination of the total mass of the Galaxy has been a subject of considerable
interest since the work of Kapteyn in the early 1920s (see Fich & Tremaine 1991

for a nice introductory review on the subject). Since then, the mass of the Milky Way
has seen its estimates grow by factors of ten to a hundred, with some dependence on
the type of mass tracer used: H I kinematics, satellite galaxies and globular clusters, or
the Local Group infall pattern. The most recent determinations yield fairly consistent
values for the mass within 50 kpc, with an uncertainty of the order of 20% for a given
mass model (Kochanek 1996; Wilkinson & Evans 1999, hereafter W&E99; Sakamoto,
Chiba & Beers 2003, hereafter SCB03). However, even today, the total mass of the
Galaxy is not known better than within a factor of two.

Whatever method is used, be it the H I kinematics, globular clusters, satellite galax-
ies, or halo giants, it is only possible to determine the mass enclosed in the region probed
by these tracers (Binney & Tremaine 1987). This implies that the rotation curve de-
rived from H Iwill only constrain the mass within roughly 18 kpc from the Galactic
centre (Rohlfs & Kreitschmann 1988; Honma & Sofue 1997), a region which is baryon
dominated. Globular clusters and satellite galaxies are, in principle, better probes of
the large scale mass distribution of the Galaxy, since they are found out to distances
beyond 100 kpc. However, there are only 15 such objects beyond 50 kpc (Zaritsky et
al. 1989; Kochanek 1996). Only 6 of these have proper motion measurements, which
despite the large errors, can further constrain the shape of the velocity ellipsoid. Us-
ing this dataset, W&E99 favour isotropic to slightly tangentially anisotropic models,
although 1σ contours for the velocity anisotropy β give −0.4 . β . 0.7. SCB03 have
added to the sample used by W&E99, field blue horizontal branch stars with proper
motions and radial velocities. While this is clearly an improvement, these stars are
located within 10 kpc of the Sun, which strongly limits their constraining power at
larger radii. In their models, the velocity ellipsoid is tangentially anisotropic, with
β ∼ −1.25 as the most likely value.

It is clearly important to measure the total mass of the Galaxy in order to con-
strain its dark-matter content. However, it is also critical to determine its distribution:
density profile, flattening, velocity ellipsoid, etc. One of the most fundamental pre-
dictions of cold-dark matter models is that the density should follow an NFW profile
throughout most of the halo (Navarro, Frenk & White 1997).

The density profiles derived from the gas rotation curves of large samples of external
galaxies do not always follow the NFW shape (de Blok et al. 2001). Tracers at larger
distances are rare, but objects such as planetary nebulae or globular clusters could yield
powerful constrains on the mass distribution at those radii, for example for elliptical
galaxies as shown by Romanowsky et al. (2003).

In the case of the Milky Way, the situation is not dissimilar. The distribution
of mass inside the Solar circle has been studied extensively (see e.g. Dehnen & Bin-
ney 1998; Evans & Binney 2001; Bissantz, Debattista & Gerhard 2004). A common
conclusion is that there is little room for dark-matter in this region of the Galaxy.

But does the dark-matter beyond the edge of the Galactic disk follow an NFW
profile? How does the most often assumed isothermal profile perform in this region of
the Galaxy (e.g. Sommer-Larsen et al. 1997; Bellazzini 2004)? Is the velocity ellipsoid
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Objects number of objects Source
Globular clusters 44 Harris (1997)
FHB stars 130 Wilhelm et al. (1999b),

Clewley et al. (2004)
Red halo giants 57 Spaghetti survey
Satellite galaxies 9 Mateo (1998)

Table 6.1: Characteristics of the data used in this work. In all cases, position in the
sky, heliocentric distance and line of sight velocities are available.

close to isotropic as found in CDM simulations (Ghigna et al. 1998)? Modeling of
the kinematics of halo stars by Sommer-Larsen et al. (1997) favoured an ellipsoid that
became more tangentially anisotropic towards larger distances, while Ratnatunga &
Freeman (1989) found a constant line-of-sight velocity dispersion out to 25 kpc.

These fundamental issues can only be addressed when a sufficiently large number
of probes of the outer halo of the Galaxy are available. Ideal tracers are red giant
stars or blue horizontal branch stars, which can be identified photometrically also at
large galactocentric distances (Morrison et al. 2000; Clewley et al. 2002; Sirko et al.
2004a,b). Spectroscopic follow-up allows both the confirmation of the luminosity class
as well as the determination of radial velocities with relatively small errors (Morrison
et al. 2003). With the advent of wide field surveys, such as the Sloan Digital Sky
Survey, or the Spaghetti survey, the numbers of such outer halo probes have increased
by large amounts, making this an ideal time to address the mass distribution of our
Galaxy in greater detail.

This chapter is organized as follows. In the next section we describe the observa-
tional datasets used to determine the radial velocity dispersion curve. In Sec. 6.2.2
we introduce several mass models for the dark halo of our Galaxy and derive how the
line of sight velocity dispersion depends on the model parameters. In Sec. 6.2.3 we
compare the data to the models and derive the best fit values of the parameters using
χ2 fitting. Finally we discuss our results and future prospects in Sec. 6.3.

6.2 The radial velocity dispersion curve

6.2.1 The observational datasets
Our goal is to derive the radial velocity dispersion profile of the Milky Way stellar halo
in the regime where it is dominated by the gravitational potential of its dark-matter
halo. Hence we restrict ourselves to tracers located at Galactocentric distances greater
than 10 kpc, where the disc’s contribution is less important.

We use a sample of 9 satellite galaxies, 44 globular clusters, 57 halo giants and 130
field blue horizontal branch stars (FHB). The various data sources of this sample are
listed in Table 6.1. It is worth noting that there are 24 objects located beyond 50 kpc
in our sample, and that we have enough statistics to measure radial velocity dispersion
out to 120 kpc as shown in the top panel of Figure 6.1. This covers a significantly larger
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Figure 6.1: The top panel shows the number of objects per bin in our sample. The
bottom panel shows the Galactocentric radial velocity dispersion of the Milky Way
halo. The squares with error-bars correspond to the dispersion profile for the whole
sample. The diamonds indicate the Galactocentric radial velocity dispersion if the
satellite galaxies are not included in the sample.

radial range than many previous works, including e.g. Sommer-Larsen et al. (1997),
whose outermost point is at 50 kpc.

The red halo giants are from the “Spaghetti” Survey (Morrison et al. 2000). This
is a pencil beam survey that has so far covered 20 deg2 in the sky, down to V ∼ 20.
It identifies candidate halo giants using Washington photometry, where the 51 filter∗
allows for a first luminosity selection. Spectroscopic observations are then carried out
to confirm the photometric identification and to determine the radial velocities of the
stars.

We have derived the heliocentric distance for the FHB stars from Wilhelm et al.
(1999b) using the relation

MV (HB) = 0.63 + 0.18([Fe/H] + 1.5)

(Carretta et al. 2000).
∗ The 51 filter is centered on the Mgb/MgH feature near 5170 Ȧ
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Figure 6.2: Heliocentric l.o.s. velocities corrected for the Solar Motion and the LSR
motion (VGSR) for the sample used in this work (triangles: red giants; asterisks: glob-
ular clusters; diamonds: field horizontal branch stars; filled squares: satellite galaxies).

In all cases, accurate distances and radial velocities are available: the average error
in velocity ranges from a few km s−1 (satellite galaxies and globular clusters) to 10-15
km s−1 (FHB stars and red giants); the typical relative distance error is approximately
10%.

When transforming the heliocentric l.o.s. velocities, Vlos, into Galactic Standard
of Rest ones, VGSR, we assume a circular velocity of VLSR = 220 km s−1 at the solar
radius (R� = 8 kpc) and a solar motion of (U ,V ,W ) = (10, 5.25, 7.17) km s−1 ,
where U is radially inward, V positive in the direction of the Galactic rotation and
W towards the North Galactic Pole (Dehnen & Binney 1998). Hereafter we refer to:
the radial velocity (dispersion) measured in a heliocentric coordinate system as the
l.o.s. velocity, Vlos (dispersion, σlos); the l.o.s. velocity (and its dispersion) corrected
for the solar motion and the LSR motion as the Galactocentric radial velocity, VGSR
(dispersion, σGSR); the radial velocity (and its dispersion) in a reference frame centered
on the Galactic Centre as the true radial velocity, Vr (dispersion, σr). Figure 6.2 shows
VGSR as function of the Galactocentric distance r for all the objects used in this work.

The bottom panel in Figure 6.1 shows the Galactocentric radial velocity dispersion
as function of distance from the Galactic centre. This is computed in bins whose width
is approximately twice the average distance error of objects in the bin. This implies that
our bin sizes range from 3 kpc at r ∼ 10 kpc, to 40 kpc at r ∼ 120 kpc. The error-bar
on the velocity dispersion in each bin is calculated performing Monte Carlo simulations.
We assume the velocity and distance errors are gaussianly distributed in the heliocentric
reference frame. In practice, this means that we randomly generate velocities and
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distances for each one of the stars, whose mean and dispersion are given by the observed
value and its estimated error, respectively. We then convert the heliocentric quantities
into Galactocentric ones. We repeat this exercise for 10,000 sets, and for each of these
we measure σGSR in the same bins as the original data. We use the rms of this velocity
dispersion, obtained from the 10,000 simulations, as the error on the velocity dispersion
we measured in the bin.

One may question whether the satellite galaxies can be considered fair tracers of the
gravitational potential of the dark matter halo of the Milky Way (e.g. Taylor, Babul
& Silk 2004; Gao et al. 2004). To get a handle on this issue, we compute the velocity
dispersion profile both with and without them (squares and diamonds, respectively in
Fig. 6.1). Since the trend is similar in both cases we may consider the satellites to be
reliable probes of the outer halo potential.

6.2.2 The models
Jeans equations

If we assume that the Galactic halo is stationary and spherically symmetric we can
derive the (expected) radial velocity dispersion profile σr,∗ of the stars from the Jeans
equation (Binney & Tremaine 1987):

1
ρ∗

d(ρ∗σ2
r,∗)

dr
+

2βσ2
r,∗

r
= −dφ

dr
= −V

2
c
r

(6.1)

where ρ∗(r) is the mass density of the stellar halo, φ(r) and Vc(r) are the potential and
circular velocity of the dark matter halo and β is the velocity anisotropy parameter,

defined as β = 1− σ
2
θ

σ2
r

, and assuming σ2
θ = σ2

φ. Note that β = 0 if the velocity ellipsoid

is isotropic, β = 1 if the ellipsoid is completely aligned with the radial direction, while
β < 0 for tangentially anisotropic ellipsoids.

The Jeans equation allows us to determine a unique solution for the mass profile if
we know σ2

r,∗(r), ρ∗(r) and β(r), although this solution is not guaranteed to produce a
phase-space distribution function that is positive everywhere. We are, however, faced
with two uncertainties: the velocity anisotropy and the behaviour of the stellar halo
density at very large distances. The latter has been determined to vary as a power-
law ρ∗(r) ∝ r−γ with γ ∼ 3.5 out to ∼ 50 kpc (Morrison et al. 2000; Yanny et al.
2000), and we shall assume this behaviour can be extrapolated all the way out to our
last measured point. More crucial is the unknown variation of the velocity anisotropy
with radius, which is difficult to determine because of the lack of tracers with accurate
proper motions beyond the Solar neighbourhood. This implies in principle, that large
amounts of kinetic energy can be hidden to the observer, an effect known as the mass-
velocity anisotropy degeneracy. For sake of simplicity, and given that the situation
is unlikely to change until the advent of new space astrometric missions such as SIM
and Gaia (Perryman et al. 2001), throughout most of this work we shall make the
assumption that β is constant, i.e. independent of radius r.

To derive Eq. (6.1) we have assumed that the stellar halo can be considered as a
tracer population of objects moving in an underlying potential. This is justified by the
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negligible amount of mass present in this component, compared to, for example, that
in the disk and the dark halo.

The (expected) radial velocity dispersion for the tracer population σr,∗ may be thus
derived by integrating Eq. (6.1). This leads to

σ2
r,∗(r) = 1

ρ∗ e
∫

2βdx

∫
x

∞
ρ∗ V

2
c e
∫

2βdx′′ dx′, x = ln r. (6.2)

Here, we have used that r2βρ∗σ2
r,∗|∞ = 0. Note that the radial velocity dispersion of

the tracer population depends on the particular form of the circular velocity of the
underlying (gravitationally dominant) mass distribution.

Since proper motions are not available for the whole sample and we only have access
to heliocentric velocities, the quantity that we measure is not the true radial velocity
dispersion but σGSR,∗. When comparing this quantity to model predictions, we must
take into account a correction factor for the lack of information on the tangential
component of the velocity. Following the procedure described in Appendix 6.A, we
find that the Galactocentric radial velocity dispersion, σGSR,∗, is related to the true
radial velocity dispersion, σr,∗ as

σGSR,∗(r) = σr,∗(r)
√

1− βH(r), (6.3)

where

H(r) =
r2 +R2

�
4r2

−
(r2 −R2

�)2

8r3R�
lnr +R�
r −R�

. (6.4)

The above equation for H(r) is valid at Galactocentric distances r > R�. For an
isotropic ellipsoid (β = 0) σGSR,∗ and σr,∗ coincide. For a tangentially anisotropic
stellar halo, the correction factor becomes negligible at distances larger than about
30-40 kpc.

Specifing dark-matter halo models

We adopt three different models for the spherically symmetric dark-matter halo poten-
tial:

• Pseudo-Isothermal sphere. This model has been extensively used in the context
of extragalactic rotation curve work. The density profile and circular velocity
associated to a pseudo-isothermal sphere are:

ρ(r) = ρ0
r2c

(r2c + r2)
, (6.5)

and
V 2

c (r) = V 2
c (∞)

(
1− rc

r
arctg r

rc

)
, (6.6)

where rc is the core radius, and ρ0 = V 2
c (∞)

4πGr2c
. We set Vc(∞) = 220 km s−1 as

asymptotic value of the circular velocity. At large radii the density behaves as
ρ ∝ r−2 giving a mass that increases linearly with radius.
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• NFW model. In this case the dark matter density profile is given by

ρ(r) = δcρ
0
c

(r/rs)(1 + r/rs)2
(6.7)

where rs is a scale radius, ρ0
c the present critical density and δc a characteristic

overdensity. The latter is defined by δc = 100 c3g(c)
3

, where c = rv/rs is the con-

centration parameter of the halo and g(c) = 1
ln(1 + c)− c/(1 + c)

. The circular

velocity associated with this density distribution is

V 2
c (s) = V 2

v g(c)
s

[
ln(1 + cs)− cs

1 + cs

]
(6.8)

where Vv is the circular velocity at the virial radius rv and s = r/rv. The concen-
tration c has been found to correlate with the virial mass of the halo (Navarro,
Frenk & White 1997; Bullock et al. 2001; Wechsler et al. 2002). However, the
relation presents a large scatter. For example, for a halo of mass 1.0×1012h−1M�
the predicted concentration ranges between 10 and 20. Hence, we cannot consider
the NFW density profile as a one-parameter family; we need to describe it by the
concentration c, and by the virial mass or the circular velocity at the virial radius.
At large radii (for r � rs), the density behaves as ρ ∝ r−3, and therefore, the
total mass diverges logarithmically. However, we can impose that the particles
must be bound at the virial radius, and so when integrating Eq. (6.2), we set the
upper integration limit to rv and we use r2βρ∗σ2

r,∗|rv = 0.

• Truncated Flat model. This density profile was recently introduced by W&E99
to describe the dark matter halo of Local Group galaxies. It is a mathematically
convenient extension of the Jaffe (1983) model. The form of the density profile
of the Truncated Flat model (hereafter TF) is

ρ(r) = M

4π
a2

r2(r2 + a2)3/2
(6.9)

where a is the scale length and M the total mass of the system. For r � a, the
density falls off as ρ ∝ r−5. The circular velocity due to this density distribution
is

V 2
c (r) = V 2

0 a

(r2 + a2)1/2
. (6.10)

We set V0 = 220 km s−1 (W&E99). The resulting rotation curve is flat in the
inner part, with amplitude V0 =

√
GM/a, and becomes Keplerian for r � a.

Having fixed the amplitude of the circular velocity (V0), this model is reduced to
a one parameter-family characterized by the scale length a, or the mass M .



6.2: The radial velocity dispersion curve 183

Figure 6.3: Left: Contour plot of ∆χ2 corresponding to a probability of the 68.3%,
95.4%, 99.7% (1σ, 2σ, 3σ) for the isothermal sphere model with constant anisotropy.
The asterisk indicates the location of the minimum χ2 (whose value is shown in the
upper right corner). Right: Observed radial velocity dispersion (squares with error-
bars) overlaid on the best fit model for the isothermal mass distribution (solid line).

6.2.3 Results
Models with constant velocity anisotropy

The methodology we use consists in comparing the measured Galactocentric radial
velocity dispersion σGSR,∗ for each of the distance bins with that predicted for the dif-
ferent models discussed in Sec. 6.2.2. For the latter, we explore the space of parameters
which define each model and determine the χ2 as:

χ2 =
Nbins∑
i=1

(
σGSRi,∗ − σGSR,∗(ri;β, p)

εr

)2
. (6.11)

Here, the variable p denotes a characteristic parameter of each model (e.g. scale length
or total mass), while εr is the error in the observed radial velocity dispersion as es-
timated through the bootstrap sampling technique described before. The best-fitting
parameters are defined as those for which χ2 is minimized.

In the case of the isothermal sphere, the free parameters are the dark matter halo
core radius, rc, and the stellar velocity dispersion anisotropy parameter, β. The left
panel of Fig. 6.3 shows the χ2 contours for this model. The minimum χ2 value is
χ2

min = 37.2 for a core radius very close to zero, with a 1-σ upper limit of ∼ 0.25 kpc
and a nearly isotropic velocity ellipsoid (−0.2 . β . +0.15 at the with 1-σ level). This
corresponds to a best-fitting mass M = 1.35× 1012 M� (note that, since the mass for
the pseudo-isothermal model is not finite, we quote the mass within our last measured
point, at r = 120 kpc). The 1-σ errors on the mass, calculated from the 1-σ errors
for the core radius, lead to a relative error of the order of 1%. The reason for this
small value is due to the fact that the best-fitting core radius is very small, and hence
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Figure 6.4: Top: Contour plot of ∆χ2 corresponding to a probability of the 68.3%,
95.4%, 99.7% (1σ, 2σ, 3σ) for the NFW model at four different concentrations. The
value of the concentration and minimum χ2 are shown in the upper corner of each panel.
The asterisk indicates the location of the minimum χ2 and hence of the best-fitting
parameters. The virial mass is given in units of 1012 M� . Bottom: Observed radial
velocity dispersion (squares with error-bars) overlaid on two of the best fit models for
the NFW mass distributions (dashed line: c=10; solid line: c=18). The dotted curve
corresponds to the Galactocentric radial velocity dispersion profile obtained using the
preferred model (B1) of Klypin et al. (2002).
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Figure 6.5: Left: Contour plot of ∆χ2 corresponding to a probability of the 68.3%,
95.4%, 99.7% (1σ, 2σ, 3σ) for the TF model. The asterisk indicates the location of the
minimum χ2 (whose value is shown in the upper right corner). Right: Observed radial
velocity dispersion (squares with error-bars) overlaid on the best fit model for the TF
mass distribution (solid line). The dashed line shows the Galactocentric radial velocity
dispersion obtained using the best-fitting parameters from previous works (dashed:
W&E99; dotted: SCB03). The dash-dot-dot line shows σGSR,∗ for a TF model with
mass equal to the upper 1-σ value from our best fit and a velocity anisotropy equal to
the lower 1-σ β.

variations in its value (even by 100%) will barely affect the mass enclosed at large radii.
On the right panel of Fig. 6.3 we plot the Galactocentric radial velocity dispersion for
this best-fitting model. As expected, this model predicts a velocity dispersion that is
roughly constant with radius. However, the observed σGSR,∗ shows a rather strong
decline at large radii, which is not reproduced by the pseudo-isothermal halo model.

The top panels of Fig. 6.4 show the χ2 contours for the NFW model for 4 different
concentrations (c =10, 14, 16, and 18). Note that the minimum χ2 value decreases for
increasing concentrations. Since the concentration is defined as c = rv/rs, for a fixed
mass (or virial radius rv) a larger c implies a smaller scale radius. This results in a radial
velocity dispersion that starts to decline closer to the centre in comparison to a halo of
lower concentration, reproducing better the trend observed in the data. Our χ2 fitting
technique yields for c = 10 a best-fitting virial mass of 1.5×1012 M� (χ2

min = 82.6),
while for c = 18, Mv = 9.7 × 1011 M� (χ2

min = 35.3). We find that the velocity
anisotropy for the minimum χ2 is almost purely radial in all cases. In the bottom panel
of Fig. 6.4 we show the observed Galactocentric radial velocity dispersion overlaid on
two of the best-fitting NFW models. As visible in the figure and refelected in the
large values of the minimum χ2 the NFW models do not reproduce well the observed
velocity dispersion profile. Note that beyond 40 kpc, the model with c = 10 is clearly
inconsistent with the data, at the 1σ level at r ∼ 40 and 50 kpc and at the 2σ level in
the last two bins. Also the performance in the first two bins is not good. On the other
hand, excluding the first bin, the c = 18 model gives a good fit of the data out to 30 kpc
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but overpredicts the velocity dispersion at large radii at the 1σ level. We consider the
NFW model withMv = 9.7+3.3

−1.7×1011M� and c = 18 as producing the best fit. Fig. 6.4
also shows the favourite model of Klypin et al. (2002) with Mv = 1.0× 1012 and c =12
(dotted curve). Since no velocity anisotropy was given in the source we performed a
χ2 fit to our data using the parameters from Klypin et al. (2002) and leaving β as a
free parameter. This favoured once again an almost purely radial anisotropy. The fit
obtained in this case is very similar to that found in our c = 18 model for the outer
parts.

Since our last measured point is at rlast ∼ 120 kpc, the constraining power of our
data is stronger in the region enclosed by this radius. The value of the virial mass we
just derived is an extrapolation of the model at larger distances. For completeness,
we quote here the mass within 120 kpc for our best fitting NFW model with c = 18,
M(< 120 kpc) = 6.4+2.2

−1.1 × 1011M� (the errors are calculated from the 1σ errors in the
best-fitting virial mass).

The left panel of Fig. 6.5 shows the contour plot for the TF model. Our best fit
has a mass of 5.1+2.2

−1.7 × 1011M� and β = 0.60 ± 0.3 (χ2
min = 7.4). The mass enclosed

in 120 kpc is M(< 120 kpc) = 4.8+2.1
−1.6 × 1011M� . Our results are compatible with the

work of W&E99 at the 1σ level as they find a mass of M = 1.9+3.6
−1.7 × 1012M� . The

right panel of Fig. 6.5 shows the data overlaid on our best-fitting model (solid line),
where we can see that the TF model gives a very good representation of the data. The
predicted velocity anisotropy is radial and in agreement with the value observed in the
Solar neighbourhood (see next section); however, the best-fitting mass is considerably
smaller than in previous works. We tested the Galactocentric radial velocity dispersion
profile predicted for a TF model with mass equal to the upper 1-σ value from our best
fit and a velocity anisotropy equal to the lower 1-σ β and found that it still gives a
good representation of the data. This means that larger masses than our best-fitting
value are still compatible with the present dataset.

Figure 6.5 also shows that the favourite W&E99 model (dashed curve), having a
considerably larger mass, overpredicts the Galactocentric radial velocity dispersion. On
the other hand, the TF model of SCB03, for which M = 2.5× 1012M� and β = −1.25,
i.e. heavier halo whose ellipsoid is much more tangentially anisotropic, declines too
quickly in the inner part and tends to flatten at large radii (dotted curve), not following
the trend shown by the data.

The comparison of the fits produced by the constant anisotropy TF and NFW
models shows that the TF model provides a much better fit. This can be understood
as follows. In the region between 50 and 150 kpc, where σGSR,∗ shows the decline, the
slope of the TF model ranges between −3 and −4 whilst the slope of the NFW density
profile is around −2.5. This means that, in models with a constant velocity anisotropy,
a steep dark matter density profile at large radii is favoured by the data.

Toy models for the velocity anisotropy

We will now briefly relax the assumption that β is constant with radius. We shall
explore the following models for β(r):

• Model β-rad (Radially anisotropic). Diemand, Moore & Stadel (2004) have found
in N-body ΛCDM simulations that the anisotropy of subhalos velocities behaves
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as
β(r) ' 0.35 r

rv
, for r ≤ rv. (6.12)

We will use this cosmologically motivated functional form to study the effect of an
increasingly radially anisotropic velocity ellipsoid in our modelling of the radial
velocity dispersion curve.

• Model β-tg (Tangentially anisotropic). Proper motion measurements of the Mag-
ellanic Clouds and Sculptor, Ursa Minor, and Fornax dwarf spheroidals suggest
that the tangential velocities of these objects are larger than their radial motions
(Kroupa & Bastian 1997; Schweitzer et al. 1995, 1997; Dinescu et al. 2004).
If confirmed, this would have as consequence that the velocity ellipsoid should
be tangentially anisotropic at large radii. To explore the effect on our dynami-
cal models of a velocity ellipsoid that becomes increasingly more tangential, we
consider the following toy-model:

β(r) = β0 −
r2

h2 , (6.13)

where we set the scale factor h = 120 kpc. We choose two values for β0: in the
first case we arbitrarily fix it to 1 (model β-tgtoy); in the second model (β-tgSN)
we use a a sample of 91 nearby halo stars from Beers et al. (2000) – within 0.5
kpc from the Sun and with [Fe/H]< −1.5 – to normalize our model. In this case,
we find that β(R�) = 0.33 and therefore, β0 = 0.33 +R2

�/h
2.

Using the models for β(r) described above (Fig. 6.6, top panel), we perform again
the χ2 best-fitting procedure for an NFW model of c = 18. There is, therefore, in
all cases, only one free parameter: the virial mass. The results of this new analysis
are shown in the bottom panel of Fig. 6.6. The β-rad model, for which the velocity
ellipsoid becomes more radially anisotropic with radius, has χ2

min = 46. Even though
the predicted radial velocity dispersion of this model does decrease with radius, this
decline is of insufficient amplitude to reproduce the trend shown by the data. Note
that this model, motivated by dark-matter simulations, provides a poorer fit than
the constant β model. Models where the velocity ellipsoid becomes more tangentially
anisotropic with radius, β-tgtoy and β-tgSN, follow well the data, and have χ2

min =17
and 23, respectively. We find that, for model β-tgtoy, the best-fitting virial mass is
Mv = 1.2 (± 0.1, ± 0.2)×1012M� (at the 1σ, 2σ level), and Mv =2.2 (± 0.2, ±
0.3)×1012M� (at the 1σ, 2σ level) for β-tgSN. For the β-tgtoy model, we find that
mass enclosed in 120 kpc isM(< 120 kpc) = 7.5±0.6×1011M� ; for the β-tgSN model,
M(< 120 kpc) = 1.2±0.1×1012M� . Table 6.2 summarizes the best-fitting parameters
for our favourite models.

This analysis highlights the mass-anisotropy degeneracy, since it shows that, even
for the same functional form of β, the best-fitting value of the virial mass can differ by
a factor of two.

Note that the best-fitting values of the virial mass for the β-tgtoy model and the
β = cst are very comparable, but this is a reflection of the fact that the two anisotropy
parameters are not too dissimilar throughout a fair range of the distances probed by
the sample. However, since the value of β in the Solar neighbourhood is in the range
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Figure 6.6: Top: The solid and dashed curves correspond to two toy-models for a
velocity ellipsoid that becomes more tangentially anisotropic with radius. The dashed-
dotted line shows a model for an increasingly radially anisotropic ellipsoid from Die-
mand, Moore & Stadel (2004). Bottom: best-fitting models for an NFW halo of
concentration c = 18 corresponding to the β profiles shown in the top panel.

0.5±0.1 (Chiba & Yoshii 1998), this would tend to suggest that, given that the ellipsoid
needs to be tangentially anisotropic at large radii to give a good fit to the data, a higher
value of the total mass is more likely.

If we apply the same kind of analysis to the pseudo-isothermal sphere mass model,
it is clear that β has to decrease more strongly with radius than the above β-tg model
used in combination with the NFW profile in order to give a reasonable fit to the
data. This is in line with the results of Sommer-Larsen et al. (1997). By assuming a
logarithmic potential for the dark matter halo, they found a velocity ellipsoid radially
anisotropic at the Solar circle (β ∼ 0.5) and tangentially anisotropic for r & 20 kpc. At
r ∼ 50 kpc the expected value of β ∼ −1. The Sommer-Larsen et al. (1997) model is
consistent with our findings out to ∼ 50 kpc; however, if we extrapolate the predicted
trend for β to larger Galactocentric distances, we notice that β does not decrease
sufficiently rapidly to explain the decline observed in our data (see also Appendix 6.B).

From the above analysis it is evident that assumptions on β for a particular mass
model, can strongly influence the performance of the mass model. However, not all
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χ2
min β Mass [1011M� ] scale length [kpc]

TF model 7.4 0.6 5.1+2.2
−1.7 45

NFW model 35.3 0.99 9.7+3.3
−1.7 270 (c = 18)

NFW model (β-tgSN) 22.7 β′(r) < 0 22±2 356 (c = 18)

Table 6.2: Values of the parameters for our favourite best-fitting models; the scale
length corresponds to a for the TF model and rv for the NFW.

functional forms of β for a given mass model produce a good fit to the data. More
accurate proper motion measurements for a larger number of halo tracers and covering
a larger range in Galactocentric distances will enable us to understand which trend in
radius β is following and, therefore, to establish more uniquely which mass model is
preferred by the data.

In addition to varying the velocity anisotropy parameter β as function of radius,
it is also possible to consider the effect of changing the slope γ of the stellar density
profile of the Galactic halo. In this case, however, the data is much more restrictive in
the choice of possible models, since it is well-known that γ ∼ 3− 3.5 out to ∼ 50 kpc
(Yanny et al. 2000). Equation (6.2) shows that possible variations of the stellar halo
power law γ with radius can “conspire” with variations of β to reproduce the same
radial velocity dispersion profile. We examine this issue further in Appendix 6.B.

6.3 Discussion and conclusions
We have derived the radial velocity dispersion profile of the stellar halo of the Milky
Way using a sample of 240 halo objects with accurate distance and radial velocity
measurements. The new data from the “Spaghetti” Survey led to a significant increase
in the number of known objects for Galactocentric radii beyond 50 kpc, which allowed
a more reliable determination of the dispersion profile out to very large distances. Our
most distant probes are located at ∼ 120 kpc, which in comparison to previous works
(e.g. Sommer-Larsen et al. 1997) corresponds to an increase of 70 kpc in probing the
outer halo. The Galactocentric radial velocity dispersion measured is approximately
constant (σGSR,∗ ∼ 120 km s−1 ) out to 30 kpc (consistent with Ratnatunga & Freeman
1986) and then it shows a continuous decline out to the last measured point (50 ± 22
km s−1 at 120 kpc). This fall-off has important implications for the density profile of
the dark matter halo of the Milky Way. In particular, in the hypothesis of a constant
velocity anisotropy, an isothermal sphere can be immediately ruled out as model for the
Galactic dark halo as this predicts a nearly constant radial velocity dispersion curve.

We have also considered two other possible models for the dark halo: a truncated
flat (TF) and a Navarro, Frenk & White (NFW) profile. We have compared the radial
velocity dispersion observed with that predicted in these models for a tracer population
(stellar halo) embedded in a potential provided by the dark halo. By means of a χ2

test, we were able to derive the characteristic parameters and velocity anisotropy of
these models that are most consistent with the observed data.

In the case of a TF profile, the favourite model for the Milky Way dark matter
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halo has a mass M = 5.1+2.2
−1.7 × 1011M� , with a corresponding velocity anisotropy

β = 0.6 ± 0.3, which is consistent with the velocity anisotropy value observed at the
Solar neighbourhood. The data are also compatible at the 2σ level point per point with
an NFW dark halo of Mv = 9.7+3.3

−1.7 × 1011 M� for a concentration c =18. However,
in the latter case, the velocity ellipsoid is predicted to be completely aligned with
the radial direction, which is unlikely. The comparison of the fits produced by the
constant anisotropy TF and NFW models shows that the TF model –having a steeper
density profile– provides a much better fit. The NFW model overpredicts the observed
dispersion at large radii.

Our determination of the dark halo mass of the Milky Way is consistent with
previous works: the preferred TF model of W&E99 gives a mass M = 1.9× 1012M� ,
with a 1-σ range of 0.2 < M [1012M� ] < 5.5 and −0.4 < β < 0.7; the favourite model
from Klypin et al. 2002 gives M = 1.0 × 1012 M� with c =12. However, the radial
velocity dispersion predicted by these two models is larger than the observed one. The
discrepancy between the observed low values of the radial velocity dispersion at large
radii and that predicted for heavy dark halos raises the question of whether the velocity
dispersion in the two most distant bins may be affected by systematics, such as the
presence of streams, which could lower their values.

The two bins in question are centered at ∼ 90 kpc and ∼ 120 kpc, and contain 6
and 3 objects respectively: 4 satellite galaxies and 5 globular clusters. The minimum
angular separation of any two objects in these bins is 40◦, for the satellites, and 49◦,
for the GCs. When considering the sample with 9 objects only two of these objects
appear to be close on the sky: one globular cluster and one satellite galaxy that are
located at (l, b) ∼ (241◦,42◦). Although these are at similar distances of 96 kpc and 89
kpc, respectively, their line of sight radial velocities differ by more than 140 km s−1 ,
thus making any physical association extremely unlikely.

We have also investigated the effect of a velocity anisotropy that varies with radius
on the velocity dispersion σGSR,∗ in the case of an NFW halo of concentration c =18.
We find that the velocity anisotropy, which is radial at the Solar neighborhood, needs
to become more tangentially anisotropic with radius in order to fit the observed rapid
decline in σGSR,∗. In the case of an isothermal dark matter halo, the β profile needs to
decline even more steeply than in the NFW case in order to fit the data.

We conclude that the behaviour of the observed velocity dispersion can be explained
either by a dark matter halo following a steep density profile at large radii and constant
velocity anisotropy, or by a halo with a less steep profile whose velocity ellipsoid be-
comes tangentially anisotropic at large radii. In order to distinguish between an NFW
profile and a TF model, proper motions are fundamental since they enable the direct
determination of the velocity anisotropy profile. Proper motions of GCs and satellites
are becoming available (Dinescu et al. 1999; Piatek et al. 2003; Dinescu et al. 2004)
albeit with large errors because of the very distant location of these objects. We may
have to wait until Gaia is launched to determine the density profile of the Galactic
dark-matter halo.
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Appendix 6.A Correction factor between σGSR and
σr

The Galactocentric radial velocity vGSR (i.e. the l.o.s. heliocentric velocity Vlos cor-
rected for the solar motion and LSR motion) is related to the true Galactocentric
radial, vr, and tangential, vt, velocity by

vGSR = vr ε̂r · ε̂R + vt ε̂t · ε̂R (6.A1)
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where ε̂r is the unit vector in the radial direction towards the object as seen from the
Galactic centre, ε̂t is the unit vector in tangential direction in the same reference frame,
and ε̂R is the unit vector in the radial direction from the Sun to the object. The two
scalar products depend on the heliocentric and galactocentric distances (d and r) and
position on the sky of the object (φ, θ). For a given distribution function f(r̄, v̄), the
velocity dispersion profile (seen from the Sun) is given by

√
〈v2

GSR〉, and can be found
by squaring Eq. (6.A1) and integrating over all the velocities and averaging over the
solid angle:
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where we have defined
ε̂R = r̄ − R̄�

d
,
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,

and
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Eq. (6.A2) can thus be expressed as

〈v2
GSR〉|Ω−av = 〈v2

r〉K(r) + 〈v2
t 〉H(r).

If we assume that 〈v2
θ〉 = 〈v2

φ〉, and from the definition of the velocity anisotropy β we
find 〈v2

t 〉 = 2〈v2
r〉(1− β), then it follows that

〈v2
GSR〉|Ω−av = 〈vr2〉 [K(r) + 2(1− β)H(r)]. (6.A3)

By assuming 〈vr〉 = 0 and 〈vt〉 = 0, it follows that 〈vGSR〉 = 0; by performing the
above integrals for r > R�, we find that the Galactocentric radial velocity dispersion
is related to the true radial velocity dispersion by

σGSR(r) = σr(r)
√

1− βH(r), (6.A4)
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Figure 6.B1: Left panel: Observed Galactocentric radial velocity dispersion (squares
with errorbars); the dotted line is a straight line fit for r > 40 kpc. Second panel:
relation β and γ should satisfy to result in the same σGSR,∗. Third panel: variation
of β with radius fixing γ =3.5. Right panel: variation of γ with radius fixing β to the
β-tgSN model.

Appendix 6.B Exploring some degeneracies
Equation (6.2) shows that the radial velocity dispersion profile depends on the circular
velocity given by the dominant mass component (i.e. the dark matter halo), the velocity
anisotropy parameter β and the power γ of the density profile of the tracer population.
For constant β and γ, we can rewrite Eq. (6.2) as

σ2
r,∗(r) = 1

r2β−γ

∫
r

∞
V 2

c (r′) r′ 2β−γ−1
dr′. (6.B1)

In our work we assumed γ = 3.5 at all Galactocentric distances, but the above equation
shows also that for a fixed mass distribution (i.e. fixed circular velocity), models with
the same value for 2β − γ give rise to the same radial velocity dispersion profile. In
this Section we explore how β or γ have to vary together in order to reproduce the
observed Galactocentric radial velocity dispersion.

In this analysis we restrict ourselves to Galactocentric distances larger than 40 kpc,
where: the value of γ starts to become more uncertain, the observed Galactocentric
radial velocity dispersion declines and the correction factor between the Galactocentric
and the true radial velocity dispersions is negligible.

At these distances the Galactocentric radial velocity dispersion profile is well rep-
resented by a straight line, σGSR,fit = a r + b, with a = −0.6 and b = 132 (Fig. 6.B1,
left). We assume that the circular velocity for the dark matter halo is constant and we
fix it to Vc(r) = Vc = 220 km s−1 . By solving the Eq. (6.2) we obtain

σ2
r,∗ = V 2

c
γ − 2β

(6.B2)

For all the values of β and γ that satify this relation (at every r) the predicted radial
velocity dispersion curve will be the same. By imposing σ2

r,∗ = σ2
GSR,fit in Eq. (6.B2),

it follows
γ − 2β = Vc

2

σ2
GSR,fit

(6.B3)
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Figure 6.B1 (second panel) shows the above relation for the assumed model. The third
panel in Fig. 6.B1 shows how β has to vary with the Galactocentric distance for this
model if we fix γ =3.5, whilst the panel on the right shows how γ has to change if we
use the β-tgSN model for β. Clearly for this model the values the γ should assume in
order to reproduce the data are unrealistic.

The same kind of relation between β and γ can be derived for different circular
velocities in the regime where they can be approximated by power-laws.



196 chapter 6: The radial velocity dispersion of the MW halo



Nederlandse samenvatting

Stelsels zĳn conglomeraties van sterren, gas en stof, samengehouden door zwaar-
tekracht. Ons eigen stelsel wordt de Melkweg genoemd en het heeft de vorm van

een schĳf, met enkele spiraalarmen. De zon, samen met ons zonnestelsel, bevindt zich
aan de buitenkant van een van deze spiraalarmen (zie Fig. 1).

Op een heldere nacht kan de schĳf van de Melkweg onderscheiden worden als een
nevelachtige band van licht aan de hemel: deze nevelachtige verschĳning wordt veroor-
zaakt door licht, uitgezonden door miljoenen sterren die te ver weg zĳn en dus te zwak
zĳn om individueel onderscheiden te kunnen worden met het blote oog. Aan de hemel

Figuur 1: Schematische weergave van de Melkweg. Links: vooraanzicht van een stel-
sel, vergelĳkbaar met de Melkweg, met duidelĳk zichtbare spiraalarmen; de geschatte
locatie van de zon is aangegeven met de pĳl. Rechts: Het stellaire deel van de Melkweg
bestaat uit een bol (kleine gestreepte cirkel), een dunne en een dikke schĳf (gearceerde
en niet gearceerde centrale ellipsen), een stellaire halo (onderbroken cirkel), die sterren
en bolvormige clusters bevat. Van de zichtbare materie wordt verondersteld dat het
zich binnen een grote halo bevindt van donkere materie (ononderbroken cirkel).
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van het noordelĳk halfrond is het mogelĳk om een andere nevelachtige vlek te zien,
wanneer er gekeken wordt in de richting van het Andromeda sterrenbeeld. In 1924
ontdekte Edwin Hubble dat deze vlek, die eerst de Andromeda Nevel werd genoemd,
in werkelĳkheid een spiraalschĳf is, net als onze Melkweg. Dit begon het klassieke
beeld van het heelal te veranderen en nu weten we dat de Melkweg slechts één uit de
vele miljarden andere stelsels is. Niet alle stelsels lĳken op de Melkweg: sommigen zĳn
bĳna rond, terwĳl anderen hele onregelmatige vormen hebben; tevens zĳn de meeste
stelsels in het Heelal veel kleiner dan de Melkweg.

Hoe zo’n groot aantal en verscheidenheid van stelsels gevormd kunnen worden, is
een van de vragen die sterrenkundigen proberen te beantwoorden. Naast het proberen
om iets zinnigs te zeggen over de grote verscheidenheid in stelsels, hebben sterrenkun-
digen tevens te maken met een andere grote puzzel: zichtbare materie, zoals sterlicht
dat met telescopen kan worden waargenomen, blĳkt slechts een klein deel te zĳn van
alle materie in het heelal. Een veel groter deel van het Heelal blĳkt gevormd te worden
door “Donkere Materie”, wat niet direct kan worden waargenomen met telescopen en
waarvan de oorsprong onbekend is. De eerste aanwĳzing hiervoor werd gegeven door
het werk van Zwicky in 1933, die zag dat enkele stelsels in het Coma Cluster∗ met zeer
hoge snelheden bewegen. Deze snelheden zĳn veel groter dan verwacht zou worden na
toepassing van de wet van Newton, wanneer alle massa in het cluster zou bestaan uit
sterren en gas. Het bleek dat er onvoldoende massa aan sterren en gas aanwezig is,
om deze snel bewegende stelsels aan het cluster te binden door middel van zwaarte-
kracht. Grote hoeveelheden onzichtbare materie moeten daarom bĳdragen om aan de
waargenomen zwaartekracht te kunnen voldoen. Vergelĳkbare waarnemingen hebben
sterrenkundigen ertoe gebracht, te veronderstellen dat donkere materie alom aanwezig
is en dat stelsels zich bevinden in het centrum van grote, bĳ benadering ronde, verde-
lingen van donkere materie (halos). De Melkweg blĳkt bĳvoorbeeld tien maal zoveel
donkere dan lichtgevende materie te bevatten, terwĳl enkele van de kleine stelsels die
eromheen bewegen veel grotere fracties aan donkere materie bevatten. Het gegeven dat
we donkere materie niet direct kunnen waarnemen, maakt het beslist niet makkelĳker
om de oorsprong en relatie tot lichtgevende materie te begrĳpen. Sterrenkundigen
hebben enkele theorieën uitgewerkt over hoe stelsels vormen naargelang de aard van
de donkere materie, terwĳl waarnemers proberen om deze theorieën te testen en te
verbeteren.

Hoe worden stelsels gevormd?
Er is brede concensus, dat het Heelal is onstaan uit een erg heet medium met hoge dicht-
heid, dat op een gegeven moment snel expandeerde gedurende een fase die “inflatie”
wordt genoemd. Dit medium was in het algemeen homogeen, hoewel sommige delen
een wat hogere en andere een wat lagere dichtheid hadden dan gemiddeld. Wanneer
het heelal zich uitbreidde, expandeerden de gebieden van hoge dichtheid langzamer en
werd hun dichtheid relatief zelfs hoger. Wanneer de dichtheid van deze gebieden groot
genoeg was, hielden ze op met expanderen, en begonnen de donkere materie en het gas
∗ Een cluster van stelsels is een conglomeratie van ongeveer duizend stelsels, samengehouden door

de zwaartekracht.
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van deze gebieden ineen te storten door de werking van de zwaartekracht. Sterren wer-
den uiteindelĳk gevormd uit het ineengestorte gas, die de verschillende stelsels vormen
die we nu zien.

Hoe en wanneer donkere materie en gas precies ineen stortten om stelsels te vormen
is nog steeds een punt van debat. Tegenwoordig denken de meeste astronomen dat alle
structuren (stelsels, clusters van stelsels, enz.) die we vandaag zien gevormd zĳn uit
kleinere delen. Kleine halos van donkere materie worden als eerste gevormd, wat leidt
tot de voorspelling dat sterren in kleine stelsels tot de oudsten van het Heelal zouden
behoren. Dan volgt een tumultueus tĳdperk, waarin wordt gedacht dat vele van deze
kleine stelsels een dramatisch einde hebben: ze worden uiteen gerukt en gaan in elkaar
op om grote stelsels te vormen zoals de Melkweg. Van enkele van deze kleine stelsels
wordt voorspeld dat ze overleven en gevonden zouden moeten worden in een baan rond
de grotere stelsels (deze worden “satellieten” genoemd). Rond de Melkweg zĳn ongeveer
20 satellieten gevonden en vele anderen beschrĳven een baan rond Andromeda. Dit zĳn
mogelĳk de overlevers van dit samensmeltingstĳdperk en ze zouden dus gelĳkenissen
moeten vertonen met de stelsels die de Melkweg vormden. Astronomen doen veel
moeite om de eigenschappen van kleine en grote stelsels te karakteriseren, d.w.z. om
de overeenkomsten en verschillen tussen deze objecten te constateren en om te begrĳpen
of er een evolutionaire link is zoals voorspeld door bovengenoemde theorieën.

Kĳken naar individuele sterren
Aangezien van de Melkweg verondersteld wordt dat het een doorsnee stelsel is, kunnen
we ons eigen stelsel en de bĳbehorende satellieten gebruiken om te leren over hoe
stelsels gevormd worden en evolueren. De Melkweg biedt ons de unieke gelegenheid om
zĳn componenten in detail te bestuderen, omdat het voor nabĳe systemen mogelĳk is
om duizenden sterren indvidueel te observeren. Voor ieder van hen kan bĳvoorbeeld
afgeleid worden hoe oud ze zĳn, op welke afstand ze staan, hoe snel ze bewegen, wat
de chemische samenstelling van het gas is waaruit ze gevormd worden enz. Met de
huidige technologie kan dit alleen voor de Melkweg; voor satelliet stelsels buiten de
Lokale Groep is de afstand te groot om de sterren van elkaar te kunnen onderscheiden.

Daarnaast kunnen we in de directe omgeving van de Melkweg enkele voorbeelden
vinden van een van de meest voorkomende typen stelsels in het heelal, dwergstelsels,
mogelĳke bouwblokken van de Melkweg.

Chemie en kinematica van individuele sterren
Spectroscopie is een van de meest krachtige technieken die sterrenkundigen ter bechik-
king hebben om het heelal te bestuderen. Hier behandel ik kort de spectroscopie van
individuele sterren, die ik gebruikt heb om stelsels te bestuderen in de Lokale Groep.

De straling uitgezonden door sterren bevat gedetailleerde informatie over de eigen-
schappen van sterren, in het bĳzonder wanneer we in staat zĳn om te meten hoe deze
straling verspreid is over golflengte, d.w.z. wanneer we in staat zĳn om spectra van
sterren te verkrĳgen en hierin absorptielĳnen te detecteren. De spectrograaf is het
instrument dat gebruikt wordt om het licht dat uitgezonden wordt door sterren over
golflengte te verspreiden.
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Figuur 2: Spectrum van een
ster in het bolvormige dwergstel-
sel Fornax (ononderbroken lĳn).
De labels tonen drie lĳnen van
CaII en een lĳn van MgII.

Spectra bestaan uit een continuüm en enkele spectraallĳnen die zich op specifieke
golflengten bevinden (zie Fig. 2). Met deze lĳnen kunnen we belangrĳke eigenschap-
pen meten, zoals hoe snel de sterren bewegen en wat hun chemische samenstelling is.
Absorptiespectra worden veroorzaakt door chemische elementen die aanwezig zĳn in
de steratmosfeer die een deel van de straling absorbeerd. Door de golflengte van deze
lĳnen te meten, kunnen we opmaken welke chemische elementen aanwezig zĳn. Door te
meten hoe breed deze lĳnen zĳn, kunnen we voor elke afzonderlĳke ster de abundantie
van deze chemische elementen afleiden. Chemische elementen, die worden gevormd in
het binnenste van sterren gedurende de levenstĳd van de ster, worden uitgestoten in
de omgeving, vooral wanneer een ster explodeert (supernovae) en “vervuilen” daarmee
het gas uit welke volgende sterren gevormd worden. Dit betekent dat de chemische
samenstelling van een ster de chemische samenstelling weergeeft van het gas waaruit
hĳ gevormd is. Metingen van de chemische samenstelling van sterren geven dus een
indicatie van hoeveel van dergelĳke explosies er zĳn geweest, en mogelĳk de locatie van
deze explosies in het stelsel.

Andere belangrĳke informatie die we kunnen afleiden uit spectra is hoe snel sterren
van ons af of naar ons toe bewegen, door te meten op welke golflengten de lĳnen worden
waargenomen. Dit kunnen we meten door middel van het Doppler effect: straling van
een ster wordt blauwer naarmate hĳ sneller op ons afkomt, en roder naarmate hĳ sneller
van ons af beweegt. Dit is hetzelfde effect dat de toonhoogte van het geluid van een
ambulance hoger maakt als het ons nadert, en lager maakt als het van ons af beweegt.
De snelheid van iedere ster kan dan bĳvoorbeeld gebruikt worden om te onderzoeken
hoeveel donkere materie in deze stelsels aanwezig is, op een vergelĳkbare manier als
Zwicky deed voor de Coma cluster van stelsels.

Dit proefschrift
In dit proefschrift, “Chemische samenstelling en kinematica van sterren in sterrenstel-
sels van de Locale Groep”, heb ik me vooral gericht op de studie van twee satellieten
van de Melkweg, Fornax en Sculptor. Deze objecten zĳn kleine, oude stelsels, met
een bolvormig voorkomen (ze worden feitelĳk bolvormige dwergstelsels genoemd), die
slechts sterren bevatten en waarschĳnlĳk grote hoeveelheden donkere materie. Dit
werk is deel van het grotere DART (Dwarf Abundances and Radial Velocity Team)
project, dat zich richt op vier bolvormige dwergstelsels, en waarbĳ ongeveer 15 mensen
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betrokken zĳn van vele instituten in verschillende landen. Het doel van het project is
om aan de hand van de eigenschappen van deze stelsels de vorming en evolutie van
zulke kleine systemen te begrĳpen en hun relatie met de grotere stelsels.

Figuur 3: Links: blik op de 4 VLT telescopen in Paranel, Chili. Rechts: Opname
van FPOSS, de interface die gebruikt wordt om waarnemingen voor te bereiden met
FLAMES. De grote cirkels geven de uitgebreidheid van het blikveld aan; de kleine
cirkels geven de positie van de sterren; de lĳnen die wĳzen naar enkele kleine cirkels
zĳn vezels van de spectrograaf die toegekend zĳn aan de sterren om waargenomen te
worden.

Om deze objecten te bestuderen gebruikt DART de faciliteiten die geboden worden
door de European Southern Observatory (ESO) waaronder de VLT 8 meter telescopen
die zich bevinden in Paranel, Chili (Fig. 3, links). Een van deze telescopen is uitgerust
met FLAMES, een multi-vezel spectrograaf die gebruikt is voor het grootste deel van
dit werk. Dit instrument is gemaakt van ongeveer 125 optische vezels, met welke we
tegelĳk ∼100 individuele sterren kunnen waarnemen (Fig. 3, rechts) en daardoor hun
snelheden en hun hun metaalgehalte kunnen afleiden ∗.

Dwerg stelsels: ze lĳken slechts simpel

De resultaten van de VLT/FLAMES spectroscopische waarnemingen voor de 562 ster-
ren in Fornax en de 470 sterren in Sculptor gepubliceerd in dit proefschrift (Hoofd-
stukken 3 en 4) tonen aan dat deze bolvormige dwergstelsels, alhoewel erg simpel qua
verschĳning, in werkelĳkheid complexe objecten zĳn. De sterren in deze stelsels zĳn
niet overal op dezelfde tĳd gevormd, zoals eerder werd gedacht: de oudste sterren lĳ-
ken overal in deze objecten gevormd te zĳn, terwĳl de jongere sterren slechts dicht bĳ
het centrum vormen. Omdat sterren gevormd worden uit gas, betekent dit dat na een
bepaalde tĳd er geen gas meer was in de buitenste delen van deze stelsels. Supernova
explosies kunnen een deel van het gas/metalen van deze kleine stelsels uitstoten, maar
∗ In de sterrenkunde worden alle chemische elementen zwaarder dan waterstof en helium metalen

genoemd, hoewel we hier met metaalgehalte een meting van de hoeveelheid ĳzer bedoelen, [Fe/H]
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het is ook mogelĳk dat de Melkweg verantwoordelĳk is voor het verwĳderen van het
interstellaire medium van deze dwerg stelsels. Fornax toont ook meer complexe ken-
merken: enkele van de sterren in dit stelsel bewegen niet op dezelfde manier als alle
andere sterren in Fornax, en het is mogelĳk dat deze sterren de overblĳfselen van een
kleiner stelsel zĳn, wat dan recentelĳk is “opgegeten” door Fornax. Dit zou een aan-
wĳzing kunnen zĳn dat het scenario onderschrĳft waarbĳ alle stelsels gevormd worden
uit kleinere stelsels.

Donkere materie in het Melkweg stelsel

Uit de analyse van de beweging van sterren in Sculptor, behandeld in Hoofdstuk 5
concluderen we dat, wanneer de zwaartekrachtswet van Newton geldig is, Sculptor een
hele grote hoeveelheid donkere materie bevat. Uit onze modellen komt naar voren dat
Sculptor 160 maal meer donkere dan lichtgevende materie zou kunnen bevatten. Zul-
ke grote hoeveelheden donkere materie die de sterren omgeven, zouden als een schild
kunnen dienen, dat dit kleine stelsel beschermt tegen de ontwrichting als gevolg van de
zwaartekracht van de Melkweg. In Hoofdstuk 6 wordt de nadruk gelegd op de Melkweg.
Ik bestudeer de bewegingen van sterren en objecten, zoals sterclusters en satellietstel-
sels, die verspreid zĳn in een halo, een bolvormige component, veel uitgebreider dan
de schĳf waar het zonnestelsel wordt gevonden. De beweging van deze objecten be-
vestigt dat de Melkweg grote hoeveelheden donkere materie bevat, van ongeveer tien
tot twintig maal de hoeveelheid lichtgevende materie. Desalniettemin zĳn meer halo
objecten en meer uitgebreide metingen van de beweging van deze objecten noodzakelĳk
zĳn om te constateren hoe de donkere materie verspreid is door de Melkweg. Hiervoor
moeten we waarschĳnlĳk enkele jaren wachten, wanneer missies zoals GAIA en SIM
zullen opereren.



Sommario in italiano

Le galassie sono degli agglomerati di stelle, gas e polvere tenuti insieme dalla gravitá.
La nostra galassia, la Via Lattea, é una galassia a disco con dei bracci a spirale,

ed il Sole, insieme al nostro Sistema Solare, si trova nelle parti esterne di uno di questi
bracci a spirale (vedi Fig. 1).

In una notte limpida il disco della Via Lattea appare come una striscia di luce
nebulosa che attraversa il cielo: questa nebulositá é il risultato della luce emessa da

Figura 1: Rapprensentazione schematica del sistema della Via Lattea. A sinistra é
mostrato il disco di una galassia simile alla Via Lattea, con evidenti bracci a spirale; la
posizione approssimativa del Sole é indicata dalla freccia. A destra vengono mostrate le
diverse componenti della Via Lattea. Il disco della Via Lattea si divide in due: un disco
sottile (ellisse pieno) ed uno piú esteso verticalmente (ellisse vuoto); al centro troviamo
il bulge (cerchio piccolo in linea tratteggiata). Il tutto é attorniato da un alone visible
(cerchio in linea tratteggiata) che contiene stelle, ammassi globulari e alcune galassie
satellite (ellissi piccoli). Si pensa che l’alone di materia oscura sia la componente piú
estesa ed inglobi il resto (cerchio in linea continua).
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milioni di stelle che sono molto distanti, e che risultano quindi troppo poco luminose
per essere distinte ad occhio nudo. Nell’emisfero boreale si puó notare un’ altra macchia
luminosa guardando nella direzione della costellazione di Andromeda. Nel 1924 Edwin
Hubble scoprí che quella macchia, che era stata denominata Nebulosa di Andromeda,
é un’altra galassia a spirale, simile alla nostra. Questa scoperta inizió a cambiare la
tradizionale visione dell’Universo, e adesso sappiamo che la Via Lattea é solo una dei
miliardi di galassie nell’Universo. Non tutte le galassie assomigliano alla nostra: alcune
sono pressoché sferiche; altre hanno una forma irregolare; in generale, la maggiorparte
delle galassie ha dimensioni molto minori della Via Lattea.

Come questa grande varietá di oggetti possa essersi formata é una delle domande
alla quale gli astrofisici cercano di dare una risposta. Oltre questo, gli astronomi cercano
di trovare una soluzione ad un altro grande enigma: sembra che la materia visibile,
cioé quella che possiamo vedere e studiare con i telescopi, costituisca solo una piccola
frazione della materia di cui l’Universo é formato. Infatti una frazione molto maggiore
sembra essere in forma oscura, cioé non é direttamente osservabile con telescopi, e la sua
natura é sconosciuta. E per questo é stata soprannominata “materia oscura”. Il primo
indizio della presenza di materia oscura fu trovato da Zwicky nel 1933. Osservando un
ammasso di galassie∗ in Coma Berenices, Zwicky si rese conto che alcune delle galassie
dell’ammasso si muovono con velocitá molto alte. Applicando la legge di gravitazione di
Newton ci si aspetterebbe che le galassie dell’ammasso si disperdano invece che rimanere
gravitazionalmente legate, se tutta la massa dell’ammasso é quella visibile (stelle e gas).
Quest’osservazione portó alla conclusione che un’altra forma di materia, non visibile,
deve essere presente per tenere l’ammasso gravitazionalmente legato. Altre osservazioni
simili a questa hanno portato gli astronomi a concludere che la materia oscura si trova
dovunque nell’Universo, e che le galassie si trovano al centro di grandi distribuzioni
sferiche di materia oscura, gli aloni. Ad esempio, la Via Lattea sembra contenere circa
dieci volte piú materia oscura che luminosa, mentre alcune delle piccole galassie che
orbitano attorno alla Via Lattea ne contengono percentuali maggiori. Certo, il fatto che
la materia oscura non sia direttamente osservabile non facilita sicuramente la nostra
compresione della sua natura né dei suoi effetti sulla materia luminosa. Molti astronomi
teorici hanno elaborato diverse teorie che cercano di spiegare come le galassie si siano
formate a seconda di quale sia la natura della materia oscura, cioé di quale particelle
sia formata; d’altro canto gli astronomi osservativi usano le osservazioni per verificare
queste teorie e possibilmente per migliorarle.

Come si formano le galassie?
É comune consenso che l’Universo nella sua fase iniziale si trovasse a densitá e tem-
perature molto elevate. A questa fase seguí un’espansione molto rapida, chiamata
“inflazione”. Nonostante l’Universo fosse molto omogeneo, alcune regioni avevano una
densitá iniziale leggermente superiore alla media, e altre leggermente inferiori. Quando
l’Universo cominció ad espandersi, le regioni piú dense crebbero piú lentamente, e di-
ventarono ancora piú dense. Quando la densitá di queste regioni fu abbastanza elevata,
queste non si espansero ulteriormente, ed il gas e la materia oscura in esse contenute
∗ Un ammasso é un agglomerato di circa un migliaio galassie tenute insieme dalla gravitá.
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Figura 2: Spettro di una stella
(linea continua) nella galassia sfe-
roidale nana Fornax. Le annota-
zioni indicano tre righe spettrali
di CaII ed una di MgI.

iniziarono a collassare. Da questo gas si formarono delle stelle e questo creó la varietá
di galassie nell’Universo.

Al momento non é ancora chiaro come e quando esattemente materia oscura e
gas iniziarono a collassare. La maggiorparte degli astronomi pensano che le strutture
che vediamo oggi (galassie, ammassi di galassie etc) si siano formate da frammenti
piú piccoli. Si pensa che gli aloni di materia oscura piú piccoli si siano formati per
primi, e questo porta a pensare che le stelle piú antiche dell’Universo si siano formate
nelle galassie piú piccole. A questa fase segue un periodo tumultuoso, in cui alcuni
di questi aloni vengono distrutti e vanno cosí a formare aloni di dimensioni e massa
maggiore, come ad esempio la Via Lattea. In teoria molti dei piccoli aloni dovrebbero
sopravvivere e trovarsi in orbita attorno agli aloni di dimensioni maggiori (questi sono
detti “satelliti”, cosí come la Luna che orbita attorno alla Terra é un suo satellite).
Attorno alla Via Lattea si possono osservare circa 20 satelliti, e molti altri orbitano
attorno ad Andromeda. In teoria questi potrebbero essere gli aloni sopravvissuti alla
distruzione e potrebbero avere caratteristiche molto simili agli aloni che hanno formato
la Via Lattea ed Andromeda. Gli astronomi stanno studiando questi satelliti in grande
dettaglio per cercare di capire a fondo la loro caratteristiche ed in che relazione stanno
alle galassie piú grandi.

Osservando le stelle ad una ad una

Visto che la Via Lattea sembra essere una tipica galassia a spirale, possiamo cercare di
capire come le galassie in generale si siano formate ed evolute attraverso lo studio della
Via Lattea e dei suoi satelliti. Questo é estremamente vantaggioso dato che é possibile
studiare le componenti della Via Lattea in grande dettaglio. Infatti in oggetti cosí vicini
si possono osservare migliaia di stelle ad una ad una, e per ognuna di queste derivarne
ad esempio l’etá, la distanza, la velocitá con cui si muove e la composizione chimica
del gas da cui si é formata. La tecnologia attuale non ci permette di svolgere delle
osservazioni cosí dettagliate al di fuori del Gruppo Locale di galassie. Inoltre, molti
dei satelliti della nostra Galassia, oltre ad essere potenzialmente simili alle galassie che
l’hanno formata, fanno anche parte del tipo piú comune di galassie nell’Universo, le
galassie nane.
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Composizione chimica e cinematica delle stelle
La spettroscopia é uno delle tecniche piú importanti che gli astronomi usano per stu-
diare l’Universo. Di seguito esporró brevemente la spettroscopia di singole stelle, che
ho usato per lo studio delle galassie del Gruppo Locale.

La radiazione emessa dalle stelle viene prodotta al loro interno ed rilasciata nello
spazio dalla loro atmosfera. Questa radiazione porta con sé informazioni dettagliate
circa le proprietá della stella che l’ha emessa, in particolar modo se siamo in grado
di analizzare come questa radiazione si distribuisce a seconda della lunghezza d’onda,
cioé se possiamo derivare uno spettro stellare e se possiamo osservare delle righe in
assorbimento. Lo spettrografo é lo strumento che ci consente di ottenere gli spettri.

In generale gli spettri sono formati da un continuo e da delle righe spettrali che si
trovano a delle specifiche lunghezza d’onda (vedi Fig. 2), che ci permettono di misurare
la velocitá della stella e la sua composizione chimica. Le righe spettrali in assorbimento
sono causate da elementi chimici presenti nell’atmosfera stellare che assorbono parte
della radiazione. Misurando a che lunghezza d’onda si trovano le righe spettrali é
possibile capire quali elementi chimici ne abbiamo causato la presenza; misurando la
larghezza delle righe é possibile derivare in che frazione quel certo elemento chimico é
presente nella stella. Gli elementi chimici, la maggiorparte dei quali vengono prodotti
all’interno delle stelle durante la loro vita, vengono espulsi nel mezzo circostante quando
alcune stelle terminano la loro esistenza con un’esplosione (supernovae); questo va ad
arricchire di nuovi elementi chimici il gas da cui altre stelle si formeranno. Questo
significa che la composizione chimica di una stella riflette quella del gas da cui si é
formato, quindi derivare la composizione chimica delle stelle in una galassia ci fornisce
indizi su quante di queste esplosioni siano avvenute, dove nella galassia, in pratica di
come la formazione stellare sia evoluta nel tempo.

Un’altra informazione molto importante che si deriva dagli spettri stellari é con che
velocitá la stella si muove rispetto a noi usando l’effetto Doppler. Nella vita quotidiana
si trovano parecchi esempi di effetto Doppler. Un esempio é il cambiamento del suono
della sirena di un’ambulanza a seconda che questa si stia avvicinando o allontanando:
il suono diventa piú acuto nel primo caso, piú basso nel secondo caso. Nel caso di una
stella, se questa si sta avvicinando le sue righe spettrali verranno osservate a lunghezza
d’onda piú blu che se la stella fosse ferma; se invece la stella si sta allontanando le righe
si muovono verso il rosso. La velocitá delle stelle puó essere poi usata per esplorare il
contenuto in materia oscura di una galassia, in maniera analoga al lavoro di Zwicky
sugli ammassi di galassie.

In questa tesi
Per la maggioparte di questa tesi ho studiato due satelliti della via Lattea, Fornax
e Sculptor. Questi oggetti sono delle piccole galassie, per la maggiorparte contenenti
stelle molto antiche (di etá superiore ai dieci miliardi di anni), di forma pressoché
sferoidale (vengono infatti chiamate galassie nane sferoidali), e che contengono solo
stelle e probabilmente grandi quantitá di materia oscura. Questo lavoro fa parte di un
progetto piú vasto, portato avanti dal DART (acronimo per Dwarf Abundances and
Radial velocity Team), un gruppo di circa 15 persone provenienti da circa 10 istituti in
nazioni diverse. Questo gruppo studia 4 galassie sferoidali nane, due delle quali sono



Sommario in italiano 207

appunto Fornax e Sculptor, con lo scopo di derivarne le proprietá ed usarle per capire
sia l’origine ed evoluzione di queste piccole galassie, sia in che relazione stanno alle Via
Lattea.

Figura 3: Sinistra: i quattro telescopi VLT a Paranal, Chile. Destra: snapshot
da FPOSS, l’interfaccia usata per preparare le osservazioni con FLAMES. I cerchi
grandi indicano l’estensione del campo di vista dello strumento; i cerchi piccoli indicano
la posizione delle stelle; le linee che puntano ad alcuni dei cerchi sono le fibre dello
spettrografo collocate sulle stelle da osservare.

Per questo studio il DART ha usato la strumentazione offerta dall’European Sou-
thern Observatory (ESO), tra cui i telescopi VLT da 8 metri di diametro che si trovano
a Paranal, in Cile (Fig. 3, a sinistra). Uno di questi telescopi é equipaggiato con FLA-
MES, uno spettrografo con circa 125 fibre, usato per la maggiorparte di questa tesi.
Circa 100 delle fibre possono essere usate simultaneamente per osservare ognuna una
stella diversa (Fig. 3, a destra), e per derivare quindi la loro velocitá e metallicitá∗.

Le galassie nane: semplici soltanto in apparenza

I risultati dell’analisi dei dati spettroscopici VLT/FLAMES per 562 stelle in Fornax
e 470 in Sculptor presentati in questa tesi (Cap. 3 e 4) mostrano che queste galassie
sferoidali nane, all’apparenza molto semplici, sono in realtá degli oggetti parecchio
complessi. A differenza di quello che si pensava in passato, in queste galassie le stelle
non sembrano essersi formate dappertutto nello stesso periodo di tempo: le stelle piú
vecchie sembrano essersi formate dappertutto nella galassie, mentre le stelle piú giovani
sembrano essersi formate predominantemente nelle parti interne. Dato che le stelle si
formano dal gas, questo suggerisce che il gas sia stato ad un certo punto rimosso dalle
parti esterne. Esplosioni di supernova possono in teoria espellere gas e/o metalli da
queste piccole galassie; é anche probabile che l’interazione con la Via Lattea possa aver
causato la rimozione del mezzo interstellare dalle parti esterne.
∗ In astronomia tutti gli elementi piú pesanti dell’elio vengono chiamati metalli. In questo lavoro

comunque per metallicitá intendiamo e misuriamo l’abbondanza di ferro, [Fe/H].
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Fornax presenta anche delle caratteristiche piú complesse: una parte delle stelle in
questa galassia ha delle proprietá cinematiche peculiari rispetto al resto della galassia.
É possibile che queste stelle rappresentino quello che é rimasto di un’altra piccola ga-
lassia recentemente cannibalizzata da Fornax. Questo potrebbe essere un’osservazione
a favore dello scenario in cui tutte le galassie si formano da frammenti piú piccoli.

Materia oscura attorno alla Via Lattea

L’analisi dei moti delle stelle in Sculptor presentata nel Capitolo 5 porta alla conclu-
sione che, se la legge di gravitazione universale di Newton é valida, allora Sculptor
contiene grandi quantitá di materia oscura. Secondo i modelli da noi esplorati, questa
galassia sembra contenere circa 160 volte piú materia oscura che luminosa! Questa
materia oscura che circonda la parte visible puó agire da scudo e “difendere” Sculptor
da possibile distruzione dovuta all’attrazione gravitazionale della Via Lattea.

Nel Capitolo 6 l’attenzione viene spostata sulla Via Lattea. In questo capitolo ho
studiato i moti di stelle ed oggetti quali ammassi globulari e galassie satelliti che si tro-
vano nel cosiddetto alone stellare della Via Lattea, una distribuzione sferica di oggetti
molto piú estesa del disco in cui si trova il Sistema Solare (Fig. 1). Il moto di questi
oggetti conferma la presenza di materia oscura nella Via Lattea, in quantitá di circa
dieci/venti volte la materia luminosa. Le attuali osservazioni non permettono ancora
di derivare accuratamente come la materia oscura sia distribuita e poter distinguire
tra teorie diverse sulla sua natura. Per ottenere informazioni piú complete bisogne-
rá probabilmente aspettare qualche anno, quando satelliti come GAIA e SIM verrano
lanciati.
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