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Abstract

Galaxy clusters serve as ideal laboratories to address the fundamental
question of how environmental influence governs galaxy formation and evolution.
They predominantely host elliptical and lenticular (early-type) galaxies, and are
in fact dominated in number by early-type dwarfs. Since low-mass galaxies are
much more vulnerable to external mechanisms due to their shallow gravitational
potential, they are much more prone to be harmed by a cluster’s tidal forces
and the ram pressure of its intra-cluster medium than their larger counterparts.
Furthermore, from analyzing low-mass subhaloes in cosmological simulations,
it has been shown that many of the early-type dwarfs in clusters have been
exposed to a group or cluster environment for most of their lifetime, even before
entering their present-day cluster. So the question of the origin of low surface
brightness early-type dwarfs in clusters is key to determining the role of the
environment in the formation of galaxies over cosmic time.

Deep observations of the dwarf elliptical (dE) galaxy NGC 1396 (MV = −16.60,
Mass ∼ 4× 108 M�), located in the Fornax cluster, have been performed with
the VLT/ MUSE spectrograph in the wavelength region from 4750 − 9350 Å.
We present a stellar population analysis studying chemical abundances, the star
formation history (SFH) and the stellar initial mass function (IMF) as a function
of galacto-centric distance. Different, independent ways to analyse the stellar
populations result in a luminosity-weighted age of ∼ 6 Gyr and a metallicity
[Fe/H]∼ −0.4, similar to other dEs of similar mass. We find unusually over-
abundant values of [Ca/Fe] ∼ +0.1, and under-abundant Sodium, with [Na/Fe]
values around −0.1, while [Mg/Fe] is over-abundant at all radii, increasing from
∼ +0.1 in the centre to ∼ +0.2 dex. We notice a significant metallicity and age
gradient within this dwarf galaxy. To constrain the stellar IMF of NGC 1396,
we find that the IMF of NGC 1396 is consistent with either a Kroupa-like or
a top-heavy distribution, while a bottom-heavy IMF is firmly ruled out. An
analysis of the abundance ratios, and a comparison with galaxies in the Local
Group, shows that the chemical enrichment history of NGC 1396 is similar to
the Galactic disc, with an extended star formation history. This would be the
case if the galaxy originated from a LMC-sized dwarf galaxy progenitor, which
would lose its gas while falling into the Fornax cluster.

We present stellar kinematics of a sample of ten dwarf elliptical galaxies, located
in the Fornax cluster. The sample covers a large spatial area in the cluster and
was observed with the Visible Multi-Object Spectrograph (VIMOS) integral field
unit at the VLT. We analyse the kinematics and present velocity and velocity
dispersion maps, and analyse the rotational support with the use of the specific
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stellar angular momentum parameter λR. We compare results with some data
taken with the SAMI IFU instrument and also compare properties with more
massive early-type galaxies (ETGs) and place our sample on the Fundamental
plane. We notice a range in rotational velocities and also different kinematic
signatures which include kinematically decoupled cores (KDCs), offsets between
the kinematic and photometric major axis, a prolate rotator, and also disc- and
bar structures. We also notice a small offset on the FP compared to massive
ETGs which could be described by different mass-to-light ratios caused by
different star formation histories in dEs. Investigation into these properties
suggest that late-type progenitors of dEs could be shaped during encounters in
groups before entering a more dense cluster environment, where the environment
is responsible for the final transformation and quenching of star formation.

We present a stellar population analysis of a sample of ten dwarf elliptical
galaxies, located in the Fornax cluster. The sample covers a large spatial area
in the cluster and was observed with the Visible Multi-Object Spectrograph
(VIMOS) integral field unit at the VLT. The high signal to noise (S/N), Integral
field unit (IFU), data allows us to derive spatially resolve spectra for our
sample of dwarfs. We derive velocity and velocity dispersion fields. We also
analyse the stellar populations by using the full-spectrum fitting method in
comparison with the more conventional line-strength analysis. With the full-
spectral fitting we compare different population scenarios for each galaxy which
includes fitting a single stellar population (SSP), a combination of two SSPs
of which the old population is fixed and also a weighted combination of all
possible populations. In the sample of 10 dEs, we find a wide range in SSP-
ages with a average metallicity around -0.4. We present star-formation histories
of all galaxies. We compare our results with some independent data from the
SAMI IFU instrument (Sydney-AAO Multi object Integral-field spectrograph)
and also compare properties with more massive early-type galaxies (ETGs).The
Fornax cluster is a compact and rich cluster making it an ideal environment to
study the environmental effect on dwarf galaxy formation.

Key words: galaxies, dwarf elliptical galaxies, galaxy formation,
chemical abundance ratios, stellar kinematics, stellar populations,
star formation histories, Dynamical Jeans modelling
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Chapter 1
Introduction

1.1 Galaxies and galaxy classification

Less than a century ago, the foundation of extragalactic astronomy was laid with
the realization that individual stellar systems exist outside our own Milky Way
galaxy. This came as a result of careful observations by Edwin Hubble (Hubble
1929), who determined that the Andromeda galaxy (M31) is more distant than
observable objects belonging to the Milky Way. This was a remarkable discovery
in the field of observational astronomy, which led to the observational pursuit
of more types of objects with ever increasing questions about their existence.
Today we know that the Milky Way is one of many billions of galaxies in the
observable universe. Even though it is a vast stellar system by itself, we are able
to study it in increasing detail in order to learn more about its properties and
dynamical characteristics by analysing stellar motions and structures within the
galaxy. In a similar fashion, although hampered by their large distances from
which we are mostly unable to resolve individual stars, we are able to study
other distant galaxies beyond the boundaries of the Milky Way using various
spectroscopic and photometric techniques.

Galaxies are known to be mostly gathered in gravitationally bound struc-
tures, called groups and clusters (Binggeli, Sandage & Tammann, 1988; Moore
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Figure 1.1 – Hubble’s version of the classification scheme of nebulae based on their
morphological type (Hubble, 1929).

et al., 1996). Today many galaxy clusters have been studied in as much detail
as allowed by the current instrumental and technological capabilities. Galaxy
clusters typically contain upwards of a hundred galaxies of different types and
sizes which also make for an ideal setting in which to study the formation and
interactions of cluster galaxies.

Classification of astronomical objects always played an important role, not
only in separating different classes of objects but also as an aid in creating
catalogues for studying large samples of objects. The groundwork of galaxy
classification as we know it today was laid by Edwin Hubble with his famous
“tuning fork”, which led to galaxy classification as shown in Figure 1.1. In
his original classification scheme, which was based on morphology, galaxies
were divided into two broad groups, galaxies without spiral arms (elliptical
galaxies) and those with spiral arms (spiral galaxies). The elliptical galaxies
were presented as the stem of the “tuning fork”, also called “early Types”,
after which the organisation scheme branches into spiral galaxies, called normal
Spirals (S) and barred spirals (SB), also referred to as “Late Type ”galaxies.
Elliptical galaxies were defined by En, where n was specified to be an indication
of ellipticity given by n = 10(1 − b/a), where a and b are the apparent major
and minor axes. E(0) galaxies therefore have a round appearance on the sky
and E(7) galaxies are highly elliptical. Spiral galaxies on the other hand were
sub-classified using the letter sequence a, b, or c indicating the brightness ratio
between the bulge and disk of the galaxy (decreasing from a to c) and the
granulation and opening of the spiral arms (increasing from a to c) (Hubble,
1936).

Over the years, this classification by Hubble has been revised and adapted,
e.g., de Vaucouleurs (1959) Sub-classes for bars rings and spiral arms; van den
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Figure 1.2 – Updated version of the original classification scheme by Kormendy & Bender
(1996), which accommodate on the fork branches the class of irregular galaxies. The
classification for early-type galaxies was also updated to distinguish between disky and boxy
shapes.

Bergh (1960) Addition of luminosity classes; Elmegreen & Elmegreen (1982)
Spiral arm classification; Sandage & Bedke (1994) Expanded spiral/dwarf galaxy
classification scheme. These revisions were required due to the very diverse
morphological nature of observed galaxies, which include other types and sub-
classes of galaxies, eg. irregular galaxies and dwarf elliptical galaxies (dEs), the
latter type is of main interest in this study. Improved observational capabilities
in the detection of lower surface-brightness objects also contributed to the
expansion of different sub-classes. It is important to note that Hubble’s original
classification was mostly based on bright giant spiral galaxies and needs to be
adapted to accommodate properties as observed in dwarf galaxies. According to
an early red shift-apparent magnitude relation by Humason, Mayall & Sandage
(1956), dwarf galaxies initially appeared to belong to the Sc type (van den Bergh,
1960). Lin & Faber (1983) were the first to indicate a possible evolutionary link
between dwarf irregular galaxies and dEs, based on their light profiles and dark
matter content. Soon thereafter, Kormendy (1985) concluded that dEs, referred
to by them as dwarf spheroidals, are more closely related to dwarf spirals and
irregular galaxies because of their nearly identical light profile within the core
region. From this they proposed that dEs possibly originate from dwarf spirals
or irregulars which lost their gas content or underwent star forming episodes in
their distant past. Kormendy & Bender (1996) proposed another revision of the
Hubble classification scheme (Figure. 1.2) in which they introduce disky and
boxy ellipticals and added the irregular class, whose properties closely resemble
those of dEs.
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1.2 Dwarf elliptical galaxies

The main reason why the dE class attracts much attention is the fact they
are the most numerous galaxies in the universe. Even though they dominate
most galaxy clusters in their absolute numbers, their properties are still largely
unknown due to the difficulty to observe them in detail. Some of the main
questions that arise when studying this type of galaxies relate to their formation
and evolution and why they are only found in cluster environments. To try to
unravel these mysteries, it is necessary to study these galaxies by focusing on
their structural properties, stellar populations, and the environmental impact
on these systems. As an additional tool, scaling relations can be used in order
to compare or link properties to other galaxy classes.

As a widely-accepted definition, dEs are defined as low luminosity and
low surface-brightness galaxies with an exponentially declining radial surface
brightness profile. They cover an absolute B-magnitude range between -15 and
-18 mag and have also been found to have lower metallicities compared to their
massive elliptical counterparts.

By studying the optical luminosity function (LF) of dEs, which is a
probability distribution function for galaxies of any specific Hubble type,
Binggeli, Sandage & Tammann (1988) showed that the LF of dEs only dominates
in cluster environments (Figure 1.3). This raised the important question on
why isolated dEs are not found outside galaxy clusters. This was also found to
be in agreement with the morphology density relation (Dressler 1980; Binggeli,
Tammann & Sandage 1987), indicating early-type galaxies (ETGs) to have much
higher numbers in dense cluster environments with very little to none found in
the field. Furthermore, it was also noticed that dEs are almost always found
to be the closest satellite galaxies of massive elliptical galaxies, with galaxies
further afield belonging to the spiral or irregular types (Einasto et al., 1974).

1.2.1 Structural properties

Morphology

Many studies have tried to address the question whether dEs constitute a low
surface-brightness extension of giant ellipticals or whether they belong to a sub-
class of their own. Kormendy et al. (2009) verified that a strong dichotomy
exists between the giant elliptical and dEs classes (Figure 1.4). They argue that
the properties of these two classes of elliptical galaxies appear to correspond to
two different formation processes. A history of mergers seems to describe the
formation of massive ellipticals, while the transformation from late-type galaxies
by environmental effects seems more appropriate in the case of dEs. However,
the question on different formation mechanisms remains open to interpretation,
as illustrated by the attempts to explain the properties of dEs in continuity with
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Figure 1.3 – Luminosity function of galaxies, showing a comparison of the contribution of
different galaxy types to the total luminosity as observed in the field (top) and in the Virgo
cluster (bottom). From Binggeli, Sandage & Tammann (1988).
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those observed for giant elliptical galaxies as shown in Figure 1.5 (Graham &
Guzmán, 2003; Graham, 2013).

Another strong argument for the case of dEs being transformed late-type
galaxies was raised by Einasto et al. (1974) who showed that their morphology
appears to be dependant on the distance from large companion galaxies. In
this scenario, the galaxies get stripped of their gas content by a rich gaseous
halo found around the companion galaxy. This morphological transformation
has a direct effect on the quenching of star-formation, which leads to a smooth
morphological appearance (Lisker et al., 2006). Apart from the overall smooth
appearance, it has also been found that some of the brighter dEs contain a
strong nuclear component, consisting of massive star clusters (Binggeli, Sandage
& Tarenghi 1984). Nucleation in dwarfs has a higher occurrence in brighter,
round-shaped galaxies (van den Bergh, 1986). The formation of these nuclear
star clusters (NSCs), which had been found to contribute up to 20% of the
total light output (Vader & Chaboyer 1994), is still poorly understood. A few
formation mechanisms have been proposed, which include central star-formation
as a result of gas moving to the centre of slow rotating dwarfs (van den Bergh
1986) and migration of globular clusters towards the central regions due to
dynamical friction induced orbital decay (Oh & Lin, 2000). Côté et al. (2006)
argue that the nuclei found in dwarf galaxies closely resemble those found in
late-type spiral galaxies in terms of their luminosity and size. A possibility exists
that recently discovered ultra compact dwarfs (Hilker et al. 1999; Phillipps et al.
2001) could be the remnant nuclei of dwarf galaxies dissolved by tidal forces as
they entered a dense cluster environment.

Photometry

Another way to obtain information about the intrinsic structure of these dwarf
galaxies is to study the surface-brightness profile and two dimensional isophotes
by means of a photometric analysis. Since the early 1980s, photometric
measurements have been obtained for a number of dwarfs by analysing
photographic plates and later with the use of CCDs (Ferguson & Binggeli, 1994).

The use of surface-brightness profiles present a fundamental way in probing
the structure of a galaxy. This technique of galaxy decomposition and fitting
of the light profile has lead to important advances in understanding galaxy
formation and evolution, which include scaling relations and morphological
transformations of galaxies in cluster environments (Peng et al., 2002). It has
been noted that their surface-brightness profiles are different compared to those
of massive elliptical galaxies. The surface-brightness of dwarf early-type galaxies
do not conform to Hubble’s 1/r2 (Hubble 1930) nor to the de Vaucouleurs’ law
(de Vaucouleurs 1948). It was later found that an exponential profile provides
a reasonably good description of the dE luminosity profile, in which case it was
also postulated that the exponential profile might indicate a closer evolutionary
link with the spiral-irregular type (Faber & Lin, 1983). Wirth & Gallagher
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Figure 1.4 – Correlations of different galaxy parameters inside isophotes that contain 10% of
the total light. These parameters, which include radius (r10%), surface-brightness (µ10%), and
total V -band magnitude (MV ) are shown for massive ellipticals and dwarf ellipticals (called
“spheroidals ”by Kormendy et al. 2009). From Kormendy et al. (2009).
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Figure 1.5 – Different interpretations in the relations between the observed surface-brightness
and the absolute magnitude of early-type galaxies. Left: Graham & Guzmán (2003) proposed
a continuous relation when using the mean- and effective surface-brightness instead of
central surface-brightness measurements. Right: Dichotomy between Es and dEs, shown
by Kormendy et al. (2009) to be distinct sequences based on inherently different surface-
brightness profiles. Adapted from Graham (2013) and Kormendy et al. (2009).

(1984) proposed that brighter compact elliptical galaxies, like M32, could be
related to massive ellipticals as a lower luminosity extension, while dEs do not
conform to this, as previously thought to be the case. They show that in the case
of brighter and more compact dEs, like M32, the surface-brightness profiles could
also be described using de Vaucouleurs’ law. This revealed another possible
distinction in the class of dwarf early-type galaxies, where the more compact
ellipticals could be seen as a lower luminosity extension to the luminous giant
elliptical class.

Although ellipticals normally appear to be mostly featureless systems, more
recent deep photometrical analyses showed these galaxies to have complex
underlying structures, which include disks, spiral arms, and irregular features
(Jerjen, Kalnajs & Binggeli, 2000; Barazza, Binggeli & Jerjen, 2002; Geha,
Guhathakurta & van der Marel, 2003; Graham & Guzmán, 2003; De Rijcke
et al., 2003a; Lisker, Grebel & Binggeli, 2006). Peng et al. (2002) showed,
by means of photometric decomposition, that giant elliptical galaxies are
characterized by the presence of underlying bars, disks, nuclear and gas
structures. For dwarf galaxies, Lisker, Grebel & Binggeli (2006) and Lisker
et al. (2006, 2007a) conducted a morphological study, in which they applied
unsharp masking and performed surface photometry to search for any underlying
morphological features. From a sample of 413 Virgo cluster dEs, they found that
up to 88% could be classified as normal, of which 51% are nucleated and the
remainder weakly to none nucleated. Up to 13% of their sample were found
to contain disk features and 5% blue central regions. From these sub-classes
it was also noticed that nucleated dEs tends to be more relaxed compared
to the more unrelaxed non-nucleated dEs, which could be an indication of a
formation scenario involving in-falling progenitor galaxies. It was also found
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that non-nucleated dEs in the Fornax and Coma clusters are younger with
higher metallicities compared to nucleated dEs (Rakos & Schombert, 2004).

Similarly to the discussion about a discontinuity in the morphological
properties between giant and dwarf elliptical galaxies, the photometric relations
(eg., the colour-magnitude relation), also appear to show a dichotomy between
the two classes (de Vaucouleurs, 1961; Caldwell, 1983). A strong relation exists
for ETGs between the optical colours and luminosities, where more luminous
galaxies have redder colours (Baum, 1959; de Vaucouleurs, 1961; Caldwell, 1983;
Lisker, Grebel & Binggeli, 2008). The colour-magnitude relation for nucleated
early-type dwarfs was found to differ significantly compared to that of non-
nucleated dwarfs (Lisker, Grebel & Binggeli, 2008). This revealed that the
formation scenarios could in fact be different for nucleated and non-nucleated
sub-classes of dwarf early-type galaxies.

Kinematics and rotational support

By focusing only on photometry, galaxies might appear relatively uniform, even
though they may contain distinct kinematical features. As a first step in the
process of extracting kinematic information from galaxies, it is necessary to
obtain good quality and high signal-to-noise (S/N) spectroscopic data. For
ETGs, especially dwarfs, this requirement already sets a hindrance due to
the difficulty to obtain quality spectra for low surface-brightness objects. The
exponential decline in luminosity of ETGs also makes good radial coverage more
difficult. The first kinematic information for an ETG was extracted by Bertola
& Capaccioli (1975) using long-slit spectroscopy. Long-slit spectroscopy relies
on the principle of a slit being placed on a galaxy (normally along the major
axis), allowing its light to be dispersed for spectral analysis.

In the early 1980s, Courtes (1982) introduced spectroscopy with the use
of integral field units (IFUs), which would make use of the ability to extract
a spectrum from a single pixel element, thereby creating the possibility that
the spatial information of the imaged object can be reconstructed, an idea
that revolutionized spectroscopy. Since then multiple IFU instruments were
built which created the ability to extract detailed two-dimensional kinematics
of galaxies. Despite this technological development in the field of spectroscopy,
it is still a very time-consuming task to obtain high S/N spectra of dwarf early-
type galaxies due to their low surface-brightness nature.

The kinematics of a galaxy is driven by stellar motion, which can either
be dominated by pure disk-like rotation (rotationally supported) or by random
orbital motions (pressure supported), where the velocity dispersion of a system is
determined from the velocity broadening in the spectral lines. The ratio between
the maximum rotational velocity and velocity dispersion, V/σ, is classically used
as angular momentum indicator. Elliptical galaxies tend to have lower V/σ
values compared to spiral galaxies. dEs have been found to show a wide range in
rotation, from non-rotating to fast-rotating systems (Geha, Guhathakurta & van
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der Marel, 2003; Toloba et al., 2009, 2011; Ryś, Falcón-Barroso & van de Ven,
2013). The reason for such a wide range is still unclear and has to be linked to the
different mechanisms involved in their formation and/or environmental factors.
As opposed to rotationally supported systems, dEs are found to be pressure
supported. In order to quantify rotational support in galaxies, Emsellem et al.
(2007) proposed a new kinematic parameter λR, which quantifies the rotational
support with integration of the two-dimensional spatial information as provided
by IFU instruments. Toloba et al. (2015b) indicated an increase in the fraction
of rotationally supported dEs with cluster-centric distance in the Virgo cluster,
where pressure supported dEs, on the other hand, are mostly found in the
central parts of the cluster. These phenomena can be ascribed to dwarfs that
lost their angular momentum due to processes related to the interactions that
take place in a dense environment.

By studying the kinematic profiles of dEs, kinematic anomalies in the form
of kinematically decoupled cores (KDCs) have also been found (De Rijcke et al.,
2004; Toloba et al., 2014b). In the case of more massive ETGs, this is a typical
kinematic structure that arises in a merger between galaxies, resulting in a
counter rotating or differentially rotating region surrounding the nucleus (Tsatsi
et al. 2015). However, for dwarf galaxies, it is unlikely that KDCs could be
formed in cluster environments due to the destructive high velocity encounters.
De Rijcke et al. (2004) proposed a scenario where dE progenitor galaxies could
form KDC structures after lower velocity encounters in smaller groups before
they enter a cluster environment.

1.2.2 Stellar populations

Stellar population analysis probes the fossil record of galaxy formation. It
provides us with clues to the population build-up that occurred in a galaxy
during its formation and evolution. Unlike most galaxies in the Local Group, the
stellar populations of more distant galaxies cannot be resolved into individual
stars. In this case, the spectral analysis has to be done using integrated
spectra, with a contribution from all stars in a population (Salaris & Cassisi,
2005). Population synthesis relies on the construction of a set of simple stellar
populations (SSPs), which is represented by a particular mass distribution
of stars of the same age, metallicity, and chemical abundance pattern. The
ingredients necessary to construct an SSP (Eq. 1.1) include isochrones from
stellar evolution theory, a library of theoretical or empirical stellar spectra,
and an initial mass function (IMF), which dictates the mass distribution of
stars used in the SSP (Conroy et al., 2013). With a set of input SSPs, a
representable population of the observed galaxy is created by the best fitting
SSP or a combination of multiple SSPs. This technique will be at the base of all
stellar population analysis done in the thesis. An SSP is constructed by using
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the folllowing equation,

fSSP(t, Z) =

∫ mu(t)

ml

fstar[Teff (M). log g(M)[t, Z]Φ(M)dM (1.1)

where M is the initial stellar mass which is integrated over a lower ml and upper
mu mass, Φ(M) is the IMF, fstar represents the stellar spectrum leading to the
resulting age and metallicity SSP spectrum fSSP(t, Z) (Salaris & Cassisi, 2005).

Star formation histories entail the recovery of stellar ages from a composite
stellar population system. In contrast to earlier beliefs that all elliptical galaxies
are “red and dead ”consisting of only old populations (Baade 1944; Morgan
1959), some dEs have shown to contain a diverse stellar composition (Geha,
Guhathakurta & van der Marel, 2003; Toloba et al., 2014b). The fact that
observational evidence points to more complicated stellar populations which
may include young components (Ryś et al. 2015) suggests that recent star
formation activity took place in some cluster-bound, interacting dEs (Moore
et al., 1996). A young stellar population also suggests that gas should be present
from which the young stars could have formed. This was observed for dEs in the
Fornax cluster, which seem to contain a reasonable amount of gas (De Rijcke
et al. 2003b; Michielsen et al. 2004). Similarly, in the Virgo cluster, Toloba
et al. (2015b) found four dEs with some emission in the Balmer absorption
lines. Toloba et al. (2015b) propose a scenario in which the Virgo dEs could
be the remnants of late-type star forming galaxies which underwent incomplete
gas removal by ram pressure stripping. De Rijcke, Buyle & Koleva (2013)
also observed a dE (FCC 46) in the Fornax cluster with evidence of a gaseous
counter-rotating polar ring, supplying gas to sustain ongoing star-formation in
the central region.

1.2.3 Environment

By studying the different structural components of these dwarf systems, some of
the fundamental questions on the environmental influence on galaxy evolution
can be addressed. The environmental effects on these low surface-brightness
systems are amplified by their shallow gravitational potential, which makes for
even greater susceptibility towards internal and external mechanisms compared
to their larger counterparts (Lisker et al., 2013; Ryś, Falcón-Barroso & van de
Ven, 2013).

A detailed study of the formation and evolution of this class of galaxies
therefore involves a link between their characteristics, which include the
kinematics, angular momentum, and stellar populations to the environmental
influence on the system. The discovery of substructures in dEs could suggest
that one of the main hypotheses that these systems could be seen as remnants of
late-type spiral or irregular galaxies, which were transformed through recurrent
interactions with massive galaxies in clusters (Moore et al., 1996; Lisker et al.,
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2006; Lisker, Grebel & Binggeli, 2006; Koleva et al., 2009a). It is believed
that the interaction with the hot intra-cluster medium causes the gas in dwarf
galaxies to disappear (Gunn & Gott 1972; Boselli & Gavazzi 2006), so that the
galaxy slowly becomes a dE. However, quantitatively this picture is not very
clear yet, and currently very little is known about the formation mechanisms
involved in the transformation of dEs, where multiple scenarios have been
proposed. They include processes which should be able to remove gas from
the system and thus being responsible for quenching star formation. Another
important property that these mechanisms should be able to explain is the fact
that some dEs are observed to be slow rotators or pressure supported systems,
which are mostly found in the central parts of clusters (Toloba et al., 2015b).
The quest is then to find mechanisms that could explain both the removal of
the gas content and apparent loss of angular momentum in dEs. Ram-pressure
stripping involves the interaction of a galaxy with the intergalactic medium
(Gunn & Gott, 1972). The galaxy experiences an external pressure force as
it moves through the cluster where the force depends on the density of the
intergalactic medium as well as on the relative velocity of the galaxy (Schindler
& Diaferio, 2008). In the case of ram-pressure acting on an in-falling galaxy,
it is expected that its angular momentum should be conserved (Ryś, Falcón-
Barroso & van de Ven, 2013). Galaxy harassment has to do with galaxy-galaxy
interactions during high speed encounters in the cluster environment together
with the effect of the cluster potential well. This can be associated with stellar
mass loss and lowering of the intrinsic angular momentum of the system (Moore
et al., 1996; Ryś, Falcón-Barroso & van de Ven, 2013). However, the individual
effects of either of these two mechanisms or the combined effect is not entirely
clear. Bialas et al. (2015) found that galaxies entering a cluster environment do
not show significant mass loss from the tidal interaction, where substantial mass
loss could however be predicted for galaxies in the central regions of the cluster.
They also indicate that other properties, like disk inclination and galactic orbit,
could play an important role in the transformation process. They concluded
that the morphological transformation process would have to be started at early
times in proto-clusters and continue to the current epoch in order to result in
the current observed dEs.

1.3 This thesis

In this Ph.D thesis, we investigate the physical properties of dEs by focusing
on their kinematics and stellar populations as analysed using integral field
spectroscopy. The aim of this study is to help form a better and more complete
understanding of the formation and evolution of dEs in the cluster environment.

With this aim in mind, the Virgo galaxy cluster is among the most favourable
galaxy clusters for this type of study due to the fact that it is the closest large
galaxy cluster. However, it is also a very rich cluster, meaning that multiple
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processes (ram-pressure stripping, tidal stirring, and galaxy harassment) can
operate on galaxies. This, combined with the fact that the Virgo cluster consists
of several subgroups, makes disentangling these processes extremely hard. A
natural solution is therefore to observe a less rich cluster and compare the
results with those obtained for Virgo cluster galaxies. The Fornax cluster was
specifically chosen for this study not only because it is less rich but also because
it is more compact in comparison to the Virgo cluster. This allows for a possible
amplification of the environmental effects on dwarf galaxies entering the cluster
environment.

Our sample consists of 11 dEs evenly distributed in the Fornax cluster. The
low surface-brightness nature of these objects justifies the necessity to obtain as
deep exposures as possible in order to reach a high S/N ratio in the spectroscopic
data. However, deep spectroscopic observations come at a price due to the fact
that they are very time consuming and occasionally involve over-subscribed
scientific instruments.

As a first study, we obtained IFU data for NGC 1396 using the Multi
Unit Spectroscopic Explorer (MUSE) instrument on the Very Large Telescope
(VLT) UT4 telescope at the European Southern Observatory (ESO) site in
Chile. These observations served as a pilot study to explore the possibilities in
observing dEs with this new and state-of-the-art IFU instrument. NGC 1396 is
a typical dE located in the centre of the cluster at a close projected proximity to
the central massive elliptical galaxy NGC 1399. The aim of exploring this galaxy
was to obtain a complete picture of an early-type dwarf galaxy by studying
the kinematics and stellar populations of all its components, which include
the nucleus, stellar body and globular cluster system. Lisker et al. (2013)
indicated that cluster dEs have been exposed to a group or cluster environment
for most of their existence. Therefore in analysing all components of this galaxy
simultaneously, which carry a fossil record from the different formation epochs, it
is possible to trace the history of the environmental influence. In Chapter 2, we
present a detailed description of the stellar populations of NGC 1396, focusing
on the elemental abundances and the slope of the IMF. The MUSE instrument
provides a relatively high spectral resolution with a large wavelength coverage,
which enabled us to publish, for the first time, integral field spectroscopy of a dE
in the near infra-red region. This region contains important spectral features,
including the calcium triplet lines, which are valuable in constraining the IMF
and elemental abundances. The MUSE IFU has a very large field of view (FOV)
and in combination with a mosaic observing pattern, it gave us an additional
advantage of a spatial coverage up to 1.4 effective radii, which also includes the
globular cluster system of the galaxy.

The remaining ten galaxies in the sample was observed with the VIsible
MultiObject Spectrograph (VIMOS) mounted on the VLT UT3 telescope at
ESO. These galaxies were chosen from a magnitude limited sample of 20 galaxies
from the ACS Fornax Cluster Survey (ACSFCS) by Jordán et al. (2007), and
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represents the brightest galaxies in the sample with magnitudes of MB > −18.
The VIMOS instrument has a lower spectral resolution compared to the MUSE
instrument and also a much shorter wavelength range. With the larger sample
observed by VIMOS, the aim was to gather better information on environmental
factors which could depend on cluster-centric distance (Ryś, Falcón-Barroso
& van de Ven 2013; Toloba et al. 2015b) and affect galaxies in the sample
differently. In Chapter 3, we present our results on the kinematics of these ten
galaxies and show velocity and velocity dispersion maps of the sample together
with an analysis of the rotational support as function of cluster-centric distance.
Our stellar population analysis of the ten galaxies is presented in Chapter 4,
where we present star-formation histories of all galaxies with the use of the line-
strength index- and full spectral fitting techniques. In Chapter 5, we provide a
general overview of our results, conclusions, and comments on future prospects
in the field. In Appendix A, we present preliminary results from an analysis of
NGC 1396, in which we applied Jeans dynamical modelling.
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Abstract

Deep observations of the dwarf elliptical (dE) galaxy NGC 1396 (MV = −16.60,
Mass ∼ 4 × 108 M�), located in the Fornax cluster, have been performed
with the VLT/ MUSE spectrograph in the wavelength region from 4750− 9350
Å. In this chapter we present a stellar population analysis studying chemical
abundances, the star formation history (SFH) and the stellar initial mass
function (IMF) as a function of galacto-centric distance. Different, independent
ways to analyse the stellar populations result in a luminosity-weighted age of ∼
6 Gyr and a metallicity [Fe/H]∼ −0.4, similar to other dEs of similar mass. We
find unusually over-abundant values of [Ca/Fe] ∼ +0.1, and under-abundant
Sodium, with [Na/Fe] values around −0.1, while [Mg/Fe] is over-abundant at
all radii, increasing from ∼ +0.1 in the centre to ∼ +0.2 dex. We notice a
significant metallicity and age gradient within this dwarf galaxy.

To constrain the stellar IMF of NGC 1396, we find that the IMF of NGC
1396 is consistent with either a Kroupa-like or a top-heavy distribution, while
a bottom-heavy IMF is firmly ruled out.

An analysis of the abundance ratios, and a comparison with galaxies in the
Local Group, shows that the chemical enrichment history of NGC 1396 is similar
to the Galactic disc, with an extended star formation history. This would be the
case if the galaxy originated from a LMC-sized dwarf galaxy progenitor, which
would lose its gas while falling into the Fornax cluster.
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2.1 Introduction

Knowledge of galaxy evolution relies strongly on the information obtained
from studying different galaxies at various stages of their existence. Galaxy
evolution depends on internal factors, as well as on external factors such
as the environment and galaxy interactions (Binggeli, Sandage & Tammann,
1988; Boselli & Gavazzi, 2006; Lisker et al., 2007b). Environmental processes
affect all galaxies, but especially small dwarf-like galaxies, as can be seen from
the morphology-density relation (Dressler, 1980; Geha et al., 2012). Cluster
galaxies, and also those in the field, come in different shapes and sizes and are
found to have a large range of masses, from massive elliptical galaxies of around
1011 M�, down to dwarf galaxies with postulated progenitor dark matter halo
masses as low as 105 − 107 M� (see Naab, Khochfar & Burkert 2006; Bland-
Hawthorn, Sutherland & Webster 2015; Verbeke, Vandenbroucke & De Rijcke
2015). The densest regions in galaxy clusters are also known to be dominated
by early-type galaxies (Jerjen, 2005). In this study, we focus on a dwarf galaxy
in the mass range between 108 − 109 M�.

One way to obtain information about the formation of these galaxies, is
to examine their stellar populations, since they provide a fossil record of the
evolution of the galaxy. This allows the chemical composition and the star
formation history (SFH) of the system to be investigated. In the last decade,
many technological developments (integral field spectroscopy with higher spatial
and spectral resolution, higher throughput optical detectors, etc.) have made
it possible to directly study the previously challenging class of dwarf galaxies,
as their low surface brightness nature made it extremely difficult to obtain high
signal-to-noise spectra of these systems.

Our current knowledge is still rather basic, for example, the unresolved
stellar initial mass function (IMF) of dwarf galaxies has not yet been constrained
in detail. An attempt to study the normalisation of the IMF has been made
by Tortora, La Barbera & Napolitano (2016), based on a hybrid approach.
However, to date, no dwarf galaxy has yet been examined in the same way
as massive early-type galaxies (ETGs), i.e through gravity sensitive absorption
features, which can be used, in principle, to constrain the dwarf-to-giant ratio
(i.e., the slope of the stellar IMF) (van Dokkum & Conroy, 2010; Conroy &
van Dokkum, 2012b; Ferreras et al., 2013; La Barbera et al., 2013; Spiniello
et al., 2014). Furthermore, little is known about the chemical abundance ratios
in dwarf ellipticals beyond the Local Group, where results have been presented
by (Michielsen et al., 2003; Hilker et al., 2007; Michielsen et al., 2007, 2008a;
Chilingarian, 2009; Koleva et al., 2009a, 2011; Paudel, Lisker & Kuntschner,
2011).
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2.1.1 Dwarf elliptical galaxies

Dwarf elliptical galaxies (dEs) constitute a very important and fascinating class,
dominating clusters and massive groups of galaxies in numbers. By comparing
the contribution to the total luminosity function of clustered galaxies with
galaxies in the field, it can be seen that dEs are much more abundant in clusters
and groups while almost none are found in the field (Dressler, 1980; Binggeli,
Sandage & Tammann, 1988; Lisker et al., 2007b). Geha et al. (2012) showed that
most quenched dwarf galaxies, i.e., red galaxies with little star formation, reside
within two virial radii of a massive galaxy, and only a few percent beyond four
virial radii. Galaxy clusters can therefore be viewed as an excellent environment
to study the formation and evolution of these systems.

Intrinsic properties and stellar populations of dEs have not yet been studied
in as much detail as their giant counterparts. Systematic studies include van Zee
(2002); van Zee, Barton & Skillman (2004); Lisker, Grebel & Binggeli (2006);
Lisker et al. (2007a); Michielsen et al. (2008a); Koleva et al. (2009a); Janz et al.
(2014); Ryś et al. (2015). dEs are defined to have magnitudes MB,T > −18
(Sandage & Binggeli, 1984), where a further distinction between bright and
faint dwarfs is made at MB,T around −16 (Ferguson & Binggeli, 1994). Most
observed ellipticals are objects conforming to a Sérsic surface-brightness profile
with exponent between 1 and 1.5 (Caon, Capaccioli & D’Onofrio, 1993; Koleva
et al., 2009a), but there are also compact low-mass early types, commonly known
as cEs and similar to the prototype M32, whose Sérsic indices are usually larger.
Such compact ellipticals (cE) are categorised by Kormendy (1985, 1987); Bender
et al. (2015) as ellipticals, as in the case of M32 (Ferguson & Binggeli, 1994),
while he categorises low mass ETGs as spheroidal galaxies (see also Guérou
et al. 2015).

In general dEs are red, and lie on the well-established correlation of the
optical colour and central velocity dispersion, σ, indicating that the stellar
populations are generally old, with sub-solar metallicities (Michielsen et al.,
2008b; Koleva et al., 2009a; Janz & Lisker, 2009; Paudel, Lisker & Kuntschner,
2011). An approach to learn more about the star formation episodes that took
place in a galaxy is to look at the observed stellar population gradients in the
galaxy. Population gradients hold information about the processes, including
gas dissipation and merging, that have been playing a role during the formation
of the galaxy (see White 1980; Di Matteo et al. 2009; Hirschmann et al. 2015.
Colour gradients can be used as a tracer for metallicity variations in these
systems (den Brok et al., 2011), while they also claim that more massive galaxies
have larger gradients than dwarfs. The observed colour gradient might also have
correlations with other structural parameters, such as effective radius, effective
surface brightness and, especially, the Sérsic index (den Brok et al., 2011). This
therefore indicates the importance of studying the spatial variations in dwarfs,
which are the focus of this chapter.
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Chemical abundances also play an important role. They provide us with
information about the stellar populations and yields of all stars in the galaxy
(Boehringer & Werner, 2009). It is known from observational evidence that
dEs also harbour multiple stellar populations, which includes younger central
regions, with mostly older populations in the outskirts. The central chemical
abundances of e.g., Ca and Na proved to be peculiar when compared to
abundances found in the local environment and in their more massive elliptical
counterparts (Michielsen et al., 2003; Zieleniewski et al., 2015). It has also been
shown that more massive dEs often have nuclear star clusters (Côté et al., 2006),
as is also the case for NGC 1396.

Measurements of the near infra-red CaT index line strength are found to be
very high for dwarf galaxies (Michielsen et al., 2003), in contrast to the lower
than predicted CaT values recorded for massive ellipticals (Es) (Saglia et al.,
2002; Cenarro et al., 2003). These elevated Ca values in dwarfs are also part
of the so called Calcium triplet puzzle (Michielsen et al., 2003, 2007), where it
was initially noted that the CaT index anti-correlates with the central velocity
dispersion (σ) in bulges of spiral galaxies and in Es (Saglia et al., 2002; Falcón-
Barroso et al., 2003; Cenarro et al., 2003). This anti-correlation was also shown
to be present in the dwarf galaxy regime (Michielsen et al., 2003), where the
measured CaT* values were larger than expected for the age-metallicity relation
of dwarfs. This CaT-σ anti-correlation is in contrast to line indices like Mg2
and Mgb and most other metal lines, which correlate positively with σ. This is
also the case for Ca at lower metallicities (Saglia et al., 2002; Tolstoy, Hill &
Tosi, 2009; Grocholski et al., 2006).

In this study of NGC 1396, MUSE data were obtained in order to measure
kinematics and obtain information about the stellar populations and chemical
abundances of a typical undisturbed early-type dE galaxy and its globular
cluster system. This study forms part of a program dedicated to the dwarf
galaxy properties in the Fornax core. The globular cluster system is also a good
tracer of the original angular momentum from the galaxy’s early evolution,
and can be used to model the mass distribution in the outer regions of the
galaxy (Brodie & Romanowsky, 2016). Moreover, in order to determine the
evolutionary state in which NGC 1396 currently resides, it is necessary to
characterise all its properties as a function of galacto-centric radius. These
properties include the profiles of dynamical-to-stellar mass ratio and angular
momentum obtained from dynamical modelling, the kinematical connection
between the field stars and the globular cluster system and the chemical
abundance ratio and age/metallicity profile in the galaxy.

In this chapter, we investigate the characteristics of the dwarf galaxy NGC
1396 with the focus on its stellar populations. The second study will include the
kinematics of this galaxy. A third study will focus on the globular cluster system
of NGC 1396, and the global mass distribution. This chapter is structured as
follows: In section 2, we present the general properties of the galaxy under
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Figure 2.1 – Colour image of NCG 1396 created from the MUSE data set used in this study.
The central galaxy in Fornax, NGC 1399, is located at a projected distance of ∼ 5 arcmin
in an ESE direction. The central Fornax region centred on NGC 1399 is indicated with a
Digitized Sky Survey insert in the bottom left corner with the MUSE field of NGC 1396 in
the yellow box.

study together with known available photometric data relevant for this study.
Information about the observations and the general data reduction procedure
is presented in Section 3, together with a description of the data analysis
procedure which includes the measurement of line strength indices and the use
of population models. Results of the obtained abundance ratios and stellar
populations of NGC 1396 will be covered in Section 4, followed by the discussion,
conclusions and summary in the last two sections.

2.2 General properties of NGC 1396

The Fornax cluster is the second largest cluster dominated by early-type galaxies
located within 20 Mpc. The cluster is more compact than the larger Virgo
cluster, making it a good target for the study of environmental influences on
galaxy formation (Jordán et al., 2007).

NGC 1396 (see Figure 2.1) is located in close projection to the massive
central elliptical galaxy NGC 1399. It has been catalogued in the Fornax cluster
catalogue (FCC) as FCC 202 (see also Table 2.1), (Ferguson, 1989), and the
galaxy has been observed as part of the ACS Fornax Cluster Survey (ACSFCS,
Jordán et al. 2007). With a recession velocity of −600 km s−1 from the central
cluster galaxy NGC 1399, it is believed to be in a radial orbit at the edge of the
cluster escape velocity (Drinkwater et al., 2001). This picture is in agreement
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Table 2.1 – General properties of NGC 1396

Quantity Value Unit Reference
Hubble Type d:E6,N – (1)
R.A. (J2000) 03h38m06.54s HMS (2)
Dec. (J2000) −35d26m24.40s DMS (2)
Helio. Rad. Vel. 808±22 km s−1 (2)
mV 14.88 mag (4)
Distance 20.1 Mpc (5)
MV [Abs.] -16.60 mag
AV 0.04 mag (3)
Effective Radius 10.7 arcsec (4)

References:(1) Ferguson (1989); (2) Jordán et al. (2007); (3)Turner et al. (2012); (4) Hilker

et al. (1999); (5) Blakeslee et al. (2009)

with the fact that no isophotal disturbance has been observed for this dwarf
galaxy, located at close cluster-centric distance to the central galaxy NGC 1399.
However, from the surface brightness fluctuation (SBF) distance measurements
made using ACSFCS, NGC 1396 is placed at 20.1±0.8 Mpc, while the distance
of NGC 1399 is given at 20.9 ± 0.9, which agree within the errors (Blakeslee
et al., 2009). It is therefore not clear whether NGC 1396 is a foreground object
relative to NGC 1399. NGC 1396 has a V magnitude and effective radius of
14.88 and 10.7”, respectively (Hilker et al., 1999).

From photometric analysis, NGC 1396 also contains a distinct nuclear star
cluster (NSC) component. With an effective (half-light) radius in the g- and z-
bands of 0.047±0.003 arcsec, this NSC accounts for a ∼ 1% contribution to the
luminosity profile of the galaxy outside of 0.5 arcsec (Turner et al., 2012). It is
therefore not possible to study the properties of the NSC using ground based
data, without adaptive optics assistance. Our data have typical seeing values of
∼ 1 arcsec, thus the NSC remains inaccessible for detailed analysis. Apart from
this, indications of a globular cluster (GC) system is also found around NGC
1396, where about 40 candidate GCs have been identified in the ACS survey,
within a radius of ∼ 4.8 arcmin (Jordán et al., 2009). A few of these are already
confirmed to belong to NGC 1396 with radial velocity measurements, as it is
shown, together with the MUSE field pointings, in Figure 2.2 (D’Abrusco et al.,
2016).
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Figure 2.2 – MUSE field pointings for NGC 1396 indicated with two overlapping green
squares, with positions (J2000) of globular clusters surrounding the galaxy from the ACS
Fornax cluster survey. Blue circles: All GCs selected for the field of NGC 1396 from ACS GC
catalogue (Jordán et al., 2009); blue filled circles: Bona-fide GCs with a probability P(GS)
≥ 0.5 (see selection criteria by Jordán et al. 2009); red and green circles: Radial velocity
confirmed GCs with 500 < v < 2500 km s−1 (Schuberth et al. 2010,Pota et al., in prep);
green circles: GCs with radial velocities within 150 km s−1 from the radial velocity of NGC
1396 (NED: 808± 150 km s−1). The white and black ellipses indicate the effective radius and
the de Vaucouleurs radius at a surface-brightness level µB = 25 B−mag arcse2, respectively.
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2.3 Data and Analysis

2.3.1 Observations

We used the new spectrograph at ESO, MUSE. The MUSE instrument was
commissioned on one of the VLT telescopes with first light on January 31st 2014.
It consists of 24 IFU modules with a total field of view of 1 × 1 arcmin in the
wide field mode, covering a broad wavelength range of 4750-9350 Å. The MUSE
data have a spatial sampling of 0.2 × 0.2 arcsec. The measured instrumental
resolution (σinst) as a function of wavelength, measured from features in a sky
flat field exposure, is shown in Figure 2.3, and spans a range between 35 km
s−1 at 9300 Å and 65 km s−1 at 4650 Å.

NGC 1396 was observed during the 4 nights of December 15 2014 and
January 17,19, and 20, 2015, with average seeing values ranging between 0.9
and 1.5 arcsec (FWHM). The galaxy was observed using two pointings, East
and West, with an overlap of 4 arcsec, in order to cover both sides of NGC
1396 together with a large portion of the GC systems belonging to this galaxy.
In total eight hours were awarded to this project (4 hours per side with a total
of 16 exposures). The 16 exposures were arranged in observing blocks that
consisted of two exposures of 1300 s on the galaxy followed by one offset sky
exposure of 70 s for the later use in sky subtraction. The exposures were also
taken with a dither pattern that involves a change in position angle of 90◦.
The total exposure time on target therefore ads up to ∼ 5.9 hours excluding
overhead time. The configuration, as seen in Figure 2.2, was chosen to enable
the study of all components of the system out to a radius of 60 arcsec (∼ 6 kpc
at distance of Fornax) along the major axis direction. Together with the MUSE
pointings, Figure 2.2 shows positions of GCs, where blue filled circles indicate
Bona-fide GCs with a probability of being a GC, greater that 50% (Jordán et al.,
2009). Red and green circles show all confirmed GCs within 500 < v < 2500
km s−1 where the green circles denote the subset with radial velocities within
150 km s−1 of that of NGC 1396, with heliocentric velocity of 808 ± 22 km
s−1. The effective radius (small ellipse) and the radius corresponding to D25

(large ellipse), which is the diameter of the isophote at a surface-brightness level
µB = 25 B−mag arcse2 are also indicated in Figure 2.2.

2.3.2 Data reduction

Basic data reduction and pre-processing of the raw data were done using
the ESOREX standard MUSE pipeline (version 1.0.0), which deals with the
basic reduction processes of bias subtraction, flat field correction, wavelength
calibration, flux calibration, sky subtraction, error propagation together with
other distinctive IFU spectroscopy features i.e., illumination correction and re-
sampling of the final reconstructed cube. All of these processes are performed
on data in the form of pixel tables to avoid intermediate re-sampling steps. The
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Figure 2.3 – MUSE spectral resolution, as measured from our data (green curve), as a
function of wavelength. Notice the good agreement with estimates of MUSE instrumental
resolution from Krajnović et al. (2015);(blue dots). The MUSE resolution matches almost
exactly (being slightly higher in the blue region) that of the MIUSCAT stellar population
models (FWHM ∼ 2.51 Å) (Vazdekis et al., 2010), used to analyse the MUSE spectra of NGC
1396 in this chapter. The MILES resolution was also measured to be 2.51 Å (Falcón-Barroso
et al., 2011a)
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Figure 2.4 – Telluric atmospheric transmission model (red) created with the MOLECFIT
routine, applied to the full extracted central spectrum (black), showing the telluric corrected
spectrum in green. The regions where the model (red) is over-plotted to the observed spectrum
(black) are the ones used in the fitting with MOLECFIT. The central observed spectrum was
extracted using a square aperture of 15× 15 spaxels.

pixel table format is used to store the non-resampled pixel value together with
the corresponding coordinates, data quality and statistical error. The following
steps were performed on the raw data in order to produce the fully reduced data
cube:

• The basic master calibration frames which include bias, arcs and flat fields
were created as specified in the ESO MUSE Pipeline User Manual. The
observed flat fields were combined into an illumination correction cube
which is used in successive pre-processing steps.

• Wavelength calibration was done by using a set of arc lamp exposures,
consisting of Ne, Xe, and HgCd, to compute the wavelength solution.

• The master bias frame were subtracted from each science exposure which
includes the sky fields and standard star observations.

• No dark frames were necessary due to a very small dark current in the
MUSE CCDs.

• Flat fielding and flux calibration were applied to each of the pixel tables.
Sky frames were created from a set of dedicated sky exposures. The
sky frames were calibrated, combined and subtracted during the main
reduction routine.

• Offsets between different pointing positions were calculated, using cata-
logue coordinates from the Fornax Deep Survey (FDS, PI. R.F. Peletier
and M. Capaccioli). This was done for each exposure using 2D Gaussian
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fitting on six different point like objects in the field. Corrections were
applied to the table header files before combination.

• During the final combination phase, in which 16 pixel tables were combined
simultaneously, an inspection of the extracted central spectrum of the final
data cube, showed an unexplained step in the continuum around 7000 Å.
This proved to be a problem occurring only when combining multiple pixel
tables with significant offsets from one another in RA and DEC.

Due to the afore mentioned complications experienced in the combination
process, the reduced pixel tables were combined in groups of four (closest
in observation time). Each group consists of sets of observations from
both sides of the galaxy and were re-sampled into a cube. This resulted
in four fully reduced cubes, each re-sampled to a spectral sampling of
1.25 Å pixel−1. The four cubes were aligned, trimmed to a common
section, and combined, into a single data cube for further analysis. The
combination was done by using a weighting scheme, in which weights were
assigned to each of the four cubes, depending on their data quality and
S/N ratio. Because of the variation of the sky background with time, sky
residuals still had to be removed. This second sky subtraction procedure
was done by assuming that the contribution of the galaxy was negligible in
the outer parts of the mosaic. For every horizontal line in each wavelength
frame of the re-sampled cube, the sky was determined by taking the
median of two horizontal bands across the image of each frame, North
and South of the galaxy, and subtracting this from each wavelength frame
of the data cube. Additional uncertainties have also been added to the
error budget, in which the flux errors also account for uncertainties in
the telluric correction (see below). On top of that, a further component
has been added to the statistical errors of the line strengths in order to
account for uncertainties in sky subtraction, as well as uncertainties related
to binning and combining of data cubes.

Telluric correction

Telluric correction was disabled in the ESOREX standard MUSE pipeline, and
was done instead with the standalone software MOLECFIT (Smette et al.
2015;Kausch et al. 2015). MOLECFIT is used to derive a correction function
for the removal of telluric features by taking an atmospheric profile together
with a set of pre-selected molecules as input to the radiative transfer code.

A median combined central spectrum (15×15 spaxels2) of the reduced cube
was extracted from which the telluric correction was computed. The fit by
MOLECFIT was limited to regions where telluric lines are prominent, as marked
in Figure 2.4. With an iterative sequence, MOLECFIT varies the atmospheric
profile in order to create a model that fits the science spectrum. For the fit to
be successful in these regions, true absorption lines were first identified from a
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MIUSCAT (Vazdekis et al., 2012) stellar population model (with Kroupa IMF,
age = 6 Gyr, and metallicty [Z/H] = -0.4 dex; i.e., suitable values for NGC 1396,
see Section2.3.5) and masked out in the fitting routine. The input parameters
of MOLECFIT were also varied, where it was found that the output telluric
model is consistent at a level of 1% throughout the whole wavelength range.
The resulting telluric correction was applied to the full wavelength range, as
shown in Figure 2.4, which shows the observed spectrum (black), the telluric
atmospheric model (red), and the telluric corrected spectrum (green). The
telluric correction was applied by dividing each spectral pixel in the data cube
by the atmospheric transmission model, after which further analysis steps were
done on the reduced data cube.

2.3.3 Extracting kinematical information

To perform the stellar population analysis, each spaxel in the reduced data cube
was first corrected for its (position-dependent) recession velocity. The Voronoi
tessellation binning method from Cappellari & Copin (2003) was used to bin
the IFU data to a constant S/N ratio of 100 per bin. Kinematic information
is extracted from the Voronoi binned data by fitting the binned galaxy spectra
using the penalized pixel fitting routine (pPXF), developed by Cappellari &
Emsellem (2004). This routine makes use of template stellar spectra to fit
the absorption line spectrum of the galaxy in order to find the best fitting
kinematics. The velocity and velocity dispersion fields are shown in Figure 2.5.

To run pPXF, a total of 63 SSP models were used as templates, from the
MIUSCAT library (Vazdekis et al., 2012), with metallicity ([Z/H]) ranging from
−2.32 to +0.22, and age between 0.1 to 17.8 Gyr. Before making any radial
index measurements, pPXF was run on each Voronoi binned spectrum, deriving
its recession velocity, v. Then a velocity v was assigned to each spaxel in the
data cube by cross-correlating its position to pixels in the parent Voronoi bins.

2.3.4 Extracting line-strength indices

In this chapter we focus on the information obtained on stellar populations by
measuring different absorption features, which also include features in the near
infrared. To study the radial variation of spectral indices in NGC 1396, the
data were binned in elliptical annuli in order to be able to measure indices at
different radial distances from the centre of the galaxy. In order to best fit the
galaxy, the elliptical bins, with a major-to-minor axis ratio of 2 and PA of 90
degrees, were constructed to have a width of (B × f)n, where B was chosen
to be around the typical seeing FWHM value during the observing night, and
f a parameter introduced to enable varying the width of the radial bins. The
binning scheme can be seen in Figure 2.6, where the luminosity-weighted radii
are indicated with black dots on the radial bins and the effective radius is shown
by the yellow ellipse. Due to the variable resolution between the blue and red
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Figure 2.5 – Velocity and velocity dispersion fields of NGC 1396, with a measured mean
velocity and velocity dispersion of ∼ 840 km s−1 and ∼ 25 km s−1 respectively (measured in
the red part of the spectrum) (see Appendix A).
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Figure 2.6 – Contour map of NGC 1396 with radial bins overlaid on NGC 1396 and
luminosity-weighted bin centres indicated with black dots. The effective radius (Re=10.7
arcsec) is indicated with a yellow ellipse.

part of MUSE, we also measured the σ of each radially binned spectrum by
running the software STARLIGHT in the blue (4700-5700 Å) and red (8000-
8730 Å) spectral regions, feeding STARLIGHT with MIUSCAT SSP models (see
Section 2.3.5). This σ provided us with the amount of broadening necessary to
match the resolution of the MIUSCAT models to our data in the blue and red
spectral regions, respectively (see also Figure 2.3). We found broadening values
for the blue region between 45 and 51 km s−1 and for the red region between 26
and 31 km s−1, with median values (among all spectra) of 49 and 28 km s−1,
respectively, and no significant radial trend of σ.

For the stellar population analysis, Lick indices were measured at the
nominal resolution of each radial binned spectrum after which it was compared
to MIUSCAT models. This was done in order to avoid any smoothing of
the data, while maximising the information to be extracted. Lick indices
were measured on the radial binned spectra by using the index task from the
RED uc

mE package by N. Cardiel (Cardiel et al., 2015).

In order to minimise the effect of the sky residuals, present in the blue
continuum band of the CaI index (especially in our outermost spectra), different
definitions of the pseudo-continua were adopted for this index, while keeping
the Armandroff & Zinn (1988) central passband definition. This is tabulated
in Table 2.2 together with some of the other index bands of importance in this
study. In Figure 2.7 we show a plot of all radially binned spectra over-plotted
(colour coded from the inner bin in red to the outer bin in blue) in the region of
the CaII IR triplet, where the sky residuals (black arrows) in the spectrum at
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Table 2.2 – Line-strength index definitions

Index Blue bandpass Å Central bandpass Å Red bandpass Å Source
Hβo 4821.175-4838.404 4839.275-4877.097 4897.445-4915.845 (1)
Mgb 5142.625-5161.375 5160.125-5192.625 5191.375-5206.375 (2)
Na5895 5860.625-5875.625 5876.875-5909.375 5922.125-5948.125 (3)
TiO1 5816.625-5849.125 5936.625-5994.125 6038.625-6103.625 (4)
TiO2 6066.625-6141.625 6189.625-6272.125 6372.625-6415.125 (5)
NaI8190 8143.000-8153.000 8180.000-8200.000 8233.000-8244.000 (3b)
Ca1 8484.000-8492.000 8490.000-8506.000 8575.000-8591.000 (6)
Ca2 8484.000-8492.000 8532.000-8552.000 8575.000-8591.000 (7)
Ca3 8618.000-8632.000 8653.000-8671.000 8700.000-8725.000 (8)

References:(1) Cervantes & Vazdekis (2009); (2),(3),(4),(5) Lick definition; (3b) La Barbera

et al. (2013); (6) Optimised; (7) Armandroff & Zinn (1988); (8) Optimised

8481 Å are clearly visible together with the corresponding sky emission line in
the lower panel of the figure. This adjusted definition of the pseudocontinua was
done while also making sure that all three Ca lines have a similar sensitivity to
age and metallicity, as well as single elemental abundances (based on the public
available version of Conroy & van Dokkum (CvD12) stellar population models)
as in the Cenarro et al. (2001) definition. The same index definition was used
both for indices and models.

2.3.5 Stellar population analysis

Stellar population parameters i.e., age, metallicity, IMF, and Ca, Mg, and Na
abundance ratios were determined by means of i) full-spectral fitting and ii)
by comparing the measured Lick indices from the elliptically-binned spectra
with those calculated from SSP models with varying age, metallicity, and IMF,
accounting for the effect of varying abundance ratios. With the purpose of
testing the robustness of the derived parameters, results were compared between
the two full-spectral fitting tools, STARLIGHT (Cid Fernandes et al., 2011) of
the SEAGal (Semi Empirical Analysis of Galaxies) Group and pPXF, and with
parameters derived by a simultaneous fit of different spectral indices. It should
also be noted that the underlying methods used in STARLIGHT and pPXF
differ quite significantly, in terms of the starting assumptions. pPXF linearises
the complex physical processes in SEDs wherases STARLIGHT does not need
the linearity condition (Walcher et al., 2011). In the following subsection,
different techniques are described that were applied to extract stellar population
parameters from the binned spectra.
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Figure 2.7 – Spectral region of the CaT where all binned spectra (colour coded from the
innermost bin in red to the outermost bin in blue) are over-plotted together with a MIUSCAT
model ([Z/H]=−0.4 dex and age ∼ 5.6 Gyr) in orange as reference. Black arrows show regions
with potential sky residuals. The optimised definition for the CaT pseudocontinua is shown in
grey for the exclusion of regions of strong sky residuals while the passband definition (green)
is the same as in Armandroff & Zinn (1988). A sky spectrum can be seen in the bottom panel,
shown in black.



32 Chapter 2. Stellar populations of NGC 1396

Figure 2.8 – Age, metallicity, and [Mg/Fe] profiles as a function of galacto-centric radius
obtained from different methods by using STARLIGHT, pPXF, and index fitting. Results
from STARLIGHT and pPXF are presented as black and blue lines respectively, index fitting
is indicated by filled black circles, and the [ZMg/ZFe]BASE values are shown by the red line.
The filled star in each panel indicates the NSC-contaminated bin.
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STARLIGHT

With STARLIGHT, a base of 135 SSP templates were used, which were con-
structed from MIUSCAT (Vazdekis et al., 2012) models, ranging in metallicity
and age from −1.31 to 0.22 dex and from 0.5 to 17.78 Gyr, respectively, and
assuming a Kroupa IMF. The MIUSCAT models provide us with extended
coverage compared to the MILES (Sánchez-Blázquez et al., 2006c) models with
the addition of the CaT region (8350-9020Å) (Cenarro et al., 2001), and the
region covered by the original INDO-US spectra (Valdes et al., 2004), required
for analysing features in the broad MUSE wavelength range. With these models
as input, we derive, using STARLIGHT, the best-fitting linear combination of
the SSPs, obtaining the broadening σ (see Section 2.3.4) and extinction Av.
From the STARLIGHT best-fitting SSP mixture, the luminosity-weighted age
and metallicity as a function of galacto-centric distance were computed. For
each spectrum, the [Mg/Fe] abundance ratio was computed using the same
approach as in La Barbera et al. (2013). At fixed (luminosity-weighted) age,
we computed the difference between metallicity from Mgb and <Fe> lines,
[ZMg/ZFe], and converted it into [Mg/Fe] (∼ ZMg/ZFe; see LB13 for details).
Notice that the computation of [ZMg/ZFe] is performed with MIUSCAT stellar
population models, which rely, in the optical range (< 7400Å), on MILES stellar
spectra. These spectra follow the characteristic abundance pattern imprinted
by the SFH of our Galaxy. Since the models are computed with scaled-solar
isochrones and assuming [Z/H] =[Fe/H] for stellar spectra (see Vazdekis et al.
2015), the models can be actually regarded as ”base” models, and the inferred
abundance ratios should be regarded as relative values to the abundance pattern
of stars in our Galaxy. For this reason, we refer to [Mg/Fe] estimates in Figure
2.8 as [Mg/Fe]BASE, and to other abundance ratios computed with base models,
as [X/Fe]BASE, with X=Mg, Ca, Na (see below). In what follows, abundances
will be labelled with a BASE subscript for abundances derived from BASE-
models and without subscript for the MW-corrected abundances. In Figure
2.8 the results from STARLIGHT are presented as black dashed lines, while
[ZMg/ZFe]BASE values are shown by the red line.

pPXF

In order to test the robustness of radial trends of stellar population properties
extracted with STARLIGHT, we ran pPXF with MIUSCAT models, covering
the same range in age and metallicity as STARLIGHT. With the fit of each
radial binned spectrum, a 2nd degree multiplicative polynomial was used to
correct the shape of the continuum. Parameters obtained by using pPXF are
shown in Figure 2.8 as blue lines. With pPXF, both mass- and luminosity-
weighted age and metallicity were computed, which are represented in Figure
2.8 as solid and dashed blue lines respectively. As for STARLIGHT, pPXF fits
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were found to provide a very good description of the data, with residuals at
percent level.

Line-strength indices

Line-strength indices provide us with an independent method for the estimation
of stellar population properties, with the advantage to use selective features in
the spectrum, to reduce the effect of degeneracies. We have considered two
cases: (i) Fitting a restricted number of spectral features, in order to estimate
only age, metallicity, and [Mg/Fe]BASE, and (ii) a more general case, where a
larger set of spectral features is fitted, in order to estimate also [Ca/Fe]BASE

and [Na/Fe]BASE (see below). At first (case i), we have fitted Hβ0, [MgFe]BASE,
〈Fe〉, and Mgb, with MIUSCAT model predictions, with a Kroupa IMF, age and
metallicity in the range from 0.5 to 17.78 and −1.31 to 0.22 dex, respectively. To
this aim, we modelled the sensitivity of Mgb5177 and 〈Fe〉 to [Mg/Fe]BASE with
the publicly available CvD models (for an old age of 13 Gyr, solar metallicity and
a Chabrier IMF). The responses of Mgb and 〈Fe〉 to [Mg/Fe]BASE are computed
at fixed total metallicity, following a similar approach as in Vazdekis et al.
(2015). From this approach, the best fitting parameters, age, metallicity, and
[Mg/Fe]BASE were derived, which are shown with black filled circles in Figure
2.8. A fairly good agreement was found between the solar scaled [Mg/Fe]BASE

from STARLIGHT with the estimates obtained by fitting the above indices
simultaneously, as shown in the bottom panel of Figure 2.8. We also consider
the case (ii) where all indices i.e., Hβo, [MgFe], Mgb5177, 〈Fe〉, NaD, NaI8190,
Ca1, Ca2, and Ca3 are fitted simultaneously. In this approach, we consider
two cases, where the effect of [Mg/Fe]BASE is modelled either with α-MILES
(Vazdekis et al., 2015) or CvD12 models (Conroy & van Dokkum, 2012a).
The effect of other specific abundances, i.e., [Ca/Fe]BASE and [Na/Fe]BASE, is
always modelled with CvD models. Notice that in this approach, we have only
considered the sensitivity of the selected spectral features to the abundance
ratios of their leading elements (i.e., Ca, Mg, and Na), as other elements are
expected to have a minor role. The indices TiO1 and TiO2 are not included in
the fit due to the fact that both indices are affected by telluric absorption and
flux calibration uncertainties together with some residuals from sky emission,
which especially affected TiO2 and made it impossible to calculate reliable
TiO and Ti abundance ratios. The spectra were also fitted with one and two
SSP models together with Burst and Tau SFH models to see whether a multi-
component population could better fit the observed spectra. Notice that when
fitting all indices (case ii), we considered models with a varying IMF (unless
stated otherwise). In particular, we consider predictions for MIUSCAT models
with a bimodal IMF (Vazdekis et al. 1996, 1997), having slope Γb in the range
from 0.3 to 3.3. The cases with Γb = 0.3 and 3.3, correspond to a top- and
bottom-heavy distributions, respectively, while for Γb = 1.3, the bimodal IMF
approximately matches the Kroupa distribution (see e.g., La Barbera et al.
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2013).

One single stellar population:
In the case of the single SSP, four different scenarios were tested on the observed
spectra as shown in Figure 2.9. In the first scenario, a.), Abundance ratios are
modelled with CvD12 models while Hβo is corrected for emission as explained
in La Barbera et al. (2013). For this case, the best fitting results are shown
as red curves in Figure 2.9. In the second case, b.), the response of the optical
indices Hβo, NaD, 〈Fe〉, and Mgb to [Mg/Fe] are modelled with α-MILES models
(see blue curves in Figure 2.9. This was done with a single SSP with age and
metallicity of 5 Gyr and −0.35 dex, respectively, while using a Kroupa IMF. In
the third scenario, c.), the same was done as in a.) but without any emission
correction to Hβo, where this case is shown in green. The last scenario, d.), were
treated similar to scenario a.) but with the IMF fixed to a Kroupa Γb = 1.3
distribution, which is shown in cyan.

Two single stellar populations:
Two different scenarios were used to fit the indices with two SSPs. In the
first method (shown in orange in Figure 2.9(e)) the metallicities of the two
components were varied independently as well as their age and relative mass
fraction. In the second method (f), (shown in pink), the age of the two
components and the relative mass fraction were allowed to vary while the
metallicity was assumed to be the same for both components.

Burst and Tau SFH models were also implemented. Burst models are defined
to have a constant SFR, with a formation time t0 and star formation time scale
of dt, while tau models have exponentially declining SFR given by (e−t/τ ),
with formation age t0 and scale τ . For comparison these two models were also
included in Figure 2.9 as green (Burst model) and grey (Tau model).

Abundance analysis

As stated above (see Section 2.3.5), all abundances are obtained using BASE-
models, so that the abundance estimates should be interpreted relative to those
stars used in the MILES library at a specific metallicity. The stars used in
MILES follow the abundance pattern of those in the disk of our Galaxy, which
means that at sub-solar metallicities, these stars have non-solar abundances
Venn et al. (2004). In order to correct the abundances obtained from BASE-
models to solar-scale, for [Mg/Fe], we used the estimates of [Mg/Fe] for MILES
stars to derive a relation between [Mg/Fe]BASE and metallicity. This relation
was used to correct [Mg/Fe]BASE into ”true” [Mg/Fe] ratios. For the other
abundance ratios, we took estimates of [Ca/Fe], and [Na/Fe] for disk stars in
our Galaxy (as those estimates are not available for MILES stars), and derived
a linear relation between [Ca/Fe] and [Mg/Fe], as well as between [Na/Fe] and
[Mg/Fe]. These relations were used to correct [Ca/Fe]BASE and [Na/Fe]BASE to
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the ”true” abundance ratios [Ca/Fe] and [Na/Fe]. This was done for the range
of metallicities (−0.6 to −0.3 dex) as measured for NGC 1396. These relations
were then applied to transform [Mg/Fe]MILES into [Ca/Fe] and [Mg/Fe].

Initial mass function

Information about the IMF could be obtained by using a number of different
methods (van Dokkum & Conroy 2012; La Barbera et al. 2013; Spiniello et al.
2014; La Barbera et al. 2016). In the current chapter, a variety of gravity
sensitive stellar absorption features from dwarf and giant stars are studied.
Prominent features of dwarf stars are the NaI doublet (λ8183, λ8195) and the
FeH Wing-Ford band (λ9916), where the latter is beyond the MUSE spectral
coverage. For the indices dominated by giant stars, the CaII triplet is the
strongest gravity-sensitive feature (van Dokkum & Conroy, 2012; Cenarro et al.,
2003). Other important IMF sensitive features included in the MUSE spectral
range are NaD, TiO1 and TiO2, of which TiO and Na could therefore prove to
be very important in constraining the IMF in low metallicity environments as
found in NGC 1396 (Spiniello et al., 2012, 2014; Mart́ın-Navarro et al., 2015).
However, as stated above, TiO features could not be included in the present
analysis.

Gradients of the stellar population parameters

Radial gradients shown in Table 2.3 were extracted from the different line-
strength indices and stellar population parameters, measured form the radial-
binned spectra. These parameters were measured from each radial binned
spectrum and fitted by using a damped least-squares method, with the exclusion
of the central radial bin in order to avoid the effect that a central nuclear star
cluster might have on the measured gradients (see e.g., den Brok et al. 2011).
The radial extent over which these gradients were measured, covers the region
from 2.5 arcsec (0.24 Re) from the centre of the galaxy to a distance of 15.5
arcsec (1.45 Re).

2.4 Results

From the spectral fitting, shown for the full spectrum in Figure 2.10, a good
fit was obtained to the observed spectrum (in black), where a good overall fit
(over-plotted in red) is obtained to all radial binned spectra, with residuals less
than ∼ 4%. After de-redshifting all galaxy spaxels in the observed cube, it was
verified that the recession velocity was consistent with zero, as expected for all
the radial binned spectra.
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Figure 2.9 – Best-fitting line-strength index profiles for the one SSP, two SSPs, Burst and
Tau model approaches. Measured indices are shown in black with the fits over-plotted. a):
One SSP corrected for Hβo emission and abundance ratios modelled with CvD12 models,
shown in red, b): Same as in a) but with optical indices (Hβo, NaD, <Fe>, Mgb) to
[Mg/Fe]BASE) modelled with α-MILES models (Vazdekis et al. 2015), using SSPs with Age=5
Gyr, [Z/H]=−0.35 dex, and a Kroupa IMF, shown in blue, c): Same as in a) but with no
emission correction to Hβo, shown in green, d): same as in a) but with the IMF fixed to a
Kroupa-like distribution (Γb = 1.3), shown in cyan. e) Two SSP models with varying the
metallicities of the two components independently, shown in orange. f) Two SSP approach
with varying the ages and relative mass fractions of the two components, while keeping the
metallicity the same, shown in pink. Additional Burst and Tau models were applied where
the Burst models in light green are defined to have constant SFR, and Tau models in grey
with an exponentially declining SFR.
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Figure 2.10 – Example of the STARLIGHT fit to the spectrum, extracted from the first
elliptical bin. The observed spectrum is shown in black with the model fit over-plotted in red.
The bottom panel shows the residual obtained throughout the spectrum with the median
smoothed trend in blue.

2.4.1 Age and metallicity from full spectral fitting

Age and metallicity estimates, presented in Figure 2.8, obtained using the
two different spectral fitting procedures STARLIGHT and pPXF, are found
to be consistent with a central population age between 5 and 6 Gyr and a
metallicity [Fe/H] of −0.4 dex. Even though small variations are seen between
different methods, it should also be clear that quantities derived from mass-
and luminosity-weighted methods should inherently differ due to different input
information. Also, the fact that mass- and light-weighted properties, obtained
from a single method, are slightly different means that the star formation history
in NGC 1396 is extended (see e.g., Sánchez-Blázquez et al. 2006a,b). The offset
that is seen between STARLIGHT and pPXF computed luminosity-weighted
ages is also due to the fact that STARLIGHT uses the information from the
continuum in the fitting of a linear combination of SSPs and the reddening
of the spectrum, while in the case of pPXF, the continuum is accounted for
by a multiplicative polynomial. With STARLIGHT, a negative extinction
value Av, was obtained for NGC 1396, which likely indicates that the flux
calibration and/or adopted extinction law are not satisfactoy. This negative
Av is compensated for by slightly older ages as seen in Figure 2.8. Apart from
the statistical errors, the uncertainty is mainly dominated by the technique
used to estimate the stellar population parameters and by the sky subtraction
procedure. The uncertainty in the techniques was addressed by comparing two
different methods, where differences of about 2 Gyr were seen. The relatively
large scatter that we see in the age estimates, mainly comes from the (i)
differences between light- and mass-weighted age estimates; (ii) degeneracy
between IMF, SFH, and age and, (iii) the different ways we treat the emission
correction. This is a systematic error. When comparing results among the
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Figure 2.11 – Best-fitting abundances as a function of galacto-centric radius obtained from
line-strength index fitting. The parameters allowed to vary are age, metallicity and IMF
slope, as well as [Ca/Fe], [Mg/Fe], [NaFe] from BASE-models. MW corrected abundances are
indicated with solid lines while the abundances obtained from BASE-models are indicated by
dashed lines. This first bin, contaminated by the NSC, is indicated by a star. The same colour
coding applies to to this figure as explained for Figure 2.9.
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different radial bins, the errors to be adopted are much smaller and are given
in Figure 2.8.

Because of the above arguments, in our opinion, there is no ”more reliable”
estimate, as different methods are well-known to have their specific drawbacks.
Therefore we cannot prefer any method above another.

2.4.2 Age and metallicity from line-strength index fitting

Ages and metallicities obtained from the line-strength index fitting procedure, as
shown in Figure 2.11, display slightly different trends compared to full spectral
fitting, which is in agreement with what might be expected when comparing
these two methods. While the age shows a wide range for the radially binned
spectra, which were modelled with different stellar populations as explained in
Section 2.3.5, the metallicity shows a better constrained behaviour throughout
all radial bins. Errors in age and metallicity estimates from the line-strength
index fitting method are also found to be significantly larger than those found
with the full spectral fitting method. This is due to the fact that absorption
features and sky residuals affect the line-strength index measurements much
more than fitting the full spectrum.

2.4.3 Elemental abundance ratios

In contrast to full spectral fitting, the line-strength index approach is focused
on localised spectral regions to measure the effects of elemental abundances
on spectral lines and line ratios. The line-strength index method is often
less sensitive to absolute spectrophotometric calibrations and dust absorption,
which makes it a good comparative method to complement full spectral fitting
(Bruzual & Charlot, 2010). The MUSE wavelength range includes multiple
emission lines and stellar absorption features useful for stellar population
analysis. For this study, important features to consider are the gravity sensitive
features: Mgb, NaD, NaI8190, TiO1, TiO2, and CaT.

The radial behaviour of a number of measured line-strength indices is shown
in Figure 2.9 (black solid lines), which were fitted with models having a variety
of star-formation histories, including one SSP, two SSPs and Burst and Tau
models as explained in Section 2.3.5, on absorption line indices. The slight
gradient observed in Hβo, implies that the central population is slightly younger,
with an outward increase in age of ∼ (0.6− 1.0) Gyr. This also agrees well with
stellar population synthesis done with the STARLIGHT and pPXF codes for
comparison (see top panel of Figure 2.8). Figure 2.9 also shows model fits of
one and two SSPs to the observed spectra, where line-strength indices from the
models were compared to the radial behaviour of the measured line-strength
indices. All line-strength indices are well fitted except for Ca1 in the outer
regions of the galaxy. This is likely due to sky residuals found in the lower S/N
Ca1 region of the outer radial bins. In general, no significant difference was
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found between one and two SSPs cases, thus a single SSP can be accepted as a
good description of the selected spectral features.

Figure 2.12 shows index diagrams in which the gravity sensitive features are
presented as a function of the total metallicity of the galaxy, [MgFe]. From
the line strength measurements, highly elevated Ca values were found. CaT is
shown in the lower right panel of Figure 2.12, where a negative radial gradient
is seen, with values decreasing from 8.5 Å in the centre to 7.7 Å in the outer
regions. These values are strongly under-predicted by the over-layed MIUSCAT
models where a IMF slope of 1.3 was used together with metallicities between
−0.71 and 0.22 dex. It should be noted that the models have solar abundance
ratios, which implies that the observations can only be explained by non-solar
abundances. Another interesting aspect observed in this galaxy is the very
low Na abundance. NaD is shown to have a relatively flat profile with values
between ∼1.6 Å in the centre and ∼1.4 Å in the outer region. NaD is also found
to be much lower than the model grid in comparison to [MgFe], which could
be explained by an under-abundance in Na compared to Fe. This can also be
seen in Figure 2.13, where the index-index diagrams is shown of Hβo and CaT
as function of NaD. The redshift of NGC 1396 is also large enough so that NaD
is not affected by NaD in the Earth’s atmosphere. NaI8190 shows comparable
behaviour to that of NaD in the sense that it is also systematically below the
solar-scaled grids at all radii.

In the case of the Burst and Tau decomposition, it was found that the
solutions of both models populate similar regions as seen with the single SSP
and two SSP models, implying that our results about radial trends of abundance
ratios in NGC 1396 are robust against the adopted parametrisation of the SFH.

2.4.4 Abundance gradients

The behaviour of the colour and metallicity in NGC 1396 as a function of
radius is as expected for a typical dE (Koleva et al., 2009b, 2011). We see
significant [Z/H] and [Mg/Fe] gradients of −0.33 ± 0.04 and 0.20 ± 0.02 dex
respectively, where the Ca and Na abundances seem to be much shallower. The
gradients obtained from the simultaneous fitting of indices, together with age
and metallicity gradients from spectral fitting, expressed as a function of log r
are tabulated in Table 2.3, and can also be seen for the full spectral fitting and
the fits to the indices in Figures 2.8 and 2.11 respectively.

A younger population age is associated with the case where higher metallici-
ties are produced during a more prolonged SFH. Therefore, the younger central
population as deduced from the slight positive radial age gradient (∼ 0.6-1.0
Gyr R−1

e ) is in agreement with the negative metallicity gradient. Metallicity is
seen to decrease from the central region with a gradient of ∼0.21 dex per Re,
with a rather flat gradient inside ∼ 0.4 Re. All other line-strength indices show
negative gradients of which <Fe> is the strongest at −0.39±0.07 dex. NaI8190
appears to have a very flat gradient of −0.06±0.02 dex even though the gradient
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Figure 2.12 – Index diagrams of Hβo, Mgb, NaD, and CaT as function of total metallicity
[MgFe]. MIUSCAT models grids are plotted with IMF slope of 1.3, age ranging between
4.4 Gyr to 8.9 Gyr and metallicity ranging between −0.71 to 0.22 dex. The colour coding
indicates the radial distance in R/Re where red indicates the most distant radial bin from the
centre.
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Figure 2.13 – Index diagrams of Hβo and CaT as function of NaD. MIUSCAT models grids
are plotted with IMF slope of 1.3, age ranging between 4.4 Gyr to 8.9 Gyr and metallicity
ranging between −0.71 to 0.22 dex. The colour coding indicates the radial distance in R/Re

where red indicates the farthest radial bin from the centre.

Figure 2.14 – IMF slopes obtained for different realisations of a one SSP model (left) and two
SSP models (right), as function of radial distance. Results are consistent with a Kroupa-like
distribution, within 1σ, especially for the two SSP models, whereas the one SSP approach
favours a more top-heavy distribution. Line colours are the same as in Figure 2.9
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Table 2.3 – Gradients of abundances and line-strength indices. For comparison, values with
(*) indicate the gradients obtained by using the method of spectral fitting from STARLIGHT,
and from mass- and luminosity weighted pPXF.

Parameter Gradient (∆(par)/∆(log(r))
Age [Gyr] 2.011± 0.745
Age *(STARLIGHT) [Gyr] 1.571± 0.268
Age *(pPXF M -weighted) [Gyr] 3.308± 0.496
Age *(pPXF L-weighted) [Gyr] 2.999± 0.354
Colour [mag (F475-F814)] −0.077± 0.006
Abundances:
Z/H −0.334± 0.044
Z/H *(STARLIGHT) −0.455± 0.019
Z/H *(pPXF M -weighted) −0.432± 0.031
Z/H *(pPXF L-weighted) −0.444± 0.020
Ca/Fe 0.059± 0.012
Mg/Fe 0.201± 0.016
Na/Fe 0.051± 0.028
Indices:
Hβ0 −0.125± 0.061
Mgb −0.324± 0.106
<Fe> −0.544± 0.019
NaD −0.252± 0.041
NaI8190 −0.063± 0.025
Ca1 −0.211± 0.039
Ca2 −0.351± 0.040
Ca3 −0.243± 0.046

of NaD is shown to be more significant at (−0.18±0.04 dex). This is consistent
with the fact that NaD is significantly more sensitive to total metallicity than
NaI8190, and the fact that NGC 1396 exhibits a negative metallicity gradient
(Spiniello et al., 2012).

2.4.5 Initial mass function

In Figure 2.14, the best-fit IMF slopes are shown as a function of galacto-centric
radius. By using a bimodal IMF, which is characterised by its slope, Γb, as a
single free parameter (see La Barbera et al. 2013), a slope of Γb ∼ 1.3, could be
seen as a good representation of a Kroupa-like distribution, while a top-heavy
and bottom-heavy IMF is consistent with Γb < 1 and Γb > 1.3 respectively.
In Figure 2.14, the Kroupa-equivalent region is indicated, which is the region
where the bimodal IMF is essentially equivalent, in terms of M/L and mass
fraction in low-mass stars, to a Kroupa distribution.
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By comparing these fitted IMF slopes, in each radial bin, it is seen from the
one SSP and two SSP models that the two SSP slopes (right panel of Figure
2.14) are larger than the single SSP cases (left panel of Figure 2.14), with a
median value of Γb ∼ 0.8. All bins fitted with the two SSPs are consistent
within 1σ with a Kroupa-like IMF (Kroupa, 2001). This could be explained
by the fact that most IMF-sensitive features have similar behaviour with both
age and IMF slope, which means that with a younger SSP contribution (as in
the two SSP case), one tends to infer a larger IMF slope. However, in the case
of giant elliptical galaxies, where a lower contribution of a young population is
expected, two SSP models give very consistent results regarding the IMF slopes
with respect to one SSP models (see La Barbera et al. 2013).

2.5 Discussion and conclusions

This is the first time that IFU data are presented for a dwarf elliptical in the
near infrared region. Previous work on dEs (Hilker et al., 2007; Koleva et al.,
2009a,b, 2011; Toloba et al., 2014b), used Echelle and long-slit spectroscopy, or
observed bluer spectral regions, using SAURON IFU data (Ryś, Falcón-Barroso
& van de Ven, 2013; Ryś et al., 2015).

In this discussion there will be concentrated on our new results in the area of
abundance ratios and star formation histories, the IMF and stellar population
gradients and their implications on how dEs form and evolve.

2.5.1 Elemental abundance ratios

One of the most significant results obtained from this study is the unusual
abundance ratios observed in Ca and Na when compared to massive elliptical
galaxies and the Local Group. Abundance ratios in a specific environment can
be used to gain more information on the IMF, SFH as well as time scales for
chemically evolving systems (McWilliam, 1997). Until now, abundance ratios
in the Milky Way, GCs, and galaxies in the Local Group have been extensively
documented e.g., (Tolstoy, 2007; Kaufer et al., 2004; Piotto, 2009) in order to
understand small and large scale environmental variations. Nowadays we are
also able to measure abundance ratios of many elements from integrated light.
This is done by fitting stellar population models, using empirical stellar spectra,
modified using theoretical responses of abundance ratio variations to spectra
(Walcher et al., 2015; Coelho, 2014). Conroy, Graves & van Dokkum (2014)
used this method to derive abundance ratios for high S/N spectra of early-type
galaxies as a function of mass. Abundance ratios can provide important clues
for the mass assembly of galaxies by using GCs. It has been shown that GCs
in our galaxy, and recently also in M31, contain a significant fraction of stars
with different abundance ratios of light elements (Li, C, N, O, Na, Mg, and
Al) compared to field stars (Gratton, Sneden & Carretta, 2004; Beasley et al.,



46 Chapter 2. Stellar populations of NGC 1396

2005). For example, anti-correlations between Na and O and between Mg and
Al have been found, since it is believed that Na is made out of Ne and Al from
Mg. Since this is occurring only in GC stars, the environment in which the stars
were formed, must have been important. Here, we investigate whether similar
effects are seen in a dwarf galaxy, and whether this helps us in understanding
this phenomenon.

Figure 2.15 shows a quantitative comparison between the Ca, Mg, and Na
abundances found in NGC 1396 and those observed in our local environment. By
making a comparison between the local (resolved) and more distant (unresolved)
systems studied with integrated light, it is important to understand how how
much precisely SFHs can be recovered and compared to those obtained from the
most accurate method of constructing a colour-magnitude diagram. In a study
by Ruiz-Lara et al. (2015), they show that a very good agreement is indeed
found in recovering the SFH and age-metallicity relation from the two methods,
i.e., colour magnitude diagrams and integrated spectral analysis. Compared to
abundances found in Local Group dwarfs and LMC stars, it is seen that the
light elements Na and Mg in NGC 1396 are both more over-abundant, while
Na is under-abundant in comparison with MW stars. However, the Ca, relative
to Fe, abundance is closer to local observed abundances for lower metallicity
environments (−2.0 < [Fe/H] < 0.0 dex), which is found in the LMC GCs by
Colucci et al. (2012), with a mean value of (0.29± 0.09) dex.

Ca and Mg abundances

The CaT lines constitute a very interesting, albeit not well studied, spectral
region also containing the underlying H Paschen absorption (PaT). CaT is a
good metallicity indicator in lower than solar metallicity environments, but in
giant ellipticals CaT is much weaker than predicted by models (Cenarro et al.,
2003; Cole et al., 2005; Sakari & Wallerstein, 2016). Cenarro et al. (2003)
suggested that the IMF in such galaxies was more bottom-heavy and, therefore,
different from the solar neighbourhood. This is one of the factors which has
led to a discussion about the IMF depending on mass or velocity dispersion in
galaxies (see Conroy 2013). However in dEs, given their low metallicities, CaT
should be in principle a good metallicity-indicator.

Recently, Zieleniewski et al. (2015) have found evidence of a young stellar
component in M32 using far red stellar absorption features. Even though M32
is a compact elliptical, while NGC 1396 is not, it is still interesting to do a
comparison between two early-type galaxies with very similar masses of about
109 M�. It was found that the CaT index measured in the central 10 pc of M32
(∼8 Å) is very high in comparison with M31 (∼7.5 Å), which was covered by
multiple pointings in the same study. Na measurements from the same study
also show a behaviour very different from M31, whereas [Na/Fe] in M32 was
found to be significantly lower than in M31.
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Figure 2.15 – Comparison of Ca, Mg, and Na abundances (corrected for the MW abundance
pattern, see Section 2.3.5) as a function of metallicity, [Fe/H], between the Fornax local dwarf
(shown in red) (Tolstoy, Hill & Tosi, 2009), the LMC red giants (shown in green) (Pompéia
et al., 2008), the Milky Way, indicated in blue (Venn et al., 2004), the Sculptor dSph, in pink
(Kirby et al., 2009), and NGC 1396 (black circles). The red ellipses in both panels indicate the
region of massive elliptical galaxies (Henry & Worthey, 1999; Worthey, Ingermann & Serven,
2011; Conroy & van Dokkum, 2012a). Errors for NGC 1396 are of the same order as the
symbol. The solid lines in the top panel indicate a visual trend observed in Ca abundance as
function of [Fe/H]
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For NGC 1396, the measured CaT values are considerably higher than the
model prediction (Figure 2.12). This indicates that Ca is over-abundant with
respect to Fe, rather than under-abundant, as seems to be the case in giant
ellipticals (Vazdekis et al., 1997; Saglia et al., 2002; Cenarro et al., 2003). The
reason why the Ca-abundance is so high is not very clear yet. Ca is seen to be
slightly over-abundant in the [Ca/Fe] vs [Fe/H] plot of Figure 2.15, where the
[Ca/Fe] measurements of NGC 1396 appear to be between those of the MW disc
stars ([Ca/Fe=0]) and the older thick disc stars ([Ca/Fe] > 0 dex), although
much closer to the disc stars.

Due to the strong sensitivity of CaT to changes in [Ca/Fe] and [Mg/Fe],
and the observed weakening of the optical and near infrared Na indices with
increasing [Mg/Fe] in giant ellipticals (Conroy & van Dokkum, 2012a), an under-
abundant [Na/Fe] or [Mg/Fe] would thus also imply higher CaT values. This
observed anti-correlation of CaT lines with [Na/Fe] and [Mg/Fe] together with
a positive [Ca/Fe], is sufficient to explain all Ca line-strengths for NGC 1396.

The idea was also tested whether a strong CaT index, as previously also
noted by Kormendy & Bender (1999) and Cenarro, Cardiel & Gorgas (2008),
could be explained by the inclusion of a super-young stellar component (< 100
Myr), but it was found that the amount of young populations needed would be
so large that e.g., the Balmer lines could not be fitted. Together with this, we
also analysed the separate effect on the three CaT lines (Ca1+Ca2+Ca3). It
was found that all three lines increase with decreasing age, for ages < 10 Myr,
while Ca2 increases the least and Ca1 the most of the three lines. We also see,
for NGC 1396, that Ca2 has the largest discrepancy from the single SSP index-
index grid, while Ca1 is almost on top of the grid. This is exactly the opposite
than what would be expected if there were a super-young component driving
CaT up. Because of this, when trying to fit two SSP models, by including
super-young ages, we never found a significant contribution from the super-
young component, and the estimate of [Ca/Fe] is very similar to what we show
in this chapter.

Another possibility is that the over-abundant Ca could point to a more top-
heavy IMF distribution in the dwarfs, which would be expected if Ca is mostly
produced in more massive K- and M-type stars. However [Ca/Fe] increases
outwards for NGC 1396, in a similar way as [Mg/Fe], which means that the Ca
abundance is also connected to the duration of star-formation (as [Mg/Fe]) in
this dwarf, rather than to a top-heavy IMF.

It is expected that Ca follows the abundances of other α-elements due to their
common nucleosynthetic origin (Wheeler, Sneden & Truran, 1989; Worthey,
Ingermann & Serven, 2011). However, with later observations it became clear
that not all α-elements are enhanced in lockstep and that Ca and Mg abundances
are not correlated for giant ellipticals (Vazdekis et al., 1997; Thomas, Maraston
& Bender, 2003). In NGC 1396, both Ca and Mg are enhanced in the centre,
and show a similar radial trend, although there is some evidence that Ca might
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be higher compared to Mg in the outermost regions. This might be explained
by the distinction which is seen in the α-elements between O and Mg on the
one hand and Si, Ca, and Ti on the other. O and Mg are known to be produced
during the hydrostatic He burning phase in massive stars before the onset of the
Type II supernova (SNII) explosion, during which their yields are not affected
by SNII explosions, however, Si, Ca and Ti, are mostly produced during the
SNII explosion (Henry & Worthey, 1999; Tolstoy, Hill & Tosi, 2009).

The enrichment history of a stellar system is mostly determined by the
ratio and timescale of the initial SNII enrichment, which is followed by SNIa
(Matteucci & Recchi, 2001) and it is known that the lifetime of Type Ia
supernova (SNIa) progenitors are longer than that of SNII. [α/Fe] is mostly
produced by SNII and lost by feedback mechanisms. It is expected to decrease
with the onset of SNIa in a dwarf-type system, which cannot retain the metals
(Schiavon, 2010; Hill & DART Collaboration, 2012). Probable scenarios which
could explain this phenomenon have been proposed which include short star
formation timescales, top-heavy IMF, and selective winds, where all of these
processes depend on the fact that Mg is produced by SNII while most Fe is
produced in SNIa (Faber, Worthey & Gonzales, 1992). In NGC 1396, [Mg/Fe]
and [Ca/Fe] is seen to be enhanced, while both increase outward. This indicates
that, relative to the SFH, the onset of SNIa started at a similar time scale than
compared to what is observed in the Milky Way. This indicates that the build-
up of stellar populations in NGC 1396 has been rather disc-like, supporting
the evolutionary trend in dwarf irregular galaxies of a disc-like formation in
comparison with the enrichment history of the MW disc.

In a comparison between M32 and NGC 1396, shown in Table 2.4 and in
Figure 2.16, it can be deduced from the age sensitive Hβ and Fe indices that
M32 is younger and more metal rich respectively, whereas from individual line
strength measurements, these two systems show similar elevated CaT and low
NaI8190 line strengths. In a comparison between the Mg and Fe indices for M32
and NGC 1396, it is seen that the Fe and Mg indices are consistently stronger in
M32. In Table 2.4 and Figure 2.16, we compare line strengths of spectral indices,
measured from the radially binned spectra of NGC 1396, with those measured
at similar galacto-centric distance for M32 (taken from Worthey (2004)). In the
Figure, values for NGC 1396 are plotted in green and those from M32 in blue.
The indices from Worthey (2004), were measured at Lick resolution, which was
converted to the LIS 5.0 Å system by using the conversion factors as presented
in Vazdekis et al. (2010).

Na abundances

In comparing our NaD and NaI8190 indices to those found by Zieleniewski et al.
(2015), our values of NaD and NaI8190 are both found to be much lower than
those of the MIUSCAT model grids. In the case of the more compact dwarf
system M32, NaD from Zieleniewski et al. (2015) is consistent with the solar-
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Table 2.4 – Comparison of measured indices as function of radial galactic distance between
NGC 1396, from this study, and M32 from Worthey (2004)

Lick indices measured in NGC 1396 and M32 (Å)
Re Hβ Fe5015 Mg1 Mg2 Mgb Fe5270 Fe5335 Fe5406 Fe5709 Fe5782 NaD

NGC 1396
0.12 2.059 4.442 0.032 0.139 2.805 2.664 2.233 1.506 0.794 0.638 1.590
0.24 2.135 4.352 0.033 0.143 2.944 2.755 2.225 1.545 0.812 0.662 1.613
0.34 2.066 4.257 0.033 0.142 2.970 2.644 2.273 1.566 0.771 0.665 1.597
0.49 2.108 4.149 0.031 0.137 2.883 2.573 2.163 1.451 0.741 0.628 1.557
0.70 2.034 3.914 0.031 0.133 2.821 2.496 2.067 1.411 0.685 0.549 1.516
1.01 2.043 3.912 0.028 0.126 2.688 2.391 2.043 1.326 0.717 0.528 1.412
1.45 1.985 3.709 0.031 0.127 2.684 2.136 2.006 1.332 0.666 0.442 1.445

M32
0.007 2.289 4.830 0.068 0.183 2.775 2.834 2.547 1.739 0.924 0.829 3.177
0.026 2.285 4.736 0.067 0.179 2.821 2.826 2.534 1.740 0.936 0.825 3.156
0.052 2.264 4.689 0.066 0.177 2.849 2.806 2.510 1.728 0.933 0.816 3.113
0.078 2.247 4.660 0.066 0.175 2.860 2.790 2.491 1.718 0.928 0.809 3.085
0.133 2.217 4.623 0.065 0.174 2.868 2.763 2.460 1.699 0.919 0.796 3.049
0.217 2.185 4.590 0.064 0.173 2.871 2.733 2.427 1.677 0.908 0.781 3.016
0.333 2.150 4.560 0.064 0.172 2.868 2.703 2.392 1.655 0.896 0.767 2.984
0.500 2.114 4.533 0.063 0.170 2.863 2.670 2.356 1.631 0.882 0.752 2.956
0.833 2.061 4.497 0.062 0.169 2.850 2.624 2.304 1.597 0.861 0.730 2.917
1.333 2.008 4.464 0.062 0.167 2.832 2.578 2.252 1.562 0.839 0.708 2.882

Figure 2.16 – Radial comparison of the Lick indices Hβ, Mgb, Fe5270, and NaD, between
NGC 1396 and M32. Line strengths from M32, measured at Lick resolution, are obtained
from Worthey (2004), and converted to LIS 5.0 Å.
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scaled grid, while NaI8190 is too low compared to the MIUSCAT model grid.
However, the NaD measurements for M32 (Zieleniewski et al., 2015) is still
significantly higher that what is found for NGC 1396.

[Na/Fe] and [Ca/Fe] are usually found to have an opposite behaviour
compared to [Fe/H] (see Tolstoy, Hill & Tosi 2009; Worthey, Ingermann &
Serven 2011 and references therein). This anti-correlation is believed to be
caused by the contribution of SNII, which are mostly responsible for the
production of α-elements, which in turn strongly influence the pseudocontinua
of especially the NaI8190 index, and also by the metal dependent yields (Tolstoy,
Hill & Tosi, 2009; Conroy & van Dokkum, 2012a). An interesting question that
arises when considering the Na abundance in this galaxy is how [Na/Fe] can be
as low as ∼ −0.1 dex when the α-element abundance is found to be larger than
zero. Together with the fact that NaI8190 is over-predicted by the MIUSCAT
models in M32 (Zieleniewski et al., 2015), it has been found that Na is also
significantly de-enhanced in the Fornax dSph (Letarte et al., 2010). However,
the reason for this de-enhancement in Na, found mostly in dwarfs, is still not
clear. Conroy, Graves & van Dokkum (2014) suggest that, for giant early-type
galaxies, [Na/Fe] correlates with galaxy mass/velocity dispersion. By adding
NGC 1396, the LMC and the Fornax dwarf, we show that the correlation covers
a much larger range in mass and velocity dispersion. This trend can also be
seen from Figure 2.15.

According to Kobayashi et al. (2006), [Na/Fe] and [Al/Fe] in metal-poor
MW stars are lower compared to solar abundances by ∼ 1.0 and 0.7 dex,
respectively. It seems that SN yields for odd-Z elements, such as Al and Na, are
the only elements that have a significant dependence on metallicity (Kobayashi
et al., 2006). From the slow chemical enrichment by SNIa, significantly less Na
compared to Mg might be expected in low metallicity dwarfs. The contrary
also applies and might therefore explain why strong Na enhancement is seen in
metal-rich ETGs (Smith et al., 2015b)(Röck et al. 2016 in prep).

2.5.2 Star formation histories

In the past it has also been shown that dEs have a large range of ages (between
∼ 3 and ∼ 12 Gyr), obtained from measurements of age sensitive indices such as
Hβ (Michielsen et al., 2008a; Koleva et al., 2009a; Ryś et al., 2015). Intermediate
ages with a shallow age gradient are seen from the central population outwards.
This together with photometry results on NGC 1396, points to the presence of a
younger central population or nuclear star cluster. Notice that in earlier works,
a certain fraction of dwarf galaxies in all environments in the nearby universe
were found to have blue core regions (Gu et al., 2006; Tully & Trentham, 2008).
Nuclear star clusters, with younger populations, have also been found in a large
fraction of the dwarf galaxies (den Brok et al., 2011; Turner et al., 2012; Georgiev
& Böker, 2014). This has also been seen from UV-optical colours of dwarfs in
the Virgo cluster (Kim et al., 2010). Although blue cores have been found
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in dwarfs, the question still remains whether they are formed during the last
stages of star formation or whether it could be explained by re-accreted gas
as proposed for the galaxy (FCC 46) presented in De Rijcke, Buyle & Koleva
(2013). Unfortunately, even with the excellent spatial resolution provided by
MUSE, it is not sufficient, in the case of NGC 1396, to constrain the stellar
population properties of the NSC.

It is also important to note that consistent abundance ratios for NGC 1396
are found by using one SSP and two SSPs, as well as models with extended (e.g.,
exponentially declining) SFHs. By only using one SSP, a degeneracy might be
expected between the abundance ratios and the galaxy star-formation history.
Indeed, our results indicate no significant degeneracy and therefore a robust
estimation of the abundances.

From the spectral fitting we found evidence that the star formation activity
has been going on for an extended period of time. This could be deduced from
the fact that a significant difference was noticed between the luminosity- and
mass-weighted ages from pPXF (see Figure 2.8).

Initial mass function

Analysis of gravity sensitive features points to a dwarf-to-giant ratio in the
IMF which is consistent with either a top-heavy or a Kroupa-like distribution.
This is in stark contrast to the more bottom-heavy distributions preferred in
populations of massive early-type galaxies, where the contribution of low-mass
stars are much more important (Conroy & van Dokkum, 2012b; Spiniello et al.,
2012; La Barbera et al., 2013; Spiniello et al., 2014; La Barbera et al., 2016).
By fitting two populations, it is found that the results are consistent with the
conventional Kroupa IMF, which also indicates that the SFH can affect the
measurements of the IMF. This however, is only true for the case of a top-
heavy or Kroupa-like distribution, because for a bottom-heavy distribution, the
dependence of gravity-sensitive features on the IMF slope is much stronger,
and overwhelms that of the adopted SFH, as also shown by La Barbera et al.
(2013). From our fits it was concluded that it is not needed to discard the
classical Kroupa IMF, however, a bottom-heavy IMF for this system can be
excluded at all radii, even allowing for a wide range of SFHs.

The only study which has addressed the normalisation of the IMF in dEs
(Tortora, La Barbera & Napolitano, 2016), using an hybrid approach based on
the mass discrepancy between the dynamically inferred mass and the Chabrier
stellar mass, shows that dEs might have a large scatter in their mass-to-light
normalisation which range from a bottom-light to a (either top-or bottom-
) heavy IMF. However, for NGC 1396, we found that the IMF is consistent
with a Kroupa or top-heavy distribution. We expect to investigate the broader
correlation with galaxy properties (see e.g., Tortora, La Barbera & Napolitano
(2016) on a larger sample using gravity sensitive indices with forthcoming MUSE
data.
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2.5.3 Gradients of the stellar population parameters

Gradients in dwarfs are presumably produced as a result of outside-in formation
(den Brok et al., 2011), where the star formation is initially spread out through
the galaxy and evolves in a burst-like mode, contracting to the centre of the
galaxy. This process has also been described using hydrodynamical simulations
of isolated dwarf galaxies, in which Valcke, de Rijcke & Dejonghe (2008) showed,
by following the evolution of a collapsing gas cloud in an existing dark matter
halo, that successive starburst episodes could restrain the star formation to a
smaller central region. This process could then be responsible for a positive age
gradient to appear in the galaxy together with positive colour and abundance
gradients. The fact that we observe a shallow, although still positive, abundance
gradients means that we are most probably dealing with a single component, in
comparison to the MW thin disk, thick disk and bulge.

In the past claims were made that positive age and colour gradients had
been found in dEs, but according to a study of den Brok et al. (2011) in the
more massive Coma cluster, this is most likely a result of the inclusion of the
nuclear regions in the colour profiles, where one expects to find the younger
stars, in e.g., the nuclear star clusters in dwarfs as is also present in the blue
core of NGC 1396. From the literature it is clear that not many dwarfs have
indeed been found with a positive colour gradient (see e.g. Spolaor et al. 2009),
from which den Brok et al. (2011) also deduce that the influence of metallicity
on the colour gradient of the galaxy is much more profound than that of the
age gradient and could in principle be disentangled by combining optical and
NIR colour gradients (Falcón-Barroso et al., 2011b; La Barbera, Lopes & de
Carvalho, 2011).

The measured metallicity and colour gradients of NGC 1396 compares well to
those of den Brok et al. (2011), for galaxies in the Coma cluster. The metallicity
gradient of −0.33 dex, for NCG 1396, is in agreement with the average
metallicity of −0.30 dex for the 21 Coma dwarfs in the sample by Sánchez-
Blázquez et al. (2006b). In other comparisons with massive ellipticals from
Raskutti, Greene & Murphy (2014) and Greene et al. (2015) and simulations
from Kobayashi (2004) and Hirschmann et al. (2015), we find a similar range
in the measured metallicity gradients, measured from 0.5 Re to 1.5 Re for
comparison, (Raskutti, Greene & Murphy 2014:−0.372 ± 0.032 dex; Greene
et al. 2015:−0.472 ± 0.074 dex; NGC 1396: −0.445 ± 0.048 dex, whereas the
age gradients in the massive ellipticals are mostly negative and slightly steeper.
We therefore find no apparent trend with galaxy mass for this particular dwarf
galaxy. This is also in agreement with the findings from Kobayashi (2004), who
also found no correlation between metallicity gradients and galaxy masses from
simulations.

Metallicity gradients similar to that of NGC 1396 have also been observed by
Koleva et al. (2009a) who studied 16 dEs of which 10 showed strong metallicity
gradients between −0.3 and ∼ −0.6 dex. It should be noted that those gradients
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Figure 2.17 – Colour profile of NCG 1396 from HST archive data, with a gradient fit of
−0.077±0.006 to the region outside of the central 1 arcsec. The central 0.2 arcsec is dominated
by a nuclear star cluster.

are strongly affected by the age-metallicity degeneracy, which is why it is also
important to compare gradients in individual indices.

From the colour profile of NGC 1396 (see Figure 2.17) a blue central core
region is visible, which is also in agreement with what is found from the
photometric analysis (Hamraz et al (2018). in prep). The colour gradient
(excluding the nuclear cluster region) measured from NGC 1396 (∼ −0.08)
[F475-F814] agrees well with the average colour gradient measured for the
sample of galaxies in the Coma cluster, with the same magnitude range, which
is found to be ∼ −0.06. From a simulations point of view, Schroyen et al. (2013)
concluded that metallicity gradients in dwarf galaxies are gradually built up in
non-rotating dwarfs and can survive for extended periods of time, while only
being affected or weakened by external disturbances. This is also in agreement
with a possible scenario where the progenitor of NGC 1396 could have been a
slow rotating dwarf irregular system, that entered the Fornax cluster. For a
range in mass from 107 to 109 M�, the range of metallicity gradients predicted
by simulations by Schroyen et al. (2013), (−0.57 to −0.01 dex kpc−1) also
correspond to the value obtained for NGC 1396 measured as −0.394±0.041 dex
kpc−1 (measured within 1 kpc outside the central two radial binned region for
direct comparison).
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2.6 Summary

• We presented stellar populations and abundance ratios obtained from
MUSE IFU data of the dE NGC 1396 in the Fornax cluster. From
deep, high spatial-resolution, IFU spectroscopic data we are able to study
the chemical abundances, the star formation history, and the initial mass
function as a function of galacto-centric distance.

• By studying red absorption features for the first time in a typical dE, we
find unusually over-abundant values of [Ca/ Fe] ∼ +0.1 dex, and under-
abundant sodium with [Na/ Fe] values around −0.1 dex. Together with
Ca, Mg is also enhanced and both are showing a positive radial gradient.
We compared the Na abundances from this system to that found in massive
elliptical galaxies and also to dwarf galaxies in the Local Group, from
which we find a correlation between [Na/Fe] and [Fe/H], going all the way
from the Fornax dwarf galaxy to giant elliptical galaxies. The current best
explanation is that Na enrichment yields are strongly metal dependent.

• We found evidence that the star formation activity has been going on for
an extended period of time, where the abundance estimates are consistent
with a disc-like build-up of the stellar populations of NGC 1396. This is
also evident from the fact that a significant difference is seen between the
luminosity- and mass-weighted ages from pPXF.

• We have fitted our radially binned spectra with a variety of stellar
population models, in order to constrain the IMF. With this we are able
to firmly rule out a bottom-heavy distribution for this system where the
IMF is consistent with either a Kroupa-like or a top-heavy distribution.
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abstract

We present stellar kinematics of a sample of ten dEs, located in the Fornax
cluster. The sample covers a large spatial area in the cluster and was observed
with the VIMOS IFU at the VLT. We analyse the kinematics and present
velocity and velocity dispersion maps, and analyse the rotational support
with the use of the specific stellar angular momentum parameter λR. We
compare results with some data taken with the SAMI IFU instrument and
also compare properties with more massive ETGs and place our sample on
the fundamental plane (FP). We notice a range in rotational velocities and
also different kinematic signatures which include KDCs, offsets between the
kinematic and photometric major axis, a prolate rotator, and also disc- and
bar structures. We also notice a small offset on the FP compared to massive
ETGs which could be described by different M/L caused by different SFHs
in dEs. Investigation into these properties suggest that late-type progenitors
of dEs could be shaped during encounters in groups before entering a more
dense cluster environment, where the environment is responsible for the final
transformation and quenching of star formation.

3.1 Introduction

Detailed studies of Local Group dwarf elliptical galaxies were conducted in
the past (e.g., NGC 185 and NGC 147: Geha et al. 2010, M32: Peletier
1993; Rose 1994; del Burgo et al. 2001; Worthey 2004; Monachesi et al. 2012;
Zieleniewski et al. 2015 and NGC205: Carter & Sadler 1990; Peletier 1993),
however observations of dwarfs outside the Local Group have been limited in the
past by instrumental constraints due to their low surface brightness. In the last
two decades progress has been made from only having integrated measurements
of a few distant dEs (Peterson & Caldwell 1993) to having the capability of
obtaining deep spatially resolved data to probe the internal kinematics of these
systems (De Rijcke et al. 2001; Pedraz et al. 2002; Geha, Guhathakurta & van
der Marel 2003; van Zee, Skillman & Haynes 2004; de Rijcke et al. 2005; Toloba
et al. 2009, 2011, 2014b; Koleva et al. 2009a). With this improvement, also
provided by the use of IFU, for example with the SAURON, VIMOS, MUSE
and SAMI instruments, progress has been made in more detailed and larger
spatial coverage studies (i.e., Ryś, Falcón-Barroso & van de Ven 2013; Ryś,
van de Ven & Falcón-Barroso 2014; Ryś et al. 2015; Guérou et al. 2015; Mentz
et al. 2016) of dwarfs outside the local Group. However with still relatively low
spectral resolution and also with integration times up to 5 hours per galaxy,
people have not yet been able to measure accurate velocity dispersions below
50 kms−1 outside the Local Group.

The physical appearance or structural properties of these galaxies, observed
mostly in clusters, lead to questions regarding our, still incomplete, theoretical
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understanding on the different scenarios and processes involved in the formation
of these systems.

3.1.1 Formation scenarios

The low mass nature of dwarfs, residing in galaxy clusters, makes this class
of galaxy especially useful in studying the effect of the cluster environment on
galaxy formation. This is mainly due to their shallow potential well which
causes increased susceptibility to structural changes by interacting galaxies or
tidal heating (i.e., harassment; Moore et al. 1996) and/or the interaction with
the intra-cluster medium (i.e., ram-pressure stripping; Gunn & Gott 1972; Lin
& Faber 1983). These two processes are currently seen as the most favourable
transformational mechanisms, although the contribution of each mechanism is
still uncertain. (Lisker, 2009; Lisker et al., 2013).

To understand which of these phenomena has been effective in transforming
objects to become dEs, one needs more observable parameters, apart from imag-
ing, in particular rotational support. Even though dEs might photometrically
appear very similar, a wide range in rotational support is observed (van Zee,
Skillman & Haynes, 2004). Studies on dEs in the Virgo and Fornax clusters
have shown galaxies with disc-like rotation and rotational flattening as well as
others without any detectable rotation (Geha, Guhathakurta & van der Marel,
2003; Ryś et al., 2015). The amount of rotational support can be used as a
strong constraint in formation models due to the expectation for dEs to mostly
retain the kinematic properties of their progenitors (Geha, Guhathakurta &
van der Marel, 2003). In the last two decades, imaging studies have also
revealed more complex structures in dEs such as nuclear disks, bars, and spiral
structures (e.g., Jerjen, Kalnajs & Binggeli 2000; Barazza, Binggeli & Jerjen
2002; Geha, Guhathakurta & van der Marel 2003; Graham & Guzmán 2003;
De Rijcke et al. 2003a; Lisker, Grebel & Binggeli 2006; Janz et al. 2014), where
this may also point to a formation scenario favouring dEs to be transformed
late-type galaxies. Other possible scenarios to produce typical properties of dEs
include transformations of gas-rich irregular galaxies (Irrs) in burst-like star
formation episodes (Davies & Phillipps 1988) leading eventually to dEs from
the faded blue compact dwarf galaxies as intermediate step (Lisker, 2009), (see
also Toloba et al. 2009, 2014b).

On the contrary, the formation processes in massive ETGs are known to
involve hierarchical merging events with a large percentage of their stellar
mass accreted from satellite systems (Duc et al., 2011; Khochfar et al., 2011).
However, massive ellipticals, like their dwarf counterparts also show a wide range
in rotational support. From the ATLAS3Dsurvey, it was shown by Khochfar
et al. (2011) that massive slow rotators amount to ∼ 20% of the ETG population
with different growth histories to that of fast rotating ETGs. They show that
the differences in the assembly history between the fast and slow rotators can
be linked to the number of major mergers experienced by their progenitors.
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However, it is thought that dEs get destroyed in mergers, therefore a different
way has to be found to lower their angular momentum. Similarly to dwarfs,
the progenitors of these massive ETGs and their interactions play an important
role in the kinematic build-up, where the observations of KDCs in both dwarfs
and giants could prove to be an important clue in their formation histories.

Another important difference between massive ETGs and dwarfs lies in their
stellar populations. Apart from longslit studies by Koleva et al. (2009a); Paudel,
Lisker & Kuntschner (2011), not many spatially-resolved stellar population
analyses have been done on dEs using IFU data (see Guérou et al. (2015);
Ryś et al. (2015); Mentz et al. (2016); Sybilska et al. (2017)). These studies
mostly show a wide range in stellar populations, including more recent star
formation episodes. In a sample of massive ETGs, La Barbera et al. (2012)
showed conclusively that the metallicity is decreasing with increasing radial
distance from the centre and also a trend that the centres are generally younger.
Although dEs were previously only seen as lower mass elliptical galaxies, more
indications are found that they could be identified as a different class with
different formation histories.

In order to explain the observations and to improve on formation models of
dEs, we need to study them in larger numbers and by using deeper observations.
With deep IFU observations, reaching higher S/N ratios and a broader spatial
coverage, we can explore in greater detail the stellar kinematics, the stellar
population build-up and the observed SFHs, which are all important factors to
constrain formation models.

In this chapter we present the kinematical properties of our sample of dEs in
the Fornax cluster while we discuss the stellar populations of the same sample
in Chapter 4. In order to find clues to the formation mechanisms involved,
attention is also directed towards the similarities to dEs in other clusters as well
as possible relations when comparing them to other well studied galaxy classes
like massive ellipticals.

This chapter is organised as follows. In Section 2 we give a overview on the
data in terms of the sample, observations and data reduction. In Section 3, a
kinematic comparison is made to dEs from the literature and to data from a
SAMI IFU survey with two galaxies in common to our sample. Our kinematical
results will be presented in Section 4, which will be followed by a discussion and
conclusions in Section 5.

3.2 Data

3.2.1 Sample

Our sample consist of 10 dEs located in the Fornax cluster. These galaxies were
chosen as part of a magnitude limited sample of 20 dEs (MB > −18), Table
3.1) for which optical HST imaging is also available from the ACSFCS survey
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(Jordán et al., 2007). The sample of 10 galaxies was observed with the VIMOS
IFU instrument (Le Fèvre et al. 2003) mounted on the VLT UT3. In Figure
3.1 we show a spatial distribution of the observed sample (VIMOS I) together
with the 10 unobserved dwarf galaxies (VIMOS II) the central massive elliptical
galaxy in the Fornax cluster (NGC 1399) and (NGC 1396) presented in Chapter
2.
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3.2.2 Observations

The 10 dEs of this study were observed in 2014 between 18 October and 16
November using the VLT UT3 8.2 m telescope at the ESO Cerro Paranal
site. Observations were made with the VIMOS HR-blue grism, with a spatial
sampling of 0.66 arcsec per fibre resulting in a 27 × 27 arcsec square field of
view (FOV). The wavelength coverage in this mode is 3700Å − 5520Å, with a
pixel size of 0.71 Å in the wavelength direction. Each galaxy was observed with
3 observational blocks consisting of two science exposures with dithering and
one sky exposure. The total on-target exposure time per galaxy was 1.4 h with
additional 10 min off-target sky exposures. Sky conditions varied over the ten
observing nights between photometric conditions to thin cirrus coverage with
average seeing conditions of ∼ 1.5 arcsec (FWHM). Standard calibration frames
which includes bias frames, flat fields, and arc-lamps were also observed during
each of the nights.

3.2.3 Data reduction

Data reduction was done using a combination of tasks from p3d (a tool for fibre-
fed integral field spectrographs by Sandin et al. (2010)) and the IRAF software
package. The bias correction, spectrum tracing and flat field corrections were
done using p3d. A master bias frame was created by adding all bias frames
taken on each observing night. A flat field correction frame was obtained for each
science exposure using the same instrumental configuration, which was then also
used to trace the spectra on the science exposure. The wavelength calibration
was done manually, using tasks from the IRAF longslit package. For each galaxy,
these steps were preformed on each VIMOS detector quadrants separately,
with the propagation of error frames, before using the p3d cvimos combine and
p3d rss2cube tasks to respectively combine the four quadrants and write the
resulting file from the 2D RSS format to a data cube for further processing.

Due to the fact that the detector sensitivity varies between the four VIMOS
detectors as also explained in more detail by Lagerholm et al. (2012), each
quadrant was normalised with the assumption that the correction to the
quadrant is independent of the wavelength. A multiplicative normalisation
constant was therefore computed for each quadrant of the data cube, after
all preprocessing steps, by using the boundary region between two adjacent
quadrants. The normalisation was then applied to each quadrant of the cube
across the entire wavelength range. Although the extraction of kinematics
and the measurement of line-strength indices is not affected by the differences
in throughput between the four detectors (Lagerholm et al. 2012), we were
compelled to apply the normalisation because of our binning methods which
may extend over quadrant boundaries. We used of the Voronoi binning method
by Cappellari & Copin (2003) and also radial binning scheme to increase the
(S/N) of the data.
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Figure 3.1 – Map of the Fornax cluster indicating the spatial distribution of the magnitude
limited sample of dEs in red and green. The current sample is indicated by filled green circles
(VIMOS I) while the unobserved dEs are indicated in red filled circles (VIMOS II). The central
massive elliptical galaxy NGC 1399 and the dwarf galaxy NGC 1396 (Mentz et al. 2016, see
also Chapter 2) are indicated with black and blue filled circles, respectively. The virial radius
(∼4 degrees) of the Fornax cluster is indicated by the solid black line (Drinkwater et al., 2001).
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3.2.4 Kinematic maps

In this section we present a selection of some of the most interesting kinematic
maps. Most galaxies show some rotation, and a featureless velocity dispersion
map. However, some objects show interesting kinematical features, including
very prominent KDCs and more obscure structures which causes an imprint on
the velocity dispersion profile.

FCC 190 (Figure 3.2, top panel) is a fairly round SB0 galaxy showing
indication of rotation around the optical major axis. This galaxy also shows
a velocity dispersion profile with a sharp decrease towards the central regions
which is also seen clearly in the SAMI data of this galaxy. This agrees with
results from Turner et al. (2012) showing signs of a nuclear disk, where we also
measure an offset of ∼ 10 degrees between the kinematic and photometric major
axis.

FCC 249 (Figure 3.2, bottom panel) is a E0 galaxy which contains a
very prominent KDC. This is in agreement with Turner et al. (2012) who
indicated that, when fitted with a single-Sérsic, a peanut shaped residual in
the photometry is left in the centre of the galaxy. This system is also a fast
rotator (FR) (Figure 3.7) with a noticeable decrease in velocity dispersion in
the central regions, which is also in agreement with a central disk structure.

FCC 277 (Figure 3.3, top panel) is a nucleated galaxy (Turner et al. 2012)
also classified by Ferguson (1989) as a E5 (boxy) type. We notice a decrease in
velocity dispersion for a small region inside a radius of 2 arcsec. This galaxy
displays a high rotational velocity around the kinematical minor axis, which
shows a small displacement from the photometric minor axis by ∼ 7 degrees.

FCC 301 (Figure 3.3, bottom panel) is a flattened system which is also host
to a very prominent KDC. The velocity dispersion profile is rather flat with no
noticeable gradient towards the central region. We also see no offset between the
photometric and kinematical major axis. This galaxy is also fitted by Turner
et al. (2012) with a double-Sérsic profile showing a significant contribution of a
nuclear component.

3.3 Measurements

When extracting stellar velocity dispersion measurements, it should be noted
that the instrumental resolution (σinst) is a limiting factor in obtaining an
accurate velocity dispersion of these systems. This is due to the fact that the
velocity dispersion values of the dEs under study are in most cases less than
the (σinst) of the VIMOS instrument (R=1440;∼ 88 km s−1; see also Lagos
et al. 2016). This makes the task of extracting credible kinematics particularly
challenging for dwarf galaxies. In order to improve on the accurate recovery of
velocity dispersion values for dwarf galaxies, binning of the data to a high S/N
is of great importance as is also discussed in detail in e.g., Toloba et al. (2011);
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Figure 3.2 – Kinematic maps of FCC 190 (top panel) and FCC 249 (bottom panel), showing
an indication of a central disk structure for FCC190 and a prominent KDC for FCC 249. Both
galaxies show a relatively high degree of rotation,and are classified as FRs, according to the
criterium indicated in Figure 3.7.
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Figure 3.3 – Kinematic maps of FCC 277 (top panel) and FCC 301 (bottom panel), showing
a high degree of rotation in FCC 277 together with a central decrease in velocity dispersion
and a clear KDC in FCC 301.
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Ryś, Falcón-Barroso & van de Ven (2013). They suggest to have a S/N ratio in
excess of 20.

Due to the small FOV of the VIMOS instrument compared to other IFU
instruments like SAURON and MUSE, with which it is possible to go out to
radii of more than 1 Re, we opted for a radial binning scheme in addition to
the Voronoi binning used to create 2D maps. Our radial binning consists of two
regions per galaxy, where a central spectrum is extracted from a region inside
Re/8 and the second spectrum from a region between Re/8 and Re/4. For the
two radial bins extracted from all galaxies we obtained a minimum S/N of ∼32
for the lowest surface-brightness systems. In Table 3.2 we present the tabulated
kinematical data of our sample of 10 galaxies together with projected distance
from the central galaxy NGC 1399.

Using the pPXF software from Cappellari & Emsellem (2004), we measured
the velocity and velocity dispersion of the stellar absorption lines from the
extracted Voronoi- and radially binned spectra. This is done by fitting a
linear combinations of stellar templates to the galaxy spectrum, which is
logarithmically rebinned in wavelength. As templates for the fitting we used
high resolution (FWHM ∼ 0.5Å) spectra from a selection of 205 stars of spectral
types B, A, F, G, K, and M, from the ELODIE library, from which the best-
fitting combination is obtained.

3.3.1 Comparison with literature

Not many velocity dispersion measurements exist in the literature for these
systems and large differences are also reported in some studies using long-slit
data. We therefore show a comparison of available average values with our
measurements in Figure 3.4. σRe/8 and σRe/4 values are indicated in blue and
red, respectively. Green boxes show the average values for all galaxies that were
obtained from Kuntschner (2000); Bernardi et al. (2002); Wegner et al. (2003);
Vanderbeke et al. (2011) as compiled in the Hyperleda data archive (Makarov
et al. 2014).
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Figure 3.4 – Stellar velocity dispersion comparison to values obtained from the literature.
Values extracted from the regions inside σRe/8 and σRe/4 are indicated in blue and red,
respectively. Green boxes indicate the values obtained from the literature, as compiled in the
Hyperleda data archive (Makarov et al., 2014).
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3.3.2 Comparison with SAMI data

The Sydney-AAO Multi object Integral-field spectrograph (SAMI;Konstantopoulos
et al. 2013) is a instrument that makes use of 13 fused hexabundles, containing
61 fibres, to provide a square degree FOV. The FOV of each hexabundle is ∼ 15
arcsec (radius 7 arcsec) which covers most Fornax dEs to a radius up to 0.3 Re.

From a sample of ∼ 50 dwarfs observed in the SAMI Fornax cluster survey
(PI: N. Scott), we compare kinematics of NGC 143 (Figure 3.5) and NGC 190
(Figure 3.6) in common to our sample and the SAMI Fornax cluster survey.
Although the SAMI FOV is smaller, the S/N ratio is very high, which means
that we have a very good and deep central coverage to compare with.

In terms of the measured range and profile of the velocity dispersion we find
a remarkably good agreement between the two data sets. Due to the higher
S/N ratio of the SAMI data, we are able to detect some features in the velocity
dispersion maps from the SAMI data of FCC 143 which is not as clear in the
VIMOS data. This feature likely correspond to a bar structure which is also
visible in a residual image from the FDS data (Figure 3.9; (Venhola et al.,
2017)).

3.4 Results

3.4.1 Rotational support

Galaxies are generally supported by rotation (rotational supported) and by
pressure through random stellar motion. Disc galaxies are generally rotationally
supported, while massive ETGs are mostly pressure supported systems, see
e.g., (Emsellem et al., 2007, 2011). The most massive giant ellipticals tend to
consist of slow rotators, which are generally the most massive galaxies, which
barely rotate, except maybe in the centre. However, almost 80% of giant
ellipticals consists of FRs, objects for which the flattening is consistent with
their rotational support. It seems that dEs, on average, are less rotationally
supported than giant ellipticals. The problem, however, is that there are not
many dEs with high quality kinematic measurements. This work is meant to
alleviate this problem.

In order to compare properties, of our sample, to dEs from the literature,
we used the binned spectra from the Voronoi binned data in order to obtain
more spatial information. From velocity (V ) and velocity dispersion (σ)
measurements on the extracted spectra, we computed the parameter λR, defined
by Emsellem et al. (2007), (Equation. 3.1).

λR =

∑N
i=1 FiRi|Vi|∑N

i=1 FiRi
√
V 2
i + σ2

i

(3.1)

This parameter serves as indicator of the specific stellar angular momentum,
a generalisation of the v/σ parameter, which was used before the advent of
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Figure 3.5 – Top panels: Maps of intensity, velocity, and velocity dispersion created from
SAMI data of FCC 143. The maps were rotated to coincide with the relative position angle of
the VIMOS data. Bottom panel: Maps of intensity, velocity, and velocity dispersion created
from VIMOS data of FCC 143.
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Figure 3.6 – Top panel: Maps of intensity, velocity, and velocity dispersion created from
SAMI data of FCC 190. The maps were rotated to coincide with the relative position angle of
the VIMOS data. Bottom panel: Maps of intensity, velocity, and velocity dispersion created
from VIMOS data of FCC 190.
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Figure 3.7 – Left: Light weighted specific stellar angular momentum, measured inside
Re/4, λR as function of ellipticity for our sample of Fornax dwarfs and the ATLAS3Dproject
(Emsellem et al., 2011). The solid curve (0.31 ×

√
ε), as defined by Emsellem et al. (2011),

indicates the distinction between slow and fast rotating galaxies dominated by pressure- and
rotational support, respectively. Note that the specific angular momentum for FCC 55 was
calculated inside Re/2. Right: Cumulative λR profiles as function of radial distance.

2D spectroscopy. In Figure 3.7a we show a comparison of 7 of the galaxies
in our sample with 260 ETGs from the ATLAS3Dgalaxy sample as function
of ellipticity. Three galaxies were omitted due to large uncertainty in the σ
measurement because it is probably too small to be measured at this resolution.
Here it should be noted that our λR measurements are obtained from the region
inside Re/4 compared to other results obtained within half an effective radius.
With the shallow gradient seen in the cumulative angular momentum profiles of
our sample and the Virgo dwarfs, also with a similar mass range as in Ryś, van
de Ven & Falcón-Barroso (2014); Toloba et al. (2014b), we expect a reasonable
comparison, for most dwarfs, to values obtained at half an Re.

3.4.2 Kinematic scaling relations

The FP is used to relate kinematic scaling relations and specific properties
of ETGs. These properties include stellar velocity dispersion, galaxy size
and luminosity which were initially used in specific scaling relations with the
main goal of obtaining distance estimates. With this relation we can obtain
valuable insight into formation mechanisms in ETGs due to the fact that these
related properties evolve differently with different formation mechanism at play
(Cappellari, 2015).

In Figure 3.10 we place our sample of 10 Fornax dwarfs on the FP with
the Virgo sample of dwarfs from Toloba et al. (2012) and also indicate the
FP relation from more massive ETGs from Falcón-Barroso et al. (2011b). In
order to make the comparison with V -band data from the literature, we first
corrected the apparent magnitudes to absolute scale with a distance modulus
for the Fornax cluster of 31.51 (Blakeslee et al. 2009) and then transformed
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Figure 3.8 – Rotational support as function of projected cluster-centric distance. The dashed
line indicates the weighted χ2 fit to the data which takes the uncertainties of λR into account.

Figure 3.9 – Residual images from the FDS (Fornax deep survey) of FCC 143 (left) and
FCC 190 (right), showing inner structures left, in the photometry, after being fitted by the
Galphot routine (Venhola et al., 2017). FCC 143 shows an indication of a bar with a spiral
structure , while we notice the presence of a nuclear disk in FCC 190, which is also evident
from the central decrease in the velocity dispersion profile.
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Figure 3.10 – Edge-on view of the FP relation for our sample of dEs (red dots) together
with a sample of dEs from the Virgo cluster (blue crosses) Toloba et al. (2012). Also shown
is the relation for massive ETGs by Falcón-Barroso et al. (2011b) as the red solid line with
the 1σ scatter as dashed lines in green. Upper-limits for FCC 152 and FCC 255 are indicated
by red and black lines, respectively.

our B-band magnitudes to V -band using an average B − V = 0.8 (Bassino
et al., 2003). The mean surface-brightness within an elliptical effective radius
was calculated for each galaxy using Equation 3.2, where half of the flux was
measured inside an ellipse with semi-major axis RSMA. The relation between
RSMA and the effective radius, Re, is defined to be RSMA = Re/

√
1− ε as also

used in Toloba et al. (2012) for comparison.

< µ >= mv + 2.5× log(2) + 2.5× log[π ×RSMA
2 × (1− ε)] (3.2)

For FCC 152 and FCC 255 with central velocity dispersion values below 50 km
s−1, where the measurement of the velocity dispersion is not possible due to the
low VIMOS instrumental resolution, we calculated an upper limit on the FP
with the use of a fixed velocity dispersion of 55 km s−1. In Figure 3.10, these
upper limits for FCC 152 and FCC 255 are indicated by red and black lines,
respectively.
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3.5 Discussion and conclusions

Although small, this sample can still be used with other observations to test
possible formation scenarios based on cases from individual galaxies. By
looking from a kinematics point of view, we observe a variety of interesting
aspects amongst these 10 galaxies which includes two KDCs, offsets between
kinematic and photometric major axis, and a galaxy showing indications of
prolate rotation. In this section we will discuss the variety of kinematic results
obtained from the current sample and the link to possible formation scenarios
by focusing on KDCs, rotational support, and scaling relations.

3.5.1 KDCs

KDCs or central disks in massive ETGs are known to form as a result of merger
events, accretion of gas or flyby encounters (Balcells & Quinn, 1990; Weil &
Hernquist, 1993; González-Garćıa, Aguerri & Balcells, 2005). The first evidence
that KDCs are also found in dEs, was presented by De Rijcke et al. (2004)
in which they review possible formation scenarios of KDCs (see also Toloba
et al. (2014b)). The two scenarios they investigated included mergers and
tidal harassment. The latter scenario proved to be more relevant due to slow
encounters in which energy and angular momentum can be transferred. Previous
studies have also shown that mergers amongst dwarfs in clusters are not very
likely to occur and the energy available during fast encounters of dwarf galaxies
in cluster prevents larger perturbations to occur (Binney & Tremaine, 1987;
Boselli & Gavazzi, 2006; Toloba et al., 2014b). As most cluster environments are
known to be of higher density and contain a low amount of cold gas to accrete,
these kinematic structures are most likely formed in less dense environments, as
found in groups, which later falls into a cluster (Lisker et al., 2013).

In our sample of 10 dEs, we find two KDCs (FCC 249 and FCC 301), where
the region around the core is kinematically distinct from the rest of the galaxy,
showing a much faster rotating disc structure. In the case of FCC 249 we also
see a decrease in the velocity dispersion in the centre of the galaxy due to less
random stellar motions, which is also to be expected from the presence of a
central disc structure.

These two galaxies are located in the same projected region, with FCC 249
at a farther projected distance from the cluster centre. As opposed to FCC 249,
the KDC in FCC 301 is not as localised to the central region of the galaxy, but
more extended along the major axis direction. Due to the harsh conditions in
the cluster environment and fading stellar populations over time, KDCs are not
expected to survive for a long time (McDermid et al., 2006). In light of this,
the possibility exists that these two dwarfs could be on an in-falling trajectory
into the cluster, experiencing more dynamical friction, and therefore increasing
the energy in random stellar motions in the existing KDC. This could then lead
to a more extended KDC as seen in the case of FCC 301.
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The statistical significance of finding two KDCs in a sample of 10 galaxies
is a relatively high occurrence compared to two KDCs from a sample of 39 dEs
that have been found in the Virgo cluster by Toloba et al. (2014b). However, it
should also be noted that the environment could play an important role and it
might also be easier to detect KDCs from high spatial resolution IFU data as
compared to long-slit data as used by Toloba et al. (2014b). In similar studies
of low mass ETGs the fraction of KDCs varies between ∼ 5 and 8%, where
the KDC fraction in large E/S0 galaxies from the volume complete ATLAS3D

sample amounts to 8.1± 1.8% (Krajnović et al., 2011).

3.5.2 Rotational support

As with more massive ETGs, dwarfs also show a range in rotational support
(van Zee, Skillman & Haynes, 2004; Janz et al., 2014; Toloba et al., 2014b;
Ryś, van de Ven & Falcón-Barroso, 2014). We computed the specific stellar
angular momentum (λR) and made a comparison to λR values from 260 ETGs
obtained from the ATLAS3Dsurvey as shown in Figure 3.8. Even though the λR
parameter for our sample was measured within Re/4 for each galaxy, compared
to Re/2 for the ATLAS3Ddata, and the fact that the mass range between the
two samples is different, we still see that the majority of ETGs have a higher
angular momentum compared to our dE sample. This was also shown to be
true for the Virgo dEs from Toloba et al. (2014b); Ryś, van de Ven & Falcón-
Barroso (2014). However, there also exists a large number of SR ETGs and
Toloba et al. (2014b) proposed that the formation mechanism for SR galaxies
could be different for different mass ranges.

In the progenitor scenario, we know from the comparison to the CALIFA
sample (see Ryś, van de Ven & Falcón-Barroso 2014) that possible late-type
progenitors of dEs need to lose a considerable amount of angular momentum in
the transformation process to account for the rotational support that we observe
in dEs today. The question still exists on the efficiency of a transformation
mechanism to remove angular momentum from galaxies falling into a cluster
environment. The fact that ram-pressure stripping does not affect the stars as
much as the gas when a galaxy encounters a denser cluster environment (Kenney,
van Gorkom & Vollmer 2004), together with the suggestion from simulations
that longer time-scales are needed for galaxies to be kinematically heated when
passing through a cluster (Smith et al. 2015a) suggests that the transformation
mechanism at play in reducing the angular momentum should have had an
earlier onset in groups.

The rotational support of Virgo dEs as function of projected cluster-centric
distance was also reported by Ryś, van de Ven & Falcón-Barroso (2014); Toloba
et al. (2014b), where a slight general increase in the number of rotational
supported dEs towards the outskirts of the Virgo cluster was found. Although
small, we do find a similar trend in λR in our sample as shown in Figure 3.8,
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which indicates the effect of the cluster environment on the kinematical heating
of in-falling dwarfs.

3.5.3 Scaling relations

We compare our sample of dEs to massive ETGs from Falcón-Barroso et al.
(2011b) on the FP plane (Figure 3.10). We notice an offset between our sample
and the SAURON ETGs from Falcón-Barroso et al. (2011b). This offset between
lower mass systems and ETGs seen on the FP has previously been indicated
on different samples by de Rijcke et al. (2005) and Toloba et al. (2012). de
Rijcke et al. (2005) argued that different star formation histories can lead to
this offset observed from the plane occupied by ETGs. This is due to the
earlier star formation taking place after dissipative merger events while the
progenitors are still interacting in groups rather than clusters. The offset of
∼ 0.2 in magnitude that we obtain from the FP indicates to a brightening of
0.2/0.34 ∼ 0.6 magnitudes. If we compare two different populations, one aged
3 Gyr with a metallicity of Z = 0.004 dex and the other with an age of 13 Gyr
and metallicity of Z = 0.02 dex, we obtain a V -band magnitude difference of
7.01−5.78 = 1.23 mag. This presents the likelihood that this offset is accounted
for by the different SFHs in dEs compared to that of giant elliptical galaxies.

With more insight into the rotational support of dEs, peculiar kinematical
structures like KDCs, and star formation episodes that affect the appearance
of these systems in different scaling relations, we begin to form a picture of a
general formation scenario where late-type galaxy mergers take place in groups
of galaxies. These groups then combine in a hierarchical fashion to build up the
clusters we observe today. Angular momentum of progenitors can be lowered
more easily in groups due to the higher likelihood of slow encounters (Binney
& Tremaine 1987; Boselli & Gavazzi 2006; Toloba et al. 2014b) after which ram
pressure stripping can act upon entry into the cluster environment to remove
gas and strangulate the galaxy (Toloba et al., 2014b).

From this kinematic analysis we can conclude that this sample of Fornax
dEs also show distinctive differences to that of more massive ETGs. This stems
from the fact that we notice the offset in the FP relation as also noted by de
Rijcke et al. (2005) and Toloba et al. (2012), which could be caused by a lower
surface brightness in combination with a larger effective radius relative to more
massive ETGs. This could then also be linked to a different formation process,
where the onset of star formation takes place while the progenitors of dEs are
still interacting in less dense environments (de Rijcke et al., 2005).

We find two KDCs in the sample of 10 dEs, which could indicate to a
formation scenario taking place outside the current cluster environment. The
lower density environment are better suited for timely and lower velocity
encounters between the progenitor galaxies.

We also show that the rotational support observed in this sample is of a
similar scale to other dwarfs in the Virgo cluster and also in general less than
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Figure 3.11 – pPXF fits to radially binned spectra inside a radius of Re/8 and Re/4. The
galaxy spectrum is shown in black with the fit over-plotted in purple.

that of ETGs. As in previous studies on Virgo dEs by Ryś, van de Ven &
Falcón-Barroso (2014); Toloba et al. (2014b), we also notice a slight trend in
rotational support as a function of projected cluster-centric distance, which is
an indication of the environmental effect that these galaxies experience as they
enter the cluster.
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3..4 Appendix

3..5 Notes on individual galaxies

We briefly describe the remaining six dEs below:
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Figure 3.12 – Figure 3.11. Continued.

Figure 3.13 – Figure 3.11. Continued.
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FCC 143 is a slow rotating galaxy with a relatively steep gradient in the velocity
dispersion profile, showing a prominent peak in the centre as also seen in the
comparison with SAMI data obtained for this galaxy. Even though no central disk or
bar structure is seen from Hubble ACS data from Turner et al. (2012), we measure
an offset of ∼ 25 degrees between the kinematic and photometric major axis (Figure
3.17).

FCC 148 is a flattened S0 dwarf showing also a reasonable amount of rotation.
According to the rotational support from the computed λR parameter, it is classified
as a slow rotator (Figure 3.7). However, the calculated error due to uncertainty in the
velocity dispersion of this galaxy is also relatively large. According to Turner et al.
(2012), this galaxy hosts a complex central structure, which is evident from a double
Sérsic fit with a strong nuclear component.

FCC 152 shows a fairly extended nuclear region with emission, indicating ongoing
or recent star formation. It shows a flat velocity dispersion profile with a small peak
in the centre. A fair amount of rotation is also visible around the optical minor axis.

FCC 255 is a flattened galaxy very similar in appearance to FCC 55. It is nucleated
(Turner et al. 2012) and shows a similar amount of rotation around the optical minor
axis, where it is also well aligned with the kinematical minor axis.

FCC 43 is classified as a dS01/2(5) galaxy (Ferguson 1989) located at a large
projected distance of 217.6 arcmin from the centre of the cluster. The measured
velocity dispersion profile is relatively flat over the radial distance of Re/4. Previously
velocity dispersion measurements were only obtained from long-slit data (Peterson &
Caldwell 1993; Wegner et al. 2003; de Rijcke et al. 2005) which also show a wide range
in values.

FCC 55 Classified as type S0(9),N, FCC55 is a flattened and nucleated galaxy
with a maximum rotational velocity of 43.6 ± 1.6 km s−1. This galaxy also shows a
relatively flat velocity dispersion profile with no indication of a dispersion increase in
the centre.
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Figure 3.14 – Flux, stellar velocity, and velocity dispersion maps of our sample of 10 dEs in
the Fornax cluster.
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Figure 3.15 – Figure 3.14. Continued.
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Figure 3.16 – Figure 3.14. Continued.
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Figure 3.17 – Kinemetry obtained for all galaxies in the current sample by using the package
Kinemetry by Krajnović et al. (2006). The PA is indicated for each galaxy by the solid red
line (see Kinematic PA in Table 3.2).
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Abstract

We present a stellar population analysis of a sample of ten dEs, located in the Fornax
cluster. The sample covers a large spatial area in the cluster and was observed with
the VIMOS IFU at the VLT. The high S/N IFU data allow us to derive spatially
resolve spectra for our sample of dwarfs. In previous chapters, we derived velocity and
velocity dispersion fields. Here, we analyse the stellar populations by using the full-
spectrum fitting method in comparison with the more conventional line-strength index
analysis. With the full-spectral fitting we compare different population scenarios for
each galaxy which includes fitting a single SSP, a combination of two SSPs of which the
old population is fixed, and also a weighted combination of all possible populations.
In this sample of 10 dEs, we find a wide range in SSP ages with a average metallicity
around -0.4 dex. We present SFHs of all galaxies. We compare our results with some
independent data from the SAMI IFU instrument and also compare properties with
more massive ETGs.The Fornax cluster is a compact and rich cluster making it an
ideal test bench to study the environmental effect on dwarf galaxy formation.

4.1 Introduction

In the last two decades, stellar population analysis of dEs has grown into a very
powerful tool to constrain SFHs and formation scenarios (van Zee, Barton & Skillman,
2004; Michielsen et al., 2008b,a; Chilingarian, 2009; Koleva et al., 2009a,b; Smith et al.,
2009; Paudel, Lisker & Kuntschner, 2011; Toloba et al., 2014b; Guérou et al., 2015;
Ryś et al., 2015; Mentz et al., 2016; Sybilska et al., 2017). It helps us to understand
when dwarf galaxies formed and it serves as a probe into the composition and build-
up of the galaxy, from the onset of the formation mechanisms to the current epoch.
This is possible by analysing the observed spectra against a set of stellar population
models to obtain the parameters that the observed spectra have in common with
model predictions. Current stellar population models perform well in most cases but
they are not yet perfect. This stresses the importance of continuously improving and
updating the population models. In order to improve these models it is important to
note that they depend heavily on stellar evolution- and stellar atmospheric models.
Although the stellar evolution and atmospheric models are still improving, they are
used to continuously update and improve stellar population models in the analysis of
unresolved stellar systems.

Due to the large distances of the dwarf galaxies under study, and in contrast to
some of the nearest galaxies in our Local Group, we have to rely on measurements
of integrated light from unresolved sources in order to obtain the stellar population
parameters, which include age, metallicity, and elemental abundance ratios. To obtain
the necessary information from the population analysis, line strength of a specific
set of absorption features (e.g., Lick line-strength indices; Worthey et al. (1994)) in
the observed spectrum of the galaxy has to be analysed. Until the last decade, this
line-strength index method was chosen to analyse direct relations between the line
strength of individual spectral features and population properties. More recently, the
full spectral fitting (FSF) method was introduced (Vazdekis 1999). It complements
the traditional line-strength measurement technique by taking the entire measured
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signal into account. In this chapter we will use both methods and compare them in
the analysis of population parameters.

Detailed stellar population analysis of dEs has only become possible in the last
decade. Even before, studies started to uncover properties in dEs that differ compared
to those found in more massive elliptical galaxies, like the wide range in ages but also
the presence of younger populations and the stellar population differences within a
galaxy (van Zee, Barton & Skillman, 2004). A study by Michielsen et al. (2008b) of 24
dEs in the Virgo cluster and field in which they used long-slit data showed that dEs
are, on average, younger and less metal rich than their massive elliptical counterparts.
They also show that the [α/Fe] abundance ratios are around solar or below. The α/Fe
ratio is an indication of the relative importance of the enrichment of the ISM by SN
type II as opposed to other types of SN, which is an indicator of the time scale of the
star formation, whether burst-like or continuous. (see also Sen et al. (2017)). Disk-like
build-up in dEs also leads to the formation of gradients in stellar population properties.
In a subset of 26 Virgo dEs, Paudel, Lisker & Kuntschner (2011) found SSP gradients
which could be classified as smooth across the galaxy and profiles where a break could
be seen between the nucleus and the rest of the system due to the presence of a
NSC. They did however find a general trend of decreasing metallicity and increasing
age with radial distance. Metallicity gradients likely results from initial extended
star formation, which progressively become more centrally focused (Koleva et al.,
2009a). It has also been found that a significant number of dEs in the Virgo cluster
harbours a blue core region which indicates to recent central star formation associated
with a younger component (Lisker et al., 2006). Multiple kinematic components have
also been confirmed by Toloba et al. (2014a) and Ryś et al. (2015) in a sample of
Virgo dEs. Apart from internal mechanisms which affect the population build-up, dEs
are also affected by the cluster environment and interactions with cluster members.
These interactions have been shown to influence the evolution of these systems as they
fall deeper into the cluster potential. Michielsen et al. (2008b) found a correlation
between the age and projected distance of dEs in the Virgo cluster, which indicates an
environmental effect on the truncation of the star formation. This was also noted for
dwarf galaxies in the Fornax (Rakos et al. 2001) and Coma clusters (Smith et al. 2009).
These clues, from a population analysis standpoint, all point to different formation
scenarios in dEs, compared to more massive ellipticals.

In recent years, with the availability of more advanced instruments (e.g., integral
field spectroscopy), it became possible to apply these population analysis techniques
also in much better spatial resolution to the lower mass galaxies, e.g., dEs. Thomas
et al. (2010) showed that the environment has a much stronger impact on the formation
and evolution of lower mass galaxies, which presents ample reason for the investigation
into dwarf galaxy formation and evolution in galaxy cluster environments. Although
much progress has been made regarding our understanding of specific formation
scenarios in galaxies and the environmental influence on their formation, especially
in the lower mass regime, we are still hampered by low statistics and spatial coverage
when observing dwarf galaxies. Surveys initiated with the intent to alleviate some of
these main issues includes the SAMI dwarf galaxy survey, which aims at observing one
hundred dwarf galaxies within the Fornax cluster (Eftekhari et al., in prep.). This will
enable IFU-observations of a magnitude limited sample of dwarf galaxies which could
be used to constrain better the class and properties of dEs.
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In this chapter, we focus on the stellar populations and SFHs. We compare
population results obtained with line-strength index analysis to that of FSF and also
to data from the SAMI survey. This chapter is organised as follows. In Section 2
we give a brief overview on the data in terms of the sample, observations and data
reduction. In Section 3, a comparison is done with dEs from the literature and with
data from a SAMI IFU survey for two galaxies in common to our sample. Our stellar
population results will be presented in Section 4, which will be followed by a discussion
and conclusions in Section 5.

4.2 Data

4.2.1 Sample and observations

A more detailed description on the data sample and observations can be found in
Chapter 3. In short, we study a sample of 10 dEs (Table 3.1) in the Fornax cluster
with MB > −18, for which optical HST imaging is available from the ACSFCS
survey (Jordán et al., 2007). The sample was observed with the Visible Multi-Object
Spectrograph (VIMOS) IFU instrument (Le Fèvre et al. 2003) during 10 nights in
the period from 18 October to 16 November 2014. The average integration time per
galaxy was about 1.6 hours. The data reduction was done with the use of various
reduction packages, which include p3d, IRAF and various routines to preform specific
tasks on the data cubes. Sky subtraction was also done for each cube by scaling the
sky exposures to the science frames before combination of all data cubes. For more
detail on the reduction procedure, see Chapter 3.

4.3 Stellar population analysis

The two mostly often used methods to derive SFHs in stellar population analysis are
measuring the line-strength of individual spectral features and FSF. In the first few
years of applying the FSF technique to long-slit spectra, Michielsen et al. (2008b)
found a very good agreement with the classical line-strength index analisys and FSF.
Both methods have their benefits and detriments. The use of individual spectral
features provides an advantage over FSF in that it is less sensitive to absolute
spectrophotometric calibrations and dust absorption (Bruzual & Charlot, 2010).
However, a large amount of spectral information is lost in the process. With FSF
techniques, problems like extinction are lessened by fitting the continuum with a
multiplicative polynomial. Due to these reasons we will be using both methods to
complement one another.

4.3.1 Line-strength indices

The VIMOS wavelength range spans from ∼ 3750 to ∼ 5350 Å with a spectral
resolution of σinst = 88 km s−1, as determined from spectral arc-line measurements.
This wavelength range includes a number of important and also not well studied line-
strength indices for dEs. With the line-strength index method, it is important to find
and compare indices which are sensitive to specific stellar population parameters. In



4.3. Stellar population analysis 91

doing so, it is possible to address problems such as the age-metallicity degeneracy,
for which Worthey et al. (1994) showed that a factor of 2 increase in age corresponds
to a factor of 3 increase in metallicity when optical colours are used as indicators of
age. This causes a similar response in the colours of the stellar populations with a
variation in age and metallicity (Schiavon, 2010). Most of the line-strength indices
that we used are defined among the Lick indices (Worthey et al. 1994; Worthey
& Ottaviani 1997) and include HδA, HδF, CN1, CN2, Ca4227, G4300, HγA, HγF,
Fe4383, Ca4455, Fe4531, Fe4668, Hβ, Fe4930, Fe5015, and Mgb. Amongst these
indices, Hβ is traditionally used as an age sensitive index while, Mgb and Fe5015
are used as indication of the metallicity. With our wavelength coverage, we can
also make use of Hγ, and Hδ as age-sensitive indices and other lines as metallicity
sensitive indicators. Different combinations of line-strength indices can also be used to
constrain abundance ratios from population models. We obtained [Mg/Fe] abundance
ratios by comparing our line-strength index measurements on the Mgb-Fe5015 diagram
with MILES solar-scaled and α-enhanced models (Figure 4.8). The same method
was followed to obtain [Ca/Fe] abundances by making use of the Ca4455-Fe5015
diagram (Figure 4.5). As a first step in the process of making any line-strength index
measurements, we applied the Voronoi binning technique (Cappellari & Copin (2003))
to the spectra of each galaxy. The binned spectra are then fitted by stellar templates,
which are smoothed to the same resolution of the data. This is done by using pPXF
of Cappellari & Emsellem (2004) as described in Chapter 3. The velocities obtained
from the fitting are then used to de-redshift the spectra to rest-frame, enabling us to
measure a set of Lick indices on the galaxy spectra. For index measurements we make
use of the index task from the RED uc

mE package, developed by N. Cardiel (Cardiel
et al., 2015).

4.3.2 Full spectral fitting

With FSF we make use of the entire wavelength range for population analysis instead
of using only single spectral features as done with the line-strength index method.
The FSF method can also be successfully applied to lower S/N data compared to
the line-strength index method (Wilkinson et al., 2015), which benefits the analysis
of low luminosity and low surface brightness dwarf galaxies. One of the galaxies in
the sample, FCC 152, shows strong Balmer emission lines. The emission lines were
masked out when fitting the spectra. The observed spectrum is fitted using pPXF
with a linear combination of SSP template spectra (see Chapter 3). In order to obtain
full SFHs from the population analysis, we created a template grid from PEGASE-HR
(Le Borgne et al. 2004) of SSPs with [Fe/H] between -1.7 and +0.4 dex (5 metallicity
bins) and age from 0.3 to 17 Gyr (17 age bins). The SFHs of the galaxies are then
obtained by fitting these SSP models with known age and metallicity to each galaxy
spectrum. In order to test the credibility of the population results, we compared three
different population scenarios, applied to each of the two radial bins. First we fit each
SSP template separately to the observed spectrum obtaining a χ2 value for each fit.
These χ2 maps for the central and outer regions are shown in Figures 4.10 to 4.37. As
a consistency check for this scenario we also applied the same method to independently
fit a SSP to the blue (∼3750Å - ∼4550Å) and red part (∼4550Å - ∼5350Å) of the
spectrum (Figure 4.1). In the second row of Figures 4.10 to 4.37, we show the χ2

maps where we fix an old population (12 Gyr) with low metallicity (-1.7 dex), while
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Figure 4.1 – Example of the central spectral bin where spectral fitting was done
independently on the blue and red part of the spectrum. The top panel shows the fit of
the blue spectral region of FCC 249 while the the fit to the red end is shown in the bottom
panel. The preferred population age and metallicity together with the χ2 are indicated on
top of both panels.

keeping the other population free to vary (limited in age and metallicity by 0 to 17
Gyr and -1.7 to 0.4 dex, respectively). The third scenario, shown in the third row
of Figures 4.10 to 4.37, involves simultaneously fitting a weighted combination of all
populations to the observed spectrum. In this scenario we make use of regularization
to smooth the resulting stellar population output. We used a regularization factor of
REGUL = 200 together with a multiplicative polynomial to correct for the shape of
the continuum (Cappellari, 2017).

4.4 Literature comparison

4.4.1 Comparison with SAMI survey data

As done in Chapter 3 we also compare our results with available SAMI data of two
dwarfs from our sample. We find a very good agreement in the spatial line-strength
maps as shown in Figure 4.3, where we compare the central region (< 6 arcsec) of the
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Figure 4.2 – Index diagrams showing the comparison between our sample of Fornax dwarfs
and a sample of Coma dwarfs from Smith et al. (2009). We compare the indices Hβ, Mgb,
and Fe5015 with the use of a solar scaled (black) and α-element enhanced (red) population
grids.

VIMOS data to SAMI data. Note that the scale used in Figure 4.3 is the same for all
maps.

We also compare our measured line-strength of indices with those from Smith
et al. (2009), who studied the stellar populations of a sample of 89 dwarf galaxies in
the Coma cluster. They made use of the Hectospec fibre-fed spectrograph, with which
300 fibres are deployed over a 1◦ FOV. The diameter of one fibre is 1.5 arcsec which
translates to ∼ 0.7 kpc at the distance of the Coma cluster. For comparison, we note
that the average diameter of our outer radial bin from our sample is ∼ 7.7 arcsec
(∼ 0.77 kpc at the distance of the Fornax cluster). Although similar apertures are
used, it still makes for a rough comparison due to the different objects under study
and the fact that they are located in different clusters. We show the comparison of a
few important indices e.g., Hβ, Mgb, and Fe5015 in index diagrams (Figure 4.2). We
see a good agreement in the Hβ - Fe5015 diagram, indicating similar ages in a large
number of these dwarf galaxies from the Coma cluster. However, we notice lower α
abundances for our Fornax dwarfs from the second panel in Figure 4.2.

4.4.2 Populations

We present our FSF results in Figures 4.10 to 4.37. In these maps we show the χ2

values which were obtained by fitting a grid of SSP templates to the observed spectra.
The χ2 maps show the goodness of the fit indicated on a grid of population age on the
x-axis and metallicity on the y-axis. Note that we inverted the colour bar to show the
best-fitting model in white in order to be similar to the highest light fraction of the
combined templates in the third scenario.
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Figure 4.3 – VIMOS data of FCC 143 is shown in the first row with the SAMI data shown
in the second row for comparison. In the third row we show the VIMOS data of FCC 190
with the SAMI data in the fourth row for comparison.
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4.5 Results

In this section we present results obtained from the two analysis methods together with
the tests we conducted to verify the reliability of the obtained population parameters.
Based on results, we also make a comparison between these two methods.

4.5.1 Line-strength indices

With the line-strength index method, we rely on the measurement of individual indices
to determine population properties. In this section we describe results based on the
distribution of the two radial bins extracted from each dwarf in our sample on various
index diagrams. We use the index diagrams to compare a number of different indices
against one another due to the different sensitivities they have to age and metallicity.
In Figure 4.4 to 4.8 in the appendix, we show index-index diagrams of the set of Lick
indices, on which we over plotted solar-scaled and α enhanced MILES models. From
the Hβ against Fe5015 in Figure 4.7, we can estimate the SSP-equivalent metallicity
and age due to the strong dependence of Fe5015 and Hβ on the respective population
metallicity and age. From the relation between Mgb and Fe5015 in Figure 4.8, which
is relatively independent of α/Fe, an estimate of the light element abundance ratio
(e.g., [Mg/Fe]) can be made when comparing indices with different models. The red
grid indicates the α-enhanced model, while the black grid represents values for a solar-
scaled model. From this we notice that all but one of the galaxies (FCC 249) can be
described, within the error bars, by solar-scaled α-abundances. FCC 249 is slightly α
enhanced ([Mg/Fe] ≈ +0.1 dex). We also notice from Figure 4.2 that the sample of
Coma dwarfs from Smith et al. (2009), have consistently higher [Mg/Fe] abundance
ratios compared to the majority of galaxies in our sample. From CN against Fe5015,
we notice a degeneracy between the two model grids so that it is necessary to know the
age and metallicity in order to obtain an estimate of the N abundance due to the non-
linear projected shape of the model grids. Based on ages and metallicities as obtained
from the two methods we consider our sample of dwarfs to be better described by
solar-scaled N abundance.

Based on these index diagrams, the galaxies in our sample span a wide range in
age between ∼ 4 and ∼ 14 Gyr and metallicities between ∼-0.9 and +0.1 dex. In order
to obtain values (Figure 4.9) from the line-strength index measurements to make a
quantitative comparison to results from the FSF method, we made use of a Markov
Chain Monte Carlo (MCMC) routine which also computes the likelihood for a given
set of parameters. In this routine, a Delaunay triangulation is created in order to
find the vertices and weights of points around a given location in parameter space.
This is done to estimate the best age and metallicity by minimising the distance on a
population grid from the measured line-strength indices to the model predictions.

4.5.2 Full spectral fitting

By applying the FSF method to our data we made use of a set of models as explained
in Section 4.3.2. From the results obtained by introducing three different population
scenarios (one SSP, two SSPs with fixed old component, and weighted combination of
all SSPs), we note in four out of ten galaxies a strong indication that they are better
described by a combination of two populations, in which case a younger more metal
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(a) Central bin inside Re/8 (b) Outer bin Re/8 < r < Re/4

(c) Central bin inside Re/8 (d) Outer bin Re/8 < r < Re/4

Figure 4.4 – Index diagrams of Lick line-strength indices over-plotted to solar-scaled MILES
models (black) and α-enhanced MILES models in red. Note that the central bin values are
also indicated as small triangles in the outer bin diagram for reference.
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(a) Central bin inside Re/8 (b) Outer bin Re/8 < r < Re/4

(c) Central bin inside Re/8 (d) Outer bin Re/8 < r < Re/4

Figure 4.5 – As in Figure 4.4
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(a) Central bin inside Re/8 (b) Outer bin Re/8 < r < Re/4

(c) Central bin inside Re/8 (d) Outer bin Re/8 < r < Re/4

Figure 4.6 – As in Figure 4.4
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(a) Central bin inside Re/8 (b) Outer bin Re/8 < r < Re/4

(c) Central bin inside Re/8 (d) Outer bin Re/8 < r < Re/4

Figure 4.7 – As in Figure 4.4
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(a) Central bin inside Re/8 (b) Outer bin Re/8 < r < Re/4

(c) Central bin inside Re/8 (d) Outer bin Re/8 < r < Re/4

Figure 4.8 – As in Figure 4.4
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Table 4.2

Galaxy Single SSP Two SSPs (fixed old component) Light fraction
Age Metallicity Age Metallicity Young Old

FCC143 (1) 6.0 0.0 9.0 0.0 0.94 0.06
(2) 10.0 -0.4 10.0 0.0 0.86 0.13

FCC148 (1) 2.0 0.0 2.0 0.4 0.60 0.40
(2) 2.0 -0.4 4.3 0.4 0.46 0.54

FCC152 (1) 1.0 0.0 1.0 0.4 0.30 0.70
(2) 2.0 -0.4 2.0 0.4 0.33 0.66

FCC190 (1) 3.0 0.0 9.0 0.0 0.87 0.12
(2) 8.3 -0.4 9.0 0.0 0.84 0.16

FCC249 (1) 6.0 0.0 14.0 0.0 0.92 0.08
(2) 8.3 -0.4 11.0 0.0 0.84 0.16

FCC255 (1) 4.3 -0.4 3.0 0.4 0.51 0.49
(2) 4.3 -0.4 3.0 0.4 0.47 0.53

FCC277 (1) 5.0 0.0 8.3 0.0 0.93 0.07
(2) 4.3 0.0 10.0 0.0 0.88 0.12

FCC301 (1) 3.0 0.0 4.3 0.0 0.90 0.10
(2) 7.0 -0.4 5.0 0.0 0.81 0.19

FCC43 (1) 2.0 -0.4 2.0 0.4 0.35 0.65
(2) 2.0 -0.7 3.0 -0.4 0.41 0.59

FCC55 (1) 5.0 -0.4 6.0 0.0 0.70 0.30
(2) 4.3 -0.4 7.0 0.0 0.66 0.33

Summary of results obtained from the FSF method. Age and metallicity estimations are

shown for the 1 SSP and 2 SSP scenarios. (1) and (2) in the first column indicate the central

and outer bins, respectively.

rich component is possibly on top of an older component. This is evident from the
different behaviour, that we see in the age-metallicity diagram (Figures 4.10 to 4.37),
when allowing for a SSP in the fit (top row) compared to the second scenario where we
fix an old population with a variable younger component (middle row). This is seen for
FCC 148, FCC 152, FCC 190, and FCC 255, which is also in agreement with Hamraz
et al., (in prep), where they found blue core regions for these 4 galaxies. For FCC
152 we see a very prominent young component which agrees with the strong Balmer
emission we detect from the index measurements. For FCC 143, FCC 249, FCC 277,
FCC 301, FCC 43, and FCC 55 , we see little difference between the one and two SSP
fits, where the single component nature of these systems can also be seen from the
weighted fit of all SSPs in the bottom row of Figures 4.10 to 4.37. Hamraz et al., (in
prep) also did not find indications of blue cores for FCC 143, FCC 249, and FCC 277,
however they found that FCC 301 and FCC 55 showed indications of weaker blue core
regions.

From the FSF results we note a range in age between ∼ 2 and ∼ 14 Gyr with
metallicities between ∼ -0.6 and ∼ 0.2 dex. As another test for young and old systems,
we applied the FSF to the blue and red part of the spectrum independently, as we
expect the blue part to contribute more in the case of a young population. We show
this for the old system FCC 249 in Figure 4.1, where we see little difference between
the red and blue fitting as a result of the low blue contribution. However, we do not
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Figure 4.9 – Comparison of results obtained from the line-strength index- and FSF methods.
Ages and metallicities are indicated for the different methods and for each spectral bin defined
on the galaxy. (Inner Bin < Re/8 and Re/8 < outer bin < Re/4)

find conclusive results from this test due to the fact that the wavelength range in the
red part contains very few spectral features compared to the blue part.

4.5.3 Method comparison

When quantitatively comparing results between the line-strength index- and FSF
methods, we see a relatively good agreement, despite the fact that we use different
sets of population models. A comparison of the results between the two methods
is presented in Figure 4.9. Age and metallicity estimates were obtained from the
best-fitting models in the FSF method and by minimising the distance from index
measurements and population grid prediction for the line-strength index method. We
do however also detect some spurious results, which are explained by emission in the
case of FCC 152, and low S/N data in the both central and outer bins of FCC 43.

4.6 Discussion and conclusions

The Fornax cluster is similar to the Coma cluster on grounds of compactness although
Coma is much more massive and more relaxed while Fornax contains more star-
formation (Jordán et al., 2007; Colless & Dunn, 1996). It is therefore expected that
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the formation of dwarf galaxies in these compact clusters will be more affected by the
environmental influences compared to sparsely populated clusters.

From the population analysis of our sample of ten Fornax dEs, we find population
ages ranging from ∼ 3 to more than 14 Gyr. This is in agreement with results from
Smith et al. (2009) on a large sample of dwarf galaxies in the Coma cluster with ages
from ∼ 2 to more than 10 Gyr. They also found a strong environmental dependence
on age and metallicity, showing age gradients from older centrally-located systems to
younger systems in the outer regions. Our low statistics in the outer regions prevents
us from commenting on a definite age - positional dependence, nevertheless we are
able to better resolve structural and population differences within this sample that
can be linked to the environmental influence of the cluster potential and interactions
with cluster members.

4.6.1 Metallicity gradients

Based on the FSF done with only one SSP (Table 4.9) we see that the majority of
the galaxies show a metallicity gradient between the central bin ([Z/H ∼ 0.0 dex) and
the outer bin ([Z/H ∼ -0.4 dex), which is to be expected with a younger and more
metal rich central population. We also see this trend consistently in the line-strength
index measurements as shown in Figure 4.7, where we see a decrease in the Fe5015
line strength in the outer bins, indicating a more metal poor environment. The higher
central metallicities are caused by prolonged star formation in the central region of
most dwarfs (Koleva et al., 2009a). In this sample we either see a negative metallicity
gradient as also noted previously by Koleva et al. (2011); den Brok et al. (2011); Mentz
et al. (2016) or no gradient which is an indication of mixing that occurred. The absence
of metallicity gradients are only observed in highly elliptical and elongated systems
with a high degree of extended rotation, which includes FCC 255, FCC 277, and FCC
55. It is also interesting to note that we also do not see any notable age gradient in
these systems.

4.6.2 Stellar Populations

The way in which the evolution and star-formation of low mass galaxies are influenced
by environmental factors are still uncertain, although it has been shown that the
environmental density correlates well with parameters like velocity dispersion and
dynamical mass (Oemler, 1974; Dressler, 1980; Thomas et al., 2010). From our
population analysis, we do see a correlation between morphology and SFH of the
system, where the two mostly unperturbed elliptical galaxies, FCC 143 and FCC 249,
show less indications of a younger component. However in the more extended systems
like, FCC 152, FCC 43, and FCC 148 we see evidence of more recent star-formation
episodes. When comparing the average cluster-centric distances between these two
groups with different morphology, we see that the two older systems are located at
a closer average distance of 86.2 arcmin in comparison with the 147.1 arcmin of the
younger group. This is also in agreement with results from Smith et al. (2009), in
which they notice an age gradient in the Coma cluster with the older systems located
in the central regions.

In almost half of our dEs, we see similar results for the age and metallicity obtained
from fitting one SSP and the age and metallicity from fitting two SSPs, in which
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case we fix an old low-metallicity population as a second population. However, in
FCC 148, FCC 152, FCC 190, and FCC 255, we see an increase in metallicity when
including an old metal-poor population in the fit. In this case, the fitting routine
tries to compensate for the inclusion of an old metal-poor population by giving higher
preference to a higher metallicity population. In these cases the χ2 values are slightly
higher than the single SSP fit which is due to the invariable old population and fixed
low metallicity, which also means that the over-compensation leads to a slightly worse
overall fit. This is evidence that two SSPs, better describes the populations in these
systems. Similarly, when we fit a linear combination of all SSP’s, as done in the
third scenario, we obtain an older and more metal-poor population together with a
younger metal-rich population for FCC 148, FCC 152, FCC 190, and FCC 255 which
corresponds with the results from the line-strength index method.

In conclusion, we find four out of ten dE galaxies, in which the populations could be
best described by the use of two components. These two components include a younger
and more metal-rich central component and a older more metal-poor outer component.
The galaxies display a large range in ages as seen from the results obtained by the
line-strength index and FSF methods, ranging between ∼ 2-4 and 14 Gyr, respectively.
Between the two methods, we also obtain metallicities ranging between ∼-0.9 and ∼0.2
dex. We notice that the more extended and elongated systems e.g., FCC 255, FCC
277, and FCC 55, on average, show a less steep or flat metallicity gradient with a
less prominent age gradient which could be explained by a mixing event after likely
past interactions. From two different morphological groups in our sample, we notice a
gradient with cluster-centric distance, in which case the group with the more extended
morphology which also includes younger systems (FCC 152, FCC 43, and FCC 148)
has an average cluster-centric distance of 147.1 arcmin in comparison to the 86.22
arcmin of the pair with the more compact and relaxed morphology (FCC 143 and
FCC 249). This is in agreement with an in-fall scenario where late type irregular
galaxies migrate from smaller groups into more dense cluster environments. In the
comparison between the line-strength index and FSF methods, we see a reasonably
good agreement for most galaxies in our sample despite using different population
models. There are however some exceptions in which case they can be described by
either strong emission as in FCC 152 combined with lower S/N spectra in the outer
regions, as seen in both FCC 152 and FCC 43.
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Appendix 4.A Notes on individual galaxies

In the following section, we discuss stellar population results, as obtained from the
line-strength index measurements (Figures 4.12 to 4.39 and FSF method (Figures 4.11
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to 4.38).

FCC 143:
From the line-strength index measurements we obtain a higher metallicity (about
solar) and a younger age (∼ 6 Gyr) from the central spectrum compared to the outer
spectrum. These results agree within the error bars with FSF of both one and two
SSPs. When comparing the single SSP fit against the two SSP fit we see a very
similar behaviour, which would indicate that each of the regions we study could be
well described by a single population.
FCC 148:
An estimation from the line-strength index measurements shows a central age of ∼ 2.3
Gyr. We do however see a discrepancy between the index and FSF in the sense that the
population age of the outer bin is older than what we obtain with FSF. The metallicity
estimates from the line-strength index measurements are in closer agreement with what
we obtain with the FSF, showing a decrease from about solar metallicity, in the central
bin, to less than −0.7 dex in the outer bin. Results from FSF also indicate a young
central population. We do notice a disagreement between the results from the fitting
of one SSP in comparison to that of two SSPs, where the preferred metallicity is
slightly higher when including an old metal poor population. When fitting a weighted
combination of all models we see a clear separation in age-metallicity plane which
favours the two SSP scenario for this galaxy.
FCC 152:
This galaxy shows strong Balmer emission, especially in the central region where a
c-shaped emission region is visible in the Hβ map (Figure 4.17). We notice an overall
young system based on FSF results, showing slightly super-solar metallicity values as
expected for a young star-forming population.
FCC 190:
Line-strength index measurements show this galaxy to consist of a younger central
population, compared to the outer regions. We see little to no difference between the
FSF results from the inner and outer bins (Figure 4.19). In the velocity dispersion
map in Figure 4.20, we notice a depression in the central region indicating the presence
of a nuclear disk. From FSF we also infer a two population scenario for this system.
FCC 249:
This galaxy shows little variation between the inner and outer populations. The system
appears to be old (8-14 Gyr) with metallicities between -0.4 dex and solar. FCC 249
has a spherically round and undisturbed appearance as seen in Figure 4.23 and it hosts
a KDC.
FCC 255:
This galaxy shows little to no age or metallicity gradients between the inner and
outer regions with a uniform population, which is evident from both the line-strength
index and FSF analysis. We see a difference in the preferred population regarding the
metallicity when fitting two SSPs. With the two SSP fit we see a higher preferred
metallicity when fixing an old population with low metallicity as one of the fitting
templates. With the FSF we do note a preference for this galaxy to be described by
two populations instead of a single population.
FCC 277:
This galaxy is a fast rotating system with no metallicity gradient from the central bin
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to the outside region. From the line-strength index measurements and FSF population
maps (Figure 4.28), we see a slight preference for older age populations in the outer
regions (8 - 10 Gyr). This galaxy also appears to have a central depression in the
velocity dispersion profile as shown in Figure 4.29.
FCC 301:
This galaxy is the second KDC from our sample and contains a strong extended
disk. For this galaxy we also see a preference of an older outer population from FSF.
Although slightly younger, the FSF population looks remarkably similar to that of
FCC 277, which is also a fast rotating system.
FCC 43:
FCC 43 is an extended and low surface-brightness system. It is the only sample
galaxy that is located outside the virial radius of the Fornax cluster. Due to the low
surface-brightness nature of this galaxy most line-strength indices have large error
bars compared to the rest of the sample. When fitting two populations with the FSF
method we see a very different result between the inner and outer bins. It should
also be noted that the χ2 values for the two SSP fits are also significantly higher than
that of the single SSP fits which should be a reason for caution on making strong
conclusions using this method.
FCC 55:
In FCC 55, we notice a very similar population composition between the inner and
outer regions from FSF. We also see no strong evidence for a metallicity and age
gradients, similar to FCC 255 and FCC 277. We do notice that the inclusion of a
second fixed old and metal poor population leads to a slight increase in the metallicity
as seen in Figure 4.37, but not significantly enough to rule out the existence of a single
population.
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.10 – Population analysis through FSF of FCC 143.

Figure 4.11 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 143. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.12 – Most probable age and metallicity of FCC 143 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.13 – Population analysis through FSF of FCC 148.

Figure 4.14 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb
of FCC 148 . We compare all maps with the same scale, indicated on the bottom of the
continued figure.

Figure 4.15 – Most probable age and metallicity of FCC 148 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.16 – Population analysis through FSF of FCC 152.

Figure 4.17 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 152. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.18 – Most probable age and metallicity of FCC 152 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.19 – Population analysis through FSF of FCC 190.

Figure 4.20 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 190. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.21 – Most probable age and metallicity of FCC 190 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.22 – Population analysis through FSF of FCC 249.

Figure 4.23 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 249. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.24 – Most probable age and metallicity of FCC 249 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.25 – Population analysis through FSF of FCC 255.

Figure 4.26 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 255. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.27 – Most probable age and metallicity of FCC 255 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.28 – Population analysis through FSF of FCC 277.

Figure 4.29 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 277. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.30 – Most probable age and metallicity of FCC 277 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.31 – Population analysis through FSF of FCC 301.

Figure 4.32 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 301. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.33 – Most probable age and metallicity of FCC 301 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)
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(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.34 – Population analysis through FSF of FCC 43.

Figure 4.35 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 43. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.36 – Most probable age and metallicity of FCC 43 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)



118 Chapter 4. Stellar populations of dwarf elliptical galaxies in the Fornax cluster

(a) χ2 map of a single SSP fitted to central bin inside
Re/8

(b) χ2 map of a single SSP fitted to outer bin Re/8 <
r < Re/4

(c) χ2 map of two SSPs fitted to central bin inside
Re/8

(d) χ2 map of two SSPs fitted to outer bin Re/8 <
r < Re/4

(e) Multiple SSPs fitted to central bin inside Re/8 (f) Multiple SSPs fitted to outer bin Re/8 < r <
Re/4

Figure 4.37 – Population analysis through FSF of FCC 55.

Figure 4.38 – Spatial maps of intensity, velocity, velocity dispersion, Hβ, Fe5015, and Mgb of
FCC 55. We compare all maps with the same scale, indicated on the bottom of the continued
figure.

Figure 4.39 – Most probable age and metallicity of FCC 55 obtained from fitting the
measured line-strength indices to model predictions. Left: Central bin (< Re/8). Right:
Outer bin (between Re/8 and Re/4)



Chapter 5
Conclusions and future
prospects

5.1 Conclusions

Apart from the earlier discovery and notation of objects like M110 by Charles Messier,
the class of dEs with their intriguing properties, arrived on the scene of extra-galactic
research in the late 1930s, after the discovery of the Fornax and Sculptor galaxies by
Shapley (1938). Since then many questions have been posed about their formation
and evolution and how they fit into the current picture of galaxy classification. These
questions remained unanswered for a long time, mainly because of the low surface
brightness of these systems, which in turn contributes to the hardship of obtaining
high quality spectroscopic observations. In order to address these relevant questions,
we have to rely on the detailed analysis of the stellar populations and kinematics of
nearby dwarf galaxies. In this thesis we set out to conduct a study of stellar populations
and kinematical properties of dEs, in the Fornax cluster, with the use of state-of-the-
art integral field spectroscopy with the MUSE and VIMOS instruments on the VLT.
This allowed us to probe these galaxies using relatively high spectral resolution and
with the advantage of a large spatial coverage. The MUSE instrument also enables the
study of a broad wavelength range to also include the mostly unexplored NIR spectral
region.
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In this section we will highlight the main conclusions from this thesis and we will
present an overview of the addressed questions and future possibilities in this field.

As a first step in analysing dwarf early-type galaxies in a cluster environment, we
made use of MUSE IFU observations to study NCG 1396 in the Fornax cluster. These
deep observations allowed us to study all components of this galaxy, as a function of
galacto-centric distance, in order to construct an assembly time line time line of the
formation episodes. The stellar populations serve as a fossil record of the build-up
and also of external processes that influenced the galaxy in the cluster environment.
In Chapter 2 we analysed the stellar populations of NGC 1396, using line-strength
measurements of various spectral indices together with full spectral fitting. From this
we were able to constrain the chemical abundance ratios and also the IMF with the
use of gravity sensitive spectral features. We found that:

• the luminosity-weighted age of NGC 1396 was found to be ∼ 6 Gyr, which is
similar to ages found up to now in dEs within a similar mass range. By analysing
spectra from different elliptical radial bins we found a positive age gradient which
also corresponds with findings from recent photometric studies in which a blue
core region has been found for this galaxy. We also found a negative metallicity
gradient which is expected from a younger central population.

• abundance ratios obtained from the near infra-red spectral absorption features
e.g., CaT and NaD revealed an unusual over-abundance in calcium in combina-
tion with an under-abundance in sodium. When comparing these abundances
with resolved abundance measurements of Local Group dwarf galaxies and the
Milky Way, as well as with unresolved measurements of ETGs, we notice a
correlation between [Na/Fe] and [Fe/H] extending from NGC 1396 to giant
elliptical galaxies. A possible explanation for this correlation could be a strong
metal dependence of the sodium enrichment yields.

• the star formation activity together with the abundance estimates point to an
extended star formation period in which the stellar populations underwent a
disk-like build-up. We also found a significant difference in the luminosity- and
mass-weighted ages, which also ratifies the extended nature of the population
build-up.

• in fitting the galaxy spectra with a variety of stellar population models, the IMF
was found to be consistent with a Kroupa-like or top-heavy distribution. We
firmly rule out a bottom-heavy IMF, which is also known to be the favourable
distribution for most massive ETGs.

The study, as presented in Chapter 2, has the advantage of providing a complete
picture of a single typical dE, which includes a detailed description of its stellar
population properties. However, in order to also study the environmental influence
on these dwarf galaxies, it is necessary to study a sample of cluster dwarfs with a
large spatial distribution. In Chapter 3, we presented kinematics of a sample of ten
dEs in the Fornax cluster. These galaxies (FCC 143, FCC 148, FCC 152, FCC 190,
FCC 249, FCC 255, FCC 277, FCC 301, FCC 55, FCC 43) were chosen as part of
a magnitude limited sample of 20 dEs of which 10 were observed with the VIMOS
IFU spectrograph. We analysed the rotational support in terms of the specific stellar
angular momentum, λR, as function of cluster-centric distance. We also placed our
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sample on the Fundamental Plane for comparison with a sample of Virgo cluster dwarfs
and the relation for more massive ETGs. We concluded that:

• For both the Fornax and Virgo cluster dwarf galaxies we note an offset from
the canonical Fundamental Plane, compared to the relation observed for giant
elliptical galaxies. This suggest that dwarf galaxies have higher mass-to-light
ratios compared to giant ellipticals which are caused by different SFHs.

• two galaxies in our sample contained KDCs. Due to the high velocity encounters
in the cluster environment, this is not a likely structure to develop in dwarf
galaxies with shallow gravitational potentials. It is therefore suggested that
these structures are more likely formed by lower velocity encounters between
galaxies in a smaller and less dense group or proto-cluster environment.

• a similar amount of rotational support is observed for our sample compared to
dEs in the Virgo cluster. In general it is less than that of massive ellipticals. We
also notice a slight trend in the rotational support, λR, as a function of cluster-
centric distance. The fact that centrally located dEs are more pressure supported
than those found in the outskirts of the cluster indicates an environmental effect
which could be responsible for removing some of the initial angular momentum
of the in-falling galaxies

In Chapter 4, we applied a stellar population analysis on the same sample as
presented in Chapter 3. The population analysis entails the use of the full spectral
fitting method in comparison with the more conventional line-strength index analysis.
We also compared different scenarios in the population fitting, which involves fitting
a single SSP, a combination of two SSPs of which the old population is fixed, and a
weighted combination of all possible populations. We presented SFHs and metallicities
for all galaxies in the sample. From this we showed that:

• four out of ten dEs in our sample could be best described by using two population
components, which include a younger and more metal-rich central population on
top of an old metal-poor population. Our sample displays a large range in ages
between 2 and 14 Gyr as obtained from the full spectral fitting and line-strength
index methods.

• the obtained metallicity values, from both methods, ranged between -0.9 and 0.2
dex. We indicated with the use of index diagrams that all the systems, except
for FCC 249, have solar-scaled abundance ratios for the α-elements.

• from two different morphologically defined groups in our sample we find that
a gradient exists as function of cluster-centric distance. The more extended
dEs, which are also slightly younger (FCC 43, FCC 148 and FCC 152) have an
average cluster-centric distance of 147 arcmin compared to the more compact
and relaxed pair (FCC 143 and FCC 249) which is at an average distance of
86 arcmin from the cluster centre. It will be interesting to see whether this
suggested trend is confirmed with larger samples in the Fornax cluster, such as
the SAMI survey (See 5.2.1)

In review of the various questions on the formation and evolution of dEs, and their
possible transformation due to the subjection to harsh cluster environments, we note
the following:



122 Chapter 5. Conclusions

• In ruling out a bottom-heavy IMF in the typical early-type dwarf galaxy NGC
1396 we indicate that the stellar population is dominated by more massive stars
as opposed to the low mass stars that describe a bottom-heavy IMF distribution
as seen in most massive elliptical galaxies. A variation in the IMF found for
dwarfs, compared to those typically found for giant elliptical galaxies, indicate
a different formation history and also different physical processes at the time
when the bulk of the stars were formed (Cappellari et al., 2012).

• Another important clue to the environmental conditions to which dEs were
exposed during their formation lies in their structural build-up. The discovery
of KDCs in dEs revealed that the opportunity existed for low velocity encounters
with other systems, which likely took place in less massive group environments
(De Rijcke et al., 2004). Smith, Davies & Nelson (2010) showed that in-falling
dwarf galaxies in a cluster environment are only mildly affected by typical high
speed encounters and show little observable signs of these interactions. Based
on the number of KDCs observed in dEs in recent years, it is highly unlikely
that these structures were formed in their current cluster environment.

• A rotational support gradient with cluster-centric distance also provides ev-
idence in the transformation scenario, in which galaxy harassment and tidal
interactions play a role in decreasing the angular momentum of in-falling dwarf
galaxies. The angular momentum is mainly removed in lower energy encounters,
believed to happen in groups, which might raise the question of its effectiveness
in denser cluster environments. We know that these mechanisms, acting in
cluster environments, have a definite impact on the angular momentum due to
the fact that rotational support gradients have been observed in the Virgo and
Fornax clusters.

5.2 Prospects for future research

5.2.1 Future integral field unit capabilities and surveys

Since the introduction of IFU instruments, many new instruments have been developed
and large surveys have been launched and followed by more advanced programmes.
Currently, instruments like MUSE provide a broad wavelength range and high spatial
resolution, which we used to show the effectiveness in probing the kinematical and
population properties of low surface-brightness dwarf galaxies. In using a broader
wavelength range to include the NIR region and higher spectral resolution we are
currently able to e.g., constrain the IMF, as shown for NGC 1396, and determine SFHs
and chemical abundances of unexplored elements. However, this outstanding ability to
examine dwarf galaxies in detail and uncover more general and type-specific properties
will be most useful if combined with large surveys to effectively use the large numbers
of dEs in galaxy clusters to our advantage. It will thus be important to obtain data on
larger, statistically significant, samples of cluster dwarfs. For this purpose, ongoing and
future IFU instruments and surveys that aim to address these shortcomings include
the SAMI (Sydney-AAO MOS IFU) instrument (Konstantopoulos et al., 2013), aiming
to provide a wide-field survey of up to 5000 galaxies. The MaNGA (Mapping Nearby
Galaxies at APO) survey, (Bundy et al., 2015) has the purpose to provide spatial
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coverage of ∼ 10000 nearby galaxies spanning almost 3 orders of magnitude in galaxy
mass. The Hector instrument (Bryant et al., 2016) will serve as a next generation
multiplexed integral field spectrograph based on the SAMI instrument, with improved
spectral resolution and wavelength coverage. A sample of 100 000 galaxies will be
studied while being able to probe many galaxies out to 2 effective radii. Instruments
like WEAVE (Dalton et al., 2012) and 4MOST (de Jong et al., 2012) will have very
similar spectral characteristics to provide large numbers of high resolution spectra.
Although many different science cases could be served, these two instruments could
also allow the possibility of a full sky complementary survey as observed from both
hemispheres.

These surveys will contribute vastly to our current understanding of galaxy
formation and evolution especially in the lower mass regime where many questions
are still unanswered.

5.2.2 Dynamical modelling with globular clusters as kine-
matical tracers

With more simultaneous IFU observations, which cover a larger field of view, it is
possible to create more efficient observing strategies to maximise the scientific impact
of the data. In addition to studying SFHs, GCs of a dwarf galaxy can be studied
and used as kinematical tracers. For NGC 1396 we have started dynamical Jeans
modelling with the inclusion of the globular cluster system as discrete tracers and will
be followed up in future studies. With upcoming MUSE observations on dwarfs, the
inclusion of the GC system could prove very rewarding when the possibility exist of
probing the galaxy to much larger radial distances compared to what is possible when
using only the extent of the integrated light from the stellar halo. This could reveal
key aspects and answer fundamental questions about the dark matter fraction in these
systems.

5.2.3 Constraining the dark matter distribution and mass
profiles

A large spatial coverage, as already available from current IFU instruments, can be
used to study the distribution of dark matter (DM) in which the galaxy is embedded.
It has been shown that dEs have a non-negligible DM fraction inside their half light
radius (Toloba et al., 2015a). The radial baryonic mass profile could be used to better
constrain the DM distribution in the galaxy to larger galacto-centric distances. The
DM fraction can also be linked to the question on the universality of the IMF in these
systems, which is still not very well studied in dEs.

5.2.4 Linking properties of current-day early-type dwarfs
to their higher-redshift predecessors

Early-type dwarfs in the present-day universe are inherently different compared to their
higher redshift predecessors. This is in part due to the different formation conditions
that dominated at earlier formation episodes, which also resulted in a different star-
formation efficiency. In order to establish a connection between earlier dwarfs and the
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DM halos that are currently occupied by dwarf systems, we need to be able to study
stellar populations in dwarf galaxies at various redshift. Although dwarfs have already
been discovered in the Frontier fields (clusters at z ∼ 0.5), the task of obtaining stellar
population information from dwarf galaxies, more distant than our closest galaxy
clusters, is still very difficult due to their low surface brightness. Parallels should rather
be drawn from the evolution of the stellar populations in giant elliptical galaxies, as
obtained from their high redshift predecessors to current-day ETGs and those found
in dEs today.

Although substantial progress has been made in the observation of early-type dwarf
galaxies and in understanding some of the questions raised in this thesis, we will
always be in need for an improved technological reach. Not only will this result in the
resolution of past uncertainties but it will almost certainly create new questions to be
investigated.



Appendix A
Stellar dynamics of the
dwarf elliptical galaxy NGC
1396

A.1 Introduction

Detailed studies of Local Group dwarfs have been conducted in the past, however
observations of dwarfs outside the Local Group have been limited by instrumental
constraints due to their low surface brightness. In recent years, with the increased
possibilities provided by integral field spectroscopy, progress has been made in more
detailed studies of dwarfs outside the Local Group.

The low mass nature of dwarfs, residing in galaxy clusters, makes this class of
galaxies especially useful in studying the effect of the cluster environment on galaxy
formation. Important questions regarding our theoretical understanding of these
systems are put forward by their physical properties, involving the stellar populations,
but also the description of the mass profile. Environmental effects could be imprinted
in the dynamical properties of these galaxies.

In order to probe these systems on a dynamical level and to study the mechanisms
involved in their formation, it is important to obtain a handle on kinematical tracers.
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Apart from the stellar kinematics that could be obtained by studying the integrated
stellar light, the high quality IFU data can also be used to extract information about
the GCs and planetary nebulae around these systems. These tracers can be used to
probe the kinematics to much greater galacto-centric distances. In comparing the total
mass obtained from dynamical modelling to the luminous mass, the dark matter and
IMF of the galaxy could be constrained (Napolitano et al., 2014; Agnello et al., 2014).
This could in turn help to address important questions about the luminous and dark
matter mass profiles and the agreement with the standard cosmological model.

Our approach is to use Jeans dynamical modelling to model the integrated light
from the galaxy together with the discrete globular cluster population. Due to the
fact that NGC 1396 is located in close projection proximity to the central massive
elliptical galaxy in the Fornax cluster, we expect to have contamination from the GC
population of NGC 1399 and therefore need to accommodate this in the modelling in
the form of a contamination model.

As a first step in the modelling process, we will focus only on the dynamical
modelling of the galaxy using Jeans Anisotropic Modelling (Cappellari, 2012). Future
work will include the dynamical modelling with the globular cluster system as discrete
kinematical tracers.

A.2 Data and preliminary results

Observations of NGC 1396 with the MUSE instrument were carried out as outlined
in Chapter 2 (see also Mentz et al. 2016). For the data reduction, we made use of
the MUSE reduction pipeline with the additional implementation of the ZAP (Zurich
Atmosphere Purge) routine (Soto et al 2016) for removing the sky residuals from the
reduced data cube.

A.2.1 Requirements for dynamical modelling

Light model

An R-band image was created from the reduced MUSE data cube for photometry
purposes. The image was created by using the muse cube filter recipe within the
MUSE reduction pipeline, which essentially collapses the cube based on a transmission
function of a specific filter.

In order to construct realistic dynamical models, an accurate parameterisation of
the surface brightness profile of the galaxy is needed. We obtain this parameterisation
by making use of the Multi Gaussian Expansion (MGE) formalism as defined in
Emsellem, Monnet & Bacon (1994) and implemented in the fitting algorithm of
Cappellari (2002). This was applied to the R-band image (Figure A.1) in order
to obtain the surface brightness profile of the galaxy as shown in Figure A.2. The
parameters of the individual Gaussians obtained from the fit are presented in Table
A.1.
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Figure A.1 – Observed (black lines) and MGE best-fitting (red lines) isophotes of the R-band
image of NGC 1396 obtained from the MUSE datacube.

Table A.1 – Parametric description of the fitted Gaussians from the MGE routine.

NR Surface Density (L�pc−2arcsec−1) Dispersion (arcsec) Axial Ratio q

1 342.56943 0.358166 1.00000
2 96.57718 1.65446 0.88025999
3 111.39178 4.5761761 0.65249002
4 46.711635 11.966774 0.53118002



128 Chapter A. Stellar dynamics of the dwarf elliptical galaxy NGC 1396

Figure A.2 – MGE model of NGC 1396 showing a comparison between the extracted 1D
profiles (squares) and convolved model fits shown (solid lines). The four individual Gaussians
used in the fit are also shown together with the radial variations of the relative errors for each
sector.
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Figure A.3 – Velocity (top) and velocity dispersion (bottom) maps of NGC 1396.

Stellar kinematics

A detailed description of the extraction of the stellar kinematics is given in Sect.
2.3.3. In short, the Voronoi tessellation binning method from Cappellari & Copin
(2003) was used to bin the IFU data to a constant S/N ratio. pPXF by Cappellari &
Emsellem (2004) was used to fit the absorption line spectrum from each Voronoi bin
with template stellar spectra. From this we obtained velocity and velocity dispersion
maps as shown in Figure A.3. The second velocity moment is calculated by Vrms =√

(V 2 + σ2), which will be used in the dynamical modelling to calculate a prediction
of the projected second velocity moment.
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Figure A.4 – Circular velocity profile of NGC 1396 as obtained from the best-fitting
inclination.

A.3 Dynamical modelling

A.3.1 Jeans Anisotropic Modelling

We apply Jeans Anisotropic Modelling (JAM) as a way to derive the projected first and
second velocity moments of an axisymmetric and isotropic stellar system, where the
density is described with the MGE formalism (Cappellari, 2008, 2012). When fitting
the models, we provide the observed second velocity moment maps as computed from
the extracted V and σ maps as well as the surface brightness profile of the galaxy in
terms of the parametric description from Table A.1.

As a first step we iteratively fitted the Jeans models with inclination and anisotropy
β as free parameters. This allowed us to obtain an estimate of the mass-to-light ratio
M/L for the galaxy. The velocity model is then fitted with the best fitting inclination,
β, and M/L.

A.3.2 Fitting results

For NGC 1396 we find a M/L of 4.86 when using a best fitting inclination of 85 degrees
and β = 0.1. Assuming a Kroupa IMF as concluded in Mentz et al. (2016), this M/L
agrees well with the range that Lyubenova et al. (2016) (see e.g., their Figure 2) found
for early-type galaxies from the CALIFA survey in which they compare dynamical
and stellar M/L. The total mass from the MGE is calculated as 1.54 × 109 M�.
The parametric surface-brightness profile obtained from the MGE fitting was used
to produce the circular velocity profile as shown in Figure A.4. The resulting best-
fitting models of the first and second velocity moments are shown in Figure A.5. We
show model maps of the second velocity moment and velocity fields that resulted from
varying the inclination and β parameters in Figure A.6 and A.7.
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Figure A.5 – Best-fitting velocity and Vrms models of NGC 1396
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Cid Fernandes R., Mateus A., Sodré L., Stasinska G., Gomes J. M., 2011,
STARLIGHT: Spectral Synthesis Code. Astrophysics Source Code Library

Coelho P. R. T., 2014, MNRAS, 440, 1027

Cole A. A., Tolstoy E., Gallagher, III J. S., Smecker-Hane T. A., 2005, AJ, 129, 1465

Colless M., Dunn A. M., 1996, ApJ, 458, 435

Colucci J. E., Bernstein R. A., Cameron S. A., McWilliam A., 2012, ApJ, 746, 29

Conroy C., 2013, ARA&A, 51, 393

Conroy C., Dutton A. A., Graves G. J., Mendel J. T., van Dokkum P. G., 2013, ApJL,
776, L26

Conroy C., Graves G. J., van Dokkum P. G., 2014, ApJ, 780, 33

Conroy C., van Dokkum P., 2012a, ApJ, 747, 69

Conroy C., van Dokkum P. G., 2012b, ApJ, 760, 71
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Krajnović D., Cappellari M., de Zeeuw P. T., Copin Y., 2006, MNRAS, 366, 787
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Nederlandse samenvatting

Astronomische waarnemingen hebben sinds de tijd van de Babyloniers en Grieken
aanleiding gegeven tot vele nieuwe inzichten en hebben iedere keer geleid tot grote
veranderingen in onze algemene begrip van het waarneembare universum. Op dezelfde
manier is aan het begin van de vorige eeuw ontdekt dat onze Melkwegstelsel niet de
enige in zijn soort is. Hoewel veel andere objecten, genaamd nevels, eerder werden
waargenomen, was de algemene indruk onder astronomen dat ze deel uitmaakten van
de Melkweg. In de vroege jaren 1920 heeft Edwin Hubble de 2.5 meter Hooker-
telescoop van de Mt. Wilson-observatorium gebruikt om waarnemingen van deze
zogenaamde nevels te maken. Zijn bevindingen leidden tot een grote doorbraak van
onze beeld van het universum en resulteerden in het ontstaan van extra-galactisch
onderzoek. Hubble had met verschillende afstandsmetingen aangetoond dat andere
sterrenstelsels buiten de grenzen van onze eigen Melkweg liggen.

Gebaseerd op zijn waarnemingen ontworp Hubble een classificatiesysteem (zie
figuur A.8), waarbij sterrenstelsels kunnen worden ingedeeld in verschillende klassen,
zoals elliptische of spiraalvormige stelsels. Dit classificatiesysteem was bedacht om de
eigenschappen van verschillende stelsels door morfologie van elkaar te onderscheiden.
Nu, bijna 100 jaar later, met de technologische vooruitgang van de laatste decennia is
het mogelijk geworden om kleinere sterrenstelsels op grotere afstand waar te nemen.
Dit heeft geresulteerd in een uitgebreider classificatiesysteem met uitbreidingen
zoals onregelmatige stelsels en andere typen dwergstelsels. Bij de studie van
sterrenstelsels wordt geprobeerd om kennis te verzamelen over de vorming en
ontwikkelingsgeschiedenis van een bepaalde klasse van sterrestelsel. Vele factoren
bëınvloeden de vorming en eigenschappen van sterrenstelsels in clusters en dit
proefschrift richt zich op de studie van dwerg elliptische sterrenstelsels.
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Figure A.8 – Het classificatieschema van Hubble waarbij newels volgens morfologisch type
geclassificeerd worden (Hubble, 1929).

A.3.3 Dwerg sterrenstelsels

Sterrenstelsels komen overal voor maar meestal bevinden ze zich in groepen waar
de interactie tussen verschillende stelsels een grote invloed heeft op de vorming en
evolutie van individuele stelsels. Verzamelingen van sterrenstelsels word geclassificeerd
als groepen of clusters, waarbij de getalsdichtheid in clusters veel hoger is dan die van
groepen. Men heeft gevonden dat er een relatie bestaat tussen de morfologie van
stelsels en dichtheid van de omgeving. Volgens deze relatie bevinden spiraal stelsels
zich vaak buiten groepen en clusters in de veld terwijl elliptische stelsels zich meestal
in dichtere clusters bevinden. In groepen en clusters zijn interacties mogelijk tussen
individuele stelsels, in de vorm van gravitatie-interacties, alsook tussen systemen
en hun omgeving, waarbij hun eigenschappen (morfologie en sterpopulaties) kunnen
worden bëınvloed door de omgeving. Voor de groep van dwerg-sterrenstelsels is het
effect van deze interacties van bijzonder belang omdat de zwaartekrachtpotentiaal, die
de sterren in het systeem door zwaartekracht bij elkaar houdt, veel lager is dan in
hoge massa stelsels. Als gevolg hiervan zijn dwergstelsels bijzonder kwetsbaar voor de
effecten van omgevingsfactoren op hun vorming en evolutie.

Dwerg elliptische sterrenstelsels (dEs) zijn het meest veelvoorkomende type
sterrenstelsel in het universum en worden in de meeste clusters van sterrenstelsels
in grote hoeveelheden aangetroffen. Ze worden gekenmerkt door een lage oppervlak-
tehelderheid met absolute lichtkracht in B tussen -14 en -18. Hoewel er op dit gebied
veel vooruitgang is geboekt, is er nog steeds veel onduidelijkheid over de vorming van
dEs. De twee meest populaire theorieën rondom de mogelijke vormingsprocessen van
dEs, zijn:

• de zgn. hierarchische samensmelting, waarbij kleinere sterrenstelsels, die kunnen
worden gezien als de bouwstenen voor grotere stelsels, keer op keer samensmelten
om de belangrijkste stelsels van vandaag te vormen, en

• dat deze stelsels het eindproduct zijn van herhaalde zwaartekrachtsinteracties
die optreden tussen kleinere spiraalstelsels en grotere sterrenstelsels in groepen.
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Interacties tussen een invallende spiraalstelsel en de groepsomgeving kunnen ook
leiden tot morfologische veranderingen die in dEs waargenomen worden.

A.3.4 Waarnemingen en spectroscopische analyse

Om de bovengenoemde theorieën te onderzoeken met betrekking tot de vorming en
eigenschappen van deze dwergstelsels, is het nodig om uitgebreide waarnemingen
te maken van dEs om hun kinematische kenmerken en sterpopulaties grondig te
bestuderen. Voor dit doel werd een aantal dEs waargenomen in de Fornax-cluster
van sterrenstelsels. De Fornax-cluster, behalve de Virgo-cluster, is de grootste en
meest dichtbijzijnde groep sterrenstelsels, gelegen op een afstand van bijna 70 miljoen
lichtjaren vanaf de Melkweg. Vanwege de lage lichtsterkte en oppervlakhelderheid van
dEs, zijn goede waarnemingen van deze stelsels een bijzonder tijdrovend proces, opdat
de vereiste signaal tot ruis-verhouding in de data kan worden bereikt. De grote afstand
van de Fornax-cluster leidt er ook toe dat geen individuele sterren van de dEs kunnen
worden waargenomen, maar alleen de gecombineerde bijdrage van sterren in de stelsel.

Voor een onderzoek naar interne kinematica- en sterpopulaties is het noodzakelijk
om een spectroscopisch onderzoek uit te voeren waarbij het lichtspectrum van een
object wordt geanalyseerd in verschillende golflengtegebieden. Het spectrum bestaat
uit lichtintensiteiten bij verschillende golflengten en bevat verschillende spectraallijnen
die worden veroorzaakt door processen in de atmosfeer van de sterren in het stelsel.
De spectraallijnen ontstaan uit de emissie en absorptie van elektromagnetische
straling door atomen met specifieke energietransities, waarbij de aanwezigheid van
verschillende chemische elementen duidelijk zichtbaar is. In de jaren tachtig werd
een nieuwe spectroscopische techniek ontwikkeld, genaamd integrale veldspectroscopie
(IVS), die de mogelijkheid creëerde om een spectrum voor elke gegeven positie van
een uitgebreid voorwerp (bijvoorbeeld een sterrenstelsel) te extraheren. Verschillende
IVS-technieken zijn al ontwikkeld, met het algemene idee dat een spectrum van elk
beeldelement kan worden gextraheerd uit een enkele integratie van een object. Door
deze techniek te gebruiken, kunnen de waargenomen spectra ook worden gesorteerd
in een datakubus waarin het 2D beeld van het object kan worden gevormd (zie figuur
A.9 voor een schematische voorstelling) voor verdere analyse. In deze studie maken
wij gebruik van de toonaangevende MUSE (Multi Unit SpectroScopic Explorer) en
de VIMOS-spectrograaf (VIsible Multiobject Spectrograph). Het MUSE-instrument
heeft een breed golflengtebereik (4750-9350 Å) met de mogelijkheid om ∼ 314 × 314
spectra gelijktijdig te observeren over een gebied van 1x1 boogminuten en werd
gebruikt voor observatie van NGC 1396. Het VIMOS-instrument heeft een kleiner
veld (27 x 27 boogminuten) en golflengtebereik (3750-5200 Å) en wordt gebruikt voor
10 andere dwergsterrenstelsels (FCC 43, FCC 55, FCC 143, FCC 148 FCC 152, FCC
190, FCC 249, FCC 255, FCC 277, FCC 301) in de Fornax-cluster. De analyse van het
lichtspectrum van een bepaald gebied in het stelsel kan dus informatie verschaffen over
de relatieve beweging van sterren ten opzichte van het stelsel (bv. Rotatie). In een
roterend stelsel zal de positie van de waargenomen spectraallijnen worden verschoven
van de rustpositie naar langere (rode) of kortere (blauwe) golflengten afhankelijk van
de bewegingsrichting ten opzichte van de waarnemer, vergelijkbaar met het Doppler-
effect voor geluid. Ook kan de dominante sterpopulatie die aanwezig is in een bepaald
gebied van het systeem worden gëıdentificeerd door de sterkte van de spectraallijnen
te meten en met eigenschappen van bekende sterpopulaties te vergelijken. Deze
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Figure A.9 – Schematische weergave van de MUSE-datakubus met een spectrum gextraheerd
van het centrale gebied van het dwerg-elliptische stelsel NGC 1396.

informatie kan worden gebruikt om de geschiedenis van de stervorming te bepalen,
oftewel de leeftijd van verschillende sterpopulaties van het systeem, en ook te bepalen
welk type massadistributie (Initial mass function in het Engels; IMF) de sterren in het
stelsel oorspronkelijk had. Het laatstgenoemde kenmerk van een sterpopulatie is een
belangrijk kenmerk dat de kleur, helderheid en levensduur van een bepaalde populatie
bepaalt.

A.3.5 Dit proefschrift

In dit proefschrift worden de fysische eigenschappen van dwergstelsels onderzocht,
waarbij de nadruk licht op kinematica en sterpopulaties met behulp van integrale
veldspectroscopie. Het doel van de studie is om de mechanismen die verantwoordelijk
zijn voor de vorming en transformatie/evolutie van dwergsterrenstelsels en de rol van
het omgeving beter te begrijpen. De Fornax-cluster is speciaal voor dit onderzoek
gekozen vanwege het grote aantal dwergstelsels op een relatief kleine afstand en het
compacte karakter van de groep. Deze eigenschappen van de cluster zorgen ervoor
dat de verschillende transformatie mechanismen beter onderscheiden kunnen worden
en kunnen leiden tot een verscherping van het effect van de mechanismen. Er is een
groot contrast in dichtheid tussen de binnendelen van de cluster en de buitendelen.
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Dit dichtheidsverschil is te zien aan het grote verschil tussen de verhouding van het
aantal elliptische- en spiraalstelsels.

In dit proefschrift zijn elf dwergstelsels bestudeerd die ruimtelijk, gelijkelijk zijn
verdeeld in de Fornax-cluster. In hoofdstuk twee wordt er gefocust op de sterpopulaties
en chemische eigenschappen van een enkele dwerg-elliptische stelsel, NGC 1396.
Dit stelsel bevindt zich in het centrale deel van de Fornax-cluster op een kleine
geprojecteerde afstand van de centraal gelegen, reuzen elliptisch stelsel NGC 1399.
De radiele snelheid is echter flink verschillend, waardoor het niet duidelijk is wat de
3-dimensionele afstand tussen NGC 1396 en NGC 1399 is. NGC 1396 lijkt een typisch
dwerg elliptisch stelsel te zijn in een ongestoorde staat. Met behulp van integrale
veldspectroscopie gemaakt met MUSE heb ik de volgende conclusies kunnen trekken
voor de dwerg elliptische stelsel NGC 1396:

• De leeftijd, gewogen met de helderheid van de verschillende populaties, van
het systeem is ongeveer ∼ 6 Gigajaar en is vergelijkbaar met de leeftijden
die al bepaald zijn voor dEs van vergelijkbare massa. Via de spectra van
verschillende annuli hebben wij kunnen bepalen dat het systeem een positive
radiële leeftijdsgradient heeft. Dit komt ook overeen met recente fotometrische
onderzoek dat aangeeft dat het systeem een blauw kerngebied heeft met een
hoog percentage jonge sterren. We vinden ook dat het systeem een negatieve
metaalgradient vertoont, hetgeen betekent dat de centrale sterpopulatie een
hogere metaalgehalte bevat, waarbij het metaalgehalte een indicatie is van de
hoeveelheid chemische elementen in een object die zwaarder zijn dan waterstof
en helium.

• Door de verhoudingen van verschillende chemische elementen te bestuderen, is
gevonden dat relatief grote hoeveelheden calcium en lage hoeveelheden natrium
in het stelsel werden gevonden vergeleken met ijzer, hoewel het tegenovergestelde
het geval is voor grote elliptische sterrenstelsels. Een interessante connectie
werd gevonden tussen de hoeveelheid natrium [Na/Fe] en het metaalgehalte
[Fe/H] van sterrenstelsels. We hebben aangegeven dat er een relatie is die
gaat van dwergstelsels in onze lokale groep tot reuzen sterrenstelsels. Een
sterke metaalafhankelijkheid van de natriumverrijking van een sterpopulatie kan
worden voorgesteld als een mogelijke verklaring voor het bestaan van de relatie.

• De stervormingsactiviteit samen met de chemische verhoudingen duiden op
een verlengde sterformatieperiode waarin de sterpopulaties op eenzelfde manier
opgebouwd te zijn als in onze Melkweg. We vinden ook een aanzienlijk verschil
in helderheids- en massa gewogen leeftijden, hetgeen ook laat zien dat er een
grote range in leeftijden is in dit stelsel.

• Door de spectra van de stelsels te vergelijken met verschillende sterpopu-
latiemodellen, kan de initiële massafunctie van sterren in het stelsel het beste
worden beschreven door een Kroupa-type verdeling. De distributie van het
Kroupa-type wordt gezien als een verdeling waarbij een grotere hoeveelheid hoge
massa sterren voorkomt. We kunnen dus de massaverdeling uitsluiten die voor
grote elliptische melkwegstelsels geldt, en waar de fractie lage massa sterren
groter is.

Het onderzoek, dat besproken wordt in hoofdstuk 2, biedt het voordeel dat het een
compleet beeld geeft van een enkel typische elliptische dwergsterrenstelsel, omdat
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het een gedetailleerde beschrijving van zijn sterpopulatie-eigenschappen en interne
kinematica bevat. Om de impact van de omgeving op deze dwergsystemen te
bestuderen, is het echter noodzakelijk om een steekproef te bestuderen van meerdere
dwergstelsels verspreid over de cluster. In Hoofdstuk 3 hebben we de kinematica
van tien dwergstelsels in de Fornax-cluster bestudeerd. Deze tien sterrenstelsels
(FCC143, FCC148, FCC152, FCC190, FCC249, FCC255, FCC277, FCC301, FCC55,
FCC43) zijn geselecteerd als onderdeel van een steekproef van 20 dwergsystemen en
zijn waargenomen met de VIMOS IFU-spectrograaf op de VLT telescoop.

We hebben onderzocht in hoeverre deze stelsels ondersteund worden door de rotatie
van hun sterren. Stelsels kunnen ook ondersteund worden door bewegingen in random
richtingen. Als sterren niet bewegen vallen ze allen naar het centrum. De rotatie
wordt aangegeven met het specifieke ster impulsmoment, λR, als een functie van de
afstand tot het centrum van de cluster. We hebben de stelsels van onze steekproef
ook geplaatst op het Fundamentele vlak (Fundamental Plane in het Engels, FP) ter
vergelijking met een steekproef van dwergstelsels in de Virgo-cluster, en in de rest van
het nabije heelal. We zijn tot de conclusie gekomen dat:

• Voor dwergsterrenstelsels in zowel de Fornax- als Virgo-cluster vinden we dat
ze niet op het FP liggen, maar een kleine afwijking hebben, vergeleken met de
empirische correlatie zoals waargenomen voor reuzen elliptische sterrenstelsels.
Dit geeft aan dat dwergstelsels een hogere verhouding van massa tot licht hebben
in vergelijking met reuzen elliptische stelsels die wordt veroorzaakt omdat dwerg
elliptische stelsels over het algemeen jonger zijn.

• Twee sterrenstelsels in onze steekproef bevatten kinematische ontkoppelde
kernen (kinematically decoupled cores in het Engels; KDC’s). KDC’s worden
gekenmerkt door rotatie van het kerngebied dat onafhankelijk is van de rest
van het stelsel. Vanwege hoge snelheidsinteracties in de groep is een KDC
geen waarschijnlijke structuur om te ontwikkelen in dwergstelsels, vanwege hun
lage zwaartekrachtspotentiaal. Daarom wordt gesuggereerd dat deze structuren
waarschijnlijker worden gevormd door interacties met lagere snelheden tussen
sterrenstelsels in een kleinere en minder dichte groep of in omgevingen die
kunnen leiden tot de daaropvolgende vorming van een groep.

• Een vergelijkbare hoeveelheid rotatieondersteuning is waargenomen voor onze
gekozen stelsels vergeleken met dwergstelsels in de Virgo-cluster. Over het
algemeen is de rotatiesteun van dwergstelsels minder dan die van reuze elliptische
stelsels. We merken ook op dat er een kleine afhanklijkheid is van de
rotatieondersteuning λR als functie van clustercentrische afstand. Het feit dat
de centraal gelegen dEs meer ondersteund zijn door random bewegingen dan
degenen in de buitendelen van de groep, geeft aan dat een omgevings-effect
verantwoordelijk kan zijn voor het verwijderen van een deel van het initiële
impulsmoment of de rotatie van de invallende stelsels in de groep.

In hoofdstuk 4 wordt een sterpopulatie-analyse toegepast op dezelfde steekproef
van melkwegstelsels als in hoofdstuk 3. De populatieanalyse omvat het gebruik van het
volledige spectrale gebied (Full Spectral Fitting in het Engels; FSF) en tegelijkertijd
ook een analyse met de meer traditionele lijnsterkten. We hebben ook verschillende
andere manieren van sterpopulatie fitten vergeleken. Dit omvat het fitten van 1
populatie, een combinatie van twee populaties waarvan de oude component niet



149

varieert en een gewogen samenstelling van alle mogelijke populaties. We hebben ook
de stervormingsgeschiedenis en het metaalgehalte bepaald voor alle sterrenstelsels in
het steekproef. Hieruit bleek dat:

• 4 van de 10 dEs in onze steekproef het best kunnen worden beschreven met
behulp van twee populatiecomponenten. De twee componenten omvatten een
jongere centrale populatie met hogere metaalgehalte, samen met een oude, meer
metaalarme populatie. Uit onze steekproef bleek een grote verscheidenheid aan
leeftijden, variërend tussen twee en veertien Giga-jaren, zoals verkregen uit de
FSF- en indexmethode.

• De berekende waarden van het metaalgehalte, volgens beide methoden, zijn
tussen -0,9 en 0,2 dex, waarbij die in de zonsomgeving per definitie 0 is. We
hebben met index-index digrammen aangetoond dat alle systemen, behalve
FCC249, door chemische elementverhoudingen beschreven kunnen worden die
hetzelfde zijn als in de omgeving van de zon, waarbij de alfa-elementen (C,
O, Ne, Mg, Si, S, Ar, Ca) wordt gevormd door het proces van Heliumfusie in
sterren.

• Uit twee verschillende morfologisch groepen (compact en minder compact)
in onze steekproef vinden we dat er een gradiënt bestaat als functie van
clustercentrische afstand. De meer uitgebreide dEs, die ook iets jonger zijn (FCC
152, FCC 43 en FCC 148), hebben een gemiddelde clustercentrische afstand van
147 boogminuten in vergelijking met het meer compacte paar (FCC 143 en FCC
249) dat op een gemiddelde afstand van 86 boogminuten van het clustercentrum
is gelegen. Het zou interessant zijn om te zien of deze voorgestelde gradiënt
kan worden bevestigd met een grotere steekproef uit de Fornax-cluster, zoals
bijvoorbeeld op dit moment door Scott, Peletier en Eftekhari met SAMI wordt
gedaan.

Bij het beantwoorden van de verschillende vragen over de vorming en evolutie
van dwerg elliptische sterrenstelsels en hun mogelijke transformatie als gevolg van
interacties met andere melkwegstelsels in de clusteromgeving, moeten we op het
volgende letten:

• Met de uitsluiting van een IMF gedomineerd door lage massa sterren, zoals we
merken in het typische dwerg elliptische stelsel NGC 1396, wordt aangetoond
dat de sterpopulaties gedomineerd worden door meer massieve sterren in
tegenstelling tot de lage massa sterren die een IMF- distributie beschrijven die
in de meeste reuzen elliptische sterrenstelsels voorkomt. Het feit dat de IMF-
verdeling, zoals getoond in NGC 1396, anders is dan in vergelijking met de
distributies die typisch worden gevonden voor reuzen elliptische sterrenstelsels,
duidt op een andere vorm van formatie en ook verschillende fysieke processen
gedurende de tijd dat de meerderheid van de sterren werd gevormd Cappellari
et al. (2012).

• Belangrijke informatie over de invloed van de omgeving op dwerg elliptische
stelsels kan worden gehaald uit de structurele parameters van de stelsels.
De ontdekking van KDC’s in de dwerg elliptische stelsels heeft laten zien
dat de omstandigheden gunstig zijn geweest voor het optreden van langzame
interacties met andere systemen, die waarschijnlijk plaatsvonden in minder
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massale groepsomgevingen (De Rijcke et al., 2004). Smith, Davies & Nelson
(2010) hebben aangetoond dat invallende dwergstelsels in een groepsomgeving
weinig worden bëınvloed door typische hogesnelheidsinteracties en bijna geen
waarneembare tekenen hebt van deze interacties. Gebaseerd op het aantal
gevonden KDC’s in dEs in de afgelopen jaren is het hoogst onwaarschijnlijk
dat deze structuren werden gevormd in hun huidige clustersomgeving.

• De relatie van de hoeveelheid rotatieondersteuning als functie van de afstand tot
het centrum van de cluster levert ook bewijs op van het transformatieproces.
Het is mogelijk dat invallende dwergstelsels door galactische interacties en
zwaartekrachtinteracties, in groepen, een lager impulsmoment krijgen. Het
impulsmoment wordt voornamelijk verminderd tijdens interacties met lagere
energie, voornamelijk in minder dichte groepsomgevingen. Aldus wordt de
efficiëntie van het verliezen van impulsmoment gedurende de interacties in
dichtere groeperingsomgevingen zoals die van Fornax zelf in twijfel getrokken.
We weten dat deze mechanismen, die zich voordoen in groepsomgevingen, een
duidelijke invloed hebben op het impulsmoment vanwege het feit dat gradienten
in de hoeveelheid rotationele ondersteuning in de Virgo- en Fornax-clusteren
zijn waargenomen.
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Astronomiese waarnemings het al vanaf die Babiloniese en Griekse tye, verskeie kere,
nuwe insigte opgelewer en gelei tot groot veranderinge in ons algemene begrip van
die waarneembare heelal. So ook, aan die begin van die laaste eeu, is die ontdekking
gemaak dat ons Melkweg sterrestelsel nie die enigste van sy soort is nie. Alhoewel baie
ander voorwerpe, genaamd newels, vroeër waargeneem is, was die algemene indruk,
onder sterrekundiges, dat dit deel gevorm het van die Melkweg sterrestelsel. In die
vroeë twintiger-jare het Edwin Hubble die 2.5 meter Hooker teleskoop van die Mt.
Wilson observatorium gebruik om waarnemings van die sogenaamde newels te maak.
Sy bevindinge het gelei tot ‘n groot deurbraak in ons beeld van die heelal en het
die onstaan van ekstra-galaktiese navorsing tot gevolg gehad. Hubble het aangetoon,
deur verskeie afstandsmetinge, dat ander sterrestelsels vêr buite die grense van ons eie
Melkweg sterrestelsel bestaan.

‘n Klassifikasie sisteem (sien Figuur A.10) is deur Hubble opgestel waarvolgens
sterrestelsels geklassifiseer kan word, in verskeie klasse, as elliptiese of spiraal stelsels.
Die klassifikasie sisteem het ontstaan om die eienskappe van verskillende sterrestelsels
van mekaar te onderskei. Met die tegnologiese vooruitgang in die laaste dekades, het
dit moontlik geword om kleiner en dowwer sterrestelsels op groter afstande waar te
neem. Dit het gelei tot ‘n meer uitgebreide klassifikasie sisteem met uitbreidings soos
byvoorbeeld onreëlmatige stelsels wat ook die dwerg-sterrestelsels insluit. In die studie
van sterrestelsels word gepoog om met behulp van die waarneembare eienskappe, meer
kennis te versamel oor die vormings- en ontwikkelings geskiedenis van ‘n bepaalde
klas stelsels. Die vorming en eienskappe van sterrestelsels in groepe word deur baie
verskillende faktore bëınvloed, waar die fokus, in hierdie proefskrif, val op dwerg-
elliptiese sterrestelsels.
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Figure A.10 – Hubble se weergawe van die klassifikasie skema van newels volgens morfologiese
tipe (Hubble, 1929).

A.3.6 Dwerg-sterrestelsels

Alle sterrestelsels kom meestal in groepe voor waar die interaksie tussen verskillende
stelsels ‘n groot invloed het op die vorming en evolusie van individuele stelsels. Daar
is bevind dat ‘n verband bestaan tussen die morfologie van sterrestelsels en die
digtheid van die omgewing waarin hulle voorkom. Volgens die verband kom spiraal
sterrestelsels meestal buite ‘n groepsomgewing voor terwyl ellipsiese sterrestelsels in
digter groepsomgewings gevind kan word.

Interaksies is moontlik tussen individuele stelsels, in die vorm van gravita-
sionele interaksies, asook tussen stelsels en hulle omgewing, waarin hulle eienskappe
(morfologies en sterpopulasies) beinvloed kan word deur die inwerking van verskeie
omgewings faktore. Vir dwerg-sterrestelsels is die effek van hierdie interaksies van
besondere belang omdat die gravitasionele potensiaal, wat die sterre in die stelsel
deur gravitasiekrag bymekaar hou, baie kleiner is as in hoë massa stelsels. Dit het
tot die gevolg dat dwerg-sterrestelsels in besonder kwesbaar is vir die uitwerking wat
omgewingsfaktore op hulle vorming en evolusie het.

Dwerg elliptiese-sterrestelsels (dEs) is die volopste tipe sterrestelsel in die heelal
en word in meeste groepe van sterrestelsels in groot hoeveelhede aangetref. Hulle
word gekenmerk deur ‘n lae liggewendheid en oppervlakhelderheid met absolute B
magnitudes tussen -18 en -14. Alhoewel baie vordering op die gebied gemaak is,
bestaan daar nog baie onsekerheid oor die vorming van dEs. Die twee mees populêre
teorië rondom die moontlike vormingsproses van dEs, sluit in:

• die sogenaamde hiërargiese samesmelting, waardeur kleiner sterrestelsels, wat
gesien kan word as die boustene tot groter stelsels, keer op keer saamsmelt om
die hedendaagse groot stelsels te vorm, en

• dat dEs die eindproduk is van herhaalde gravitasionele interaksies wat plaasvind
tussen kleiner spiraal sterrestelsels en groter sterrestelsels in groepe. Interaksies
tussen ‘n invallende klein spiraal stelsel en die groep omgewing kan ook moontlik
die morfologiese veranderinge tot gevolg hê wat in dEs waargeneem word.
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A.3.7 Waarnemings en spektroskopiese analise

Om die bogenoemde teorië te ondersoek, met betrekking tot die vorming en eienskappe
van hierdie dwerg-stelsels, is dit noodsaaklik om uitgebreide waarnemings van dEs te
maak waardeur eienskappe van die kinematika en ster-populasies deeglik bestudeer
kan word. Vir hierdie doel is ‘n aantal dEs in die Fornax groep van sterrestelsels
waargeneem. Die Fornax groep is, naas die Virgo groep, die grootste en naaste groep
van sterrestelsels, geleë op ‘n afstand van byna 70 miljoen ligjare vanaf die Melkweg.
As gevolg van die lae liggewendheid en oppervlakhelderheid van dEs, is enige goeie
waarneming van die stelsels ‘n besondere tydsame proses sodat die nodige sein tot ruis
verhouding in die data bereik kan word. Die groot afstand van die Fornax groep het
ook tot die gevolg dat geen individuele sterre van die dEs waargeneem kan word nie,
maar slegs die gesamentlike bydrae van sterre in die sterrestelsel.

Vir die doel van ‘n kinematika en ster-populasie studie is dit ook noodsaaklik
om ‘n spektroskopiese ondersoek te doen, waarin die lig-spektrum van ‘n voorwerp
ontleed word in verskillende golflengte-gebiede. Die spektrum, wat lig intensiteite
by verskillende golflengtes aandui, bevat verskeie spektraal-lyne in die optiese gebied
wat afkomstig is van prosesse in die atmosfere van die sterre in die sterrestelsel. Die
spektraal-lyne ontstaan as gevolg van die uitstraling en absorpsie van elektromagni-
etiese straling in atome met spesifieke energie oorgange, waarin die afdruk van verskeie
chemiese elemente duidelik sigbaar is.

In die tagtiger-jare is ‘n nuwe spektroskopiese tegniek ontwikkel, genaamd integrale
veldspektroskopie (IVS), waarmee die moontlikheid ontstaan het om ‘n spektrum uit
enige gegewe posisie van ‘n uitgebreide voorwerp (bv. ‘n sterrestelsel) te onttrek.
Verskeie IVS tegnieke is reeds ontwikkel, met die oorkoepelende idee dat ‘n spektrum
van elke beeld-element uit ‘n enkel bloodstelling van ‘n voorwerp onttrek kan word.
Deur hierdie tegniek te gebruik kan die waargenome spektra ook herrangskik word
tot ‘n data-kubus waarin die beeld van die voorwerp saamgestel kan word (sien
Figuur A.11 vir ‘n skematiese voorstelling) vir verdere analise. In die studie word
daar gebruik gemaak van die vooraanstaande MUSE (Multi Unit Spectroscopic
Explorer) en die VIMOS spektrograaf (VIsible Multiobject Spectrograph). Die MUSE
instrument beskik oor ‘n groot golflengte gebied (4750-9350 λ) met die moontlikheid
om ∼ 314 × 314 spektra oor ‘n gebied van 1x1 boogminute gelyktydig waar te neem
en is gebruik vir die observasie van NGC 1396. Die VIMOS instrument beskik oor ‘n
kleiner veld (27 x 27 boogsekondes) en golflengte gebied (3750-5200 λ) en is gebruik
om 10 ander dwerg stelsels (FCC 43, FCC 55, FCC 143, FCC 148, FCC 152, FCC
190, FCC 249, FCC 255, FCC 277, FCC 301) in die Fornax groep waar te neem.

Die analise van die lig-spektrum uit ‘n bepaalde gebied in die stelsel kan dus
inligting verskaf oor die relatiewe beweging van sterre ten opsigte van die stelsel
(bv. rotasie). In ‘n roterende stelsel sal die posisie van die waargenome spektraal-
lyne verskuif word vanaf die rusposisie, na langer (rooi) of korter (blou) golflengtes
afhangende van die rigting van beweging relatief tot die waarnemer, soortgelyk aan
die Doppler-effek vir klank. Ook kan die dominante ster-populasie wat aanwesig is
in ‘n bepaalde gebied van die stelsel geidentifiseer word deur die sterkte van die
spektraal-lyne te meet en te vergelyk met eienskappe van bekende ster-populasies.
Met hierdie inligting kan die sterformasie geskiedenis, oftewel die ouderdom van
verskillende ster-populasies van die stelsel, bepaal word en kan daar ook vasgestel
word watter tipe massa verdeling (Initial mass function in Engels; IMF) die sterre in
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Figure A.11 – Skematiese voorstelling van die MUSE data kubus met ‘n spektrum wat
ontrrek is uit die sentrale gebied van die dwerg-elliptiese sterrestelsel NGC 1396.

die stelsel oorspronklik gehad het. Die laasgenoemde eienskap van ‘n ster-populasie is
‘n belangrike kenmerk wat die kleur, helderheid en leeftyd van ‘n spesifieke populasie
bepaal.

A.3.8 Hierdie proefskrif

In hierdie proefskrif is die fisiese eienskappe van dwerg-sterrestelsels ondersoek met die
fokus op die kinematika en ster-populasies met behulp van integrale veldspektroskopie.
Die doel van die studie is om die meganismes, verantwoorderlik vir die vorming en
transformasie/evolusie van dwerg-sterrestelsels, en die rol van die omgewing beter te
kan verstaan. Die Fornax groep was spesifiek gekies vir die studie vanweë die meer yl
samestelling en kompakte aard van die groep. Die ylheid van die groep veroorsaak dat
die verskeie vormings en transformasie meganismes beter van mekaar onderskei kan
word en die kompakte aard kan lei tot ‘n verskerping in die effek van die meganismes.

In hierdie proefskrif is elf dwerg-sterrestelsels bestudeer wat eweredig verspreid is in
die Fornax groep. In Hoofstuk twee is gefokus op die ster-populasies en die chemiese
eienskappe van ‘n enkel dwerg ellipsiese sterrestelsel, NGC 1396. Hierdie stelsel is
geleë in die sentrale deel van die Fornax groep op ‘n klein geprojekteerde afstand
vanaf die sentrale massiewe elliptiese stelsel NGC 1399. NGC 1396 kom voor as ‘n
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tipiese dwerg-elliptiese stelsel in ‘n onverstoorde toestand. Deur gebruik te maak van
integrale veldspektroskopie, m.b.v die MUSE instrument, is die volgende bevindinge
gemaak i.v.m die dwerg-elliptiese sterrestelsel NGC 1396:

• Die liggewendheids-geweegde ouderdom van die stelsel is bepaal as ∼ 6 Giga-jaar
en is soortgelyk aan ouderdomme wat reeds bepaal is vir dEs van gelyksoortige
massa. Deur die spektra van verskeie annulusse the bestudeer is gevind dat die
stelsel ‘n positiewe ouderdomsgradient besit. Dit kom ook ooreen met onlangse
fotometriese studies waarin aangedui is dat die stelsel ‘n blou kern gebied bevat
met groot persentasie jong sterre. Ons het ook gevind dat die stelsel ‘n negatiewe
metaal gradient vertoon, wat beteken dat die sentrale ster-populasie ‘n hoër
metaalinhoud bevat, waar die metaalinhoud ‘n aanduiding is van die hoeveelheid
chemiese elemente in ‘n voorwerp wat swaarder is as Waterstof en Helium.

• Deur die verhoudings van verskeie chemiese elemente te bestudeer is gevind
dat relatief groot hoeveelhede Kalsium en lae hoeveelhede Natrium in die
stelsel gevind is, alhoewel die teenoorgestelde bekend is vir groot elliptiese
sterrestelsels. ‘n Interessante verband is gevind tussen die hoeveelheid Natrium
[Na/Fe] en die metaalinhoud [Fe/H] van sterrestelsels. Ons het aangedui dat die
verband sigbaar is vanaf dwerg-sterrestelsels in ons Lokale Groep tot reuse vêr
afgeleë sterrestelsels. ‘n Sterk metaalafhanklikheid van die Natrium verryking
van ‘n ster-populasie kan gesien word as ‘n moontlike verklaring vir die bestaan
die verband.

• Die sterformasie-aktiwiteit tesame met die chemiese verhoudings dui op ‘n
verlengde sterformasieperiode waarin die ster-populasie ‘n skyfagtige opbou
ondergaan het. Ons het ook ‘n beduidende verskil in die helderheids- en massa-
geweegde ouderdom gevind, wat ook die uitgebreide aard van die ster-populasie
ondersteun.

• Deur die spektra van die sterrestelsel te pas met ‘n verskeidenheid van ster-
populasie modelle, is die aanvanklike massa-funksie van sterre in die stelsel
(IMF) die beste beskryf deur ‘n Kroupa-tipe verdeling. Die Kroupa-tipe
verdeling word gesien as ‘n verdeling waar hoër massa sterre ‘n groter bydrae
lewer in die aanvanklike massa-funksie. Ons het dus ‘n verdeling met ‘n groter
bydrae van lae massa sterre uitgesluit vir die stelsel, wat ook aanvaar word as
‘n meer gunstige massa verdeling vir die meeste reuse elliptiese sterrestelsels.

Die studie, soos bespreek in Hoofstuk 2, lewer die voordeel om ’n volledige beeld van
‘n enkele tipiese elliptiese dwerg sterrestelsel te bied, wat ’n gedetailleerde beskrywing
van sy ster-populasie eienskappe insluit. Om egter ook die omgewingsinvloed op hierdie
dwergstelsels te bestudeer, is dit nodig om ’n steekproef van verskeie dwerg-stelsels met
’n groot ruimtelike verspreiding te bestudeer. In Hoofstuk 3 het ons die kinematika
van tien dwerg-sterrestelsels in die Fornax-groep bestudeer. Hierdie tien sterrestelsels
(FCC143, FCC148, FCC152, FCC190, FCC249, FCC255, FCC277, FCC301, FCC55,
FCC43) is gekies as deel van ’n steekproef van 20 dwergstelsels en waargeneem met
die VIMOS IFU spektrograaf. Ons het die graad van rotasieondersteuning geanaliseer
in terme van die spesifieke ster-hoeksmomentum, λR, as funksie van groep-sentriese
afstand. Ons steekproef is ook op die Fundamentele Vlak (Fundamental Plane in
Engels; FP) geplaas vir ‘n vergelyking met ‘n steekproef van Virgo groep dwerg-stelsels
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en die empiriese verband wat vir meeste reuse elliptiese sterrestelsels geld. Ons het
tot die gevolgtrekking gekom dat:

• Vir dwerg-sterrestelsels in beide die Fornax- en Virgo groep merk ons ‘n afwyking
van die FP, in vergelyking met die empiriese verband wat waargeneem word vir
reuse-elliptiese sterrestelsels. Dit dui daarop dat dwergstelsels ‘n hoër massa tot
ligverhouding het in vergelyking met reuse elliptiese stelsels wat deur ‘n verskil
in sterformasiegeskiedenis veroorsaak word.

• twee sterrestelsels in ons steekproef bevat kinematies ontkoppelde kerne (kine-
matically decoupled cores in Engels; KDCs). KDCs word gekenmerk aan rotasie
van die kern gebied wat onafhanklik in vergelyking met die res van die stelsel
voorkom. As gevolg van die hoë snelheid interaksies in die groep, is ‘n KDC
nie ’n waarskynlike struktuur om in dwergstelsels te ontwikkel nie, vanweë hulle
lae gravitasiepotensiale. Daar word dus voorgestel dat hierdie strukture meer
waarskynlik gevorm word deur laer-snelheid interaksies tussen sterrestelsels in
’n kleiner en minder digte groep of in omgewings wat moontlik sal lei tot die
latere vorming van ‘n groep.

• ’n Soortgelyke hoeveelheid rotasie-ondersteuning is waargeneem vir ons gekose
steekproef in vergelyking met dwerg-sterrestelsels van die Virgo-groep. In
die algemeen is die rotasie-ondersteuning minder as dié van reuse elliptiese
stelsels. Ons sien ook ‘n geringe tendens in die rotasie-ondersteuning, λR, as
’n funksie van groep-sentriese afstand. Die feit dat sentraal geleë dEs meer
druk ondersteuning ondevind as dié in die buitewyke van die groep, dui op ‘n
omgewingseffek wat verantwoordelik kan wees vir die verwydering van sommige
van die aanvanklike hoeksmomentum of rotasie van die invallende stelsels in die
groep.

In Hoofstuk 4 is ’n sterpopulasie-analise toegepas op dieselfde steekproef as
in Hoofstuk 3. Die populasie-analise behels die gebruik van die volle spektrale
passing (Full Spectral Fitting in Engels; FSF) metode in vergelyking met die
meer konvensionele lynsterkte-analise. Ons het ook verskillende scenario’s in die
ster-populasie passing vergelyk. Dit behels die passing van ’n enkele populasie,
’n kombinasie van twee populasies waarvan die ou komponent nie varieer nie,
en ’n geweegde samestelling van alle moontlike populasies. Ons het die ster-
vormingsgeskiedenis en metaalinhoud bepaal vir alle sterrestelsels in die steekproef.
Hieruit het ons gewys dat:

• vier uit die tien dEs in ons steekproef kan die beste beskryf word deur gebruik te
maak van twee populasie komponente. Die twee komponente sluit in ’n jonger
en meer metaalryke sentrale populasie tesame met ’n ou metaal-arm populasie.
Ons steekproef vertoon ’n groot verskeidenheid ouderdomme wat wissel tussen
twee en 14 Giga-jaar, soos verkry uit die FSF en indeksmetode.

• die berekende waardes van die metaalinhoud, deur beide metodes, het gewissel
tussen -0,9 en 0,2 dex. Ons het met behulp van indeks-indeksdiagramme
aangedui dat al die stelsels, behalwe FCC249, son-geskaalde chemiese element
verhoudings vertoon vir die alfa-elemente, waar die alfa-elemente (C, O, Ne, Mg,
Si, S, Ar, Ca) gevorm word deur die proses van Helium smelting in sterre.
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• Uit twee verskillende morfologies-gedefinieerde groepe in ons steekproef vind
ons dat ’n gradiënt bestaan as funksie van groep-sentriese afstand. Die meer
uitgebreide dEs, wat ook effens jonger is (FCC 152, FCC 43 en FCC 148) het ‘n
gemiddelde groep-sentriese afstand van 147 boogminute in vergelyking met die
meer kompakte paar (FCC 143 en FCC 249) wat op ‘n gemiddelde afstand van
86 boogminute van die groep sentrum geleë is. Dit sal interessant wees om te
sien of hierdie voorgestelde tendens bevestig kan word met ‘n groter steekproef
uit die Fornax groep soos bv. met die SAMI studie.

In hersiening van die verskillende vrae oor die vorming en evolusie van dwerg-
elliptiese sterrestelsels, en hul moontlike transformasie as gevolg van die blootstelling
aan dreigende toestande in die groepe waarin hulle voorkom, let ons op die volgende:

• By die uitsluiting van ’n IMF wat deur dwerg sterre gedomineer word, soos
gesien in die tipiese dwerg-elliptiese stelsel NGC 1396, word aangetoon dat die
ster populasie oorheers word deur meer massiewe sterre in teenstelling met die
lae massa sterre wat ’n IMF-verdeling beskryf soos gesien in die meeste reuse
elliptiese sterrestelsels. ‘n Variasie in die IMF-verdeling soos aangetoon in NGC
1396, in vergelyking met die verdelings wat tipies vir reuse-elliptiese sterrestelsels
gevind is, dui op ‘n ander vormingsgeskiedenis en ook verskillende fisiese prosesse
gedurende die tyd wanneer die meerderheid van die sterre gevorm is (Cappellari
et al., 2012).

• Nog ‘n belangrike aanduiding van die omgewingsomstandighede waaraan dEs
tydens hul vorming blootgestel is, lê in hul strukturele bou. Die ontdekking
van KDC’s in dEs het aan die lig gebring dat die toestande gunstig was vir
die voorkoms van lae-snelheid interaksies met ander stelsels, wat waarskynlik
in minder massiewe groepomgewings (De Rijcke et al., 2004) plaasgevind het.
Smith, Davies & Nelson (2010) het aangetoon dat invallende dwerg-stelsels in ‘n
groep-omgewing weinig bëınvloed word deur tipiese hoë snelheid interaksies en
min waarneembare tekens van hierdie interaksies toon. Op grond van die aantal
KDC’s wat in die afgelope jare in dEs waargeneem is, is dit hoogs onwaarskynlik
dat hierdie strukture in hul huidige groep-omgewing gevorm is.

• ’n Gradiënt in die hoeveelheid rotasie-ondersteuning as funksie van groep-
sentriese afstand verskaf ook bewyse in die transformasie proses. Dwerg stelsels
wat in groepe inval kan deur galaktiese teistering en gravitasionele-interaksies
‘n vermindering in hoeksmomentum ondervind. Die hoeksmomentum word
hoofsaaklik in laer energie interaksies verwyder, wat hoofsaaklik in minder
digte groepomgewings plaasvind. Die doeltreffendheid om hoeksmomentum
te verloor tydens die interaksies in digter groeperingsomgewings word dus
bevraagteken. Ons weet dat hierdie meganismes, wat in groepsomgewings
optree, ’n duidelike impak op die hoeksmomentum het a.g.v die feit dat rotasie-
ondersteuningsgradinte in die Virgo en Fornax groepe waargeneem is.
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