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Chapter 1
Introduction

Many branches of the human exploration of Nature start with a classification of what
is observed and proceed with an attempt at interpreting such a simplified version of

the surrounding diversity. The success and life-time of a classification scheme depend on
how well this can guide our thinking and deepen our understanding of the objects being
studied. In this respect, astronomy offers the example of the very long-lasting Hubble
(1926) classification of galaxies.

Galaxies appear to the eye as diffuse over-densities of light emerging above a dark
background. After establishing that they lie at very large distance from the Milky Way,
and therefore contain several millions or billions of stars, Hubble ordered them along a
sequence composed by two main families: ellipticals and spirals. The former are smooth,
spheroidal stellar systems further divided in a number of sub-classes related to their
apparent ellipticity on the sky. The latter are characterised by stellar spiral arms de-
parting from a central, spheroidal light concentration and spreading over a disc; the arm
shape and prominence are used as a basis for a further sub-classification. Lenticular
galaxies, with their featureless stellar disc, were considered by Hubble as a transition
class between ellipticals and spirals, and irregular galaxies were placed at the end of
the sequence. Hubble himself attempted an evolutionary interpretation of this scheme.
Although such interpretation proved to be incorrect and some details of the classification
scheme have been revised, ellipticals and lenticulars are still now referred to as early-type
galaxies (ETGs), while spirals are commonly labelled as late-type.

In this thesis we investigate the nature of ETGs with focus on their stellar, ionised-gas
and neutral-hydrogen properties. Below we give an overview of these objects (Sec.1.1)
and of current ideas about their formation and evolution (Sec.1.2), explain how this
work contributes to such picture and in particular to our understanding of the interplay
between stellar and gas phase of galaxies (Sec.1.3), and draw an outline of the thesis.
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Figure 1.1: Distribution of
∼67000 SDSS galaxies on the
colour-magnitude diagram after
applying the volume-limit correc-
tion (Baldry et al. 2004). The
sample contains galaxies in the
redshift range 0.004≤ z ≤0.080.
Contours correspond to galaxy
number counts within bins of 0.1
in colour and 0.5 in magnitude.
Contour levels start at 15 and tre-
ble every two contours.

1.1 Observational facts about nearby early-type galax-
ies

1.1.1 Scaling relations
The Sloan Digital Sky Survey (SDSS, http://www.sdss.org/) has deepened our view of
the nearby Universe and provided a solid observational ground for further investigation.
Confirming early results of Tully et al. (1982), galaxies are found to populate the colour-
magnitude diagram (CMD) in a bimodal way with spheroidal-dominated ETGs stretching
over a red sequence and disc-dominated later-types forming a blue cloud (e.g., Strateva
et al. 2001; Hogg et al. 2003; Baldry et al. 2004; Benson et al. 2007 and references therein;
see Fig.1.1). Strictly, the overlap between early-type and red-sequence galaxies is not
perfect. The former are defined as stellar systems with only a minor (if any), smooth disc
component. The latter are objects which are located in a particular region of the CMD.
While some studies have addressed the properties of a population of bluer spheroids (e.g.,
Schawinski et al. 2007), it is still fair to say that most ETGs are on the red sequence
(as known since Baum 1959; Faber 1973), with the exact fraction varying between 70%
and 80% depending on the criterion adopted for the morphological classification (e.g.,
Strateva et al. 2001; Renzini 2006). On the other hand, a fraction of red galaxies exhibit
an important disc component, in particular at fainter magnitudes (Kormendy & Bender
1996; Benson et al. 2007).

In the CMD, colour and magnitude broadly depend on stellar total mass and popu-
lation, so that red-sequence galaxies reach higher stellar masses and are on average older
than blue-cloud ones. Furthermore, only the latter host young blue stars, implying that
star formation along the red sequence is generally negligible. Even a star formation rate
(SFR) equal to only a few percent of the average SFR at earlier times would move a
galaxy off the red sequence (e.g., Bell et al. 2004a).

Concerning the morphological mix of galaxies, SDSS reinforces the result of Dressler
(1980). Most of red-sequence objects reside in high-density environments (clusters and
groups of galaxies), where they are by far the dominant galaxy type at all but the lowest
stellar masses. On the contrary, lower-density environments see an increase in the fraction
of blue-cloud systems (Balogh et al. 2004; Baldry et al. 2006). Overall, most of the stellar
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mass of the local Universe is contained in the red sequence (Baldry et al. 2004).
Besides their distribution on the CMD, ETGs form a very homogeneous family ob-

servationally. Firstly, they are distributed on the so-called fundamental plane in the
space defined by central velocity dispersion σ, half-light radius Re and average surface
brightness Ie within Re, so that Re ∝ σ1.5I−0.8

e (Djorgovski & Davis 1987; Dressler et al.
1987; Bernardi et al. 2003). This relation is likely due to the virialisation of ETGs com-
bined with some systematics in their predominantly-old stellar population and/or in their
structure and dynamics (e.g., Ciotti et al. 1996; Cappellari et al. 2006). Systematics in
the stellar populations originate also the tight Mg2-σ relation, where Mg2 is the strength
of the magnesium stellar absorption at ∼5200 Å (Faber 1973, 1977; Dressler et al. 1987;
Burstein et al. 1988; Bender et al. 1993). Along with this, there is a correlation between
black-hole mass M• and stellar mass M? or σ (Kormendy & Richstone 1995; Magorrian
et al. 1998), linking the formation of the stellar bulge to that of the central super-massive
black hole that most (if not all) spheroids seem to host (de Zeeuw 2001). More recently,
Hopkins et al. (2007b) have shown evidence of the existence of a fundamental plane in
the space defined by M•, M? and σ.

Two more results concerning ETG stellar phase are particularly relevant for this thesis
and are the apparent trend of stellar population and structure with galaxy mass. We
will first discuss them and then move on to describe the observation of ETG gas phase.

1.1.2 Stellar populations
Stellar populations have always attracted much attention since they preserve, locked in
their age and chemical-composition distribution, a memory of the formation of galaxy
luminous matter. ETG colour argues for a predominantly old stellar content with no
or little on-going star formation. However, a detailed stellar population analysis is
not straightforward. For a long time optical-wavelength studies in this direction have
been hampered by the age-metallicity degeneracy. Due to the dependence of the stellar-
atmosphere opacity on metal abundance, a metallicity variation of a factor of ∼2 mimics
an age variation of a factor of ∼3 in the broad-band spectral properties of old stellar pop-
ulations (e.g., Faber 1973; O’Connell 1986; Worthey 1994). After early results by Gunn
et al. (1981) and Rabin (1982), the effort of various authors during the past two decades
culminated in the work of Worthey (1994), whose evolutionary synthesis models showed
that age and metallicity can be disentangled by the joint use of pairs of line-strength
indices, one metal-line and one Balmer-line index, measured from the optical spectra of
galaxies.

Applying these results to long-slit spectra, González (1993) found a wide spread in
ETG stellar age, which was then confirmed by later work (e.g., Trager 1997; Tantalo et al.
1998). Following early suggestions (e.g., Faber 1977), Trager et al. (2000a) discussed
how this result is most likely due to the sensitivity of Balmer lines to the presence of a
young stellar sub-component, bringing the first piece of evidence that ETGs have recently
formed a small amount of stars. In this sense, the derived ages are indicative of the time
passed since the most recent episode of star formation. That a fraction of ETGs has
recently formed stars for a few percent of the total stellar mass was later confirmed with
UV observations by Yi et al. (2005) and Kaviraj et al. (2007), and intermediate-age
populations are now routinely found in large ETG samples (e.g., Graves et al. 2007;
Schawinski et al. 2007).
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Figure 1.2: Scaling-relations in the stellar population parameters with σ taken from
Nelan et al. (2005). Dashed lines indicate the scatter in the relations.

The same diagnostics of Trager et al. (2000a) were used by Nelan et al. (2005), Thomas
et al. (2005) and Bernardi et al. (2006) who concluded, on the basis of different samples,
that the epoch of the last star-formation episode moves back in time as the galaxy mass
increases (see Fig.1.2). Furthermore, stars in more massive galaxies are metal-richer and
formed over a shorter time-scale than stars in less massive galaxies. Such time-scale
is quantified by the ratio of alpha-elements to iron, which roughly traces the relative
contribution of SN II and Ia to the enrichment of the star-forming gas. These trends
with galaxy mass are observed in all environments. However, at a given galaxy mass,
Thomas et al. (2005) claimed that star formation is delayed by ∼2 Gyr when moving
from the cluster to the field; while Bernardi et al. (2006) concluded that [α/Fe] increases
(and therefore the time-scale for star formation decreases) with increasing environmental
density. Such results are important as they argue for a crucial role of both internal
(mass-related) and external (environment-related) processes in setting the time-scale for
the assembly of ETG stellar mass.

1.1.3 Structure
Another fundamental aspect of galaxies is their structure, meaning the distribution of
stars on different type of orbits. This is what, ultimately, determines observables like
line-of-sight velocity distribution (LOSVD) and optical morphology.

It was soon realised that the surface brightness of ETGs closely follows a seemingly
universal r1/4 curve (de Vaucouleurs 1948), later generalised to r1/n (Sersic 1968). How-
ever, ETGs successively proved to be a kinematically-heterogeneous family. The inves-
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tigation of ETG stellar kinematics started in the late 1970’s with the analysis of optical
long-slit spectra and has recently received an important impulse thanks to the advent
of panoramic integral-field spectroscopy. Early studies proved that bright ETGs are not
flattened by their own rotation, i.e., they are not oblate ellipsoids rotating about their
short axis (Bertola & Capaccioli 1975; Illingworth 1977; Binney 1978). Instead, their
shape is mostly supported by velocity-dispersion anisotropy and may be generally triax-
ial rather than axisymmetric. Later work showed that rotation is increasingly important
for decreasing galaxy mass, so that the shape of smaller ETGs might be mostly rotation-
rather than anisotropy-supported (Davies et al. 1983). However, Cappellari et al. (2007)
established that the ETG sequence going from massive slow-rotators to smaller fast-
rotators is not one of decreasing anisotropy. Instead, they argued that the anisotropy is
related to the intrinsic galaxy flattening. Fast rotators are more flattened, axisymmetric,
anisotropic objects, while slow rotators are more spherical, triaxial and isotropic. This
result places significant constraints on the processes leading to the formation of ETGs
(e.g., Burkert et al. 2007).

Since the superposition of stellar orbits determines both galaxy LOSVD and opti-
cal morphology, it is no surprise that the two were found to be related. Studying the
deviation of ETG isophotes from the ideal elliptical case, Bender (1988) showed that
smaller ETGs tend to be at once fast rotating and discy, while more massive objects are
slow rotators and boxy. Another important correlation is with galaxy central light-curve,
which was found to be steep (power-law profile) in discy fast rotators and shallow (core
profile) in massive, boxy slow rotators (Kormendy & Bender 1996; Faber et al. 1997).
Clearly, understanding why these relations hold is a fundamental part of understanding
the process of ETG formation.

1.1.4 Gas
While it is recognised that gas is an important component in galaxy evolution, ETGs
have long been considered as very gas-poor objects. This has always been a puzzling
result since a minimum gaseous component is expected to be generated internally by
the ejecta of evolved stars (e.g., Faber & Gallagher 1976). In fact, the detection of
gas in ETGs has mostly been hampered by its very low column density (hence surface
brightness). We now know that ETGs host a multi-phase gas component going from
hot, X-ray-emitting gaseous halos (Forman et al. 1985; Fabbiano et al. 1992; O’Sullivan
et al. 2001) to central warm-gas distributions (see Goudfrooĳ 1999 review), cold atomic
neutral-hydrogen structures (see the reviews by van Gorkom & Schiminovich 1997; Sadler
et al. 2001) and molecular gas (e.g., Lees et al. 1991; Combes et al. 2007).

In detail, Forman et al. (1985) showed that ETGs brighter thanMB=–19 are generally
surrounded by hot-gas coronae (T ∼106 K or above) emitting in the X-ray with LX in the
range 1039-1042 erg/s and masses between 108 and a few times 1010 M�. More recently,
Chandra and XMM-Newton observations have allowed the removal of contamination
from low-mass X-ray binaries and pushed the detection limit down to 1038 erg/s (e.g.,
David et al. 2006; Diehl & Statler 2007b), confirming the early result that LX ∝ L2

B

(e.g., Forman et al. 1985; O’Sullivan et al. 2001). The metallicity of the hot gas is in
agreement with the one of the stars (Humphrey & Buote 2006) so that internal gas-origin
is possible. Forman et al. (1985) assumed dynamical equilibrium of the hot gas in order
to infer the total mass of the system, derivingM/L up to ∼ 100 M�/L�. However, there
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is now evidence that the morphology of the hot gas is not settled, with claims of a link
between the level of disturbance and nuclear activity (Diehl & Statler 2007a,b).

Moving down in gas temperature, ∼50-75% of ETGs host between 104 and a few times
106 M� of 104-K ionised gas typically detected via its optical emission lines (e.g., Caldwell
1984a; Phillips et al. 1986; Sarzi et al. 2006; Yan et al. 2006). This emission can seldom be
explained in terms of on-going star formation, most of galaxies showing instead line-ratios
typical of LINERs (Ho et al. 1997; Filippenko 2003; Yan et al. 2006). Furthermore, the
ionised gas appears to be mostly diffuse. For example, analysing integral-field spectra
Sarzi et al. (2006) found warm gas in a variety of extended configurations generally
kinematically decoupled from the stellar component. Interestingly, kinematical alignment
is more common in flat, fast-rotating galaxies. Sarzi et al. (2007) suggested that this may
be caused by the interaction between hot and warm gas (e.g., Sparks et al. 2004; Nipoti
& Binney 2007).

Many studies of the colder gas component of individual systems and samples of galax-
ies showed that ETGs host from 106 up to a few times 1010 M� of neutral hydrogen
(Roberts et al. 1991; Schiminovich et al. 1994, 1995, 1997; Veron-Cetty et al. 1995; Mor-
ganti et al. 1997, 2006; Balcells et al. 2001; Oosterloo et al. 2002, 2007b; Serra et al.
2006; Helmboldt 2007). The detection rate varies between 5% and 70% depending on
the sample and depth of the observations (Sadler et al. 2002; Morganti et al. 2006) and
seems to be higher in the field (Sadler et al. 2001). The gas is distributed out to many
tens of kpc from the stellar body and typical column densities are at most a few times
1020 cm−2, which makes it unlikely for it to host large-scale star formation. Neverthe-
less, low-level, local star formation is still possible (e.g., Helmboldt et al. 2005; Hau et al.
2007). Importantly, unlike what seen in spiral galaxies, the H i mass does not correlate
with the optical luminosity. This has been interpreted as a sign of external origin of
the gas (Knapp et al. 1985a). Finally, a wide variety of morphologies and kinematics is
found, ranging from long-lived, extended rotating discs or rings to unsettled clumps or
tails of H i. This gas seems often kinematically connected to the ionised-gas distribution
observed inside the stellar body (Morganti et al. 2006).

To conclude with molecular gas, CO emission is detected in a significant fraction of
ETGs, in particular at low and intermediate galaxy masses. The gas is usually distributed
on regularly-rotating discs with radius between 1 and 10 kpc (Young 2002, 2005; Young
et al. 2007). Assuming that CO traces molecular hydrogen, H2 masses from a few times
107 to above 109 M� are estimated. This gas is possibly tracing on-going star formation.
For example, Combes et al. (2007) showed that it lies along (and extends towards lower
gas contents) the known correlation between M(H2) and the 60 µm luminosity which
holds for late-type galaxies. The faintness of the CO emission is still the main limitation
to studies in this direction.

The many observations summarised in this section should guide, combined to high-
redshift results, the work of galaxy-formation theorists. Below we discuss a few important
theoretical ideas about ETG formation and evolution and observational evidence sup-
porting them.



1.2: Formation and evolution of early-type galaxies 15

Figure 1.3: Faber et al. (2007)
scenario for the assembly of
red-sequence stellar mass. Red-
sequence galaxies form from
mergers of blue-cloud discs.
Quenching of star formation
(possibly caused by the merging
itself) makes galaxies join quickly
the red sequence, where further
merging has to occur in order to
form boxy ETGs.

1.2 Formation and evolution of early-type galaxies

1.2.1 Monolithic collapse and galaxy merging

Since they represent such a predominant fraction of the local galaxy population, under-
standing the formation and evolution of ETGs is a key problem in modern astronomy.
Historically, the two competing theories for ETG formation are the monolithic collapse
from initial over-densities accompanied by early, efficient star formation (e.g., Eggen
et al. 1962; Larson 1975), and the merger hypothesis that spheroidal galaxies form from
mergers of disc systems (Toomre 1977). Both theories can be seen within the modern
framework of a cold-dark-matter-dominated Universe, but it is not clear yet which of
them (or which of their combinations) matches better the observations.

For example, van Albada (1982) showed that the r1/4 surface-brightness profile of
ellipticals is achieved in dissipationless collapse of an initially clumpy (in phase-space)
system out of virial equilibrium, independently on the details of the initial conditions.
This seems to be an important success of the monolithic-collapse theory. However, the
crucial ingredient for the emergence of the r1/4 profile is violent relaxation, in which
the orbital distribution of stars takes shape during a phase of rapidly-varying poten-
tial (Lynden-Bell 1967; Hjorth & Madsen 1991). Early numerical modelling of Barnes
(1988, 1992) already showed that violent relaxation of the stellar component takes place
during galaxy mergers, so that also the merger hypothesis is consistent with the r1/4

law. Similarly, while it is possible that ETG scaling laws are originated during an early
collapse phase (e.g., fundamental plane, M•-σ relation), they seem to be robust against
(and therefore do not rule out) a reasonable amount of subsequent merging (Ciotti et al.
2007).

In an effort aimed at clarifying these (and other) issues, high-redshift surveys have
recently made it possible to directly observe galaxy evolution over a large fraction of the
cosmic history. An important result is that the stellar mass locked in the red-sequence has
roughly doubled since z∼1 (e.g., Bell et al. 2004b; Brown et al. 2007; Faber et al. 2007).
This result is incompatible with the monolithic picture, in which ETGs are basically a
static population.
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Following Bell et al. (2004b) and Faber et al. (2007), the increase of the stellar mass
in red galaxies cannot be caused by star formation within the red sequence, as massive
galaxies would become too blue compared with the observations. On the contrary, it
must be caused by the migration of objects from the blue cloud to the red-sequence.
Such colour evolution can occur by stellar ageing of blue galaxies provided that their
star formation is quenched or reduced to very low levels. In this case a galaxy would join
the red sequence within ∼1 Gyr (Harker et al. 2006). However, blue galaxies are mostly
discs (Bell et al. 2004a; Weiner et al. 2005) while red galaxies are mostly spheroids.
Therefore, some morphological transformation must also occur. This is less of a problem
below L∗, where lenticular galaxies dominate the red sequence (e.g., Read & Trentham
2005; Ball et al. 2008). These systems might indeed originate from the disc-fading of
quenched spirals (e.g., Poggianti et al. 2001; Moran et al. 2007; but see Burstein et al.
2005). However, at luminosities near L∗ and above, bulges are too dominant and disc
galaxies are too few for new arrivals on the red-sequence to be quenched spirals. A
different mechanism is needed.

Simulations following the work of Toomre (1977) confirmed that disc-galaxy mergers
can result in the formation of early-type systems (e.g., Mihos & Hernquist 1994, 1996;
Barnes & Hernquist 1996). Thus, the above considerations make disc mergers a necessary
ingredient for the formation of a large fraction of red-sequence objects; and the build-
up of roughly half of the local red-sequence stellar mass since z∼1 implies that many
nearby ETGs should show signatures of their recent disc-merger origin. The relevance of
this mechanism depends on the detailed luminosity-function evolution at different mag-
nitudes. For example, Brown et al. (2007) claimed that most of the evolution during this
epoch takes place at or below the knee of the luminosity function (MB=–21). This would
alleviate the need of disc merging. However, while there is consensus over the increase
in the total red-sequence stellar mass, results about the luminosity-range participating
in such evolution are still under debate (see Faber et al. 2007).

Fig1.3 summarises a plausible mechanism for the building up of the red sequence.
This involves merging and (possibly related) quenching of blue discs, followed by merging
along the red sequence. The former is needed to populate the sequence with red spheroids.
The latter might contribute significantly to the formation of boxy slow rotators at the
high-mass end of the red-sequence mass function. Of course, these conjectures should be
tested against observational data at high as well as low redshift.

1.2.2 Evidence of merging activity
Based on local observations, it is not clear yet how many ETGs have definitely formed
via mergers. A number of observational results are consistent with a large fraction of
them having done so. Firstly, accurate inspection of ETGs optical imaging reveals low-
surface-brightness morphological fine structure (shells, ripples, plumes and others) in
about a third of the cases, with a preference for low-density environments (Malin &
Carter 1983; Schweizer & Seitzer 1992; Colbert et al. 2001). According to simulations,
such features can arise because of both minor (Quinn 1984; Hernquist & Quinn 1988) and
major (Hernquist & Spergel 1992) galaxy interactions, so that in general their detection
indicates recent dynamically-violent events (but see Loewenstein et al. 1987; Thomson
& Wright 1990). Their long lifetime (≥1 Gyr), especially at large radius, makes them a
powerful tracer of the past dynamical history of galaxies.
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Figure 1.4: Growth of an extended gaseous disk from re-accretion of tidal-tail gas after
a merger simulated in Barnes (2002). The grey scale correspond to the logarithmic gas
surface density. In the lower panels, gas-particles are weighted by energy dissipation. A
central bar is prominent and might trigger gas inflow fuelling central star formation.

A second indication comes from the above-mentioned evidence that a significant frac-
tion of ETGs hosted low-level star formation (a few percent in mass) within the past
few Gyr. This result might fit into the merger hypothesis, as simulations show that
strong bursts of star formation can be triggered by mergers (e.g., Mihos & Hernquist
1994, 1996; Kapferer et al. 2005; Cox et al. 2006; di Matteo et al. 2007). The bursts
follow from the inflow of progenitor gas as hydrodynamical processes and the gravita-
tional torque (exerted by the strongly disturbed potential or by a central bar) remove
its angular momentum. The actual fraction of consumed gas strongly depends on the
geometry of the merger as well as on the morphologies of the progenitor galaxies (e.g.,
their bulge-to-disc ratios). Additional uncertainties come from the actual physics of star
formation during mergers. For example, Barnes (2004) raised the problem of whether
this depends on the gas density or is rather driven by shocks. However, there is theoret-
ical consensus over the fact that such bursts occur, and the resulting rejuvenation of the
centre of the remnant is consistent with the spread in ETG stellar age.

A further signature of possible merging activity are the stellar kinematically-decoupled
cores (KDC) known to be harboured by many ETGs (Bender 1988; Franx & Illingworth
1988; Emsellem et al. 2004; McDermid et al. 2006). Indeed, according to simulations, such
structures might form as a consequence of the differential redistribution of orbital and
disc angular momentum during retrograde disc-disc or disc-spheroid mergers (Kormendy
1984; Hernquist & Barnes 1991; Balcells & González 1998; di Matteo et al. 2008).

1.2.3 The role of gas
Within the merger hypothesis, gas is likely to play a relevant role in shaping the local
ETG population. This is true in many respects.

As mentioned above, the average stellar age and chemical composition in a galaxy can
be affected by star formation following merger-driven gas inflow, and this may indeed
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be the reason for the age spread of ETGs. Another important consequence of such
inflow is the accretion of gas onto a central super-massive black hole. Di Matteo et al.
(2005) showed that the resulting nuclear activity can heat the interstellar medium (ISM),
preventing further accretion and so providing a natural mechanism for self-regulating
the black-hole growth relative to the stellar spheroid formation. This mechanisms leads
indeed to aM•-σ relation in agreement with the observed one. At the same time, the gas
consumption and heating associated to starbursts and feedback from the active galactic
nucleus (AGN) might be crucial for the emergence of a red early-type family in which,
as observed, star formation has basically stopped (e.g., Hopkins et al. 2007a).

Along with this, and depending on merger geometry, star-formation efficiency and
AGN feedback, up to 60% of the progenitor gas can retain its angular momentum and
form extended tidal tails, as observed in numerous merging systems. Such high-angular-
momentum gas will not be significantly consumed in star formation. On the contrary,
it can later be re-accreted and settle on stable orbits around the newly-formed galaxy
(Barnes 2002; see Fig.1.4). It is possible that in some cases this leads to the formation of
a new stellar disc, while in general the result would be a regular spheroid surrounded by
a massive and extended gaseous disc. Such re-accretion process could therefore explain
the H i observations described in Sec.1.1.4.

The stellar orbital structure of the remnant would also be affected by the presence
of gas during the interaction. Naab et al. (2006) showed that in this case the inflow
of gas towards the central regions makes the potential more centrally peaked and more
axisymmetric. This changes the stellar orbits. Namely, considering the general case of a
triaxial merger remnant relative to the gas-poor case: box and boxlet orbits are inhibited;
minor-axis tube orbits (the backbone of oblate rotators) become more dominant and
their boxy/peanut-like type is not supported; major-axis tube orbits (which dominate
in prolate rotators) are drastically reduced. The effect of this orbit modulation is to
make a galaxy more discy, more axisymmetric and overall closer to the oblate rotator
case. Furthermore, Burkert et al. (2007) argued that star formation and stellar feedback
during very gas-rich mergers are necessary to reproduce the anisotropy-flattening relation
found by Cappellari et al. (2007). Dissipative processes might therefore be important
for the emergence of oblate fast-rotating galaxies as opposed to triaxial slow rotators
(Bender et al. 1992; Emsellem et al. 2007).

1.2.4 Accretion from the intergalactic medium
The above discussion focuses on the role of gas within the merger hypothesis for the for-
mation of ETGs. Star formation, fuelling of a central AGN and stellar-orbit modulation
can occur as a consequence of the inflow of gas belonging to the colliding galaxies. How-
ever it is important to realise that the above effects can in principle occur if, no matter
how, a significant mass of gas can make its way to the inner region of an existing spheroid.
This can indeed happen during major mergers (or the supposedly more frequent minor
mergers), but also as a consequence of accretion of gas from the inter-galactic medium
(IGM).

Inflow of material from the IGM was originally investigated as the main mechanism
of early disc-formation (e.g., Binney 1977; Rees & Ostriker 1977; Silk 1977; White &
Rees 1978; Blumenthal et al. 1984; White & Frenk 1991; Mo et al. 1998). These studies
showed that the accreted gas is shock-heated to the halo virial-temperature at the halo
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virial-radius, and can later stream in, shock and fuel disc star-formation as long as its
cooling time is shorter than a typical dynamical time. This led to an upper limit for the
mass of dark-matter halos which can form a stellar disc in agreement with observations.
Birnboim & Dekel (2003) and Dekel & Birnboim (2006) refined these ideas by proving
the existence of a thresholdMhalo∼1012 M� for a stable shock at the virial radius. Above
this threshold accretion onto the inner halo is temporarily halted. Below the threshold,
gas flows in undisturbed and cold (i.e, below 105 K).

The accretion process is relevant for the above discussion about gas in ETGs. Modern
investigations have consolidated the early finding of Binney (1977) that even in massive
halos a fraction of the gas is accreted without being shock-heated (Fardal et al. 2001;
Kereš et al. 2005). Instead, it streams in along clumpy, cold, dense filaments connected
to the large-scale structure surrounding the galaxy (see discussion in Dekel & Birnboim
2006). Accretion of cold gaseous clumps of 105-108 M� has recently been proposed as
a quenching mechanism, as it could keep previously shock-heated gas hot by deposit-
ing gravitational energy into it via ram pressure (Dekel & Birnboim 2008; Khochfar &
Ostriker 2007). With respect to ETG gas inflow, it is possible that clumpy accretion
contributes to bring cold gas deep into ETG stellar body. This could in turn give rise to
the discussed effects (e.g., residual star formation, stellar orbit modulation, formation of
KDCs). Furthermore, survival of a fraction of the cold clumps could be responsible for
building up the large-scale cold-gas structures observed around many ETGs. This would
be consistent with mounting evidence that such cold accretion occurs in at least some
spiral galaxies (Oosterloo et al. 2007a; Heald & Oosterloo 2007).

IGM accretion may explain some of the observed features of ETGs. However, it is
unlikely that it is the dominant process for their formation. For example, dissipative
collapse leads to the formation of discs rather than spheroids, so that galaxy mergers
are still needed. Of course, once a disc is formed, bar instabilities may play a role
in transporting angular momentum outwards, contributing to the emergence of a more
typical ETG morphology (e.g., Combes & Sanders 1981). Nevertheless, it is for the
moment safer to conclude that both galaxy interaction and accretion of gas from the
IGM may be relevant in shaping ETG properties via dissipative processes.

1.3 This thesis
1.3.1 Relation between gas and stellar properties
The observations, theory and simulations discussed above suggest that, whatever way
ETGs formed, gas must have played and possibly still plays a crucial role in shaping
their local population. Many different physical processes are relevant, but the bottom
line is that gas is intimately related to the formation and evolution of the stellar body
of an ETG. It is therefore natural to think that the gas properties of ETGs might be
related to their stellar ones. This thesis is mostly concerned with such connection.

Some attempt to explore the link between galaxy optical and gas properties has
already been made. For example, Roberts et al. (1991) and Bregman et al. (1992)
found that, on the basis of single-dish data, ETGs with morphological fine structure
are more likely to contain H i gas. This would link the presence of neutral hydrogen
to recent galaxy-galaxy interaction. However, later, interferometric work resulted in
similar H i detection rates for shell and normal ellipticals (e.g., Dĳkstra 1999; Sansom
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et al. 2000), and it appears that galaxy environment is more relevant than fine structure
in determining the likelihood of H i-detection. Sansom et al. (2000) also found that
morphologically disturbed galaxies tend to be X-ray under-luminous. They interpreted
this as evidence that several Gyr are needed in order to build up a hot X-ray halo after
a merger.

Regarding ETG kinematical properties, Sarzi et al. (2006) studied the great variety
of ionised-gas structures present in ETGs using SAURON (Bacon et al. 2001) integral-
field spectroscopy. As a general, already mentioned result, ionised-gas and stars are
kinematically decoupled, with the possible exception of flattened fast-rotators. This could
be linked to the fact that systems with bright ionised-gas emission are predominantly
fast rotators (Emsellem et al. 2007) and contain little hot gas (Sarzi et al. 2007). The
kinematics of the large-scale H i-gas also seems to have little to do with the stellar-
body structure, while it appears connected to the ionised gas motion so that the two gas
phases might be part of a same structure (Morganti et al. 2006). On the other hand, first
studies exploring the kinematics of the central molecular gas show that this is generally
in agreement with the one of a young stellar sub-component, although exceptions exist
(Young et al. 2007).

Concerning galaxy stellar populations, Morganti et al. (2006) found no clear relation
between the stellar age and the H i mass of ETGs. Contrary to what one might expect, it
seems that H i-poor objects are on average younger, but their statistics is quite limited.
Emsellem et al. (2007) found that ionised-gas-rich ETGs tend to be younger than objects
with weak emission in the SAURON sample. On the basis of a much larger sample, Graves
et al. (2007) reported that LINER-like SDSS red galaxies are statistically younger than
equal-mass quiescent systems. Finally, Schawinski et al. (2007) studied a sample of SDSS
ETGs selected on the basis of their morphology. Having classified them according to their
ionised-gas emission-line ratio, they found that the sequence going from star-forming to
Seyfert, LINER and finally quiescent systems is one of increasing age of the last star-
formation episode. They interpreted this result in terms of AGN-driven quenching of
star formation in ETGs.

Overall, research aimed at understanding the relation between ETG gas and stellar
phase is still in its infancy, mostly because the study of gas in these objects is also (this
is particularly true compared to analogous works on late-type galaxies). In this thesis we
focus on the still unexplored (with the exception of the small Morganti et al. 2006 sample)
relation between stellar populations, stellar kinematics, H i and ionised-gas properties of
ETGs.

1.3.2 H i and goals of this work
The ETG H i phase is of particular interest for a number of reasons. For example, it can
be detected down to good detection limits with interferometry, providing simultaneously
the spatial distribution and the LOSVD of the gas. In combination with the fact that H i
is detected out to very large radii (tens of kpc), where the dynamical time is longer, this
allows us to look back over a large fraction of galaxy past history. Such large extension is
also relevant for connecting the cold-gas fate at large radii with what happens within the
stellar body, which might be crucial for gaining some insights in the physical processes
mentioned above. Furthermore, large scale, rotating H i provides a tool to study the
gravitational mass distribution around ETGs along the same line of what done for spiral
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galaxies since the 1970’s (e.g., Bosma 1978). Finally, star formation within the extended
H i disc detected around some ETGs may play a role in driving galaxy evolution along the
Hubble sequence from early towards later types (e.g., Hau et al. 2007). More generally,
it would be interesting to understand the impact of the sometimes very large cold-gas
reservoir on the host ETG.

Here we want to answer two main questions. Do ETG stellar age and chemical com-
position depend on H i mass? Does their structure? To answer we have selected a sample
of 39 ETGs on the basis of H i content. We have then conducted a campaign of optical
long-slit spectroscopic observations that allows us to study galaxy stellar populations
and LOSVD as a function of their H i properties. As a side product of this analysis we
also study the ionised-gas content and kinematics in the sample and compare them to
stellar and H i properties. We conclude this Introduction with an outline of the thesis.

1.3.3 Outline of the thesis
In Chapter 2 we describe the sample studied throughout the thesis. We focus on the selec-
tion of the sample and discuss possible biases by showing how it populates the parameter
space. The main characteristics of the sample are that: it is biased towards low-density
galaxy environments; it covers a wide range in H i mass and morphology/kinematics,
going from undetected objects to galaxies hosting ≤108-M� H i clouds and objects sur-
rounded by extended 108-1010-M� H i distributions with various levels of gas settling;
and it does not present any strong correlation of M(H i) and M(H i)/LB with other
relevant galaxy properties (e.g., velocity dispersion, colour, morphological type, hot-gas
content, morphological fine structure). We conclude Chapter 2 by describing the neutral-
hydrogen properties of individual H i-rich objects in some detail on the basis of available
interferometry.

In Chapter 3 we study one galaxy of the sample, IC 4200, which was presented as a
test case in Serra et al. (2006). We present the result of our optical long-slit spectroscopy,
optical imaging and radio interferometry. We use these data to study the stellar popula-
tions, kinematics and morphology, ionised-gas content and kinematics, H i distribution
and radio-continuum emission of IC 4200. We find that the galaxy is surrounded by a
low-column-density, warped, regularly-rotating H i disk of mass ∼1010 M� and radius
∼60 kpc. The galaxy hosts a young stellar population in its centre and exhibits stellar
shells. We discuss in some detail what the origin of the H i structure around IC 4200
might be, and find that both an equal-mass major merger of two Milky-Way-like galaxies
and accretion of cold gas from the IGM could qualitatively and quantitatively explain
the observations. We combine this information with the result of our optical observations
and conclude that the galaxy has probably formed via a major merger occurred between
1 and 3 Gyr ago.

In Chapter 4, based on Serra et al. (2007), we use optical long-slit spectroscopy to
analyse the stellar populations and ionised-gas content of the entire sample of ETGs
presented in Chapter 2 as a function of their H i properties. Ionised gas is found in 60%
of the sample. It is usually diffuses and always characterised by LINER-like emission-
line ratios. We find that a large mass of neutral hydrogen seems to be a necessary (but
not sufficient) condition for a galaxy to exhibit bright ionised-gas emission. Concerning
stellar populations, they seem to be only weakly related to galaxy H i content. Young
as well as old objects are found at all M(H i) values with no particular trend. The
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same is true for ETG metallicity and α/Fe abundance ratio. However, we find that in
about half of the H i-poor ETGs (M(H i)≤108 M�) the stellar age decreases signifi-
cantly when moving towards the centre of the galaxy. This is never observed in H i-rich
objects. Furthermore, galaxies more massive than σ=240 km/s do not participate in
this trend of ∆t with M(H i). Finally, the decrease in stellar age is accompanied by an
increase in metallicity. We discuss how the interplay and relative importance of tidal-
and inflowing-gas during gas-rich mergers could explain the ∆t-M(H i) connection, and
whether alternative explanations of this result are possible.

In Chapter 5 we present new 21-cm-wavelength observations of three galaxies in the
sample. We then use the same data analysed in Chapter 4 to study stellar, ionised-gas
and H i kinematics of all the galaxies in the sample. We find no clear relation between
stellar kinematics and H i properties. The position of a galaxy on the classic v/σ-vs.-ε
diagram does not depend on its M(H i) or H i morphology/kinematics. Furthermore, no
particular feature in the stellar kinematics appears to be related to the H i properties
(e.g., velocity-dispersion dips, KDCs, velocity-h3 anti-correlation). On the other hand,
we find that the ionised gas is strongly related to the neutral hydrogen. Bright emission-
lines are detected in H i-rich galaxies as long as the H i extends down to the stellar body.
In these cases, the ionised-gas kinematics is consistent with that of the H i. Galaxies
that are H i-poor or whose H i is distributed far from the stellar body exhibit faint or
no emission-lines, and the kinematics of the ionised gas is mostly unsettled. Overall, it
appears that H i and ionised gas in ETGs belong to a same gaseous structure.

In Chapter 6, based on Serra & Trager (2007), we investigate how the results of our
stellar population analysis are affected by the presence of a young stellar component
on top of an old one. The bias introduced by such sub-component is analysed in a
systematic way with the aid of stellar-population models. We find that the technique used
throughout this thesis for deriving stellar-population parameters provides an age strongly
biased towards the age of a young stellar sub-component and a chemical composition close
to the V -band luminosity-weighted one. The age bias suffers from a strong degeneracy
between the age of the young stars and the young-to-old stellar mass-fraction. We discuss
how, provided high-S/N data, Balmer lines of higher order than Hβ might help unveiling
the presence of young stars.

Finally, we conclude the thesis with Chapter 7, in which we summarise the main
results of the thesis and discuss some important on-going and future work in this field.



Chapter 2
An H i-selected early-type galaxy
sample

In this chapter we describe the sample of early-type galaxies (ETGs) analysed in the
thesis. The main purpose is to give an idea of the range of properties covered in this

work, and look for biases that could be relevant for the analysis of the relation between
stellar and H i properties presented in following chapters. We discuss the sample selection
in Sec.2.1, analyse how the sample populates the parameter space in Sec.2.2, and describe
the neutral-hydrogen gas distribution around individual galaxies in Sec.2.3. We conclude
with a brief summary.

2.1 Sample selection
In order to test whether there is a relation between ETG stellar and H i properties, we
selected a sample of 39 galaxies classified as early-type and covering a range of H i mass,
morphology and kinematics. The selection is based on radio interferometric observa-
tions because single-dish data, available for a larger number of galaxies, do not provide
accurate enough spatial and kinematical information on the neutral-hydrogen gas dis-
tribution. In fact, they are often not even suitable to establish whether the detected
H i is associated with the targeted galaxy rather than a neighbour (e.g., Oosterloo et al.
2007b). Galaxies were therefore chosen among the (relatively few) objects with available
21-cm interferometric data, including both detected and non-detected galaxies. Below is
a description of the observations from which galaxies were selected.

2.1.1 HIPASS and the southern sample
Ten galaxies in the sample belong to the southern hemisphere. We selected them from
Oosterloo et al. (2007b; hereafter OMSHS07), an H i study of 54 ETGs detected in the
H i Parkes All Sky Survey (HIPASS; Meyer et al. 2004). HIPASS is an H i single-dish
survey of the entire southern sky with an rms noise level of 13 mJy/beam over 18 km/s
and a beam of 15 arcmin. OMSHS07 selected all ellipticals and half of the lenticulars
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detected by HIPASS south of DEC=-30◦ for interferometric follow-up. Concerning the
lenticulars, preference was given to those for which more than one galaxy is present in
the Parkes beam. This was motivated by interest in assessing the effect of confusion
on the HIPASS detection-rate. OMSHS07 followed up the selected ETGs (except 12
for which interferometry was already available) with short Australia Telescope Compact
Array (ATCA) integrations. The typical integration time was of ∼2 hours per galaxy
and the rms noise level 1-4 mJy/beam at a velocity resolution of 26 km/s after Hanning
smoothing. Observations were performed using the 375-m configuration, resulting in
a beam size of about 130×100 arcsec2 FWHM. Given the limited HIPASS sensitivity,
OMSHS07 selection resulted in a sample biased towards very large H i masses (M(H i)≥
109 M�).

In 20 of the 30 confirmed detections OMSHS07 found the H i distributed in a low col-
umn density disk- or ring-like structure centred on the optical galaxy. Most of these large
structures have regular kinematics, and their relatively high incidence and characteristics
represent the most important result of OMSHS07. A smaller group of detections showed
tail-like gas distributions pointing away from the galaxy or towards it from a nearby
companion. Another small subset of galaxies showed cloud-like H i structures detected
(many tens of kpc) away from the target with no obvious optical counterpart but with
velocities similar to the systemic of the target galaxy.

We selected eight H i-detected and two H i-non-detected galaxies from OMSHS07
(the former are ESO 0921-21, ESO 140-31, ESO 381-47, IC 4200, IC 4889, NGC 1490,
NGC 1947 and NGC 3108; the latter are NGC 2434 and NGC 2904). Two of them had
previously been studied by Oosterloo et al. (2002) with deep ATCA data (NGC 1947
and NGC 3108). Interferometric observations of the remaining eight objects are the
one presented in OMSHS07. We followed up four H i-rich galaxies with deeper ATCA
interferometry in order to obtain more accurate information on the neutral-hydrogen
distribution. These are IC 4200 (discussed in Chapter 3), ESO 092-21, ESO 140-31 and
ESO 381-47 (new ATCA observation of these three objects is presented in Chapter 5).

2.1.2 Northern sample
Many of the 29 northern galaxies were selected on the basis of systematic H i surveys
carried out with different goals and based on different selection criteria. We note that
some galaxies selected for our investigation were studied in more than one of the works
cited below, in which case we took the best available data.

Six objects were taken from Dĳkstra (1999), who observed with the Very Large Ar-
ray (VLA) 15 ellipticals known not to exhibit morphological fine structure. The aim of
his investigation was to test whether optically-unperturbed systems are less likely to be
detected at the 21-cm wavelength as suggested by Roberts et al. (1991). Galaxies were
selected among those detected by Huchtmeier (1994) and Huchtmeier et al. (1995) with
the 100-m Effelsberg single dish. This set a lower limit on M(H i) of a few times 108

M�. Dĳkstra (1999) used the VLA in the D and DnC compact configurations. This
resulted in a beam size of about 1 arcmin FWHM. The typical integration time was of
3 hours per galaxy and the rms noise level 0.2-0.4 mJy/beam at a velocity resolution of
42/21 km/s for the D/DnC configuration. The result of these observations was a detec-
tion rate comparable to the one of shell ellipticals. Pending uncertain selection effects,
this led Dĳkstra to conclude that the environment, and not the level of morphological
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disturbance, is the main factor in determining whether a galaxy is H i-rich or H i-poor.
H i morphology and kinematics also replicate the variety observed around shell ellipticals
and cover a wide range of gas settling level. We selected from this work the detected
galaxies NGC 2534, NGC 2810 and NGC 7619, and the undetected NGC 1426, NGC
1439 and NGC 7626.

Five galaxies were taken from Morganti et al. (2006), a deep Westerbork Synthesis
Radio Telescope (WSRT) H i survey of a small, field sub-sample (12 galaxies) of the
SAURON sample of ETGs (de Zeeuw et al. 2002). Galaxies were not selected on the
basis of previous single-dish observations so that their sample is not biased towards large
H i masses. All galaxies were observed for 12 hours and detections were followed up with
additional 3×12-hour integrations to derive accurate kinematics. In these cases the noise
is of ∼0.3 mJy/beam with typical beam size of 40 arcsec FWHM and velocity resolution
of 16 km/s. Thanks to the depth of their observations Morganti et al. (2006) detected
9 of the 12 galaxies (75% detection rate). As in other works, the H i was found in a
variety of morphologies going from regular disks or rings to scattered gas clouds. We
selected from this work the detected galaxies NGC 2768, NGC 4278 and NGC 7332, and
the undetected NGC 2549 and NGC 7457.

Five objects were taken from Sansom et al. (2000), who studied the correlation
between H i gas, X-ray luminosity and optical fine-structure index Σ (measured by
Schweizer & Seitzer 1992) in a sample of ∼70 field/loose-group ETGs. This work drew
from a number of individual H i studies. However, H i data for the five galaxies that we
selected are not published elsewhere. These galaxies are NGC 0596, NGC 0636, NGC
2300, NGC 7585 and NGC 7600 and are all not detected in H i. They were observed
by David Schiminovich and collaborators with the VLA as part of a program aimed at
studying the H i properties of shell ETGs. Observations were carried out in a similar
fashion as in Dĳkstra (1999).

Three targets were selected on the basis of Hibbard & Sansom (2003) observation
of five fine-structure ETGs belonging to Sansom et al. (2000) sample. This work aimed
at studying the H i product of intermediate-age gas-rich mergers selected on the basis
of their optical fine-structure index Σ. As in Dĳkstra (1999), observations were carried
out in the compact VLA configuration with integration time of ∼2 hours per galaxy.
Typically, the beam size was 60×50 arcsec2 and the rms noise level 0.6 mJy/beam at
a velocity resolution of ∼10 km/s (lower than in Dĳkstra 1999). In only one case the
(tentatively) detected H i was associated with the targeted galaxy. We selected from this
work NGC 3610, NGC 3640 and NGC 5322, all non detected.

The remaining ten galaxies were selected from studies of individual objects as specified
in Table 2.1. These are NGC 3998, NGC 4026, NGC 4125, NGC 4406 (M 86), NGC 4472
(M 49), NGC 5018, NGC 5173, NGC 5903, NGC 3193 and NGC 7052 (the last two are
not detected in H i). Most of these works are follow-up observations of previous H i
detections or attempts at detecting gas expected to be hosted by the galaxy because
of some other properties (e.g., large 100 µm flux or optical signatures of recent gas
accretion).
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Table 2.1: Sample properties

galaxy type T d MB B − V σRe/16 Σ F (H i) M(H i) µHI log10LX M(H2) ε3 environment references
(Mpc) (km/s) (Jy·km/s) (109M�) (erg/s) (108M�) (Mpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

ESO 092-21 E-S0 -3.0 30.6 -19.39 - 86 - 25.3 5.6 4 - - 0.93 b,d,C5
ESO 140-31 E -4.8 47.2 -20.05 - 163 - 3.1 1.6 4 - - 0.59 IC 4719 (3) b,d,C5
ESO 381-47 S0 -1.8 63.7 -19.76 0.99 188 - 8.6 8.2 3 - - 0.91 pair ESO 381-46 b,d,C5
IC 4200 S0 -2.0 63.7 -21.48 - 268 - 12.0 11.5 3 - - 1.40 b,d,C3
IC 4889 S0 -4.5 29.2 -20.53 0.96 176 - 7.1 1.4 3 <40.8 - 1.68 a,c,e
NGC 0596 E -4.3 21.8 -20.03 0.95 170 4.60 - <0.02 - <39.6 - 0.16 NGC 0584 (9) b,c,g
NGC 0636 E -4.8 29.8 -20.16 0.96 184 1.48 - <0.04 - <40.4 <0.25 0.84 NGC 0584 (9) a,c,g,u
NGC 1426 E -4.6 24.1 -19.71 0.93 157 - - <0.04 - <40.1 - 0.25 Eridanus (51) b,c,h
NGC 1439 E -4.7 26.7 -19.99 0.90 156 - - <0.04 - <40.2 - 0.42 Eridanus (51) b,c,h
NGC 1490 E -4.8 74.8 -21.13 1.08 311 - 5.7 7.4 1 - - 2.50 (3) b,d,e
NGC 1947 S0 -2.8 14.3 -19.39 1.05 150 - 3.0 0.14 4 <40.1 2.97 0.93 a,d,f,v
NGC 2300 E -3.4 26.4 -20.38 1.06 291 2.85 - <0.03 - 41.1 - 0.33 (8) a,d,g
NGC 2434 E -4.8 21.6 -20.41 1.09 235 - - <0.1 - 40.3 - >1.89 NGC 2442 (6) a,c,e
NGC 2534 E -4.9 48.3 -19.99 0.86 165 - 1.4 0.76 2 - <2.4 1.94 pair UGC 4280 b,d,h,x
NGC 2549 S0 -2.0 12.6 -18.70 0.96 150 0.00 - <0.002 - - <1.0 0.89 a,c,i,y
NGC 2768 S0 -4.3 22.4 -21.15 0.96 208 0.00 1.5 0.18 1 40.4 0.4 1.10 (5) a,c,i,y
NGC 2810 E -4.8 50.8 -20.57 1.07 248 - 1.2 0.72 3 - - 0.25 b,d,h
NGC 2904 E-S0 -3.2 23.6 -18.93 1.08 238 - - <0.2 - <40.2 - 0.12 b,c,e
NGC 3108 S0-a -1.1 40.6 -20.65 1.08 233 - 6.9 2.7 4 - - 0.35 b,d,f
NGC 3193 E -4.8 34.0 -20.80 0.96 213 0.00 - <0.03 - 40.4 <1.0 0.16 HCG 44 (8) a,c,j,u
NGC 3610 E-S0 -4.2 21.4 -20.10 0.84 174 7.60 - <0.009 - 39.6 - 0.39 NGC 3642 (5) a,c,k
NGC 3640 E -4.8 27.0 -21.04 0.94 203 6.85 - <0.02 - 40.1 - 0.35 (3) b,c,k
NGC 3998 S0 -2.1 14.1 -19.43 0.97 300 0.00 6.4 0.30 4 41.3 - 0.34 Ursa Major (58) a,c,l
NGC 4026 S0 -1.8 13.6 -19.08 0.97 194 - 51.3 2.2 2.5 - 0.7 0.27 Ursa Major (58) a,c,m,w
NGC 4125 E-S0 -4.8 23.9 -21.36 0.94 248 6.00 0.2 0.027 1 40.9 0.9 0.66 (4) a,c,n,w
NGC 4278 E -4.8 16.1 -20.13 0.96 283 1.48 11.4 0.69 2.5 40.4 0.3 0.18 Coma I (27) a,c,i,y
NGC 4406 E -4.7 17.1 -21.46 0.94 262 - 1.22 0.083 1 42.1 <0.3 0.12 Virgo A (159) b,c,o,x
NGC 4472 E -4.8 16.3 -21.91 0.98 306 - 0.73 0.045 1 41.5 - 0.16 Virgo B (52) b,c,p
NGC 5018 S0 -4.6 46.1 -22.09 0.96 221 5.15 1.9 0.94 2 <40.9 <4.3 0.32 (3) a,d,q,z
NGC 5173 E -4.7 38.4 -19.69 0.89 118 - 4.7 1.6 3 <40.4 - 0.23 NGC 5198 (4) b,d,r
NGC 5322 E-S0 -4.8 31.2 -21.51 0.90 251 2.00 - <0.02 - 40.3 - 0.23 (4) a,c,k

Continued on next page
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galaxy type T d MB B − V σRe/16 Σ F (H i) M(H i) µHI log10LX M(H2) ε3 environment references
(Mpc) (km/s) (Jy·km/s) (109M�) (erg/s) (108M�) (Mpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

NGC 5903 E-S0 -4.6 33.9 -21.13 1.11 225 - 3.4 0.91 2 <40.6 - 0.16 (3) a,c,s
NGC 7052 E -4.8 65.5 -20.97 0.97 327 - - <0.065 - - <1.9 2.98 b,d,t,x
NGC 7332 S0 -2.0 23.0 -20.01 0.91 147 4.00 0.05 0.006 1 <40.4 <2.6 >2.01 pair NGC 7339 a,c,i,y
NGC 7457 S0 -2.6 13.2 -18.99 0.90 76 0.00 - <0.002 - <39.7 0.05 >1.16 a,c,i,y
NGC 7585 S0-a -1.1 46.3 -21.17 0.95 217 6.70 - <0.1 - - - 1.70 pair NGC 7576 a,d,g
NGC 7600 E-S0 -2.9 45.1 -20.55 0.94 193 5.78 - <0.09 - - - 2.32 a,d,g
NGC 7619 E -4.7 53.0 -21.94 1.07 334 0.00 0.04 0.026 0 41.9 - 0.15 Pegasus I (10) a,c,h
NGC 7626 E -4.8 44.3 -21.44 1.07 288 2.60 - <0.06 - 41.1 - 0.13 Pegasus I (10) a,d,h

(1) Galaxy identifier. (2) Morphological classification from: (a) Sandage & Bedke (1994); (b) de Vaucouleurs et al. (1991). (3) Morphological numerical
classification from HyperLeda (Paturel et al. 2003). (4) Distance from: (c) Tonry et al. (2001) (surface-brightness fluctuations); (d) NED Hubble-flow
velocity corrected for Virgo, Great Attractor and Shapley Supercluster infall (h = 0.7). (5) Blue absolute magnitude derived from HyperLeda corrected
apparent-magnitude adopting distance d. (6) Colour within the B-band effective radius from HyperLeda. No galactic-extinction correction applied. (7)

Stellar velocity dispersion within Re/16. Re is an estimate of the effective radius derived from long-slit spectroscopy in Chapter 4 (see Table 4.2).
σRe/16 is the average of the values obtained along two perpendicular slit positions. (8) Optical fine-structure index Σ from Schweizer & Seitzer (1992).
(9) Integrated H i flux from: (C3) Chapter 3 of this thesis; (C5) Chapter 5 of this thesis; (e) OMSHS07; (f) Oosterloo et al. (2002); (g) Sansom et al.
(2000); (h) Dĳkstra (1999); (i) Morganti et al. (2006); (j) Williams et al. (1991); (k) Hibbard & Sansom (2003); (l) Knapp et al. (1985b); (m) Verheĳen

(priv.com.); (n) Rupen et al. (2001); (o) Arecibo ALFALFA archive (Giovanelli et al. 2007); (p) McNamara et al. (1994); (q) Kim et al. (1988); (r)
Knapp & Raimond (1984); (s) Appleton et al. (1990); (t) Emonts (2006). (10) M(H i)=2.36 105 (d/Mpc)2 F (H i)/(Jy km/s) M�. Upper limits are

obtained by scaling the ones given in the references above to the distance adopted here and to the criterion of having a 3σ signal over 200 km/s; or by
applying this same criterion to the noise reported in the reference. (11) H i morphological indicator defined in Sec.2.3. (12) X-ray luminosity from

O’Sullivan et al. (2001) scaled to the distance adopted here. (13) Molecular-hydrogen mass from: (u) Sage et al. (2007); (v) Sage & Galletta (1993); (x)
Wiklind et al. (1995); (y) Combes et al. (2007); (w) Bettoni et al. (2003); (z) Lees et al. (1991). The mass is scaled to the distance adopted here. Upper
limits are obtained by scaling the ones given in the references above to the distance adopted here and to the criterion of having a 3σ signal over 300
km/s. (14) Projected distance from NED 3rd closest neighbour brighter than MB=–18 (HyperLeda corrected absolute magnitude) and within ±500
km/s (using NED Hubble-flow fully-corrected velocities). ε3 is transformed from arcmin to Mpc adopting the scale at distance d. (15) Cluster/group
membership taken from Giuricin et al. (2000). When available we give the name of the cluster/group. Alternatively, we give the name of the brightest

galaxy in the group when other than our target. We specify in parenthesis the number of cluster/group members.
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Figure 2.1: 10×10 arcmin2 Digitised Sky Survey B-band image of the galaxies in the
sample. Images were retrieved from NED. North is up, east is to the left.
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Figure 2.1: Continued
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Figure 2.2: Sample galaxies on the
MB-log10σ plane. Light-grey, dark-grey
and black symbols correspond to low-,
intermediate- and high-σ galaxies as defined
in Sec.2.2. Filled and open circles corre-
spond to galaxies whose (upper limit on)
M(H i) is above and below 108 M� respec-
tively. The dashed line represents the Faber-
Jackson relation.

2.2 Sample properties
Table 2.1 summarises the main galaxy properties and how they are derived. Fig.2.1
shows 10×10 arcmin2 images of all galaxies in the sample. These are B-band Digitised
Sky Survey images retrieved from the NASA Extragalactic Database (NED). Galaxies
look like fairly typical ETGs and range from round objects to nearly-edge-on lenticulars.

We divide the sample in three groups corresponding to low, intermediate and high
stellar velocity dispersion σ. These are defined by the criteria σ ≤180 km/s, 180 km/s
≤ σ ≤240 km/s, and σ ≥240 km/s respectively, chosen so that each group contains the
same number of objects (13). Values of σ are reported in Table 2.1. Throughout the
thesis, we plot low-, intermediate- and high-σ objects with light grey, dark grey and black
symbols respectively.

Fig.2.3 shows the galaxy distribution on the MB-log10σ plane. In the plot, filled and
open circles correspond to galaxies whoseM(H i) is above and below 108 M� respectively.
The dashed line corresponds to the Faber-Jackson relation LB ∝ σ4 (Faber & Jackson
1976), which galaxies in the sample follow reasonably well. The galaxies deviating the
most from the relation are ESO 092-21 and NGC 7457 below it, and NGC 3998 above it.

Concerning galaxy environment, a general result is that the ETG H i-detection-rate
is higher in the field (e.g., Sadler et al. 2001). Most of the interferometric observations on
which we base our selection are therefore on field targets. This causes our sample to be
biased against high-density environments. In Table 2.1 we characterise the environment
with the quantity ε3, defined as the distance from NED third closest neighbour (see Table
2.1 caption for details). ε3 ranges between 100 kpc and a few Mpc. We also specify the
group/cluster membership reported in the Giuricin et al. (2000) hierarchical catalogue,
which includes all galaxies brighter than B=14 and with recessional velocity v ≤6000
km/s over 2/3 of the sky. More than half of the galaxies are isolated or in small groups.

Since we want to analyse the relation between ETG stellar and H i properties, it is
important to understand whether there are any systematic in the sample. As discussed
above, the available 21-cm interferometry on which our sample-selection is based was
obtained by different authors with different telescopes and on targets selected according
to different criteria. Therefore, our sample is not necessarily representative of the local
ETG population; and it is not homogeneous with respect to noise level, synthesised-
beam size and velocity resolution of the H i observations. On the other hand, our main
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Figure 2.3: Morphological numerical type (top panels) and stellar velocity dispersion σ
(bottom panels) plotted against M(H i) (left) and M(H i)/LB (right) for all galaxies in
the sample. Arrows indicate H i upper limits. Light-grey, dark-grey and black symbols
correspond to low-, intermediate- and high-σ galaxies as defined in the text.

requirement is to cover a wide range of H i properties with no strong bias with respect to
other relevant galaxy properties. We investigate possible biases in Figs.2.3-2.5. Figs. 2.3
and 2.4 show the distribution of M(H i) and M(H i)/LB with respect to morphological
type, σ, B − V colour within the effective radius, and ε3. In all figures the grey scale
corresponds to different σ bins as defined above, and arrows indicate upper limits on the
H i mass (see Table 2.1 for the calculation ofM(H i) upper limit). Each panel in Figs.2.3
and 2.4 is populated quite uniformly. No strong bias is evident in the sample.

Our main interest lies in analysing the relation of ETG stellar populations and kine-
matics to the H i phase. Since, as described in Chapter 1, both these properties vary
systematically with galaxy mass (or σ), it is very important that there is no correlation
between M(H i) and σ within the sample. In this sense, the distribution of galaxies in
the bottom panels of Fig.2.3 is reassuring.

X-ray luminosity LX , molecular-hydrogen mass M(H2) and fine-structure index Σ
are available in the literature for a fraction of our targets (see Table 2.1). In Fig.2.5 we
investigate whether there is any correlation between M(H i) and these properties across
our sample. No strong relation emerges. In detail: LX is mostly related to σ rather than
to M(H i), with more massive galaxies being also X-ray brighter; M(H2) does not follow
M(H i) as far as we can tell from the few available measurements; and galaxies with a
high-level of morphological disturbance do not contain more H i than smoother systems.
Two galaxies of the sample that do not have measured Σ are known to host shells. These
are IC 4200 and NGC 5018 (Malin & Carter 1983), whose M(H i) are 11.5 and 0.9 ×109
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Figure 2.4: B − V colour within the effective radius (top panels) and environment
indicator ε3 (bottom panels) plotted against M(H i) (left) and M(H i)/LB (right) for all
galaxies in the sample. Arrows indicate H i upper limits. Light-grey, dark-grey and black
symbols correspond to low-, intermediate- and high-σ galaxies as defined in the text.

Figure 2.5: M(H i) plotted against LX (left panel), M(H2) (middle) and the fine-
structure index Σ (right) for all galaxies with available measurements. Arrows indicate
upper limits on the plotted quantities (tilted arrows indicate that the coordinates on
both axes are upper limits). Light-grey, dark-grey and black symbols correspond to low-,
intermediate- and high-σ galaxies as defined in the text.
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Figure 2.6: µHI (defined in the text) plot-
ted against M(H i) for all the H i-detected
galaxies in the sample. For comparison, un-
detected galaxies are showed at µHI=-1. Ar-
rows indicate H i upper limits. Light-grey,
dark-grey and black symbols correspond to
low-, intermediate- and high-σ galaxies as
defined in the text.

M� respectively. Even if IC 4200 and NGC 5018 were to have very large Σ values, the
lack of correlation between M(H i) and Σ would remain.

Values of LX are taken from the O’Sullivan et al. (2001) compilation of ROSAT
measurements. Seven of these objects have also been observed more recently with XMM-
Newton or Chandra by different authors. New data give a more accurate result since
they allow the removal of the low-mass X-ray binaries contribution to the total emission.
However, the difference between ROSAT and XMM-Newton/Chandra measurements is
not very large and can be approximated by a shift in log10LX (Athey 2007). Any strong
correlation between M(H i) and LX within the sample should therefore remain visible
using the ROSAT luminosity. For consistency, we make use of O’Sullivan data for all
objects. For the same reason, we neglect the only galaxy of the sample which is not part
of the O’Sullivan et al. (2001) catalogue but has recently been observed with Chandra
(NGC 7052 Diehl & Statler 2007b).

2.3 H i-rich galaxies
Sec.2.1 already alluded to the variety of H i properties within the selected sample. In
this Section we discuss this aspect in more detail by showing the H i distribution around
individual H i-rich galaxies.

As a general remark, and as highlighted by Figs.2.3 and 2.4, the sample covers a
range of M(H i). Because of the HIPASS-based selection of OMSHS07, the southern
sample is limited to the high-mass end of the ETG H i-mass-function. On the contrary,
the northern sample extends towards lower M(H i) values. As noted by OMSHS07, the
typical H i distribution at low masses consists of small clouds scattered around the stel-
lar body. Extended, regularly-rotating structures like the ones that dominate OMSHS07
sample seem more typical of high M(H i) values. Anticipating the discussion of the H i
properties of individual galaxies, we attempt a qualitative classification of galaxies in
the sample on the basis of their H i morphology/kinematics. We introduce the empiri-
cal parameter µHI which roughly quantifies how regular, extended and symmetric with
respect to the stellar body the H i distribution is (taking into account both morphology
and kinematics of the gas). Values of µHI are listed in Table 2.1. We adopt:

• µHI=4: settled disk/ring
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Figure 2.7: ESO 092-21. H i surface-
brightness contours on top of a DSS image
(taken from Chapter 5). Contour levels go
from 0.68 to 5.81×1020 cm−2 with steps
of 1.03×1020 cm−2. The maximum mea-
sured column density is 6.84×1020 cm−2.
The beam is shown in the bottom-left cor-
ner. Its size is 66×57 arcsec2 FWHM with
PA=72 deg.

• µHI=3: disturbed or strongly warped disk/ring
• µHI=2.5: disk/ring + tail/filament(s)
• µHI=2: tail/filament(s)
• µHI=1: cloud(s)
• µHI=0: unresolved

Fig.2.6 shows graphically what stated above (in the figure we plot undetected galaxies
at µHI=–1 for comparison). At lowM(H i) the neutral-hydrogen gas is typically found in
small clouds scattered around the stellar body. On the other hand, high-M(H i) systems
cover a wide range in µHI but tend to be more regular and spread over a large area on
the sky. The reason of this dichotomy is likely the column-density selection implicitly
involved in the H i observation of ETGs. On one hand, gas at column density below a
few times 1019 cm−2 is not detectable. Therefore, less massive H i structures must be
quite compact in order to be detected. On the other hand, an upper limit on the column
density is probably required for a galaxy to be classified as early type. Very dense gas
would likely trigger wide-spread, detectable star formation, and the host galaxy would not
be considered as a regular ETG. Because of this reason, very massive H i systems must
be more extended and should not be found in compact, cloud-like configurations. Such
extended gas distributions would settle on regular configurations within a few orbital
times, so that it is not surprising to find regularly rotating disks or rings among them.

The last part of this chapter is dedicated to the discussion of individual neutral-
hydrogen gas structures in H i-detected galaxies. For this purpose we make use of
(i) published H i-surface-brightness images and position-velocity diagrams, (ii) images
derived from data taken as part of this Ph.D. project and discussed elsewhere in the thesis,
(iii) images constructed directly from published data-cubes provided by the authors.

ESO 092-21 (Fig.2.7)
Despite the severe radio-frequency interference, OMSHS07 detected H i on a large, ex-
tended disk. Deep ATCA follow-up is presented and discussed in detail in Chapter 5,
where we also model the H i kinematics. We show here the total H i image derived from
the new observations. These data confirm that the gas is settled on a regularly rotat-
ing disk ∼50 kpc in diameter (µHI=4). We note that Helmboldt et al. (2005) detected
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Figure 2.8: ESO 140-31. H i surface-
brightness contours on top of a DSS
image (taken from Chapter 5). ESO
140-31 is the galaxy in the centre
of the field. Contour levels go from
0.22 to 5.27×1020 cm−2 with steps
of 0.56×1020 cm−2. The maximum
measured column density is 5.61×1020

cm−2 (2.58×1020 cm−2 if considering
ESO 140-31 emission only). The beam
is shown in the bottom-left corner.
Its size is 78×67 arcsec2 FWHM with
PA=-5 deg. In the figure, we report
next to each detected object the H i
mass in 109 M�.

8.16

0.55

1.27

0.06

0.07

Figure 2.9: ESO 381-47. H i surface-
brightness contours on top of a DSS im-
age (taken from Chapter 5). ESO 381-47 is
the galaxy in the north with very extended
H i emission. Contour levels go from 0.21
to 2.03×1020 cm−2 with steps of 0.23×1020

cm−2. The maximum measured column den-
sity is 2.28×1020 cm−2 (and just below it if
considering ESO 381-47 emission only). The
beam is shown in the bottom-left corner. Its
size is 92×65 arcsec 2 FWHM with PA=8
deg. In the figure, we report next to each
detected object the H i mass in 109 M�.

hundreds of H ii regions with luminosity above 1038erg/s spread over a large fraction of
the H i disk out to large distances from the optical body. Therefore, ESO 092-21 is an
example of a galaxy where, despite the low (but higher than in most of the ETGs) beam-
averaged column-density, gas is locally dense enough to trigger star formation. Another
example of such galaxy is NGC 3108 (Hau et al. 2007). It is not clear whether such star
formation can result in the growth of a massive stellar disk and affect the host-galaxy
optical classification (see discussion in Hau et al. 2007).

ESO 140-31 (Fig.2.8)
This galaxy was also followed-up with a deeper ATCA integration after OMSHS07 de-
tection. New data are presented and discussed in Chapter 5. The total H i image derived
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Figure 2.10: IC 4200. H i surface-
brightness contours on top of a DSS image
(taken from Chapter 3). Contour levels are
(0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, 2.6, 3.2)×1020

cm−2. The maximum column density is
3.32×1020 cm−2. The beam is shown in the
bottom-left corner. Its size is 78×67 arcsec2

FWHM with PA=6.8 deg.

from these new observations shows that ESO 140-31 hosts a nearly-edge-on polar ring
containing 1.6×109 M� of H i and with a diameter of ∼70 kpc (µHI=4). The galaxy lies
in a gas-rich group containing a total of 5.8×109 M� of H i.

ESO 381-47 (Fig.2.9)
This is another galaxy observed with a longer ATCA integration following OMSHS07
detection. New data are presented in Chapter 5 and reveal a warped H i ring with some
anomalous gas at its northern (and possibly southern) edge (µHI=3). The ring contains
8.2×109 M� of H i and extends out to ∼50 kpc from the galaxy centre. We have obtained
higher-resolution, VLA 21-cm data in collaboration with Jennifer Donovan, John Hibbard
and Jacqueline van Gorkom. These new data confirm the result discussed in Chapter 5
and allow us to model the H i kinematics in detail (work in progress). Furthermore, our
GALEX imaging reveals a bright UV ring coincident with the H i-column-density peak.

IC 4200 (Fig.2.10)
A deeper ATCA observation of this galaxy is presented in Chapter 3, where we model
the H i distribution and discuss what the origin of the gaseous system (and of the galaxy)
might be. The H i is found to be rotating on a strongly warped disk containing 1.15×1010

M� of H i and extended out to 60 kpc from the galaxy centre (µHI=3). A companion is
detected north-west of IC 4200 and contains 9.8×108 M� of H i.

IC 4889 (Fig.2.11)
H i is detected in a fairly regular but poorly sampled configuration and rotates with
kinematical major axis at PA∼40 deg (see position-velocity diagram). The total H i
mass is of 1.4×109 M� and is spread out to ∼25 kpc from the galaxy centre. Assuming
coplanar circular gas orbits, the H i disk is strongly tilted with respect to the optical
morphology. However, OMSHS07 suggested that the gas may be rotating on a warped
disk. The available data do not allow a firm statement about to which level the H i is
settled (µHI=3).

NGC 1490 (Fig.2.12)
OMSHS07 detected 7.4×109 M� of H i distributed in a number of clouds at 100 to 300
kpc from the optical body but with velocities similar to systemic. Deep imaging reveals
that the most massive of these clouds is associated with a low-surface-brightness optical
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Figure 2.11: IC 4889. Left panel: H i surface-brightness contours on top of a DSS image
(constructed with OMSHS07 data). Contour levels go from 2.0 to 10.0×1019 cm−2 with
steps of 1.6×1019 cm−2. The beam is shown in the bottom-left corner. Its size is 134×103
arcsec2 FWHM with PA=-16 deg. Right panel: position-velocity diagram along PA=40
deg (also from OMSHS07 data). East is to the right.

Figure 2.12: NGC 1490.
H i surface-brightness con-
tours on top of a DSS im-
age (taken from OMSHS07).
Contour levels are 2, 4, 8 and
16×1019 cm−2. The beam is
shown in the bottom-left cor-
ner. Its size is 83×53 arcsec2

FWHM with PA=-18 deg.
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Figure 2.13: NGC 1947. Left panel: H i surface-brightness contours on top of a DSS
image (taken from Oosterloo et al. 2002). Contour levels start at 2.4×1019 cm−2 and
increase with increment of 4.7×1020 cm−2. The beam has axes of 55 and 52 arcsec
FWHM with PA=5 deg. Right panel: position-velocity diagram along PA=90 deg (also
from Oosterloo et al. 2002). Contour levels are -1.2, 1.2, 2.4 and 3.6 mJy/beam and the
negative contour is dashed. East is to the left.

counterpart. Nevertheless, at least a few times 109 M� of H i do not have an identified
optical counterpart and can be associated with NGC 1490 (µHI=1).

NGC 1947 (Fig.2.13)
Oosterloo et al. (2002) described a 1.4×108 M�, slightly warped H i disk ∼10 kpc in
radius and whose inner component is aligned to the central dust lane (µHI=4). The PA
of the kinematical major axis seems to be diminishing from 130 to about 90 deg as the
radius increases (see position-velocity diagram along PA=90 deg). This can also be seen
from the outer H i column-density contours.

NGC 2534 (Fig.2.14)
Dĳkstra (1999) detected a 7.6×108 M� H i-tail originating from the stellar body of this
dust-lane galaxy and making half a circle on the sky. H i is found out to ∼30 kpc from the
galaxy centre. The H i closer to the galaxy might be regularly rotating with line-of-sight-
projected rotational velocity of 200 km/s (see position-velocity diagram). If this is the
case, the rotation is not spatially resolved and we cannot tell which side is receding and
which approaching. This leaves open the possibility that the tail is connected in velocity
to the inner H i at its north-west end. Furthermore, starting from there, the projected
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Figure 2.14: NGC 2534. Left panel: H i surface-brightness contours on top of a DSS
image (taken from Dĳkstra 1999). Contour levels are 1.0, 2.0, 2.9, 3.9, 4.9, 7.3, 9.8, 12.2
×1019 cm−2. The beam is shown in the bottom-left corner. Its size is 68×48 arcsec2

FWHM with PA=90 deg. Right panel: position-velocity diagram along PA=125 deg
obtained by adding together three parallel diagrams. West is to the right. The zero on
the horizontal axis corresponds to the stellar body of NGC 2534. Contour levels are -2,
-1, 1, 2, 4, 6, 8, 10 and 12 mJy/beam. Negative contours are dashed.

velocity decreases by 100 km/s when moving along the tail towards its westernmost
extension, and finally raises back when reaching the southern tail end (µHI=2).

NGC 2768 (Fig.2.15)
Morganti et al. (2006) detected 1.8×108 M� of H i distributed in clumps mostly 20-30
kpc north of the stellar body (µHI=1). The recessional velocity of the H i is consistent
with the one of the host galaxy. H i is detected in the range ∼1400-1630 km/s while the
systemic velocity of the galaxy is 1359 km/s.

NGC 2810 (Fig.2.16)
A partial ring of 7.2×108 M� is detected by Dĳkstra (1999). The gas is rotating with pro-
jected velocity of about 200 km/s when seen along an axis of PA=135 deg (see position-
velocity diagram) (µHI=3). The ring has diameter of ∼50 kpc.

NGC 3108 (Fig.2.17)
A regularly rotating H i-disk of 2.7×109 M� and 60 kpc in diameter is detected by
Oosterloo et al. (2002). The H i has kinematical major axis at PA∼120 deg and rotates
at about 300 km/s (see position-velocity diagram). The lack of maximum-velocity gas in
the centre argues for the presence of a central 1-arcmin-wide hole in the H i distribution
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Figure 2.15: NGC 2768. H i surface-
brightness contours on top of a DSS im-
age (constructed with Morganti et al. 2006
data). Contour levels are 0.8, 2.5, 4.2, 10.8
×1019 cm−2. The beam is visible in the
bottom-left corner. Its size is 60×56 arcsec2

FWHM with PA=0 deg.

Figure 2.16: NGC 2810. Left panel: H i surface-brightness contours on top of a
DSS image (taken from Dĳkstra 1999). Contour levels are 0.6, 1.5, 2.4, 3.6, 4.8, 6.0,
7.3 and 8.5 ×1019 cm−2. The beam has axes of 64 and 48 arcsec FWHM with PA=40
deg. Right panel: integrated position-velocity diagram obtained from 7 parallel diagrams
made at PA=135 deg (also from Dĳkstra 1999). Contour levels are -2, -1, 1, 2, 4, 6 and
8 mJy/beam and negative contours are dashed. North is to the right.
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Figure 2.17: NGC 3108. Left panel: H i surface-brightness contours on top of a DSS
image (taken from Oosterloo et al. 2002). Contour levels start at 2.9×1019 cm−2 and
increase with increment of 2.9×1020 cm−2. The beam size is 135×57 arcsec2 FWHM
with PA=7 deg. Right panel: position-velocity diagram along PA=109 deg (also from
Oosterloo et al. 2002). Contour levels go from -2.7 to 13.5 mJy/beam with steps of 1.35
mJy/beam excluding the zero contour. West is to the right.

(µHI=4). This galaxy is studied by Hau et al. (2007), who found extended Hα distribution
coinciding with the H i disk.

NGC 3998 (Fig.2.18)
Knapp et al. (1985b) reported a polar (or nearly polar) ring of 3.0×108 M� and 11 kpc
in radius. The gas rotates fairly regularly at about 260 km/s (projected) while the H i
morphology is slightly disturbed (µHI=4). The galaxy was observed also by Verheĳen
& Zwaan (2001), from which we take the total H i image and from whose data-cube we
build the position-velocity diagram showed in the figure. This is taken at PA∼70 deg
and shows both NGC 3998 and the westernmost galaxy in the image NGC 3972.

NGC 4026 (Fig.2.19)
Verheĳen & Zwaan (2001) reported 2.2×109 M� of H i evenly split between a regularly
rotating edge-on ring with rotation of ∼200 km/s, and a 60-kpc-long filament parallel
to the stellar disk but offset from it (µHI=2.5). Although they are detected at similar
velocities, the ring and filament are not obviously connected. The northern edge of the
filament is at a velocity close to the one of the northern edge of the ring. The line-of-
sight H i velocity increases towards the systemic of the ring when moving south along
the filament.

NGC 4125 (Fig.2.20)
Rupen et al. (2001) reported the detection of 2.7×107 M� of H i distributed in a few
scattered clouds at the south-west edge of the stellar body. The recessional velocity of
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Figure 2.18: NGC 3998. Left panel: H i surface-brightness contours on top of a DSS
40×37 arcmin2 image (taken from Verheĳen & Zwaan 2001). NGC 3998 is the H i-rich
galaxy in the centre of the field. Contour levels are 2 ×1019 cm−2 ×2n. The beam size is
45 arcsec FWHM. Right panel: position-velocity diagram constructed from the Verheĳen
& Zwaan (2001) data-cube along PA∼70 deg. East is to the left. NGC 3998 is the galaxy
at offset=0 arcmin.

the clouds is consistent with the stellar one (µHI=1).

NGC 4278 (Fig.2.21)
Morganti et al. (2006) reported 6.9×108 M� of H i distributed on a regular disc and two
faint tail-like structures. They also found that the H i is not in coplanar, circular orbits,
but its structure is more complicated. This can be seen in the position-velocity diagram.
The projected rotation in the inner region peaks just above 200 km/s (µHI=2.5). The
diagram also shows how the western tail is well connected to NGC 4278 in velocity.

NGC 4406 (Fig.2.22)
The galaxy is a giant elliptical in Virgo. Li & van Gorkom (2001) showed that the
8.3×107 M� of H i are distributed in a cloud at the south edge of the stellar body at a
velocity close to the stellar systemic (µHI=1).

NGC 4472 (Fig.2.23)
McNamara et al. (1994) reported 4.5×107 M� of H i in a cloud between the galaxy
and its south-east dwarf companion UGC 7636 (µHI=1). The cloud lies ∼3 arcmin (15
kpc) south-east of NGC 4472. The cloud is elongated towards NGC 4472 and makes a
bridge between it and the companion both on the sky and in line-of-sight velocity. This,
together with the optical appearance of the dwarf galaxy, made them conclude that an
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Figure 2.19: NGC 4026. Left panel: H i surface-brightness contours on top of a DSS
38×38 arcmin2 image (taken from Verheĳen & Zwaan 2001). NGC 4026 is the nearly
edge-on galaxy to the east (left). Contour levels are 2×1019 cm−2 ×2n. The beam size
is 45 arcsec FWHM. Right panel: position-velocity diagram of NGC 4026 H i ring along
PA=0 deg extracted from the Verheĳen & Zwaan (2001) data-cube. South is to the left.

Figure 2.20: NGC 4125. H i surface-
brightness contours on top of a DSS 7.3×6.9
arcmin2 image (taken from Rupen et al.
2001). Contour levels are 2×1019 cm−2 ×2n.
The beam size is 24×23 arcsec2 FWHM.
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Figure 2.21: NGC 4278. Left panel: H i surface-brightness contours on top of a DSS
image (taken from Morganti et al. 2006). Contour levels are 1, 2, 4, 8, 16 and 32×1019

cm−2. The maximum column density associated with NGC 4278 is 20×1019 cm−2. The
beam is visible on the bottom-left corner. It has axes of 44 and 26 arcsec FWHM with
PA=0 deg. Right panel: Position-velocity diagram along PA=63 deg (also from the
Morganti et al. 2006 data). East is to the left.

Figure 2.22: NGC 4406. H i surface-
brightness contours on top of a DSS 27×23
arcmin2 image (taken from Li & van Gorkom
2001). Contour levels are 2×1019 cm−2 ×2n.
The beam size is 58×48 arcsec2 FWHM.
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Figure 2.23: NGC 4472. H i surface-brightness contours on a ∼8.5×6 arcmin2 field
(taken from McNamara et al. 1994). Contour levels are -3, -2, 2, 3, 4, 5, 7, 9, 11, 13
and 153×σ where σ=4.7 mJy/beam. Negative contours are dashed. The beam size is 60
arcsec FWHM. NGC 4472 lies ∼3 arcmin north-west of the peak of the H i emission.

interaction between the two galaxies is occurring, and that the H i cloud is a residual of
such interaction.

NGC 5018 (Fig.2.24)
Kim et al. (1988) observations revealed an H i-rich environment with a 200-kpc-long
filament of gas stretching across the stellar body of NGC 5018. The filament connects
NGC 5022 (which lies to the east of our target) to a smaller companion to the west of
NGC 5018. On the basis of the line-of-sight velocity of the H i, they estimated that
9.4×108 M� of neutral hydrogen are associated with the galaxy (µHI=2). We take the
total H i image from the Rogues gallery of Hibbard et al. (2001).

NGC 5173 (Fig.2.25)
Knapp & Raimond (1984) detected 1.6×109 M� of H i distributed on a regular disk
∼30 kpc in diameter and with kinematical major axis at PA=125 deg. The H i seems to
rotate at about 100 km/s. However, Dĳkstra (1999) pointed out the irregular appearance
of the H i velocity structure (e.g., a velocity gradient is found along PA=30 deg). The
gas might be unsettled or two different structures perpendicular to each other might be
coexisting. A strong warp might also explain the observations, which are too coarse to
distinguish between the various options (µHI=3).

NGC 5903 (Fig.2.26)
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Figure 2.24: NGC 5018. H i surface-
brightness contours on top of a DSS 28×26
arcmin2 image (taken from Hibbard et al.
2001). NGC 5018 is the galaxy in the centre
of the field. Contour levels are 3×1019 cm−2

×2n. The beam size is 60 arcsec FWHM.

Figure 2.25: NGC 5173. H i surface-
brightness contours on top of a DSS image
(taken from Dĳkstra 1999). Contour levels
are 1.0, 5.2, 10.4, 20.7, 31.1, 41.5, 82.9, 129.6
and 155.5×1019 cm−2. The beam is visible
in the bottom-left corner. It has axes of 48
and 43 arcsec FWHM with PA=-60 deg.

Appleton et al. (1990) presented 21 cm data for this galaxy. They estimated that 9.1×108

M� of H i are directly associated with the stellar body, while about twice as much is
in two filaments (µHI=2). These are to the north and the south of the stellar body and
both roughly extend in the south-north direction for a total of more than 100 kpc. The
south filament has lower velocity than the north one and the galaxy velocity is just in
between. The H i within the stellar body is distributed along the optical minor axis of
the galaxy (PA∼75 deg) with lower velocities on the east side. The kinematics is very
disturbed and overall the H i does not seem to be in equilibrium.

NGC 7332 (Fig.2.27)
Morganti et al. (2006) detected a cloud of 6×106 M� of H i ∼14 kpc to the east of the
optical body, between NGC 7332 and the companion galaxy NGC 7339 (µHI=1). The
H i is not clearly associated with the galaxy but its velocity is consistent with that of
both systems.

NGC 7619 (Fig.2.28)
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Figure 2.26: NGC 5903. H i surface-
brightness contours on top of an optical-
plate print (taken from Appleton et al.
1990). Contour levels are 0.6, 1.2, 1.7, 2.3,
2.9, 3.5, 4.1, 4.7 and 5.2×1020 cm−2. The
beam is shown in the top-right corner. Its
size is 46×45 arcsec2.

Figure 2.27: NGC 7332. H i surface-brightness contours on top of a DSS image (taken
from Morganti et al. 2006). NGC 7332 is the galaxy to the west (right). The companion
is NGC 7339. Contour levels are 1, 2, 4, 8, 16, 32 and 64×1019 cm−2. The beam is
visible on the bottom-left corner. It has axes of 48 and 23 arcsec FWHM with PA=0
deg.
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Figure 2.28: NGC 7619. Chan-
nel maps of the H i detection
(taken from Dĳkstra 1999). The
cross marks the position of NGC
7619. Contour levels are -2
(dashed), 2, 3 and 3.5×σ, where
σ=0.20 mJy/beam. The beam is
visible on the bottom-left corner.
It has axes of 54 and 49 arcsec
FWHM with PA=1 deg.

The H i detection reported in Dĳkstra (1999) is at a 3.5 σ level and is not resolved either
in space or velocity. Its position and velocity correspond to the one of NGC 7619.

2.4 Summary
We have presented the sample selected for studying the relation between ETG stellar
population, kinematics and H i properties. We have discussed the sample selection on
the basis of published 21-cm interferometric observations. The sample is biased against
high-density galaxy environments. We have shown that there are no systematic variations
in M(H i) with respect to other relevant galaxy properties. In particular, the sample
populates uniformly theM(H i)-σ andM(H i)/LB-σ plane. This is very important since
ETG stellar populations and kinematics, whose relation to the H i phase we want to
address, are known to vary systematically with σ. The sample is therefore suitable to
carry out such investigation.

Finally, we have discussed the neutral-hydrogen properties of H i-rich galaxies in
the sample as a whole, and the H i distribution around individual objects. In doing
so we have made use of published data or, in a few cases, new data. The latter are
presented and discussed in more detail in Chapters 3 (IC 4200) and 5 (ESO 092-21, ESO
140-31 and ESO 381-47). A wide range of H i morphology and kinematics is covered,
going from very extended and regularly-rotating disks or rings to clumps of gas scattered
around the stellar body. The former are typical of high M(H i) values, while the latter
are characteristic of H i masses below 108 M�. In following chapters we investigate the
connection of these properties to stellar populations and kinematics as well as ionised-gas
properties derived from optical long-slit spectroscopy.



Chapter 3
The case of IC 4200: stellar, H i and
ionised gas content and kinematics

Based on Serra P., Trager, S. C., van der Hulst, J. M., Oosterloo, T. A., Morganti R.
2006, A&A, 453, 493

In this chapter we present the result of optical imaging, long-slit spectroscopy and radio
observations of the galaxy IC 4200. This is the first galaxy of the sample for which

we obtained both optical and radio data. Our aim is to show the type of analysis applied
in following chapters to all galaxies of the sample and stress its potential for unveiling
early-type galaxy (ETG) formation history. The main observational results are∗ a very
massive (8.5×109 M�) and extended (∼60 kpc) H i warped disk around the stellar body,
an intermediate-age stellar population ∼1.5 Gyr old in the centre of the galaxy, optical
shells, and diffuse ionised gas kinematically decoupled from the stars and characterised
by LINER-like line ratios. The combination of these results strongly suggests that IC
4200 formed between 1 and 3 Gyr ago as a result of a major merger rather than by gas
accretion from the IGM or accretion of a satellite galaxy.

Already at this stage, we caution that the stellar-population result depends critically
on the method used to remove ionised-gas emission-line contamination from the observed
spectrum. In Chapter 4 we will see that IC 4200 stellar population does not appear as
young when adopting a different, possibly more accurate method. At various points
throughout this chapter we will remind the reader of this important caveat.

The chapter is structured as follows: in Sec.3.1 the general properties of IC 4200 are
discussed; in Secc.3.2-3.4 radio, optical spectroscopy and optical imaging observations
and data reduction are described; the results of these observations are presented in
∗ Note that IC 4200 distance d adopted in Serra et al. (2006), and used in this chapter (see Table 3.1),

is slightly smaller than the one given in Table 2.1. Depending on whether a quantity scales with
d (e.g., radius, dark-matter halo mass) or d2 (e.g., H i mass), its value reported here is therefore
in excess by a factor 1.16 and 1.34, respectively, with respect to what would be obtained with the
distance in Table 2.1, which we adopt throughout the rest of the thesis. This difference does not
affect the discussion presented in this chapter.
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Table 3.1: General properties of IC 4200

RA (J2000) 13h 09m 34.7s c
Dec (J2000) –51d 58m 07s c

type S0 b
stellar heliocentric velocity 3850 km/s a
H i heliocentric velocity 3890 km/s a

z 0.0132
distance 55 Mpc

angular scale 16 kpc/arcmin
MB –21.33 c
LB 5.30×1010L�

σstars,centre 240 km/s a
M(H i) 8.54×109M� a
F60µm 0.17 Jy d
F1.4GHz 11.5 mJy a

References: (a) this work, (b) de Vaucouleurs et al. (1991), (c) HyperLeda, (d) Thronson
et al. (1989).

Sec.3.5; a discussion of the global picture that we derive from these results is given in
Sec.3.6; and final conclusions are drawn in Sec.3.7. Appendixes 3.A and 3.B give details
of the calibration of the absorption line-strength indices used in the stellar population
analysis. Appendix 3.C contains two tables that give informations on the kinematics of
stars and ionised gas and on the line-strength indices across the galaxy. The tables are
available electronically at the Centre de Données astronomiques de Strasbourg (CDS).

3.1 Basic Properties of IC 4200
Table 3.1 summarises the main properties of IC 4200. The galaxy is a high-luminosity S0.
Its heliocentric stellar systemic velocity derived from our optical long-slit spectroscopy
is 3850 km/s, which corresponds to a distance of 55 Mpc and a scale of 16 kpc/arcmin
∗. The heliocentric systemic velocity of the H i gas is ∼ 3890 km/s †.

IC 4200 was first detected in H i by the HIPASS‡ survey (Meyer et al. 2004). H i
emission was measured in the velocity range 3647-4129 km/s resulting in a total flux
of 13.3 Jy×km/s within a beam of 14.3 arcmin FWHM (230 kpc). This detection was
confirmed by Oosterloo et al. (2007b) with the ATCA (Australian Telescope Compact Ar-
ray), as a part of follow-up observations of ∼40 early-type galaxies detected by HIPASS.
To establish how many of these detections are caused by confusion with independent gas
clouds, they observed each galaxy for three hours. They found that in roughly half of
the cases H i gas is associated to the early-type galaxy. IC 4200 is one of these: a very
extended gas disk was observed around the stellar body and its H i mass was estimated
∗ H0 is assumed to be 70 km s−1 Mpc−1 throughout this chapter.
† This is the systemic velocity of the gas model that reproduces our 21-cm wavelength observations;

the model is described in Sec.3.5.1.
‡ H i Parkes All Sky Survey.
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Table 3.2: ATCA configurations

Baselines
Dates Configuration range(m) Integration

5,6 March 2004 750A 77-735 2×12 h
11 April 2004 EW367 46-367 12 h

as 5.9×109 M�. On the basis of these observations, we included IC 4200 in our sample
for the study of the relation between stellar and H i properties in early-type galaxies.

We characterised the environment of IC 4200 by looking for extragalactic objects
within 100 arcmin (∼1.6 Mpc at this redshift) and 300 km/s from the galaxy; for this
search we used the Nasa Extragalactic Database (NED). The only object with measured
redshift that we found is ESO 219-20, an Sc galaxy at a projected distance of 83 arcmin
(1.3 Mpc) from IC 4200 and at a velocity of 3958 km/s. Within 20 arcmin (320 kpc), we
found eleven sources without measured redshift, ten of which appear only in the catalogue
of 2MASS∗ detections. All of them have small optical size compared to IC 4200. Using
the H i image derived from our radio observations (Sec.3.2.2), we found that only one
of the 2MASS objects, 2MASX J13090029–5153544, contains detectable atomic gas at
the same velocity of IC 4200: this is an Sc galaxy 6.8 arcmin (110 kpc) northwest of IC
4200 and is the closest object to our target. In addition, our H i image shows two more
sources at ∼3900 km/s. These are 15 and 17 arcmin (240 and 270 kpc) distant from IC
4200, but we could not identify their optical counterparts with the available catalogues
and DSS† images. Although we cannot conclude that IC 4200 is an isolated galaxy, it
appears that the few possible nearby galaxies are much less massive than IC 4200 itself.

IC 4200 has been observed by many authors at different wavelengths. Malin & Carter
(1983) included it in their catalogue of shell galaxies identified by un-sharp masking.
According to these authors, shells are observable in the southern part of the galaxy optical
image. Carter et al. (1988) followed up this study by observing the optical spectra of a
large fraction of the shell galaxies. They measured intense [O ii]emission in the spectrum
of IC 4200.

UBV RI aperture photometry was obtained by Winkler (1997) as a part of his study
of a sample of Seyfert galaxies. Within a 20-arcsec-diameter aperture IC 4200 was found
to have V=13.82, U − B=0.77, B − V=1.33 and V − R=0.78 before correction for the
galactic extinction E(B − V )=0.30.

Thronson et al. (1989) studied the mid- and far-infrared emission from early-type shell
galaxies; they measured a flux density of (170± 30) mJy at 60 µm from IC 4200. A flux
density of 0.24 Jy was measured at 100 µm but this measure was flagged as questionable.
Finally, IC 4200 has not been detected by any X-ray survey.

∗ 2 Micron All Sky Survey.
† Digitised Sky Survey.
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Table 3.3: ATCA observations

Centre RA (J2000) 13:09:34.70
Centre Dec (J2000) –51:58:07.0

Frequency 1402 MHz
Bandwidth 16 MHz

Number of channels 512
Velocity resolution1 13 km/s

21-cm emission (natural weighting)
Synthesised beam 78"×67”

PA=6.8 deg
RMS noise 0.9 mJy/beam

Maximum signal 10.5 mJy/beam

1.4 GHz continuum (robust=0.5)
Synthesised beam 68"×59”

PA=5.3 deg
RMS noise 0.24 mJy/beam

Maximum signal 37.21 mJy/beam

(1) After Hanning smoothing.

3.2 Radio interferometry
3.2.1 Observations
To study the morphology and kinematics of the H i gas around IC 4200, radio observa-
tions were carried out with the ATCA in March and April 2004. Our aim is to obtain
resolution high enough to study the velocity structure of the gas, as well as to detect
faint extended emission. To achieve this, the galaxy was observed for 3×12 h combining
the configurations 750A (2×12 h) and the very compact EW367 (12 h). Details of the
observations can be found in Table 3.2 and 3.3.

In all three 12-h observing runs, we used a 16-MHz bandwidth with 512 channels
centred on a frequency of 1402 MHz. PKS 0823–500 and PKS 1934–638 were observed
respectively at the beginning and end of each run to determine the bandpass and the
flux-density scale; gain changes were monitored by observing the secondary calibrator
PKS 1215–457 for 3 minutes for every 40 minutes integration on IC 4200.

Data were reduced using MIRAD software (Sault et al. 1995) in a standard way.
1.4 GHz continuum and 21-cm emission line were separated by continuum linear fitting
through the line-free channels in the UV plane.

3.2.2 H i
The final H i-emission data cube was obtained by combining the continuum-free data
from each run and inverting with natural weighting to maximise the sensitivity to low-
column-density, extended regions. Hanning smoothing was applied resulting in a velocity
resolution of 13 km/s. The cube consists of 110 7-km/s-wide channels and is characterised
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by a rms noise of ∼0.9 mJy/beam in each channel. The beam has axes of 78 and 67
arcsec (PA=6.8 deg) which at the redshift of IC 4200 correspond to 20.8 and 17.8 kpc
respectively.

H i gas is detected around IC 4200 in the velocity range 3590-4130 km/s, consistent
with HIPASS detection except for very faint emission at the lower velocities. 21-cm line
emission is detected also NW of IC 4200 between 3670 and 3900 km/s; the latter is
associated to the 6.8 arcmin (110 kpc) distant galaxy 2MASX J13090029-5153544, which
we will call IC 4200-A∗.

The total H i image was obtained from a masked version of the data cube; the mask
was built to select pixels above 3 σ in either the 60-arcsec or the 180-arcsec smoothed
versions of the data cube and above 2 σ in the original cube. The H i masses detected
around IC 4200 and IC 4200-A are respectively 8.54×109M� and 7.3×108 M� and extend
out to 60 kpc and 22 kpc from their centres. As mentioned in Sec.3.1, less massive H i
systems without any visible optical counterpart are detected in the same velocity range
∼17 arcmin (270 kpc) south and ∼15 arcmin (240 kpc) west of IC 4200. The H i masses
of these systems are 1.5 and 1.7 × 108 M�.

3.2.3 Continuum
The 1.4-GHz continuum image was made by combining the 21-cm emission-free data
from each observing run and inverting them with robust=0.5 (for details on the robust
parameter see Briggs 1995). The beam of the image has axes of 68 and 59 arcsec (PA=5.3
deg). The rms noise is of 0.24 mJy/beam. A flux density of 11.5 mJy is detected within
one beam centred on IC 4200. IC 4200-A is also detected at a 6 σ level, with a total
unresolved flux of 1.5 mJy.

3.3 Optical Spectroscopy

3.3.1 Observations
Long-slit spectroscopy of IC 4200 was carried out on 12 July 2004 at ESO La Silla
Observatory using EMMI mounted on the NTT. The main purpose of these observations
is to study the stellar content and kinematics of the galaxy. To achieve this target our
spectra cover the range 4000 to 7000 Å with dispersion 1.66 Å/pixel (with 2×2 binning)
and resolution of ∼5 Å. Observational details can be found in Table 3.4.

The time spent on the galaxy was divided between two perpendicular slit positions
along the optical major and minor axes (respectively at PA=150 and 60 deg). Because
of bad weather, the total exposure times are 3×1350 sec along the major axis and only
2×1350 sec along minor axis. The galaxy was observed through a 1-arcsec-wide and
8-arcmin-long slit with an average seeing of ∼1.7 arcsec. During the same observing
run, we observed the spectra of 3 spectrophotometric standard stars for flux calibration
purposes through a 5-arcsec-wide slit: the observed stars are EG 21, LTT 4816 and LTT
6248. Eight more stars (which we will call Lick/IDS stars) were observed through the
1-arcsec-wide slit to calibrate our line-strength indices to the Lick/IDS system (Worthey

∗ As mentioned in Sec.3.1, 2MASX J13090029–5153544 appears only in the catalogue of the 2MASS
survey and is the closest object to IC 4200.
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Table 3.4: EMMI long-slit spectroscopy

Date 12 July 2004
Period ESO-073.A

Telescope NTT(3.6 m)
Instrument EMMI (red arm)

Dispersing medium Grism 5
Spectral range 3800-7020 Å
Dispersion 1.66 Å/pixel
Resolution 5 Å FWHM
Detector 2× 2048× 4096 MIT/LL CCD
Binning 2×2
Gain 1.32 e−/ADU

Read-out-noise 3.825 e−
Scale 0.332 arcsec/pixel

Slit length 8 arcmin
Slit width 1 and 5 arcsec

Dispersion, scale, gain and RON refer to 2×2 binning.

Table 3.5: Lick/IDS stars

Star Spectral Stellar Exposure
Type Library Time (sec)

HD 114113 K3III INDO-US 42
HD 124850 F7IV MILES, INDO-US 40
HD 125454 G8III INDO-US,Lick/IDS 120
HD 126218 K0III MILES 120
HD 131977 K4V MILES,Lick/IDS 240
HD 137052 F5IV INDO-US 120
HD 138716 K1IV INDO-US 120
HD 139446 G8III/IV MILES,INDO-US 130

et al. 1994) in order to study the stellar populations; Table 3.5 lists the stars with their
spectral type and exposure times.

Data were reduced using a variety of suitable programs written by Daniel Kelson,
Scott Trager and myself in the Python programming language. Reduction was performed
in a standard way. The rms of the wavelength calibration of the frames is on average
0.05 Å and never exceeds 0.1 Å. Sky emission was modelled and subtracted before re-
binning the frames to correct for distortion and wavelength calibration; this allows one
to better sample the sky-line profiles by exploiting the distortion and therefore reduces
the residuals at the line edges (Kelson 2003).

One-dimensional spectra of the calibration stars were extracted. A flux calibra-
tion curve was derived from the spectrophotometric standard stars and applied to the
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Table 3.6: Lick/IDS index definitions 1

Index Index band Blue continuum Red continuum

Hβ 4847.875 4827.875 4876.625
4876.625 4847.875 4891.625

Mgb 5160.125 5142.625 5191.375
5192.625 5161.375 5206.375

Fe5270 5245.650 5233.150 5285.650
5285.650 5248.150 5318.150

Fe5335 5312.125 5304.625 5353.375
5352.125 5315.875 5363.375

HγA 4319.750 4283.500 4367.250
4363.500 4319.750 4419.750

HδA 4083.500 4041.600 4128.500
4122.250 4079.750 4161.000

HγF 4331.250 4283.500 4354.750
4352.250 4319.750 4384.750

HδF 4091.000 4057.250 4114.750
4112.250 4088.500 4137.250

(1) Wavelengths are in angstroms.

Table 3.7: Calibration onto the Lick/IDS system

Index Slope (m) Intercept (q) χ2

Hβ 1.05 –0.23 1.7
Mgb 1.15 –0.16 12.6

Fe5270 1.03 –0.12 22.7
Fe5335 0.77 0.40 0.8
HγA 1.08 –1.45 7.5
HδA 1.03 –1.09 1.4
HγF 1.00 –0.51 3.3
HδF 1.05 –0.45 2.5

The measured value of a given index i is: imeas = m · iref + q, where iref is the value on
the Lick/IDS system.
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Figure 3.1: Central spectrum
B80 of IC 4200 along the optical
major axis in arbitrary flux units.
Ionised gas emission lines and the
main stellar absorption features
are highlighted.
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Lick/IDS stars. The latter were then used to calibrate the measured line-strength indices
to the Lick/IDS system. Each index was calibrated by determining the linear relation
between its measured value and the one on the Lick/IDS system (see Appendix 3.A for
details). To efficiently disentangle age from metallicity in the spectrum of the galaxy,
we use the indices Hβ, Mgb, Fe5270 and Fe5335. We test the result against indices of
higher-order Balmer-lines: HγA, HδA, HγF, and HδF, defined in Worthey & Ottaviani
(1997). The definition of all used indices is reported in Table 3.6. Table 3.7 contains the
coefficients of the relations that calibrate these indices to the Lick/IDS system.

The flux calibration was finally applied to the two-dimensional spectra along the
major and minor axes of IC 4200. Any information of interest can be derived from these
calibrated 2D spectra as a function of the radial coordinate. To do so we built 1D spectral
bins of appropriate S/N. Higher S/N is needed for line-strength indices measurement than
for kinematics analysis in order to obtain reasonable errors; therefore, we extracted bins
of S/N∼30/pixel and of S/N∼80/pixel at 5000 Å for these two different purposes. In the
rest of the paper low- and high-S/N 1D bins will be referred to as B30’s and B80’s.

3.3.2 Disentangling stars from ionised gas
Fig.3.1 shows the central B80 along the major axis. [O i], [O iii]λ5007, [N ii]λ6583, Hα and
[S ii] emission lines are easily recognised and the Hβ absorption feature is completely filled
by emission; even Hγ absorption is contaminated by the ionised gas. The same features
are observed in all the B80’s. On one hand emission lines enable us to study the physical
processes and kinematics of the gas within the stellar body. However, they make the
stellar population analysis more complicated by contaminating or even hiding important
absorption features (e.g. Hβ, crucial for determining the age of stellar populations).
Before measuring line-strength indices from the B80’s it is therefore necessary to remove
the ionised gas emission from these spectra. We separate gas and stellar spectra also
along the B30’s to study the kinematics of the gas and of the stars separately.

To disentangle the ionised gas and the stellar contribution to the spectrum of IC
4200, we fit Bruzual & Charlot (2003; hereafter BC03) single-burst stellar population
(SSP) synthesis models to the B80’s and B30’s in their emission-free wavelength ranges.
We use the high-resolution (3 Å) models built with the Padova 1994-isochrones and
a Salpeter IMF, selecting metallicities Z=0.004, 0.008, 0.02, 0.05 (Z�=0.02) and ages
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between 1 and 20 Gyr, evenly spaced in logarithmic steps of 0.1. We apply the direct
fitting method described in Kelson et al. (2000). In this method the SSP model spectra,
smoothed to the instrumental resolution of our data, are convolved with a parameterised
line-of-sight velocity distribution (LOSVD); this is assumed to be a Gaussian and has
two free parameters, the velocity v and the velocity dispersion σ. Continuum matching
is obtained by an additive and a multiplicative correction of the model spectra, both
dependent on wavelength via polynomial functions. The former is necessary because
the overall shape of the galaxy spectrum might be not well represented by the models;
the latter removes any mismatch caused by the instrumental response and provides the
necessary normalisation. We have tested the effect of using the additive correction during
the fitting procedure. We found that while applying this correction gives a better quality
of the fit, it does not change the best fitting spectrum within 1.5 σ at any wavelength.

A best fitting SSP model Mk is associated to each bin Bk. To separate gas emission
from the underlying stellar absorption spectrum we use the technique described in Em-
sellem et al. (2002). The residual Gk = Bk −Mk represents an estimate to the emission
from ionised gas. We then build a model emission spectrum G̃k by fitting each emission
line in Gk with a Gaussian curve. The model emission spectrum is finally subtracted
from the original bin, leaving us with a pure stellar absorption spectrum Sk = Bk − G̃k.

As already mentioned at the beginning of this chapter, we note that we adopt a
different emission-line subtraction method in Chapter 4, where we present long-slit spec-
troscopy of all galaxies in the sample. There we use GANDALF, a software created and
provided by the SAURON team (Sarzi et al. 2006). The method is different from the
one employed here as it finds the best-fitting combination of SSP models rather than the
best SSP model. Furthermore, it fits Gaussian curves to the ionised-gas emission lines
simultaneously and not after the fit of the stellar component. GANDALF is described
in some more detail in Chapter 4. Being significantly different, the two methods do not
necessairily give the same result, and they definitely do not do so in the case of IC 4200.
In the rest of this chapter we analyse clean stellar-spectrum and ionsed-gas emission-lines
as derived using the method discussed above. However, when necessary, we will remind
the reader of the difference between the results obtained here and with GANDALF, and
of the implications for our conclusions.

As a part of the fitting procedure of the B30’s we obtain the stellar LOSVD along the
two axis. Furthermore, ionised gas velocities are determined from the central wavelengths
of the single-Gaussian fit to the emission lines performed to build the G̃30’s. Finally, we
use the flux of the ionised gas emission lines – measured when modelling the G80’s –
to examine the ionisation mechanism in the galaxy. Informations on the stellar and
ionised-gas kinematics along the B30’s are listed in Table 3.13.

3.3.3 Absorption-line indices
We use the S80’s to study the stellar populations of IC 4200. For each bin Sk five
main steps have to be performed in order to properly determine the SSP-equivalent age,
metallicity and abundance ratio by comparison of measured Lick/IDS indices to SSP-
model predictions:

• broaden Sk to match the Lick/IDS resolution
• measure the indices in (n = 1, ..., Nindices)
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Figure 3.2: Total H i contours
on top of the DSS optical image
of IC 4200. Contour levels are
(0.2, 0.4, 0.6, 0.8, 1.2, 1.6, 2.0,
2.6, 3.2)×1020 cm−2. The maxi-
mum column density is 3.32×1020

cm−2. The beam has axes of 78
and 67 arcsec (PA=6.8 deg). For
a grey scale representation of the
total H i image see Fig.3.4.

• correct the indices for the effect of the stellar velocity dispersion σk
• bring the corrected indices to the Lick/IDS system
• compare the final values of the indices to the ones predicted by SSP models

The first two steps are performed by feeding Sk to a Python code that broadens
the spectrum to the Lick/IDS resolution (Worthey & Ottaviani 1997) and measures the
indices placing the bandpasses of Table 3.6 in the appropriate wavelength range according
to the stellar velocity vk.

Velocity dispersion broadens the spectral feature of galaxies with respect to the ones
of stellar spectra, altering the line strengths by transporting flux in and out of the
bandpasses that define each index. Therefore, before comparing the measured indices
to the models (which are built with zero velocity dispersion) we need to compensate
for this effect. To perform this correction we use the result of BC03-models fitting of
Sec.3.3.2. We measure each index i from the best fitting model Mk and from its zero-
velocity-dispersion equivalent M0,k, obtaining ik and i0,k respectively. We then calculate
f = ik/i0,k. Finally, we divide the index measured from Sk by f , so correcting it for
the effect of the stellar velocity dispersion in Sk. Plots of the correction coefficient f
as a function of the velocity dispersion are given for each index used in this paper in
Appendix 3.B.

The linear transformations that bring the measured indices onto the Lick/IDS system
(i.e. the inverse of the transformations of Table 3.7) are then applied. Table 3.14 lists
the value of all the Lick/IDS indices fully corrected and calibrated. The result of the
comparison of the index values to the models is showed in Sec.3.5.5.

3.4 Optical Imaging
V and R broad-band imaging of IC 4200 was obtained on 4 February 2005 at La Silla
Observatory, ESO. As for the optical spectroscopy, we used the red arm of EMMI on the
NTT which is characterised by a field of view of 22.7×22.7 arcmin2. Detector parameters
are the same of table 3.4 (2×2 binning was applied). During the observations the seeing
was on average ∼0.8 arcsec.
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Figure 3.3: Position-velocity diagrams along PA=30 deg (left) and PA=125 deg (right).
The left diagram is aligned along the kinematic major axis of the inner gas region. The
right diagram is only approximately aligned along the kinematic major axis of the outer
gas region (PA=120 deg) to better show the H i connection between IC 4200 and IC
4200-A (lower right; see the discussion in the text).

The galaxy was observed for 12×50 sec and 12×25 sec respectively in V and R band.
Each frame was bias subtracted. Flat fielding was performed using V and R median sky
flats obtained from multiple twilight exposures. The sky emission was assumed to be
equal to the mode of the pixel distribution in each science frame and then subtracted.
The calibration onto the magnitude scale was obtained by use of five and seven standard
stars in V and R band respectively.

To analyse the image of IC 4200 without contamination from the stars in the field,
we built a stellar mask in each band. This was done by applying a 41×41 pixel2 median
filter that smooths away the stars, dividing the original image by the smoothed one and
imposing a threshold on the resulting frame to find the pixels that belong to the stars.
We used the mask when measuring the total flux of IC 4200 in the two observed bands.
Total V and R magnitude and the V −R colour are V=12.65, R=11.86 and V −R=0.79.
The colour is in good agreement with the 0.77 found by Winkler (1997); on the contrary,
our magnitude is brighter, but this is a consequence of his narrow aperture. Indeed,
the V -magnitude measured within a 20-arcsec-diameter aperture is in agreement with
the result of Winkler (1997). We corrected magnitudes and V − R colour for galactic
reddening using the corrections 1.06 mag in V and 0.85 mag inR given by NED. Corrected
magnitudes and colour are V=11.59, R=11.01, V −R=0.58.

3.5 Results
3.5.1 H i
Fig.3.2 shows the total H i emission image derived from our ATCA observations. The
resolution of the data is low: the whole gas structure around IC 4200 is sampled by only
6 beams along its maximum extension; the one around IC 4200-A is contained within 2
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Figure 3.4: On the left: edge-on (top) and sky-projected (bottom) view of the warped
gas-disk model. The model is not meant to reproduce the gas density distribution of
the H i in IC 4200 but rather its velocity structure (see Figs.3.5 and 3.6). However, the
figure shows that projection effects caused by the warp can produce a spiral pattern like
the one observed in the total-H i image of the galaxy, showed on the right.

beams. Nevertheless, it is possible to extract a significant amount of useful information.
We detect 8.54 × 109 M� of H i gas around IC 4200. The gas goes as far as 60 kpc

from the centre of the galaxy and shows a fairly regular configuration. The major axis
of the isophotes rotates from ∼20 to ∼80 deg when moving out from the centre. The
isophotes are quite regular and symmetric around the centre in the inner ∼3 beams. The
regular inner appearance vanishes in the asymmetric outer regions, where the east side
is more extended than the west one and presents a feature that could be a spiral arm.
On the northwest the structure is elongated toward the companion.

The velocity structure of the cube shows a certain order, indicating that the gas must
have already been in place for some time. Position-velocity diagrams (Fig.3.3) suggest
that the kinematic major axis is aligned along ∼30 deg in the inner region and along ∼120
deg in the outer part of the gas structure, following the trend of the isophotal major axis
with radius. The kinematic major axis of the outer regions is therefore parallel to the
photometric minor axis of the inner region, indicating that this is not a regular disk. The
strong rotation of the kinematic major axis with radius also rules out simple coplanar
rotation as a model for the motion of the H i gas around IC 4200.

We model the observed H i system in a simple way, finding that a strongly-warped
disk satisfactorily reproduces the velocity structure of the cube. The model has a radius
of 4 arcmin (∼60 kpc) and a flat rotation curve with vrot = 320 km/s. We keep the
density constant with radius as we are interested in reproducing the kinematics of the
disk rather than its detailed density distribution. The inclination is also kept constant as
a function of the radius and equal to 45 deg; finally, the major axis PA increases linearly
from 30 deg in the centre to 120 deg at the outer radius of 4 arcmin, producing a 90 deg
warp.

In Fig.3.4 the disk model is shown edge-on and projected on the sky. The strong
warp produces projection effects that can simulate spiral arms like the observed one.
Figg.3.5 and 3.6 show the good agreement between data cube and model when looking
at constant-RA and -Dec slices. Although the model is not the result of a best fit, only
minor changes are allowed in order to reproduce the observed velocity structure. Finely
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Figure 3.5: Constant-Dec position-velocity diagrams of the observed (grey scale) and
modelled (contours) gas system. Dec increases from left to right, top to bottom with
increments of 1 arcmin.
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Figure 3.6: Constant-RA position-velocity diagrams of the observed (grey scale) and
modelled (contours) gas system. RA increases from left to right, top to bottom with
increments of 1 arcmin.

tuning the model parameters is not worth the effort given the resolution of our data. We
can therefore conclude that the gas orbits around IC 4200 forming a ∼90 deg warped
disk with a flat rotation curve with vrot=320 km/s. This is the main conclusion of our
21-cm line emission observations.

The H i content of IC 4200 is very high, 1.7 times the one of the Milky Way∗.
However, the gas is spread over an extremely wide area; it is therefore very dilute, its
column density being below a few times 1020 cm−2 across most of the system. As a
result, no star formation is expected on the scale of the beam size. To quantify this point
we estimate the critical surface density for star formation proposed by Kennicutt (1989).
Star formation occurs at densities higher than

Σcritical(R) = 6.2σ(km/s) v(km/s)
R(kpc)

1018cm−2,

where v and σ are the rotational velocity and the local velocity dispersion of the gas at
the radius R, and flat rotation has been assumed. Using the model rotational velocity of
320 km/s and a standard velocity dispersion of 7 km/s, the critical column density ranges
from 2.5×1020 cm−2 at the outer edge of the disk to ∼1021 cm−2 in the centre. These
values are always higher than the measured column density, which ranges from 2.0×1019

to 3.3×1020 cm−2. Therefore, no star formation is expected on a scale of the order of
the beam size. The same conclusion is reached using the criterion proposed by Schaye
(2004), where the cooling of the gas triggers gravitational instability and therefore star
formation at a fixed surface density of ∼6×1020 cm−2. However, because of the large
∗ MMW (H i)=5×109 M� (Henderson et al. 1982)
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Figure 3.7: Plot of the stellar and ionised-gas velocity measured from the B30’s along
the optical major (left panel) and minor (right panel) axis. The velocity of the ionised
gas is measured from Hα emission line. The circles represent the ionised gas points. The
horizontal bars represent the width of each bin. In order to gain S/N, the outer bins are
very wide, going as far as 20 arcsec from the centre along the major axis and 14 arcsec
along the minor axis. In the last bin along the major axis no reliable measurement of the
gas velocity was possible. The origin of the velocity axis is the stellar systemic velocity.

beam smearing, we cannot exclude that star formation is occurring in unresolved clumps
of cold gas across the disk or in its central regions.

H i gas is detected also around the nearby galaxy IC 4200-A, resulting in a mass of
7.3 × 108 M� and a radius of ∼22 kpc. Although the two galaxies do not show any
interaction at optical wavelength, the 21-cm picture is perhaps different. The detected
gas systems are extremely close and a faint plume of H i appears to be connecting IC
4200 to the companion, suggesting that the two gas disks might indeed be interacting.
However, the H i forming the connection fits well in the velocity structure of IC 4200, as
can be seen in the right panel in Fig.3.3. This suggests that the gas of the plume belongs
to IC 4200 and is not being significantly disturbed by the passage of IC 4200-A, which is
much less massive than IC 4200 itself. The spectacular appearance of the plume of gas
in Fig.3.2 could be caused by missing gas with density lower than our detection limit in
the neighbouring regions. Our data are therefore not conclusive on the actual interaction
between the two galaxies.

3.5.2 Radio continuum
A unresolved source with 1.4 GHz continuum flux density of 11.5 mJy is associated to
IC 4200. Previous results (strong [O ii] emission line and 60 µm detection) suggest that
IC 4200 hosts some activity (star formation, nuclear activity) and therefore a non-zero
1.4 GHz flux is not surprising. To understand its origin we compare it with the emission
at 60 µm (which has a flux density of 0.17 Jy). In star forming galaxies radio and FIR
luminosities are tightly correlated. Using the radio-FIR relation of Yun et al. (2001),
we find that the 1.4 GHz flux density expected from the 60 µm emission is 1.23 mJy.
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Figure 3.8: Plot of the stellar velocity dis-
persion measured from the B30’s. Open cir-
cles correspond to points on the major axis,
filled squares correspond to the minor axis.
The horizontal bars represent the width of
each bin. radius (arcsec)
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There is therefore a radio excess of a factor of ten, ∼6 times the scatter of the radio-FIR
relation. This result strongly suggests that physical processes other than star formation
contribute to the radio continuum (e.g. a weak AGN); however, it still allows some star
formation to be occurring. We derive an upper limit on the star formation rate (SFR)
using the FIR luminosity of IC 4200 and applying the result of Kewley et al. (2002). The
resulting estimate is SFR=0.26 M�/yr.

As mentioned, IC 4200-A is also detected in the radio continuum, its flux density
being 1.5 mJy. The 60 µm flux density of IC 4200-A is 0.4 Jy, which implies a radio
excess of a factor of two (only 1.5 times the scatter of the relation). IC 4200-A seems
to lie on the normal radio-FIR relation for star forming galaxies, with a SFR of ∼0.34
M�/yr.

3.5.3 Stellar and ionised gas kinematics
We sampled the kinematics of stars and ionised gas within 20 and 14 arcsec along the
major and minor axis respectively ∗. Fig. 3.7 shows stellar and gas velocities. The gas
velocity is the one derived from the Hα emission line. The obvious and main result is
that stars and ionised gas have decoupled kinematics. Along the major axis the stars
show ∼180 km/s rotation at the outer radius. In the inner 1.5-2 arcsec (∼500 pc) the gas
is counter-rotating compared to the stars, with the velocity steeply rising to ∼100 km/s.
Along the minor axis, very little rotation is observed in the stellar phase, for which the
velocity gradient changes sign from the inner ∼2 arcsec to the outer regions, and becomes
again negative when looking at the outer bins ∼10 arcsec (2.7 kpc) from the centre. On
the other hand, the gas is clearly rotating around a systemic velocity of ∼50 km/s and
with a maximum velocity of ∼150 km/s.

The kinematics of the gas is certainly not consistent with coplanar circular motion,
but the available data do not allow a clear interpretation. In any case, it is interesting to
note that the behaviour of the ionised gas along the optical minor axis could be seen as
a continuation of the velocity profile of the atomic gas in the inner region of the H i disk
(the left panel of Fig.3.3 gives a good representation of the H i velocity curve along the
∗ These are the V -band half-light radii along major and minor axis, obtained as a part of our analysis

of the morphology of IC 4200 described in Sec.3.5.6.
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Figure 3.9: Diagnostic diagram for the gas
ionisation derived from the B80’s. Open cir-
cles correspond to points on the major axis,
filled squares correspond to the minor axis.
Taking into account the error bars, all the
points are roughly coincident; therefore in-
dividual bins were not labelled. Galaxies
characterised by different ionisation mecha-
nisms fall in different regions of the plot, as
schematically indicated in this diagram (see
for example Kauffmann et al. 2003 and ref-
erences therein).

optical minor axis). However, the difference in resolution (the kinematics of the ionised
gas is sampled in a region which is roughly one tenth of the radio beam) does not allow
us to further investigate this connection.

Fig.3.8 shows the stellar velocity dispersion profiles along the two optical axes. The
central dispersion is of ∼240 km/s and decreases to 150 km/s in the outer bins along
the major axis. It is interesting to compare this result with the rotation of the H i disk.
The latter could be modelled with a flat rotation of 320 km/s, implying a rising mass-to-
light ratio and, with the assumption of spherical symmetry, an isothermal density profile
(ρ ∝ r−2). For an isothermal sphere the ratio between the rotational velocity and the
central velocity dispersion is

√
2. Interestingly, the ratio between the modelled rotational

velocity and the observed line-of-sight velocity dispersion is 320/240=1.33, in reasonable
agreement with the isothermal case.

3.5.4 Gas ionisation
Scaling the Hα luminosity measured along the major and minor axis, we estimate a total
Hα luminosity of 2.2×1041 ergs/s within one effective radius. To understand what causes
the ionisation of the gas we use the diagnostic diagram introduced by Baldwin et al.
(1981), as shown in Fig.3.9. Points belong to both major and minor axis and correspond
to the radial bins listed in Table 3.8. The line ratios fall at all radii in the region typical
of LINERs. LINERs spectra are not well understood and are commonly believed to be
the product of different processes at work simultaneously: e.g., star formation, nuclear
activity, shocks, old hot AGB stars. Given our 1.4 GHz continuum result, it is not
surprising to find that the ionisation of the gas cannot be explained in terms of star
formation only. However, it is hard to understand which processes are going on in IC
4200.

It is interesting that the nature of the ionisation remains the one of a LINER across
the whole radial range sampled (∼1.5 kpc from the centre). This suggests that diffuse
shocks might be playing an important role (shocks were proposed as an explanation of
LINERs spectra for example by Dopita & Sutherland 1995). Shocks could be caused in
IC 4200 by continuing gas inflow from the extended H i disk or by the propagation of a jet
produced by a weak AGN in the centre of the galaxy. The AGN could contribute to the
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1.5 Gyr

2 Gyr

3 Gyr

Figure 3.10: Plot of the spectral indices (derived from the B80’s) on top of the model
grid of W94 (solar abundance ratios). In the plot the age runs along the ∼horizontal,
constant-Hβ solid lines, the metallicity in the perpendicular direction (dashed lines). The
age of the constant-age lines is, from top to bottom, 1.5, 2, 3, 5, 8, 10, 12, 15 and 18
Gyr; metallicities [Z/H] are, –0.25, 0.0, 0.25, 0.5 ordered along increasing [MgFe]. Open
circles correspond to points on the major axis and are connected to each other by a
dotted line; filled squares correspond to the minor axis and are connected to each other
by a dash-dotted line.

observed 1.4 GHz emission, but a radio jet should produce a difference in the emission-line
ratios along the two axes, which is not observed. The kinematics of the ionised gas could
in principle provide a clue on whether a gas inflow or jets are present. However, although
some line profiles are suspected of being composed by more than just one Gaussian, no
clear evidence was observed in this sense. On the whole, we cannot reach a conclusion
on the ionisation mechanism other than there is an important component not related to
star formation.

3.5.5 Stellar populations
Fig.3.10 shows the comparison of the measured Lick/IDS line-strength indices with
Worthey (1994; hereafter W94) models on the plane [Hβ,[MgFe]]∗. Points correspond to
the bins listed in Table 3.8. On the plane of Fig.3.10 age and metallicity of the models
are efficiently decoupled (especially at metallicities around solar or higher), the age being
well traced by Hβ and the metallicity by [MgFe]. From this figure it appears that the
SSP-equivalent age is ∼1.5 Gyr in the centre of the galaxy and increases to ∼3 Gyr in
the outer bins.

Hβ, Mgb, Fe5270 and Fe5335 line-strength indices were used in a 4-dimensional space
to more precisely derive the most likely SSP-equivalent age, metallicity and abundance
∗ [MgFe] is defined as [MgFe]=

√
Mgb×< Fe >, where <Fe>= =(Fe5270+Fe5335)/2
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Table 3.8: Best-fitting ages, metallicity and abundance ratios

r (arcsec) age (Gyr) [Z/H] [E/Fe] χ2

Major axis
-5.5,-1.8 3.5±1.4 0.22±0.12 0.19±0.05 0.30
-1.8,-0.5 1.6±0.3 0.70±0.17 0.28±0.05 1.67
-0.5,+0.5 1.6±0.3 0.79±0.16 0.29±0.05 1.73
+0.5,+1.8 1.7±0.3 0.69±0.16 0.29±0.05 1.93
+1.8,+5.5 2.0±0.5 0.50±0.15 0.15±0.05 1.74
Minor axis
-5.8,-0.8 5.4±2.3 0.05±0.12 0.20±0.05 0.04
-0.8,+0.8 1.8±0.3 0.55±0.15 0.30±0.05 0.38
+0.8,+5.8 2.2±0.6 0.50±0.14 0.24±0.05 0.83

The upper part of the table corresponds to the optical major axis, the lower part to the
minor axis.

ratios by comparison with W94 models extended to non-solar abundance ratios (see
Trager et al. 2005 and references therein). The result of this analysis confirms the in-
dications derived from Fig.3.10 (see Table 3.8). This implies that there is a substantial
stellar component 1.5 Gyr old or younger in the centre of the galaxy.

As emphasised by Fig.3.10, Hβ-absorption-line strength plays a crucial role when
measuring the SSP-equivalent age of stellar populations. In our case, this line was stud-
ied after removing the ionised gas emission. To test the reliability of this method we
compared these results with another method used by previous authors. Namely, we
derived Hβ absorption strength by measuring it from the original B80’s (i.e. without
subtracting the fitted ionised gas emission spectrum) and then correcting it by an addi-
tive term proportional to the equivalent width of [O iii]λ5007 emission line by a factor
g. According to Trager et al. (2000a), g varies from galaxy to galaxy within the range
0.33-1.25 and is on average 0.6. In our case the best match between the two different
techniques is obtained for g=0.65, which fits well with previous studies.

We performed a further check on our results by studying the stellar populations
with higher-order Balmer lines, namely Hγ and Hδ. These lines are less affected than
Hβ by emission contamination, and therefore provide a good test on the robustness of
our emission-correction. We used the indices HγA, HγF, HδA and HδF as defined in
Table 3.6. We find that ages determined from HγA and HδA (measured from the S80’s)
are in agreement with the ones determined using Hβ. There are systematic deviations,
HγA- and HδA-based ages being respectively lower and higher than the Hβ-based ones;
however, these differences are comprised within the errors. On the other hand, the ages
determined from HγF and HδF are always higher than the ones determined from Hβ
by 2 Gyr or more. This discrepancy was noted already by Thomas et al. (2004). In
their Fig.2 one can see that ages determined from HγA are systematically lower than the
ones determined from HγF and that Hβ-based measurements lie somewhere in between
them. We finally note that we obtain the same relative ages, metallicities, and abundance
ratios (for all the Balmer lines mentioned) by comparing our line strength indices to the



68 chapter 3: The case of IC 4200

Figure 3.11: V − R colour im-
age of the central 66×66 arcsec2.
In the image north is up, east is
left. The grey scale is in magni-
tudes. Axis units are in pixels,
with 1 pixel=0.332 arcsec.

Table 3.9: GALFIT-morphology of IC 4200 (R band)

scale Sersic Axis
Model Magnitude (arcsec) Exponent Ratio PA
Sersic 11.77 19.2 4.03 0.696 –23.9

S+d: bulge 12.88 4.6 1.98 0.746 –22.6
S+d: disk 12.35 21.5 1 0.590 –25.5

The χ2 of the fit is ∼5 for the Sersic model, ∼2 for the Sersic+disk model.

Thomas et al. (2003) models instead of the W94 ones.
Once again, let us recall that in Chapter 4, where optical spectroscopy of the entire

sample of early-type galaxies is analysed, we subtract the ionsed-gas contribution with a
different method which is based on the GANDALF software (Sarzi et al. 2006). Here we
note that in case of strong emission, like in IC 4200, the differences between GANDALF
and the method described in Sec.3.3.2 may be large and therefore strongly affect the age
determination. IC 4200 central age derived after GANDALF ionsied-gas subtraction is
indeed significantly older than the one found here (∼6.5 Gyr within a circular-equivalent
aperture of 1.5 arcsec in diameter). One should keep this in mind during the discussion
in Sec.3.6.

In the follwoing, we adopt that the stellar population in IC 4200 has a SSP-equivalent
age of 1.5 Gyr in the centre, and that this rises to 3 Gyr in the outer region where it
could be reliably determined (between ∼ re/4 and ∼ re/3).

3.5.6 Optical Imaging
Fig.3.11 shows the V −R colour image of IC 4200. This was derived after smoothing the
V and R images with the same Gaussian filter of width ∼0.7 arcsec. The central region
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Figure 3.12: R-band residual
image after fitting a Sersic+disk
model to IC 4200. In the image,
north is up, east is left. The grey
scale is in units of the rms noise.
Axis units are in pixels, with 1
pixel=0.332 arcsec.

shows the presence of dust in a spiral-like pattern. This implies the existence of a small
disk in the inner 5-10 arcsec. Although less clearly, the same pattern can be seen in the
un-sharp-masked images in V and R band.

The V - and R-band morphology of IC 4200 was studied by fitting the images in the
two bands with a Sersic and a Sersic+disk profile using GALFIT (Peng et al. 2002).
The fit was performed masking out the stars as described in Sec.3.4. In both bands
the Sersic+disk profile gives a slightly better fit, but the two models are very similar
within the noise of the image. Relevant fitted quantities are listed for the R band in
Table 3.9 (the result is the same in V band). The total magnitudes and colour derived
from the models are in agreement with what determined manually (V=11.59, R=11.01,
V −R=0.58 after correction for the reddening).

Fig.3.12 shows the R-band residual image obtained after subtraction of the best fitting
Sersic+disk model. The general morphology of the galaxy clearly deviates from the one
of a simple model. Excess light is visible ∼30 arcsec from the centre and is distributed
in a ring-like shape. Furthermore, a faint broad shell is seen in the south part of the
image. This is very likely to be the shell found by Malin & Carter (1983). The same shell
is observed in the V band. The residual obtained by subtracting the best-fitting Sersic
model is similar to the one of Fig.3.12. The main difference is that the ring-like feature
is much brighter and broader, especially along the optical major axis; on the other hand,
the fit is slightly better in the region outside the ring.
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3.6 Discussion
The results described in the last section reveal the complexity of IC 4200. The galaxy
hosts a huge reservoir of H i gas spread over a very extended, warped disk. This gas seems
to be triggering important processes in the stellar body: optical spectroscopy suggests
recent star formation episodes and reveals ubiquitous LINER-like activity, and 1.4 GHz
continuum excess is observed. Furthermore, ionised gas and stars are kinematically
decoupled and a disk is possibly present in the inner part of the galaxy. Finally, a stellar
ring and shells are detected in the outer regions. In this section we attempt to derive a
global picture of the nature and recent history of the galaxy that can explain all of the
observed properties at the same time.

3.6.1 Origin of the H i disk: merger or IGM accretion?
The H i morphology and velocity structure can help placing a constraint on the age of
the gas disk. The kinematics is that of a fairly regularly rotating, warped disk. This
regularity suggests that the gas had time to complete at least 1-2 orbits all the way to the
outer regions, where the rotational period is ∼1 Gyr, obtained using the model rotational
velocity of 320 km/s at a radius of 60 kpc. In this time the gas can complete twice as
many orbits in the inner 30 kpc, justifying the regular and symmetric appearance of the
isophotes within the inner ∼3 beams. Therefore we conclude that the disk has been in
place for at least 1-2 Gyr. No major encounters can have occurred more recently than
this time.

IC 4200 contains 1.7 times more atomic gas than the Milky Way although its B-
luminosity is only twice that of our galaxy and it belongs to an intrinsically gas-poor
morphological type ∗. It is natural to ask where this exceptionally large amount of gas
comes from. Three scenarios are possible: merger origin, accretion from a satellite galaxy,
or accretion from the IGM.

A merger seems a plausible explanation. Barnes (2002; hereafter B02) showed that
up to 60% of the total gas of two similarly-sized merging galaxies can survive to form a
very extended disk around the merger remnant. The gas disk results from re-accretion of
gas that conserved its angular momentum, forming the tidal bridges and tails observed
in many merging systems, and later settled into an extended but dilute rotationally
supported disk. Only a fraction of the inital gas is available for this process, while the
remaining part loses its angular momentum because of shocks and gravitational torques,
falling toward the centre of the remnant and there triggering star formation and probably
nuclear activity.

We investigate whether it is possible to form IC 4200 within the framework of B02
simulations. The first step is to constrain the properties of the progenitor galaxies. We
derive the stellar mass of IC 4200 by estimating the stellar mass-to-light ratio in V
band and applying the result to the observed V magnitude. M/L=1.8 was obtained by
comparison of the V − R colour of IC 4200 (V − R=0.58) with BC03 SSP models of
metallicity around solar and higher. This value implies a stellar mass of 1.1×1011M�,
1.9 times the stellar mass of the Milky Way †. Furthermore, assuming a 60% efficency in
gas disk formation, the H i mass of IC 4200 (8.5×109M�) is explained if 1.4×1010 M�

∗ The Milky Way has LB = 2.3× 1010L� (van den Bergh 1988).
† The stellar mass of the Milky Way is 6× 1010 M� (Bahcall & Soneira 1980).
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of atomic gas are available during the merger – 3 times more than the H i mass of the
Milky Way. In conclusion, to build the stellar and H i mass of IC 4200 via an equal-mass
merger, two galaxies each with 90% of the stellar mass of the Milky Way and 1.5 times
its atomic gas content are needed.

According to the simulations of B02, such systems would indeed be able to produce
a very extended disk: scaling from his results, two Milky Way disk galaxies (containing
5× 109 M� of H i each in the simulations) could merge and produce a disk extended out
to 30 kpc from the centre of the remnant. This result is obtained inspecting the remnant
∼1 Gyr after the first encounter; however, as the time passes, more gas is re-accreted
and settles into the outer parts of the disk, making it grow from the inside out and hence
increasing its size. Combining this fact with the slightly higher initial gas mass required
by our observations (7 rather than 5×109 M� of atomic gas in each of the progenitors),
it is possible to produce a disk of the mass and size of the one observed. Furthermore,
in the simulations of B02 the gas of the progenitors follows the same distribution as the
disk stars. In real spiral galaxies the gas reaches larger radii than stars do; including this
effect would produce even larger disks around the merger remnants.

The warp of the disk can also be accommodated in the merger picture . The returning
gas comes from all directions with different angular momenta and it is therefore not
surprising that it does not settle into a plane. The simulations of B02 confirm that
warped disks are a very common result. Our H i data are therefore in a good agreement
with a merger scenario for the formation of IC 4200 and would date the merger back to
at least 1-2 Gyr ago.

Are the radio data consistent with other scenarios? Accretion from another galaxy
is not very likely: any accretion process capable of stripping 8.5×109 M� of H i from a
passing galaxy would probably result in a major interaction. IC 4200-A itself is unlikely
to be the source of all of the gas now around IC 4200; this would require that 90% of
its gas was stripped off while leaving IC 4200-A itself unperturbed. Furthermore, IC
4200-A has an H i-mass typical of its morphological type and luminosity (derived from
the Tully-Fisher relation using the observed rotation of its gas disk), so it would have
been exceptionally H i-rich if all the gas now around IC 4200 came from it.

Accretion from the IGM is another possible way of forming gas structures around
galaxies. Kereš et al. (2005; hereafter KKWD05) showed that halos can partially accrete
gas from the IGM via a cold mode that does not shock heat the gas to the virial temper-
ature of the halo but leaves it constantly below 105 K. Gas accreted via the conventional
hot mode could not cool quickly enough at such low densities, and therefore could not
form dilute and extended atomic gas structures like the one described in this paper.
On the contrary, cold accretion would have a better chance to provide the atomic gas
necessary to explain the existence of these systems.

The results of KKWD05 place important constraints on the amount of cold accretion
as a function of the halo mass. We use this estimate to understand whether cold accretion
can build the H i disk observed around IC 4200. If the warped disk model is a fair
representation of the gas structure around IC 4200, the velocity curve implies a halo
mass Mhalo = Rv2/G = 1.7 × 1012 M� within 60 kpc. For such a halo the fraction of
gas accreted via the cold mode is quite small, going from 30% of the accreted gas at z=3
to less than 5% at z=0 (see Fig.6 in KKWD05). However, accretion proceeds at high
rates in the young Universe, making it possible to accumulate significant masses of gas
at T< 105 K in an early phase. Using the results of KKWD05 for a halo of 1012 M�,
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the average mass of gas accreted via cold mode around the central galaxy is of 1.2×1010

M�. We obtain this result on the basis of Fig.20 in KKWD05, where the average gas
accretion rate onto the central galaxy of a halo is shown for different halo masses as a
function of redshift. We scale the accretion rate at each z by the fraction of gas accreted
via cold mode at that redshift (this fraction is obtained from Fig.6 of KKWD05). We
then integrate the total mass accreted via cold mode, using the transformation t = 9.3
Gyr/(1+z)1.5. The result of 1.2× 1010 M� is close to our mass estimate for the H i gas
disk (8.5 × 109 M�). As a side note, repeating this calculation without distinguishing
between cold and hot accretion, we find that the total gaseous mass accreted is 7.5×1010

M�. Assuming that the hot gas is at the virial temperature of the halo (∼ 3.7 × 106

K) and that it is distributed within 60 kpc from the center, we estimate that its X-ray
luminosity is ∼ 5× 1041 ergs/s.

The gas accreted via cold mode has a temperature just below 105 K and therefore is
not in the form of H i. However, at least a fraction of it can cool to the atomic state.
Assuming a<10%-in-mass enrichment from the stellar processes within the galaxy (where
the metallicity is as high as 5 times solar), the accreted gas can reach Z ∼ 0.1 Z�. At this
metallicity and assuming a density of ∼10−2 cm−3 and no significant heating (as in IC
4200, especially at radii of tens of kpc), the cooling time is ∼1 Gyr. As a consequence, a
significant fraction of the mass accreted via cold mode can cool to 100 K and be observed
in the form of atomic gas. On the whole, considering also that KKWD05 conclusions are
statistical and do not necessarily hold for any give halo, accretion from the IGM seems
to be another possible way to form the observed system.

According to our calculations based on KKWD05 simulations, the largest fraction of
accreted mass accumulates at higher redshifts. Assuming that accretion starts at z=4,
90% of the total mass accreted via cold mode is in place at z=1 (this number may
vary slightly depending on the environment). This implies that no substantial accretion
occurred in the last ∼6 Gyr. If the gas around IC 4200 comes from IGM accretion, most
of it has been in place for at least 6 Gyr. This is an important conclusion that has to be
compared to other observational results.

3.6.2 Clues from the stellar properties
Optical observations can help to further distinguish between the merger and the IGM
accretion scenarios. One result of our observations is that ionised gas and stars have
different kinematics. The gas rotates in a way that may be seen as a continuation of
the H i velocity field, even though the spatial resolution of radio and optical data are
completely different. The independent motion of gas and stars is consistent with a merger
hypothesis. If hydrodynamic interactions take place gas and stars (which interact only
gravitationally) can follow different behaviours and therefore end up having different
kinematics. B02 simulations confirm that inner gas disks rotationally supported and
decoupled from the stellar remnant can be formed in some mergers. However, the same
could be said of gas accreted from the IGM, as the gas would fall in and settle in the
potential independently of the underlying stellar motion.

Our results on the nature of the gas ionisation do not seem to depend on the formation
scenario. LINER emission lines ratios and the 1.4 GHz radio continuum excess strongly
suggest that, perhaps along with star formation, some other activity is taking place.
However, both the merger and the IGM-accretion formation scenarios could produce this
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situation, the relevant fact being only that the gas is present within the optical body of
the galaxy, and that it might be fuelling nuclear activity and star formation, as well as
producing shocks.

Two crucial results effective in understanding the formation of IC 4200 are the age
of the stellar populations and the detection of shells. Star formation has occurred in
the centre of the galaxy within the past 1.5 Gyr, as demonstrated by the line-strength
indices presented in Sec.3.5.5. Assuming a two-populations model, with a young stellar
population on top of a much older one, we can estimate the mass fraction of the star-
formation burst that formed the young population as a function of its age.

The equivalent width EW of a given spectral feature measured within a band of width
w can be written as:

EW = w ×
(

1− F1 + F2
Fc1 + Fc2

)
,

where Fi (i=1,2) is the total flux coming from population i and Fci is the flux coming
from its continuum, which is assumed to be a linear function of wavelength. Writing
the flux Fi of each populations in terms of its mass Mi and its flux per unit mass fi,
and dividing and multiplying the right-hand side of the equation by the mass M1 of
population 1 one obtains:

EW = w ×
(

1− f1 + µ21f2
fc1 + µ21fc2

)
,

where µ21 is the fraction M2/M1. From this expression µ21 can be derived as a function
of the measured EW, of w and of the modelled quantities f1, f2, EW1 and EW2 (EW1
and EW2 are the equivalent widths that would be measured from the individual spectra
of population 1 and 2 respectively):

µ21 = −f1

f2
× EW1 − EW

EW2 − EW
× w − EW2

w − EW1
.

From this µ2=M2/(M1+M2) can be easily derived.
To study the case of IC 4200 we measured the Hβ line-strength index from two

spectra of radial aperture equal to the V -band effective radius, one along the major axis
and one along the minor axis (for the latter we scaled re to the axis ratio). The index was
measured in the same way as described in Sec.3.3.3. The average value of Hβ obtained
from the two axes is 2.13 Å. The bandwidth w is of 28.75 Å (Table 3.6). The other
quantities that appear in the last equation were taken from the models available at Guy
Worthey’s web page http://astro.wsu.edu/worthey/.

We assume that population 1 and 2 are respectively 15 and 1.5 Gyr old and that both
have solar metallicities. The age of the young stellar populations is the maximum allowed
by the SSP-equivalent age in the centre of the galaxy (see Fig.3.10). As a result we obtain
µ2=4.1%. Changing the assumption on the age of the old stellar populations will not
change these fractions much while increasing the metallicity to [Fe/H]=0.25 brings µ2
up to 15%. These values of µ2 are derived using 1 re radial aperture and therefore they
are fractions of the mass enclosed in one effective radius which by definition, assuming
constant M/L throughout the galaxy, contains half of its stellar mass. Our result therefore
implies that if the observed line strengths are caused by a burst of star formation occurred
1.5 Gyr ago, between 2.3 and 8.3×109 M� of gas were turned into stars during this burst.
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Interestingly, the mass of the star formation burst is of the order of the mass of the
H i disk. This is an extremely important consistency argument in favour of the merger
scenario. In that picture roughly the 60% of the gas of the progenitors had to be conserved
to form the observed H i disk. To have a correct balance of mass, it is necessary that the
remaining 40% is observable in IC 4200. Our stellar populations analysis is consistent
with this gas mass being turned into stars during the merger. The SSP-equivalent age
in the center of the galaxy provides an upper limit on the age of most massive burst of
star formation induced by the merger. Such burst could occur at the time of the first
encounter but also 1-2 Gyr later, during the second encounter, depending on the impact
parameters (e.g., Kapferer et al. 2005). Therefore, the upper limit of 1.5 Gyr on the age
of the burst of star formation provides an upper limit on the beginning of the merging
process of ∼3 Gyr. Matching this indication with the lower limit on the age of the H i
disk (1-2 Gyr), we can conclude that if IC 4200 formed via a major merger, this must
have occurred between 1 and 3 Gyr ago.

Along with the SSP-equivalent age, our analysis of line-strength indices provide esti-
mate for the SSP-equivalent abundance ratio [E/Fe]. We find [E/Fe] ∼0.30 in the centre
of the galaxy. Within the picture of the two-populations model, the SSP-equivalent
[E/Fe] is determined mostly by the old and more massive population. This is a conse-
quence of [E/Fe] being measured primarily on the basis of the Mgb/< Fe >, to which
cooler stars (i.e., RGB stars) contribute the most. For example, given an old population
of [E/Fe] ∼0.4 and a population 1.5 Gyr old with [E/Fe] ∼0.1 and ten times less mas-
sive, the SSP-equivalent [E/Fe] is slightly above 0.3 (this result was obtained using W94
models). Therefore, our result suggests that the less massive young population lies on
top of an older population formed in a short massive burst of star formation and hence
characterised by high [E/Fe].

Can IGM accretion match the requirements imposed by stellar populations results?
As mentioned, IGM accretion implies that the disk formed more than 6 Gyr ago. The
accreted atomic gas might have fuelled star formation at that time, but it is not clear
why such a massive burst of residual star formation (that would have consumed roughly
half of the mass accreted as cold gas) should have occurred so much later, in the last 1.5
Gyr. IGM accretion is therefore hard to reconcile with the stellar population properties
of IC 4200.

Some of the morphological features (the inner disk and the ring-like feature) can be
explained by both merger and IGM accretion. However, the detection of shells in the
images of the galaxy points toward a merger origin. It is believed that shells can form
as a result of accretion of smaller satellites by bigger galaxies (e.g., Quinn 1984) or by
equal mass mergers (Hernquist & Spergel 1992). On the contrary, IGM accretion alone
cannot explain shell formation.

In conclusion, the only formation process that can by itself explain all the observed
properties is a major merger. According to the observational evidence, a merger of
two galaxies each with 90% of the Milky Way stellar mass and containing 1.5 times its
gas mass occurred between 1 and 3 Gyr ago. During the merger roughly half of the
atomic gas of the progenitors retained its angular momentum and was later re-accreted,
settling into a 90-deg warped disk extended out to 60 kpc from the center of the galaxy.
The loss of angular momentum drove the remaining gas toward the centre of the newly
formed galaxy, where it triggered star formation. This resulted also in the formation
of a decoupled central component visible as a spiral-like dust pattern. The dynamically
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violent process produced a merger remnant with morphological disturbances that are still
visible in the outer regions. Finally, ionised gas is present in the stellar body and, as a
result of the merger, is kinematically decoupled from the stars. It is also fuelling some
activity, possibly a central AGN or shocks, and maybe star formation.

We note that the non-detection of IC 4200 in the X-ray supports our conclusion on
the origin of the galaxy. As suggested by Sansom et al. (2000), it probably takes several
gigayears for hot gas halos to build up after a merger or a strong interaction. They
reached this conclusion on the basis of the anti-correlation between X-ray excess and
morphological fine structure. Given its LB (and following the mean relation between LB
and LX of Sansom et al. 2000), IC 4200 should have been detected by X-ray surveys
(e.g., ROSAT ). The same is true if we use our estimate of LX based on the accretion of
hot gas from the IGM (Sec. 3.6.1). The fact that IC 4200 has not been detected in the
X-ray is therefore consistent with a major merger origin of the galaxy.

It is once again appropriate to recall that the stellar population result relies heavily
on a correct removal of the ionised-gas contribution to the observed spectrum. We have
already mentioned that in Chapter 4, where we present long-slit spectroscopy for all
galaxies in the sample, we adopt a different, more accurate method for the emission-line-
subtraction than what done here. The result is a much older SSP-equivalent age for IC
4200. This necessairily leads us to reconsider the conclusions discussed above. Evidence
for recent merger origin remains because of the shells and, less directly, because of the
lack of X-ray emission. We have also learnt that both a disk-merger and accretion of
gas from the IGM can qualitatively and quantitatively explain the H i observations, and
that the H i kinematics places a lower limit on the time passed since the last major
interaction. On the other hand, there may not be a young stellar subcomponent in the
centre of IC 4200 after all. Alternatively, such population could be too old or too minor
to be detected so that a merger, maybe older than what concluded above, cannot be
ruled out. However the evidence for merger origin is definitely less compelling.

3.6.3 The fate of IC 4200
A final interesting question is what the future evolution of IC 4200 will be. Given the
amount of H i gas and its configuration, it is very unlikely that it will ever become a
more typical gas-poor member of its morphological type. The gas seems to be in a quite
regular and stable configuration, having been in place already more than 1 Gyr. If, on
the other hand, the gas density increases just enough to start star formation, it is possible
that IC 4200 will grow a stellar disk, becoming an early-type spiral. In this case it would
be an exceptionally bulge-dominated galaxy, with Mbulge/Mdisk ∼15 or more and a total
stellar mass of ∼1.2×1011 M�. The mass-to-light ratio of the galaxy is currently ∼30 in
the V band and out to 60 kpc and would maintain roughly the same value in case of the
formation of a stellar disk.

3.7 Conclusions
We have presented the result of radio (21-cm-line emission and 1.4 GHz continuum)
and optical (long-slit spectroscopy and imaging) observations of the early-type galaxy
IC 4200. A total of 8.54 × 109 M� of H i is detected around this object and 7.3 × 108

M� around its companion galaxy IC 4200-A. The gas around IC 4200 can be modelled
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Table 3.10: Final Result

Satellite IGM
Merger Accretion Accretion

H i
√

×
√

stellar populations
√

× ×
shells

√ √
×

as a warped disk and its structure suggests that it has been in place for at least 1-2
Gyr. The stellar populations of IC 4200 have a 1.5 Gyr SSP-equivalent age, with a warn-
ing concerning the dependence of this result on the ionised-gas emission-line subtraction
method. Ionised gas is present across the whole stellar body and is kinematically de-
coupled from the stars. This gas shows a spectrum characteristic of LINERs across the
inner re/3. The activity is confirmed by a 1.4 GHz continuum excess compared to the 60
µm emission. An optical shell have been detected around the galaxy next to a ring-like
feature of radius 30 arcsec.

Table 3.10 summarises the conclusions we derive from these observational results.
The merger scenario is the only one that can explain at once all our results, while IGM
or satellite accretion fail to do so. From H i data we conclude that IC 4200 formation
must have occurred more than 1-2 Gyr ago. From the SSP-equivalent age of the stellar
populations we derive that the formation of the galaxy has occurred via a merger less
than ∼3 Gyr ago (taking into account a delayed burst of star formation). Matching these
two results we can claim that IC 4200 formed via a merger between 1 and 3 Gyr ago.
Within this interpretation of the data, two Milky-Way-like progenitors are required in
order to produced the observed stellar and H i-gas masses.
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Table 3.11: MILES to Lick/IDS transformation

Index Slope (m) Intercept (q) RMS

Hβ 0.97 0.12 0.27
Mgb 0.88 0.31 0.41

Fe5270 0.91 0.16 0.32
Fe5335 0.94 0.23 0.34
HγA 0.95 –0.30 0.80
HδA 0.94 –0.17 0.85
HγF 0.96 –0.15 0.46
HδF 0.95 0.02 0.49

The calibrated index is iLick/IDS = m × iMILES + q; the RMS is calculated on the basis
of ∼240 stellar spectra.

Table 3.12: INDO-US to Lick/IDS transformation

Index Slope (m) Intercept (q) RMS

Hβ 1.01 0.13 0.25
Mgb 0.89 0.32 0.35

Fe5270 0.97 0.12 0.29
Fe5335 1.01 0.08 0.32
HγA 1.01 –0.15 0.71
HδA 0.98 –0.02 0.83
HγF 1.01 –0.10 0.43
HδF 0.98 0.14 0.51

The calibrated index is iLick/IDS = m× iINDO−US + q; the RMS is calculated on the basis
of ∼150 stellar spectra.

Appendix 3.A Calibration of the line-strength indices
to the Lick/IDS system

Our analysis of the stellar populations of IC 4200 relies on the comparison of its spectral
indices with the ones predicted by the stellar populations models of W94. These models
are built to match age and metallicity of the stars included in the Lick/IDS library
(Worthey et al. 1994), which have been observed in well defined instrumental conditions
and are not flux-calibrated. Therefore, any comparison of the spectral indices of IC 4200
to these models makes sense only if the indices themselves are onto the Lick/IDS system.
A practical way to satisfy this requirement is to observe with the same instrumental setup
used for IC 4200 a sample of stars that already have indices on the Lick/IDS system.
We can then measure the spectral indices of these stars from our spectra and calculate
the transformation necessary to make them match their Lick/IDS-reference values. The
same transformation will then be applied to the indices measured from the spectrum of
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IC 4200. Once this is done, the spectral indices of IC 4200 can be compared to W94
models.

The stars observed in order to perform the calibration are listed in Table 3.5. Guy
Worthey kindly provided us the reference values of the spectral indices for these stars.
However as indicated in Table 3.5, only two of them belong to the Lick/IDS library and
therefore have indices already on the Lick/IDS system. Indices measured from spectra in
either the MILES (Sánchez-Blázquez et al. 2006) or the INDO-US library (Valdes et al.
2004) are not calibrated and had to be brought to the Lick/IDS system. We did this by
means of a set of transformations also kindly provided by Guy Worthey. For each index,
a linear transformation brings from the “MILES value” to the Lick/IDS system and
another one brings from the “INDO-US value” to the Lick/IDS system. The coefficient
of these transformations for the indices used in this paper can be found in Table 3.11
and Table 3.12 ∗.

Once all the stars have Lick/IDS-reference indices values, the calibration of the generic
index i was done by:

• broadening our stellar spectra to match the Lick/IDS resolution
• measuring i for each of our Lick/IDS stars obtaining the values ij,meas, where
j=1, ..., Nstars
• comparing ij,meas to the respective reference values ij,ref ; by fitting a straight line to
the Nstars points in the plane (iref , imeas) we could obtain for each index of interest
the linear relation between the measured and the reference value.

Fig.3.13 shows the planes (iref , imeas) with the data points and the linear fit. The
coefficient of the linear relation imeas = m · iref + q are given in Table 3.7.

Appendix 3.B Velocity dispersion corrections of the
line-strength indices

Fig.3.14 shows the factor f used to correct line-strength indices for the stellar velocity
dispersion as a function of the velocity dispersion for the indices used in this paper. f is
defined so that the corrected line-strength index is i0,k = ik/f where ik is the measured
value. For more details see Sec.3.3.3.

Appendix 3.C Tables
Tables 3.13 and 3.14 are available electronically at the CDS†. Table 3.13 contains infor-
mations on the stellar and ionised-gas kinematics along the B30’s. Column 1 specifies
the axis (either major or minor axis), Columns 2 and 3 give the lower and upper radial
coordinate of the bins, Columns 4 and 5 list the stellar line-of-sight velocity and its er-
ror, Columns 5 and 6 give the stellar line-of-sight velocity dispersion (σ) and its error,

∗ We note that the transformation from the “MILES value” are based on spectra known to be slightly
contaminated by scattered light. The MILES spectra that will appear in Sánchez-Blázquez et al.
(2006) are corrected for this effect.

† http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+A/453/493/
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Figure 3.13: Calibration to the Lick/IDS system. For each index the points in the plane
(iref , imeas) are showed together with the best fitting straight line. Each point represents
one of our Lick/IDS stars. The fitting was performed weighting points according to their
errors in both coordinates.
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Figure 3.14: Correction of the line-strength indices for the effect of the stellar velocity
dispersion. The ratio f between the measured and the corrected value is plotted versus
the velocity dispersion. Each point correspond to one of the S80’s used to study the
stellar populations in IC 4200.
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Columns 7 and 8 provide the central wavelength of Hα emission line and its error, and
finally Columns 9 and 10 give the FWHM of Hα emission line and its error.

Table 3.14 lists the value of all the Lick/IDS indices fully corrected and calibrated. In
this table Column 1 specifies the axis (either major or minor axis), Columns 2 and 3 give
the lower and upper radial coordinate of the bins from which the indices were measured,
and the following 50 columns give the value of the 25 Lick/IDS indices, each followed by
its error.
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Chapter 4
Stellar populations, neutral hydrogen
and ionised gas in early-type galaxies

Based on Serra P., Trager, S. C., Oosterloo, T. A., Morganti R. 2008, A&A, in press

In this chapter we present an investigation of the relation between H i and stellar
populations in early-type galaxies (ETGs). We carry on this study by means of radio

and optical observations of the H i-selected sample introduced in Chapter 2. In particular,
we want to answer one question: do the stellar age and chemical composition of ETGs
depend on their neutral-gas content? We find that, globally, they do not. However,
our analysis suggests that, at velocity dispersion below 240 km/s, H i-poor galaxies can
host a central stellar population younger than the underlying one; on the contrary, H i-
rich systems never do. Furthermore, H i-poor galaxies with a central drop in age are
characterised by a stronger central increase in metallicity than other objects.

As a by-product of our analysis we also study the ionised-gas content of the galaxies
in the sample. We find that 60% of them host (mostly diffuse) ionised gas with line-ratios
typical of LINERs at any radius. Furthermore, a largeM(H i) appears necessary to have
strong ionised-gas emission.

In what follows we present optical observations of the sample, data reduction and
analysis (Sec.4.1) and main results (Sec.4.2). We then discuss these results (Sec.4.3) and
draw some conclusions.

4.1 Observations, data reduction and analysis
We observe all galaxies with long-slit optical spectroscopy. The sample contains ob-
jects in both hemispheres. Northern and southern galaxies are observed respectively
with WHT/ISIS in La Palma, and NTT/EMMI at La Silla. Table 4.1 summarises the
instrumental set-up for both sets of observations.

We observe each galaxy along two perpendicular slit directions aligned to the optical
major and minor axis. We choose exposure times that give S/N∼100/Å at 5000 Å
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Table 4.1: Long-slit spectroscopic observations

NTT/EMMI WHT/ISIS

Observing runs 12/07/04 05-06/04/06
04-07/02/05 13-14/10/06

Arm Red Blue
Spectral range (Å) 4000-7000 3700-7100
Dispersion (Å/pixel) 1.66 1.7
Resolution (km/s) 150 130
Scale (arcsec/pixel) 0.33 0.4
Slit length (arcmin) 8 4
Slit width (arcsec) 1 1

within the inner 1/8 of the effective radius in order to accurately determine galaxy stellar
populations. The seeing during the runs was 0.9 arcsec in the worst case. We reduce the
data in the standard way with a variety of suitable programs written by Daniel Kelson,
SCT and PS in the Python programming language (see Chapter 3 for more details). The
wavelength calibration rms never exceeds 0.1 Å.

We re-bin the 2D spectra to a 1-arcsec spatial scale (equal to the slit width). To
extract aperture-equivalent 1D spectra, we scale up the counts of all rows (but the cen-
tral one) by their distance from the galaxy centre (González 1993). This allows us to
calculate for each galaxy and along each slit position-angle the effective radius Re as the
radius containing half of the total light. We note that given the depth of our long-slit
observations this estimate is likely to be smaller than the true effective radius which
would be measured from optical imaging. Instead, Re should be regarded as the scale
of the central light distribution and is used in order to analyse the spatial variation of
galaxy spectral properties in a consistent way across the sample. Values of Re are listed
in Table 4.2.

We extract for each galaxy along each slit position angle aperture-equivalent 1D
spectra using aperture radii of Re/16 and Re/2. Note that in doing so we adopt a
minimum aperture radius of 0.75 arcsec to avoid seeing problems. In one case (ESO 140-
31) this causes the smallest aperture to have radius Re/9 rather than Re/16. The spectra
are then flux calibrated and smoothed to a velocity dispersion independent on wavelength
and equal to 150 and 130 km/s for EMMI and ISIS spectra respectively. The resulting
spectra (two per galaxy per aperture along the two perpendicular slit alignments) are
then analysed as described below.

4.1.1 Separating stellar spectrum from ionised-gas emission lines
As discussed in Chapter 1, ETGs often show ionised-gas emission lines superimposed
on the stellar spectrum. In order to properly study stellar populations it is necessary
to first remove such contamination, which can then be analysed separately. We do this
by means of GANDALF, a program which fits the best combination of stellar spectral
templates and Gaussian emission lines to a given spectrum (for details, see Sarzi et al.
2006). We use GANDALF to derive (for each galaxy, slit position-angle and aperture)
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the purely-stellar spectrum by subtracting the best-fitting emission-line spectrum from
the observed one.

In this work we fit MILES single-burst stellar population (SSP) models (Vazdekis
et al., in prep.) and adopt a 11th-order multiplicative polynomial to match the stellar
continuum over the entire observed wavelength range. GANDALF allows the user to fit
any set of emission lines with various constraint on their relative kinematics and flux.
As a general scheme, we force all forbidden lines to have the kinematics of [N ii]λ6583
and all recombination lines to have the kinematics of Hα. However, in case of very weak
emission, we fit first [O iii]λ5007 (easier to detect) and then tie the kinematics of all other
lines to it.

We subtract the emission model-spectrum from the observed one (i.e., stellar+gas)
after applying a line-detection criterion. Namely, we require A/N ≥ 3 for a line to be
detected, where A is the amplitude of the Gaussian fit to the line and N is the median
spectrum noise within a narrow wavelength region centred on the line. In fact, N is scaled
up by the χ2 of the fit to avoid large residuals (with respect to the spectrum noise) being
detected as gas emission in cases of poor fitting. For each Balmer emission-line we relax
the detection criterion to A/N ≥ 2 if the lower-order line is detected.

We also allow any line with A/N ≥ 5 to be kinematically free; i.e., we fit its kinematics
independently to reduce line-subtraction residuals. This is important when the emission
fills in a significant fraction of (or an entire) stellar absorption line (e.g., Hβ). We have
tested that in these cases the gas kinematics derived from different lines are consistent.
We have also tested that the flux ratios of Hβ to Hα, Hγ and Hδ are compatible with
Case B recombination (Osterbrock & Ferland 2006). Typical χ2 is 1 and χ2 ∼ 2 is the
worst case.

In two cases, NGC 3998 and NGC 7052, the ionised gas shows double Gaussian
profiles, causing the ionised-gas removal to be of poor quality. While the estimate on the
emission line flux of these two galaxies is still reasonably accurate, we do not analyse their
stellar populations as indices affected by gas emission (see below) are likely to contain
large errors.

Summarising, GANDALF allows us to obtain for each galaxy, aperture and slit
position-angle: the purely-stellar spectrum as the observed spectrum minus the best-
fitting emission spectrum; a set of detected emission lines and their flux; and the line-
of-sight velocity distribution of stellar emission and emission lines. For each galaxy and
aperture, the flux of a given line is taken as the average of the fluxes measured along
the two perpendicular slit positions. Table 4.2 gives the flux of Hβ, [O iii]λ5007, Hα and
[N ii]λ6583 emission for all galaxies and apertures.

4.1.2 Lick/IDS line-strength indices and derivation of tSSP, [Z/H]SSP
and [E/Fe]SSP

We analyse the stellar populations of our galaxies by measuring Lick/IDS line-strength
indices (Worthey et al. 1994; Worthey & Ottaviani 1997) from the gas-free spectra,
and comparing the result to model predictions as a function of stellar age and chemical
composition. In order to correctly perform the comparison, we measure the indices
after having broadened the observed spectra to match the Lick/IDS resolution. We
then correct the measurements for the effect of velocity dispersion. For this purpose,
we calculate for each spectrum and index a multiplicative correction as the factor that
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Figure 4.1: Line-strength indices measured within the Re/16 aperture and plotted over
BC03 model grids. Note that <Fe>=(Fe5270+Fe5335)/2 and [MgFe]=(Mgb <Fe>)1/2.
Error bars are 1 standard deviation estimated from the spectrum noise only. Left panel:
Only the [E/Fe]=0 grid is plotted. Solid lines have constant age while dashed lines have
constant metallicity. Age and metallicity values label the corresponding grid lines. Right
panel: top and bottom grid have [E/Fe]=0 and +0.3 respectively. Grid lines are labelled
with the corresponding age and metallicity only for the [E/Fe]=0 grid.

transforms the index measured from the best-fitting stellar spectrum to the one measured
from its unbroadened (σstars = 0 km/s) counterpart. Finally, we bring the line-strength
indices onto the Lick/IDS system. We do this by means of MILES-library calibration
stars (Sánchez-Blázquez et al. 2006) that we observed during each observing run. Details
on this calibration can be found in Appendix 4.A. Here we would like to stress that the
entire sample is calibrated by means of MILES stars, so that all galaxies are on the same
index system.

We combine the line-strength indices along the two perpendicular slit positions for
each galaxy and aperture. We then compare the measured value of Hβ, Mgb, Fe5270 and
Fe5335 to the values predicted by Bruzual & Charlot (2003; hereafter BC03) SSP models
as a function of age t and metallicity [Z/H]. In doing the comparison we take account
of non-solar alpha-to-iron abundance ratios by parameterising them with the quantity
[E/Fe] introduced by Trager et al. (2000b). For this purpose, we use Lee et al. (in prep.)
index responses to [E/Fe] variations to modify BC03 index values (see Trager, Faber &
Dressler 2008, submitted, for more details).

Fig.4.1 shows the data-to-model comparison by plotting the measured galaxy indices
(for the Re/16 aperture only) and the models on two projections of the hyperspace
defined by Hβ, Mgb, Fe5270 and Fe5335. Comparison to SSP models allows us to derive
the best-matching SSP-equivalent age tSSP, metallicity [Z/H]SSP and abundance ratio
[E/Fe]SSP. For each spectrum, these are calculated with the aid of 104 Monte Carlo
realisations of the four measured indices whose standard deviation is estimated from the
spectrum noise. Each of tSSP, [Z/H]SSP and [E/Fe]SSP is taken as the peak value of
its probability distribution marginalised with respect to the other two parameters. The
errors are defined to contain 68% of the probability integral (see Trager, Faber & Dressler
2008 for more details). Off-grid points are fitted by linearly extrapolating the models.
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Figure 4.2: Ionised gas detected outside Re/16 relative to the total plotted against the
specific gas content within Re/16 (see text). ∆FHα/FHα = 0 or 1 means that all the gas
is detected inside or outside Re/16 respectively. Light-grey, dark-grey and black symbols
correspond to low-, intermediate- and high-σ galaxies as defined in Sec.2.3. Filled and
open circles correspond to galaxies whose (upper limit on) M(H i) is above and below
108 M� respectively.

Given the regular behaviour of the model grids in Fig.4.1, this treatment is reasonable
in the proximity of the grid boundaries . Tables 4.3 and 4.4 list the index values and
derived stellar parameters for all galaxies and apertures.

4.2 Results

The data analysis described above gives us for each galaxy and over each of the two
apertures of radius Re/16 and Re/2: the stellar population parameters tSSP, [Z/H]SSP,
[E/Fe]SSP and a set of emission-line fluxes relative to all detected lines. Furthermore,
we know for all galaxies M(H i) or its upper limit (see Table 2.1) and how the neutral
hydrogen in distributed around the stellar body (see Chapter 2). This section presents
the results derived with respect to these quantities. As in Chapter 2, we divide the sample
in three groups corresponding to low, intermediate and high stellar velocity dispersion
σ. These are defined by the criteria σ ≤180 km/s, 180 km/s ≤ σ ≤240 km/s, and
σ ≥240 km/s respectively, chosen so that each group contains the same number of objects
(13). Values of σ are reported in Table 2.1. Except when stated otherwise, we plot
low-, intermediate- and high-σ objects with light grey, dark grey and black symbols
respectively.
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Star Forming LINER

SEYFERT

Figure 4.3: Emission-line flux ratio diagram. Labels and dashed lines indicate schemat-
ically which region of the diagram corresponds to ionisation typical of star-forming re-
gions, LINER and Seyfert galaxies, following Kauffmann et al. (2003). Filled and open
circles correspond to Re/16 and Re/2 apertures respectively. All measured points lie
within the LINER region. Points at [O iii]λ5007/Hβ=0.1 are not detected in the lines
[O iii]λ5007and/or Hβ, while they are in [N ii]λ6583and Hα. These points could lie any-
where along the vertical axis.

4.2.1 Ionised gas: properties and connection to the H i content

We detect ionised gas in 60% of the sample. This is consistent with previous estimates of
the fraction of ETGs containing warm gas (e.g., Sarzi et al. 2006; Yan et al. 2006) even
though our sample is not meant to be representative of the local early-type population.

The gas is typically extended. Fig.4.2 shows the Hα flux detected between Re/16 and
Re/2 – i.e., ∆FHα = FHα(Re/2)−FHα(Re/16) – normalised to the total FHα and plotted
against the specific Hα emission f∗Hα(Re/16). We define the latter as the Hα-to-stellar
flux ratio measured over 300 Å centred on the emission line (values of f∗Hα are given for
both apertures in Table 4.2). In the figure, filled and open circles correspond to galaxies
whose (upper limit on) M(H i) is above and below 108 M� respectively. There are two
(low-f∗Hα) galaxies where no ionised-gas emission is detected outside Re/16 (∆FHα = 0;
NGC 3640 and NGC 7626), and five cases where all the emission comes from outside
it (∆FHα = FHα; NGC 1439, NGC 2300, NGC 3610, NGC 7332 and NGC 7619).
Generally, emission outside Re/16 is the main contributor to the total. There also is a
tendency of Hα-bright galaxies to have more concentrated emission.

In most of the spectra where Hα is detected we also detect Hβ, [O iii]λ5007 and
[N ii]λ6583. This allows us to study the ionisation state of the gas by using one of the
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Figure 4.4: Specific Hα emission (defined in the text) plotted against the H i mass.
Light-grey, dark-grey and black symbols correspond to low-, intermediate- and high-σ
galaxies as defined in Sec.2.3. Arrows indicate upper limits on M(H i).

flux-ratio diagnostic diagrams introduced by Baldwin et al. (1981). Fig.4.3 shows the
ratio [O iii]λ5007/Hβ plotted versus [N ii]λ6583/Hα for the Re/16 (filled circles) and
Re/2 (open circles) apertures. This diagram allows us to separate different ionisation
mechanisms as schematically indicated following Kauffmann et al. (2003). All galaxies
are, over any aperture, LINER-like objects. We plot at [O iii]λ5007/Hβ=0.1 galaxies
where either [O iii]λ5007 or Hβ are not detected but [N ii]λ6583and Hα are. Also in these
low-emission cases the ratio [N ii]λ6583/Hα is outside the star-forming range.

Finally, Fig.4.4, shows f∗Hα(Re/16) plotted against M(H i). In this figure, filled and
open circles correspond to galaxies whose (upper limit on) M(H i) is above and below
108 M� respectively. At low H i masses f∗Hα is low while at high M(H i) there is a wide
range of ionised-gas content. The plot shows that a H i mass larger than 108 M� is
necessary (but not sufficient) for a galaxy to host bright ionised-gas. The same result is
obtained using different emission lines or the Re/2 aperture.

4.2.2 Stellar populations
Fig.4.5 plots the SSP-equivalent stellar parameters against central velocity dispersion
for the Re/16 and Re/2 aperture for all galaxies in the sample. Solid and dashed lines
represent the linear fit of Thomas et al. (2005) and Bernardi et al. (2006) respectively, and
are just meant as a comparison to previous results. In particular, we take the field, old
galaxy population fit of Thomas et al. (2005), and the field, low redshift fit of Bernardi
et al. (2006).

A few features stand out from Fig.4.5. Firstly, there is a large scatter in all the
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R /2eR /16e

Figure 4.5: tSSP, [Z/H]SSP and [E/Fe]SSP vs. σ within Re/16 (left panels) and Re/2
(right panels). Light-grey, dark-grey and black symbols correspond to low-, intermediate-
and high-σ galaxies as defined in Sec.2.3. Filled and open circles correspond to galaxies
whose (upper limit on)M(H i) is above and below 108 M� respectively. Solid and dashed
lines represent Thomas et al. (2005) and Bernardi et al. (2006) fits respectively (see text).
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R /2eR /16e

Figure 4.6: tSSP, [Z/H]SSP and [E/Fe]SSP in the inner Re/16 (left panels) and Re/2
(right panels) plotted against M(H i). Light-grey, dark-grey and black symbols corre-
spond to low-, intermediate- and high-σ galaxies as defined in Sec.2.3. Arrows indicate
upper limits on M(H i).
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plots and over both apertures. We find objects as young as 3 Gyr and as old as the
Universe, with smaller systems being on average younger than bigger ones. [Z/H]SSP
varies from half to three times solar and clearly increases when moving towards galaxies’
inner region (as known since Peletier et al. 1990b) as well as with σ. [E/Fe]SSP ranges
from solar to two times solar and also increases with σ. The slopes of the [Z/H]SSP-σ
and [E/Fe]SSP-σ relations are broadly consistent with previous results. Both fits showed
in the figure match well our metallicity measurements within Re/16 while our [E/Fe]SSP
measurements are systematically lower than what predicted by Thomas et al. fit. This
is due to the use of different stellar population models. Clearly, our data imply a strong
relation between [Z/H]SSP and [E/Fe]SSP with metal-richer (and more massive) galaxies
being also more α/Fe-enhanced and therefore characterised by a shorter duration of the
main star formation episode, as suggested by Thomas et al. (1999, 2005).

4.2.3 Stellar populations and H i
Fig.4.6 shows tSSP, [Z/H]SSP and [E/Fe]SSP plotted against M(H i) for the Re/16 and
Re/2 apertures. The figure shows that the scatter visible in Fig.4.5 is present at any
M(H i), and that tSSP, [Z/H]SSP and [E/Fe]SSP do not depend on the H i mass. On the
other hand, we do find interesting trends in the spatial distribution of stellar populations.

Fig.4.7 shows the variation of all SSP-equivalent parameters when moving from the
inner Re/2 to the inner Re/16 plotted against M(H i). Graphic markers are the same
as in Fig. 4.6. We find that 8 out of 20 (40%) ETGs with M(H i)≤ 108M� exhibit
a central drop in age (∆log10tSSP≤ −0.2; these are NGC 1439, NGC 2549, NGC 3193,
NGC 3640, NGC 7332, NGC 7457, NGC 7585 and NGC 7600) while none of the 17
objects with M(H i)≥ 108M� do. In particular, such ∆t-M(H i) connection does not
hold for high-σ objects, none of which are centrally rejuvenated independently on the
neutral hydrogen mass (black symbols in Fig.4.7). On the contrary, considering only our
low- and intermediate-σ bin (light- and dark-grey symbols), 8/13 (∼60%) of the H i-poor
galaxies exhibit a central age drop while none of the H i-rich object do.

The lack of age gradient in H i rich galaxies does not rule out them having an evenly-
distributed young age. As mentioned above, young ages are indeed found at anyM(H i).
For example, there are six galaxies with a stellar age below 4 Gyr within either the Re/16
or the Re/2 aperture, and ∼zero age gradient. These are NGC 2534, NGC 2810, NGC
3610, NGC 4125, NGC 4278, NGC 5018 and NGC 5173. All but two of them (NGC
4125 and the H i-undetected NGC 3610) have M(H i)≥108 M�. Interestingly, the H i
in these systems is found distributed on (disk+) tails, partial rings, disturbed disks or
filaments (see Chapter 2).

As anticipated in the previous section, we also observe a clear increase in [Z/H]SSP
when moving towards the centre of galaxies, while [E/Fe]SSP does not change much.
Furthermore, by comparing ∆tSSP and ∆[Z/H]SSP, Fig.4.8 shows that galaxies with a
central age drop have larger central [Z/H]SSP increase compared to the other objects.

4.2.4 Hβ correction and the case of IC 4200
Our analysis relies heavily on a correct determination of Hβ absorption. As many galaxies
in the sample are contaminated by ionised-gas emission lines, including Hβ, we check to
what extent our result is driven by the line in-fill correction obtained with GANDALF.
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Figure 4.7: Variation of tSSP, [Z/H]SSP and [E/Fe]SSP when going from the Re/2
aperture to the Re/16 one. Light-grey, dark-grey and black symbols correspond to low-,
intermediate- and high-σ galaxies as defined in Sec.2.3. Arrows indicate upper limits on
M(H i). For each parameter, a negative ∆ implies a decrease in that parameter when
reducing the aperture radius from Re/2 to Re/16.
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Figure 4.8: [Z/H]SSP variation plotted
against tSSP variation when going from
Re/2 aperture to the Re/16 one. Light-
grey, dark-grey and black symbols cor-
respond to low-, intermediate- and high-
σ galaxies as defined in Sec.2.3. Filled
and open circles correspond to galaxies
whose (upper limit on) M(H i) is above
and below 108 M� respectively. For each
parameter, a negative ∆ implies a de-
crease in that parameter when reducing
the aperture radius from Re/2 to Re/16.

We list the Hβ index corrections for all galaxies in Table 4.2.

Fig.4.4 already suggests that rejuvenated objects, being H i-poor, are also poor in
ionised gas. Their stellar population parameters must therefore be little affected by gas-
subtraction errors. Indeed, only two of the galaxies with ∆log10tSSP≤ −0.2 have non-zero
Hβ corrections. These are NGC 3193 and NGC 7585. For the first, the corrections are
0.24 and 0.14 Å along the Re/16 and Re/2 apertures respectively. For the second the
correction is 0.08 Å along the Re/16 aperture and null along the Re/2 one. Concerning
the 29 galaxies with |∆log10tSSP| ≤ 0.2, the Hβ correction is below 0.5 Å in all but 8 and
6 galaxies over the Re/16 and Re/2 aperture respectively, and zero in half of the cases.

Stellar population models show that an error of 0.1 Å in the Hβ correction, which
would represent a large fraction of the in-fill correction in most of our galaxies, translates
into an error of 0.02, 0.05 and 0.1 dex in log10tSSP at 1, 5 and 10 Gyr respectively (this
can be understood from Fig.4.1, left panel). We therefore conclude that our result, and
in particular the fact that many low-σ, H i-poor galaxies are centrally rejuvenated, is
not significantly affected by the Hβ correction.

The importance of a correct subtraction of the ionised-gas contamination is well
illustrated by the case of IC 4200. This is among the few galaxies with substantial Hβ
correction and was studied in details in Serra et al. (2006; Chapter 3). In that work we
modelled the ionised-gas emission in a different, simpler way. The main differences with
respect to the present study are that in Chapter 3 we found the best-fitting BC03 SSP
model instead of the best combination of MILES SSP models; and that we computed the
best Gaussian fit to the residual emission lines successively rather than simultaneously
to the fit of the stellar component (see Chapter 3 for details). The different method
resulted in a much younger age than what reported here (see Table 4.4). The reason is
that the best-fitting stellar model obtained now is older (giving also an improved fit).
An additional effect is that in Chapter 3, unlike now, we could not properly subtract the
[N i]λ5199 emission. When this is done, the red continuum of Mgb decreases so that the
index itself becomes weaker, causing an additional age increase (this can be understood
from Fig.4.1). We consider the new result more reliable.
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4.3 Discussion
4.3.1 Ionised gas
We find two very clear results with respect to the ionised gas. The first is that the gas
is, with few exceptions, extended and characterised by LINER-like line ratios at any
distance from the centre of the host galaxy (Hα and [N ii]λ6583 lines are crucial to reach
this conclusion). Although our sample is not representative, this result is consistent with
previous studies on the spatial ionised-gas distribution in ETGs (Sarzi et al. 2006), and
on the incidence of LINER-like systems in large samples of emission-line ETGs (3 out of
5 according to Yan et al. 2006).

As explained in the review by Filippenko (2003), LINER-like line ratios can be pro-
duced by different mechanisms: a central AGN; heating via shocks; ionisation by old
stars; cooling flow of hot gas. Therefore, although LINERs were first introduced as a
class of systems with nuclear emission lines, it is in principle possible to explain the ob-
served diffuse LINER-like emission. In our case, the most important indication is that
the ionisation is not caused simply by low-level residual star formation.

The second finding is that only very H i-rich galaxies (M(H i)≥ 108M�) can host
strong ionised-gas emission. This is not a trivial result. The H i is typically distributed
out to very large radii (many tens of kpc; see Chapter 2), while the ionised gas is being
observed in the inner few kpc of the stellar body. Therefore, the two gas phases are
not necessarily physically linked; and indeed there are examples of galaxies with large
amounts of H i but no or little ionised gas (see Fig.4.4). The fact that only H i-rich
galaxies show strong emission could imply that, at least in some cases, the ionisation
mechanism is provided by the shocks experienced by gas flowing from the large scale H i
systems towards the inner stellar body. Such a connection would be consistent with the
finding of Morganti et al. (2006) that ionised- and H i-gas velocity fields are contiguous
in systems with regular neutral-hydrogen rotation. In this sense, it will be interesting to
compare in more detail the kinematics of H i and ionised gas in our sample. This aspect
is addressed in Chapter 5 of this thesis.

4.3.2 Stellar populations
Concerning the stellar populations, we confirm the general increase of tSSP, [Z/H]SSP
and [E/Fe]SSP with σ, with a large scatter especially in the tSSP-σ relation. On the other
hand, we do not find any trend in the stellar age and chemical composition with M(H i).
H i-rich galaxies are not systematically younger/older than H i-poor ones, nor there is
a difference in metallicity or abundance ratio. At any M(H i), all stellar population
parameters are characterised by a large scatter. However, we do find that, in a statistical
sense and over the present sample, and with the important exception of the most massive
galaxies (σ ≥240 km/s), H i-poor galaxies show a central age-drop while H i-rich galaxies
do not; and that the drop in age is associated to a larger-than-average central metallicity
increase.

To interpret this result it is important to realise that the analysis technique used in
the present study gives only one value for the stellar age and chemical composition in a
galaxy, as if all stars were formed at the same time and from gas clouds with the same
metallicity. However, stars within a galaxy almost certainly have a spread in age and
in the abundance of individual elements. In such a more realistic situation [Z/H]SSP
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and [E/Fe]SSP track the V -band luminosity-weighted chemical composition while tSSP
is always strongly biased towards the age of the youngest stars (see Chapter 6 for a
thorough discussion of these systematic). For example, a 5/100 mass ratio between a
1-Gyr-old and a 10-Gyr-old population can drive tSSP down to 2.5 Gyr (at solar [Z/H]
and [E/Fe]). This bias fades very quickly as the young stellar component ages: 1 Gyr
later, the same system would have tSSP=7 Gyr; 2 Gyr later, tSSP=10 Gyr.

It is therefore likely that the central age drop in low-σ H i-poor objects is indeed
caused by a central stellar sub-component younger than the underlying population. Fur-
thermore, because the age-drop is associated to a larger increase in [Z/H]SSP than in
the rest of the sample, we conclude that the young stellar population in the centre was
formed from enriched material.

Given the size of the sample and the magnitude of the effect described, this result
needs being strengthened by further investigation. In particular, we stressed in Chapter
1 that gas plays an important role in shaping the orbital structure of galaxies. Therefore,
the analysis of the stellar and gas kinematics of galaxies in the sample will be an important
complement to the work presented here. Such analysis is presented in Chapter 5. For
the moment, it is worthwhile trying to understand how the picture described above could
arise.

The young stellar population in the centre of H i-poor objects is likely to have formed
in situ (the less convincing alternative would be that, unlike H i-rich galaxies, a large
fraction of H i-poor ETGs accreted a young and metal-rich stellar system right onto their
very inner regions). Therefore, having hosted central star formation in their recent past,
more than half of the low-σ H i-poor systems must have contained a significant gas mass
from which to form stars; i.e., they must have been H i-rich themselves. Clearly, the
gas from which stars formed did not necessarily have the same properties (morphology,
kinematics, density) as that observed around currently-H i-rich systems. Yet, it must
have been there at some point. And most importantly, in order to justify a significant
drop in the central age of H i-poor systems, it must have been as massive as some percent
of the total galaxy stellar mass. This is of the same order of magnitude of the H i mass
detected around H i-rich galaxies (108 to ∼1010 M�).

H i-rich and more than half of the H i-poor low-σ systems might have therefore
contained similar gas masses in the past. What caused the now-H i-poor galaxies to use
their gas supply to form highly concentrated stars, and the now-H i-rich objects not to
do so?

4.3.3 Mergers of galaxies
According to the picture for the formation of ETGs sketched in Chapter 1, mergers are
a necessary ingredient to transform disk galaxies into spheroids from z∼1 to now, and
account for the ETG luminosity-function evolution. With respect to the results just
described, it is interesting to note that mergers of disk galaxies can result in gas-rich
or gas-poor remnants depending on the details of the merging process. In particular,
it is important whether or not the gas of the progenitor galaxies can retain its angular
momentum with respect to the remnant (e.g., di Matteo et al. 2007).

If most of the gas loses its angular momentum (like in a retrograde encounter, in
which the spins of the two disk-galaxies lie along opposite directions) it falls towards the
very centre of the remnant, where it is consumed in an efficient burst of star formation.
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In this case no/little gas is left at large radii so the remnant is H i-poor. Furthermore,
because of the central star formation, the average stellar age should drop in the inner
kpc.

On the other hand, if gas conserves its angular momentum (for example in a direct
encounter, in which the two spins are aligned) large tidal-tails form and up to 60% of the
progenitors’ gas is spread at large radii (Barnes 2002). This can later be re-accreted and
form massive, extended H i structures like the ones observed around H i-rich galaxies.
Simulations show that also in direct-like mergers gas infall and central star formation
occur. However, given a same progenitor pair, the gas available for star formation within
the stellar body is less than for a retrograde-like encounter. Furthermore, gas in a direct
encounter has generally higher angular momentum than in a retrograde one so that it
(and any related star formation) is less concentrated towards the centre.

Fig.34 in di Matteo et al. (2007) shows this effect quite clearly by plotting the La-
grangian radii of the gas+new stars (i.e., the radii containing a given fraction of the total
gas+new stars mass) for both a retrograde and a direct merger. In the former case, all
Lagrangian radii are smaller at coalescence than the ones of the isolated progenitors,
with the 50% and 75% radii being reduced by 1-2 orders of magnitude. On the contrary
in a direct merger the 10%, 25% and 75% Lagrangian radii are larger at coalescence than
for an isolated progenitor, while only the 50% radius is significantly smaller, as during a
retrograde encounter. Therefore, it is reasonable to presume that H i-rich remnants have
a smaller (if any) age drop in their very centre.

Indeed, if disk mergers play a significant role in ETG formation (as argued by Bell
et al. 2004b and Faber et al. 2007) one might expect to see what Fig.4.7 suggests: H i-
poor objects (or at least a fraction of them) with a strong central age drop and H i-rich
systems without it. Furthermore, since the bright-end of the red sequence is thought
to have assembled mostly through dissipation-less merging along the red sequence, this
effect should not involve massive galaxies. Indeed we do not find galaxies with a central
age drop associated with a low H i mass above σ ∼250 km/s.

Clearly, even if the described mechanism plays an important role in ETG formation,
some scatter is expected. Firstly, any galaxy that did not form via a gas-rich merger
would not fall in this picture. Furthermore, a large number of initial conditions plays
a role in determining the final result of a merger (e.g., progenitors’ gas content, orbital
parameters, spin alignment, mass ratio, progenitors’ bulge/disk ratio). The environment
is also an important factor; at higher density, not well probed by our sample, the IGM
affects galaxy gas phase in a variety of ways (e.g., gas stripping and heating), so that the
picture in a cluster of galaxies is likely to be quite different. Finally, as mentioned above,
the longer the time passed since the merger and thus since the burst of star formation,
the weaker will be the impact of the young stellar component on the SSP-equivalent
parameters. With respect to this, we must keep in mind that many H i-rich systems
are characterised by settled neutral-hydrogen configurations (e.g., Chapter 2), indicating
that the merger (if any) occurred many Gyr ago.

We note that this interpretation implies the existence of objects formed via mergers
among both H i-rich and H i-poor galaxies. This is reasonable as at any M(H i) we
find young systems, i.e., systems that are likely to have hosted recent star formation. At
any H i-mass star formation could have been triggered by a gas-rich merger, with the
large-scale H i survival being linked to the spatial distribution of the star formation during
the merging process. The uniformly-young, H i-rich objects mentioned in Sec.4.2.3 would
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fit in this picture. Given their disturbed H i morphology, typical of young remnants of
dissipative, high-angular-momentum mergers, these galaxies might have indeed formed
recently in direct-like encounters. In this respect, older galaxies with more regular H i
distributions may have a similar formation history but simply be more evolved (e.g.,
ESO 092-21, NGC 3108). We note, however, that there are ETGs hosting disturbed H i
distributions and a uniformly old age (NGC 4026 and NGC 5903).

As a word of caution, we must point out that such interpretation is based on a com-
parison of galaxy stellar populations to simulations of gas-rich mergers. Unfortunately,
while the dynamics of both gas and stars during a merger might be well described by
simulations, a full understanding of the physics of star formation during these processes is
still lacking. For example, there are suggestions that star formation during galaxy inter-
actions might be induced by shocks instead of being simply dependent on the gas density
(Barnes 2004). As a consequence, the discussion above has to be rather qualitative. The-
oretical improvement will be crucial in enabling a more accurate, quantitative approach.
For the moment, we can say that a large number of systems fall qualitatively within what
one would expect from disk-merger simulations: H i-poor, centrally-rejuvenated galax-
ies; H i-rich objects with disturbed neutral-hydrogen distribution and uniformly-young
stellar population; or with settled H i structures and uniformly old stars. On the other
hand, a handful of counter-examples exist: uniformly-old galaxies with a disturbed H i
morphology; systems with no detected H i and a uniformly young stellar population. At
this point, it is premature to conclude whether the former are a secure indication that
the merger hypothesis of Toomre (1977) is correct, or whether the latter rule it out.

Finally, the fact that the young population is metal rich is consistent with it having
formed from gas that belonged to the interstellar medium of a disk galaxy; i.e., already
enriched material. As we argue below, this is a strong argument against accretion of gas
from the intergalactic medium being responsible for the existence of H i-rich ETGs.

4.3.4 Structural properties and IGM accretion
The above interpretation has the advantage of being linked to a sound, observationally-
based picture for the evolution of ETGs since z∼1. However, it is important to understand
whether it is the only possible one.

Fig.4.7 can be interpreted under the general scheme that if gas (however accreted)
cannot retain its angular momentum it falls towards the centre of a galaxy, leaving it
devoid of large-scale gaseous structures. There it may trigger a burst of star formation
which in turn causes a stellar-age drop with respect to the outer regions. This could be
caused by any structural property that allows gas angular-momentum removal, including
non-axisymmetric mass distributions. The gas fate would then be determined by some
intrinsic galaxy properties rather than the way the gas was accreted (e.g., direct- vs.
retrograde-like galaxy encounters).

Among non-axisymmetric structures, triaxial bulges or halos are not straightforward
to identify. In any case their triaxiality is never extremely strong, and halos in particular
are triaxial on a large scale compared to disks so that they are probably seen as nearly
spherical. At the same time, strong spiral arms are not present in this sample as our
galaxies are all early-type. Bars on the other hand could be hosted by our targets. It is
possible that centrally-rejuvenated H i-poor systems contain a bar that caused gas inflow
and, possibly, successive gas depletion via star formation. On the contrary, (strong) bars
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should not be found in H i-rich systems.
There are a few problems with this picture. Firstly, only two of the galaxies in the

sample are reported by previous observers to contain a bar: NGC 5018 (Corwin et al.
1985) and NGC 7332 (Falcón-Barroso et al. 2004). The former is actually a uniformly
young (2-3 Gyr old) H i-rich object while the latter has a very modest amount of H i
and indeed a younger central stellar population. NGC 7332 is therefore the only case
in which a bar might be the cause of central rejuvenation. Three more systems are
suspected of hosting a bar (NGC 0596 and NGC 0636, Nieto et al. 1992; NGC 7457,
Michard & Marchal 1994) but no strong evidence is given. Furthermore, of these, only
NGC 7457 hosts a young central stellar component. Finally, none of the galaxies show
obvious signs of a bar in 2MASS images. This means that only weakly-barred objects, if
barred at all, are present in the sample (a possible complication comes from the fact that
bars may cyclically form and be destroyed in galaxies, so that a lack of bar detection
does not completely rule out its past existence; see Combes 2007).

Secondly, along with gas inflow bars also re-distribute material around the location
of the outer Linblad resonance, so that a significant fraction of the initial available gas
should still be found at large radii (Pérez & Freeman 2006). This problem is likely to be
even more relevant if the gas is initially spread over very large distances as observed in
H i-rich ETGs. Therefore, a link between central rejuvenation and lack of large-scale H i
is not an obvious outcome of a central bar.

Furthermore, it is not at all clear that a bar would be capable of transporting many
times 109 M� of gas towards the galaxy centre, making a H i-rich object become H i-poor.
This might be the case for very strong bars, but the existence of barred disk galaxies
with large disks of rotating H i already suggests that efficient gas removal is not the rule.

Finally, even if bars were responsible of the gas inflow, it would remain to be explained
how the gas was initially accreted by both H i-rich and centrally-rejuvenated H i-poor
galaxies. Accretion of gas from the intergalactic medium (IGM) is a viable way of ac-
cumulating large masses of gas around galaxies. In particular, simulations show that a
fraction of the gas is normally accreted via a cold mode, i.e. it is not shock-heated to the
virial temperature of the accreting halo but stays below 105 K (Binney 1977; Fardal et al.
2001; Kereš et al. 2005; Birnboim et al. 2007). Depending on halo mass and environment,
as much as 1010 M� of gas can be accreted via the cold mode and, if the environment
allows it, cool to the neutral state in a reasonable time scale (∼1 Gyr provided a small
enrichment from stellar processes within the galaxy; see the discussion in Chapter 3).

Cold accretion can therefore explain the flow of substantial amounts of gas onto ETGs.
However, the young stellar population in the centre of many H i-poor ETGs is hard to
interpret in terms of bar-induced inflow of IGM material. The reason is that, even if
slightly enriched by stellar processes within the accreting galaxy, this gas cannot be as
metal-rich as our stellar-population analysis suggests (many times solar). Therefore, it
is possible that some H i-rich systems have accreted their gas from the IGM during a
prolonged, dynamically-quiet phase. But it seems unlikely that this process has played
the dominant role in bringing gas around ETGs.

4.4 Conclusions
We have presented a study of the stellar population and ionised gas content of a sample
of 39 (mostly field) ETGs as a function of their H i mass. We find that 60% of them host
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diffuse, LINER-like, ionised gas emission. H i-poor galaxies tend to contain little ionised
gas, while H i-rich systems can have high specific emission as well as no emission at all.
A large H i mass appears therefore to be a necessary (but not sufficient) condition to host
large warm gas reservoirs. An investigation of the kinematical aspect of this connection
is presented in Chapter 5.

The stellar populations, analysed by means of line-strength indices, show increasing
age, metallicity and α/Fe with σ but with a large scatter (in particular the age). None of
these parameters depend on the H i mass. With respect to their variation across galaxies’
stellar body, we find a clear increase in metallicity when moving towards the centre.

The most interesting result is that in galaxies with velocity dispersion below 240 km/s
a low neutral-hydrogen content is associated, in 60% of the cases, to a central stellar-age
drop by a factor of at least 1.7. We interpret such age variation in terms of a central
stellar component younger than the underlying one. H i-rich objects never show such age
gradients (although they can be uniformly young). On the other hand, in more massive
galaxies no ∆t-M(H i) relation is found.

We find that this result can be interpreted within the picture of the evolution of ETGs
that has emerged from recent high-redshift surveys. These require that a large fraction of
MB ≥ −21-spheroids are formed via disk-galaxy mergers from z∼1 to now. It is possible
that during a merger the large-scale gas survival is inversely proportional to the gas-infall
efficiency and therefore to the related star-formation intensity and concentration. This
would explain why a large fraction of low- and intermediate-σ galaxies without large,
massive H i distributions host a young central stellar component while H i-rich galaxies
have more uniform populations. The latter may be uniformly-young. When this occurs,
the H i is found in fairly disturbed configurations (warped disk/ring, tails), confirming
that the host galaxy might have formed via a high-angular-momentum merger.

Given the size of our sample and the magnitude of the described ∆t-M(H i) relation,
this result needs further investigation. Three aspects need particular attention. Firstly,
it is crucial to achieve a quantitative, theoretical understanding of the fate of gas during
mergers, and in particular of the intensity and spatial distribution of any star formation
that it might host. Secondly, the different fate of gas possibly revealed by the stellar
population distribution across galaxies might at the same time leave signatures in their
stellar kinematics; this aspect is investigated in Chapter 5. Finally, a large, representative
sample of ETGs should be observed at both 21 cm and optical wavelengths in order to
perform the same kind of analysis presented here. This would not only enable to confirm
and possibly strengthen our result, but also to understand what fraction of ETGs show
sign of recent merging assembly and therefore how important gas-rich mergers are for
the formation of local ETGs. We discuss on-going effort in this direction in Chapter 7.
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Table 4.2: Ionised-gas emission

galaxy Re F (Hβ) F ([O iii]λ5007) F (Hα) F ([N ii]λ6583) ∆Hβ (Å) f∗Hα obs
(arcsec) Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2

ESO 092-21 13 0.1 2.0 0.2 3.0 0.2 7.6 0.2 5.6 0.47 0.44 3.2 3.0 E
ESO 140-31 7 0.1 0.9 0.3 3.0 0.4 3.7 0.5 4.0 0.54 0.36 3.1 2.7 E
ESO 381-47 22 - 1.4 0.4 2.4 0.4 3.1 0.7 2.7 - 0.36 0.7 1.6 E
IC 4200 12 0.2 3.1 0.4 4.5 1.5 15.8 2.2 19.0 1.51 1.26 10.6 8.4 E
IC 4889 12 0.1 2.4 0.3 5.9 0.6 10.3 0.9 13.8 0.33 0.31 2.9 2.5 E
NGC 0596 26 - - - 14.3 - - 14.3 36.2 - - - - I
NGC 0636 22 - - - - - - 34.8 - - - - - I
NGC 1426 21 - - - - - - - 60.0 - - - - I
NGC 1439 22 - - - - - 14.4 7.2 21.1 - - - 0.4 I
NGC 1490 18 - - - - - - - - - - - - E
NGC 1947 22 1.6 9.1 2.7 13.8 9.0 38.0 8.2 30.1 0.99 0.70 8.6 4.9 E
NGC 2300 24 - - - - - 23.8 - - - - - 0.4 I
NGC 2434 15 - - 0.9 4.5 1.2 5.7 1.9 5.6 - - 1.0 0.8 E
NGC 2534 18 3.5 11.9 3.7 9.5 5.2 73.5 15.6 42.4 1.19 1.07 10.9 8.8 I
NGC 2549 25 - - 3.0 18.6 - - 10.9 40.4 - - - - I
NGC 2768 27 6.3 25.2 11.9 57.5 2.1 152.2 65.9 238.2 0.59 0.33 4.8 2.5 I
NGC 2810 20 10.7 31.5 13.3 29.9 8.7 131.4 79.7 158.4 1.79 1.25 12.0 6.8 I
NGC 2904 12 - - - - - - - - - - - - E
NGC 3108 19 1.2 5.5 3.7 15.1 5.1 20.5 8.0 23.0 0.46 0.40 3.0 2.9 E
NGC 3193 27 3.8 16.8 6.9 33.9 2.0 56.9 16.8 68.4 0.24 0.14 1.2 0.8 I
NGC 3610 19 - - 1.3 - - 90.9 12.7 80.3 - - - 1.3 I
NGC 3640 22 - - - - 5.0 - 23.1 68.0 - - 0.4 - I
NGC 3998 23 130.1 229.3 126.2 178.2 8.5 548.2 675.8 953.0 - - 14.4 6.2 I
NGC 4026 40 - 30.6 7.4 63.0 8.8 78.6 12.8 53.9 - 0.16 0.4 0.5 I
NGC 4125 26 8.9 44.1 15.1 67.5 9.5 244.4 98.9 455.2 0.47 0.33 3.4 2.4 I
NGC 4278 26 71.7 165.6 94.8 211.4 6.7 463.8 356.8 616.7 3.04 1.37 15.2 5.2 I
NGC 4406 27 - - - - - - - - - - - - I
NGC 4472 25 - - - - - - - - - - - - I
NGC 5018 27 - - 4.5 10.5 9.7 88.2 61.7 184.7 - - 2.8 0.6 I
NGC 5173 20 11.0 22.1 18.5 31.3 5.8 126.9 35.5 75.1 1.66 1.07 13.2 8.5 I
NGC 5322 21 - - - - - - 59.0 210.7 - - - - I
NGC 5903 27 1.9 12.5 4.1 23.4 6.4 92.3 17.3 81.0 0.25 0.32 2.8 3.0 I

Continued on next page
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galaxy Re F (Hβ) F ([O iii]λ5007) F (Hα) F ([N ii]λ6583) ∆Hβ (Å) f∗Hα obs
(arcsec) Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2

NGC 7052 46 5.7 15.8 3.9 0.8 30.0 115.6 61.8 68.1 - - 5.2 2.0 I
NGC 7332 26 - - 6.7 44.7 - 48.2 14.9 59.1 - - - 0.4 I
NGC 7457 30 - - 0.8 - - - - - - - - - I
NGC 7585 25 0.7 - 2.3 6.9 8.3 49.7 12.8 63.5 0.08 - 1.4 0.7 I
NGC 7600 28 - - - - - - 9.6 - - - - - I
NGC 7619 28 - - - - - 42.7 - 61.2 - - - 0.5 I
NGC 7626 30 - - - - 6.0 - 10.6 13.0 - - 0.9 - I

In the second column we give the value of Re obtained as explained in Sec.4.1. The following columns give: flux of the four ionised-gas emission lines
used in this paper for all galaxies and apertures in arbitrary units (no flux value is given when the detection criterion is not satisfied; see Sec.4.1.1);
correction on the Hβ line-strength index determined by the detected Hβ emission; and specific Hα emission for each galaxy and aperture. For the

definition of f∗Hα see the Sec.4.2.1. The last column specifies whether the galaxy was observed with WHT/ISIS (I) or NTT/EMMI (E).
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Table 4.3: Lick/IDS line-strength indices

galaxy Hβ (Å) Mgb (Å) Fe5270 (Å) Fe5335 (Å)
Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2

ESO 092-21 1.86 ±0.09 2.05 ±0.07 4.19 ±0.11 3.31 ±0.09 3.00 ±0.11 2.41 ±0.09 2.87 ±0.13 2.48 ±0.10
ESO 140-31 1.83 ±0.06 1.82 ±0.05 4.11 ±0.07 3.59 ±0.05 3.07 ±0.07 2.84 ±0.05 2.91 ±0.08 2.64 ±0.06
ESO 381-47 1.40 ±0.05 1.65 ±0.06 4.93 ±0.06 4.33 ±0.08 3.01 ±0.07 2.60 ±0.09 2.84 ±0.08 2.31 ±0.10
IC4 200 1.72 ±0.06 1.79 ±0.05 4.36 ±0.07 4.15 ±0.06 3.01 ±0.08 2.90 ±0.06 3.03 ±0.08 2.89 ±0.07
IC 4889 1.89 ±0.04 1.88 ±0.03 4.18 ±0.04 3.98 ±0.03 3.22 ±0.05 3.04 ±0.03 3.05 ±0.05 2.87 ±0.04
NGC 0596 1.80 ±0.04 1.70 ±0.05 4.03 ±0.05 3.65 ±0.06 3.10 ±0.06 2.71 ±0.07 2.83 ±0.07 2.59 ±0.08
NGC 0636 1.65 ±0.05 1.58 ±0.06 4.58 ±0.06 4.04 ±0.08 3.18 ±0.07 2.85 ±0.08 2.92 ±0.08 2.55 ±0.09
NGC 1426 1.66 ±0.04 1.75 ±0.05 4.47 ±0.06 3.97 ±0.07 3.16 ±0.06 2.84 ±0.07 3.00 ±0.07 2.57 ±0.08
NGC 1439 1.70 ±0.05 1.69 ±0.06 4.68 ±0.06 3.73 ±0.08 3.16 ±0.07 2.63 ±0.09 2.96 ±0.07 2.43 ±0.10
NGC 1490 1.60 ±0.04 1.51 ±0.05 5.50 ±0.06 5.13 ±0.07 3.17 ±0.06 2.85 ±0.07 3.29 ±0.06 3.14 ±0.07
NGC 1947 1.84 ±0.07 1.93 ±0.06 4.02 ±0.08 3.87 ±0.07 2.91 ±0.08 2.63 ±0.07 2.75 ±0.10 2.45 ±0.08
NGC 2300 1.51 ±0.06 1.47 ±0.06 5.43 ±0.08 5.03 ±0.08 3.16 ±0.09 3.02 ±0.09 2.96 ±0.10 2.59 ±0.10
NGC 2434 1.73 ±0.06 1.84 ±0.05 5.00 ±0.07 4.20 ±0.06 2.98 ±0.07 2.65 ±0.06 2.92 ±0.08 2.60 ±0.07
NGC 2534 2.56 ±0.06 2.73 ±0.09 3.10 ±0.09 2.44 ±0.12 2.52 ±0.10 2.40 ±0.13 2.13 ±0.11 1.91 ±0.15
NGC 2549 1.99 ±0.05 1.85 ±0.05 4.36 ±0.06 3.89 ±0.07 3.21 ±0.07 2.88 ±0.08 3.27 ±0.08 2.74 ±0.09
NGC 2768 1.82 ±0.07 1.77 ±0.07 4.61 ±0.09 4.42 ±0.10 3.11 ±0.10 2.96 ±0.10 3.20 ±0.11 2.90 ±0.11
NGC 2810 1.68 ±0.06 1.88 ±0.08 5.38 ±0.08 5.20 ±0.11 3.05 ±0.08 2.92 ±0.12 2.89 ±0.09 2.62 ±0.13
NGC 2904 1.58 ±0.05 1.57 ±0.05 5.64 ±0.06 4.92 ±0.06 3.18 ±0.06 2.87 ±0.06 3.32 ±0.07 2.94 ±0.07
NGC 3108 1.50 ±0.06 1.64 ±0.06 5.27 ±0.08 4.81 ±0.08 3.27 ±0.08 3.00 ±0.08 3.27 ±0.08 2.94 ±0.08
NGC 3193 1.66 ±0.05 1.45 ±0.07 4.86 ±0.07 4.07 ±0.09 3.10 ±0.08 2.85 ±0.10 3.03 ±0.09 2.65 ±0.12
NGC 3610 2.24 ±0.03 2.21 ±0.03 3.96 ±0.04 3.48 ±0.04 2.97 ±0.05 2.77 ±0.05 2.88 ±0.06 2.71 ±0.05
NGC 3640 1.95 ±0.06 1.71 ±0.06 4.57 ±0.08 3.93 ±0.08 3.18 ±0.08 2.97 ±0.09 3.01 ±0.09 2.86 ±0.10
NGC 4026 1.52 ±0.07 1.56 ±0.07 4.45 ±0.10 3.94 ±0.09 3.13 ±0.10 2.56 ±0.10 2.88 ±0.11 2.70 ±0.11
NGC 4125 1.81 ±0.04 1.87 ±0.04 4.84 ±0.05 4.37 ±0.05 3.26 ±0.06 3.02 ±0.05 3.27 ±0.06 3.06 ±0.06
NGC 4278 1.92 ±0.05 1.99 ±0.05 5.56 ±0.07 5.24 ±0.07 2.79 ±0.07 2.79 ±0.07 3.01 ±0.08 2.83 ±0.08
NGC 4406 1.35 ±0.06 1.45 ±0.06 5.64 ±0.07 4.95 ±0.07 3.14 ±0.07 3.04 ±0.07 3.12 ±0.09 2.91 ±0.09
NGC 4472 1.56 ±0.06 1.50 ±0.05 5.62 ±0.08 5.23 ±0.07 3.42 ±0.08 3.07 ±0.07 3.23 ±0.10 3.16 ±0.08
NGC 5018 2.39 ±0.06 2.31 ±0.07 3.51 ±0.09 3.09 ±0.10 2.96 ±0.09 2.94 ±0.10 2.74 ±0.10 2.51 ±0.12
NGC 5173 2.31 ±0.04 2.25 ±0.05 3.03 ±0.05 2.67 ±0.06 2.34 ±0.06 2.23 ±0.07 2.29 ±0.07 2.01 ±0.08
NGC 5322 1.72 ±0.06 1.91 ±0.06 4.64 ±0.08 4.30 ±0.08 3.25 ±0.08 3.11 ±0.08 3.05 ±0.09 2.90 ±0.09
NGC 5903 1.65 ±0.06 1.67 ±0.07 4.98 ±0.08 4.27 ±0.09 3.01 ±0.08 2.63 ±0.10 2.86 ±0.10 2.52 ±0.11
NGC 7332 2.23 ±0.03 2.04 ±0.04 3.97 ±0.04 3.40 ±0.05 2.99 ±0.05 2.68 ±0.06 2.94 ±0.05 2.50 ±0.06

Continued on next page
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galaxy Hβ (Å) Mgb (Å) Fe5270 (Å) Fe5335 (Å)
Re/16 Re/2 Re/16 Re/2 Re/16 Re/2 Re/16 Re/2

NGC 7457 2.37 ±0.05 2.09 ±0.06 3.10 ±0.07 2.90 ±0.08 2.72 ±0.08 2.39 ±0.09 2.58 ±0.09 2.36 ±0.10
NGC 7585 2.25 ±0.06 2.04 ±0.07 3.94 ±0.08 3.59 ±0.10 2.99 ±0.09 2.79 ±0.11 2.84 ±0.10 2.32 ±0.13
NGC 7600 2.37 ±0.05 2.06 ±0.08 3.40 ±0.08 3.25 ±0.11 2.96 ±0.09 2.73 ±0.13 2.59 ±0.10 2.23 ±0.14
NGC 7619 1.32 ±0.05 1.42 ±0.06 5.72 ±0.08 5.17 ±0.09 3.44 ±0.09 3.10 ±0.10 3.12 ±0.09 2.86 ±0.11
NGC 7626 1.14 ±0.05 1.23 ±0.07 5.73 ±0.07 4.89 ±0.10 3.21 ±0.09 2.79 ±0.11 3.12 ±0.09 2.80 ±0.12

The four indices used in this paper for all galaxies and apertures. The error is 1 σ estimated from the spectrum noise only. The Hβ index is already
corrected for ionised-gas emission (see Table 4.2).
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Table 4.4: Derived SSP-equivalent stellar population parameters

galaxy log10 tSSP (Gyr) [Z/H]SSP [E/Fe]SSP
Re/16 Re/2 Re/16 Re/2 Re/16 Re/2

ESO 092-21 0.72 [ 0.64, 0.83] 0.77 [ 0.64, 0.80] 0.24 [ 0.18, 0.30] -0.13 [-0.17,-0.08] 0.11 [ 0.09, 0.13] 0.08 [ 0.06, 0.10]
ESO 140-31 0.74 [ 0.71, 0.83] 0.88 [ 0.85, 0.91] 0.22 [ 0.16, 0.23] -0.06 [-0.08,-0.03] 0.07 [ 0.06, 0.08] 0.03 [ 0.03, 0.04]
ESO 381-47 1.11 [ 1.07, 1.16] 0.95 [ 0.94, 1.03] 0.18 [ 0.15, 0.21] -0.02 [-0.05, 0.01] 0.18 [ 0.17, 0.19] 0.21 [ 0.20, 0.23]
IC 4200 0.82 [ 0.75, 0.91] 0.78 [ 0.73, 0.82] 0.24 [ 0.21, 0.29] 0.18 [ 0.15, 0.21] 0.11 [ 0.10, 0.12] 0.10 [ 0.09, 0.11]
IC 4889 0.70 [ 0.66, 0.72] 0.74 [ 0.73, 0.76] 0.30 [ 0.28, 0.31] 0.18 [ 0.17, 0.18] 0.06 [ 0.06, 0.07] 0.06 [ 0.06, 0.06]
NGC 0596 0.83 [ 0.81, 0.88] 0.97 [ 0.94, 1.02] 0.14 [ 0.11, 0.17] -0.14 [-0.15,-0.10] 0.06 [ 0.05, 0.07] 0.05 [ 0.04, 0.06]
NGC 0636 0.93 [ 0.87, 0.96] 1.05 [ 1.01, 1.10] 0.27 [ 0.22, 0.27] -0.07 [-0.09,-0.04] 0.12 [ 0.11, 0.13] 0.10 [ 0.08, 0.11]
NGC 1426 0.92 [ 0.84, 0.95] 0.91 [ 0.88, 0.94] 0.25 [ 0.22, 0.26] -0.02 [-0.03, 0.03] 0.10 [ 0.09, 0.11] 0.10 [ 0.09, 0.10]
NGC 1439 0.76 [ 0.73, 0.85] 1.00 [ 0.96, 1.05] 0.30 [ 0.30, 0.34] -0.15 [-0.18,-0.11] 0.14 [ 0.13, 0.15] 0.10 [ 0.09, 0.12]
NGC 1490 0.90 [ 0.67, 0.90] 0.90 [ 0.78, 0.96] 0.45 [ 0.45, 0.53] 0.36 [ 0.33, 0.38] 0.22 [ 0.20, 0.22] 0.20 [ 0.20, 0.21]
NGC 1947 0.76 [ 0.73, 0.86] 0.77 [ 0.72, 0.81] 0.13 [ 0.09, 0.18] 0.01 [-0.02, 0.06] 0.09 [ 0.07, 0.10] 0.14 [ 0.13, 0.15]
NGC 2300 0.98 [ 0.77, 1.02] 1.07 [ 0.99, 1.11] 0.40 [ 0.37, 0.43] 0.20 [ 0.17, 0.24] 0.23 [ 0.22, 0.24] 0.22 [ 0.20, 0.23]
NGC 2434 0.73 [ 0.67, 0.78] 0.75 [ 0.72, 0.81] 0.40 [ 0.38, 0.42] 0.15 [ 0.12, 0.18] 0.22 [ 0.21, 0.23] 0.18 [ 0.17, 0.19]
NGC 2534 0.40 [ 0.35, 0.44] 0.38 [ 0.35, 0.40] 0.07 [ 0.01, 0.10] -0.23 [-0.30,-0.15] 0.12 [ 0.10, 0.15] 0.00 [-0.05, 0.03]
NGC 2549 0.51 [ 0.42, 0.54] 0.82 [ 0.76, 0.85] 0.45 [ 0.42, 0.48] 0.10 [ 0.06, 0.13] 0.12 [ 0.11, 0.13] 0.07 [ 0.05, 0.08]
NGC 2768 0.63 [ 0.53, 0.74] 0.74 [ 0.69, 0.86] 0.39 [ 0.35, 0.43] 0.27 [ 0.21, 0.30] 0.14 [ 0.11, 0.15] 0.14 [ 0.12, 0.15]
NGC 2810 0.73 [ 0.58, 0.76] 0.58 [ 0.49, 0.69] 0.48 [ 0.45, 0.49] 0.43 [ 0.40, 0.52] 0.26 [ 0.25, 0.28] 0.31 [ 0.29, 0.34]
NGC 2904 0.89 [ 0.67, 0.89] 0.90 [ 0.90, 0.97] 0.48 [ 0.46, 0.55] 0.31 [ 0.28, 0.32] 0.23 [ 0.22, 0.24] 0.20 [ 0.20, 0.21]
NGC 3108 0.90 [ 0.90, 1.02] 0.91 [ 0.80, 0.96] 0.43 [ 0.40, 0.44] 0.30 [ 0.27, 0.33] 0.17 [ 0.16, 0.18] 0.18 [ 0.17, 0.19]
NGC 3193 0.77 [ 0.72, 0.84] 1.15 [ 1.09, 1.23] 0.35 [ 0.32, 0.37] -0.10 [-0.14,-0.06] 0.17 [ 0.16, 0.18] 0.09 [ 0.08, 0.11]
NGC 3610 0.37 [ 0.37, 0.40] 0.48 [ 0.48, 0.49] 0.39 [ 0.38, 0.41] 0.14 [ 0.13, 0.18] 0.14 [ 0.13, 0.14] 0.07 [ 0.06, 0.07]
NGC 3640 0.53 [ 0.48, 0.59] 0.92 [ 0.87, 0.96] 0.42 [ 0.39, 0.46] -0.01 [-0.02, 0.08] 0.17 [ 0.15, 0.18] 0.04 [ 0.03, 0.06]
NGC 4026 1.05 [ 0.99, 1.12] 1.10 [ 1.01, 1.15] 0.11 [ 0.05, 0.17] -0.13 [-0.16,-0.08] 0.09 [ 0.08, 0.11] 0.11 [ 0.09, 0.13]
NGC 4125 0.58 [ 0.53, 0.64] 0.67 [ 0.64, 0.68] 0.46 [ 0.46, 0.49] 0.33 [ 0.32, 0.35] 0.16 [ 0.15, 0.17] 0.12 [ 0.11, 0.12]
NGC 4278 0.48 [ 0.48, 0.64] 0.34 [ 0.31, 0.38] 0.60 [ 0.49, 0.67] 0.59 [ 0.54, 0.63] 0.35 [ 0.34, 0.38] 0.35 [ 0.34, 0.36]
NGC 4406 1.04 [ 1.00, 1.09] 1.05 [ 1.01, 1.11] 0.40 [ 0.39, 0.43] 0.23 [ 0.20, 0.28] 0.23 [ 0.23, 0.24] 0.18 [ 0.17, 0.19]
NGC 4472 0.90 [ 0.72, 0.98] 0.90 [ 0.90, 0.99] 0.47 [ 0.47, 0.52] 0.39 [ 0.38, 0.41] 0.20 [ 0.19, 0.21] 0.19 [ 0.19, 0.20]
NGC 5018 0.36 [ 0.33, 0.40] 0.47 [ 0.47, 0.52] 0.31 [ 0.25, 0.34] 0.01 [-0.04, 0.05] 0.07 [ 0.05, 0.09] -0.02 [-0.05, 0.00]
NGC 5173 0.51 [ 0.49, 0.60] 0.55 [ 0.55, 0.72] -0.15 [-0.17,-0.11] -0.37 [-0.39,-0.33] 0.07 [ 0.06, 0.09] 0.03 [ 0.02, 0.05]
NGC 5322 0.76 [ 0.71, 0.84] 0.69 [ 0.59, 0.72] 0.34 [ 0.30, 0.36] 0.31 [ 0.28, 0.34] 0.12 [ 0.11, 0.13] 0.11 [ 0.10, 0.13]
NGC 5903 0.77 [ 0.74, 0.92] 0.93 [ 0.90, 1.00] 0.34 [ 0.31, 0.37] -0.01 [-0.04, 0.06] 0.21 [ 0.19, 0.22] 0.17 [ 0.16, 0.20]
NGC 7332 0.39 [ 0.38, 0.42] 0.72 [ 0.70, 0.73] 0.40 [ 0.39, 0.41] -0.05 [-0.07,-0.04] 0.13 [ 0.13, 0.14] 0.04 [ 0.04, 0.06]

Continued on next page
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galaxy log10 tSSP (Gyr) [Z/H]SSP [E/Fe]SSP
Re/16 Re/2 Re/16 Re/2 Re/16 Re/2

NGC 7457 0.46 [ 0.46, 0.48] 0.72 [ 0.71, 0.77] 0.08 [ 0.02, 0.12] -0.26 [-0.28,-0.21] 0.02 [ 0.01, 0.04] 0.01 [-0.01, 0.03]
NGC 7585 0.38 [ 0.35, 0.42] 0.72 [ 0.65, 0.75] 0.38 [ 0.34, 0.41] 0.01 [-0.05, 0.02] 0.13 [ 0.12, 0.15] 0.09 [ 0.07, 0.12]
NGC 7600 0.46 [ 0.40, 0.47] 0.73 [ 0.69, 0.79] 0.21 [ 0.17, 0.26] -0.12 [-0.16,-0.07] 0.06 [ 0.05, 0.08] 0.04 [ 0.02, 0.07]
NGC 7619 1.12 [ 1.04, 1.13] 1.05 [ 0.99, 1.11] 0.40 [ 0.38, 0.43] 0.27 [ 0.24, 0.32] 0.21 [ 0.20, 0.22] 0.20 [ 0.20, 0.23]
NGC 7626 1.26 [ 1.20, 1.35] 1.28 [ 1.18, 1.45] 0.31 [ 0.29, 0.34] -0.00 [-0.02, 0.07] 0.24 [ 0.23, 0.25] 0.20 [ 0.18, 0.21]

Stellar parameters estimated from the index values in Table 4.3 for all galaxies and apertures. For each parameter we give the peak value and the
parameter range containing 68% of the probability distribution (see Sec.4.1.2).



108 chapter 4: Stellar populations, H i and ionised gas in ETGs

Table 4.5: INDO-US to MILES transformation

Index m q

Hβ 1.050 0.047
Mgb 0.898 0.257

Fe5270 0.954 0.122
Fe5335 0.906 0.062

m and q are respectively slope and intercept of the transformation IINDO−US = m ×
IMILES + q.

Table 4.6: MILES to Lick/IDS transformation

Index m q

Hβ 0.976 0.154
Mgb 0.893 0.220

Fe5270 0.901 0.131
Fe5335 0.927 0.106

m and q are respectively slope and intercept of the transformation IMILES = m ×
ILick/IDS + q.

Appendix 4.A Calibration of the line-strength indices
to the Lick/IDS system

We observe stars belonging to the MILES library (Sánchez-Blázquez et al. 2006) and/or
to the INDO-US library (Valdes et al. 2004). The stars observed during each observing
nights are listed in Table 4.7. In order to build a set of Lick/IDS-reference indices we
measure index values from the MILES and INDO-US original spectra broadened to the
Lick/IDS resolution. We then use the 8 observed stars in common between MILES and
INDO-US library to calculate linear transformations that bring the INDO-US indices onto
the MILES system (see Table 4.5), and apply such transformations to all 17 INDO-US
stars. We finally bring all indices onto the Lick/IDS system with the MILES-to-Lick/IDS
transformations provided by P. Sánchez-Blázquez (see Table 4.6).

Lick/IDS-reference index values are compared to the ones measured from the observed
stellar spectra broadened to the Lick/IDS resolution. A linear transformation between
the two is computed and reported in Table 4.7 for each night and each of the indices
used in this work. The transformations in Table 4.7 are finally applied to galaxy indices
before performing the comparison to BC03 models in order to obtain stellar population
parameters. Fig.4.9 shows such linear relations.
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Fe5335Ηβ Mgb Fe5270

Figure 4.9: Calibration to the Lick/IDS system for all observing nights, one night per
row with rows 1-5 and 6-9 corresponding to NTT/EMMI and WHT/ISIS runs as in Table
4.7. For each index the points on the plane (Iref , Imeas) are showed together with the best
linear fit whose coefficients are reported in Table 4.7. Index values are in Å. The fitting
was performed weighting points according to their errors in both coordinates. Errors are
too small to be shown in the plots.
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Table 4.7: Calibration to Lick/IDS system

Night Hβ Mgb Fe5270 Fe5335 Stars
m q m q m q m q (HD name)

1 0.992 0.126 0.937 0.245 1.006 -0.058 0.946 0.045 114113*, 124850**, 125454*, 126218, 131430,
131977, 137052*, 138716*, 138905*, 139446,
1142198*

2 1.072 -0.046 0.848 0.453 0.928 0.237 0.950 -0.062 025457*, 126681**, 129978*, 130322
3 1.016 0.042 0.882 0.315 0.957 0.146 0.895 0.153 029065, 029574*, 049933, 050778, 091889**,

125454*, 126053, 126218
4 1.013 0.147 0.890 0.284 0.923 0.204 0.887 0.178 037792, 041312, 091889**, 114642**, 114946**,

120452*, 121299**, 122106
5 0.988 0.093 0.880 0.263 0.973 0.060 0.920 -0.017 033256, 065953, 076151**, 078558**, 078738,

082734
6 1.033 0.053 0.892 0.276 0.920 0.125 0.902 0.088 069267, 073471, 076151, 089995, 097916,

114606, 119288
7 0.990 0.137 0.858 0.344 0.946 0.065 0.933 0.041 073471, 076151, 078732, 089995, 097916,

114606, 126053
8 1.009 0.135 0.890 0.275 0.913 0.208 0.932 0.090 010975, 013783, 014221, 015596, 051440,

062301, 065583, 072324, 191046, 199191,
201889, 201891

9 1.019 0.114 0.895 0.281 0.923 0.190 0.921 0.107 as night 8

Slope m and intercept q of the linear relation between measured indices and Lick/IDS-reference values for all observing nights. Nights 1 to 5 are
NTT/EMMI runs, 6 to 9 are WHT/ISIS runs (see Table 4.1). The coefficients correspond to the relation imeas = m× iref + q. The last column gives
the HD name of the calibration stars observed during each night. An asterisk marks stars belonging to the INDO-US library only. Two asterisks mark

stars belonging to both MILES and INDO-US library. All other stars belong to the MILES library only.
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Our stellar population analysis relies on the comparison of galaxy line-strength indices
to the values predicted by BC03 SSP models (adequately modified to take into account
non solar [E/Fe]). Model indices are given onto the Lick/IDS system, which is defined
by the instrumental conditions under which stars in the Lick/IDS library were observed
(Worthey et al. 1994). Therefore, any comparison of a galaxy spectral indices to these
models makes sense only if the measured indices are themselves onto the Lick/IDS system.
A practical way to satisfy this requirement is to observe a sample of stars that already
have indices on the Lick/IDS system with the same instrumental set-up used for the
galaxy. We can then measure the spectral indices of these stars from our spectra and
calculate the transformation necessary to make them match their Lick/IDS-reference
values. The same transformation will then be applied to the indices measured from the
galaxy spectrum. In our case we perform the calibration for each observing night listed
in Table 4.1.
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Chapter 5
Neutral hydrogen and the kinematics
of stars and ionised gas in early-type
galaxies

Based on Serra P., Trager, S. C., Oosterloo, T. A., Morganti R. 2008, in preparation

In this chapter we present the analysis of long-slit stellar and ionised gas kinematics in
early-type galaxies (ETGs) in the H i-selected sample described in Chapter 2. Our aim

is to understand whether H i content and distribution are of any relevance for ETG stellar
kinematics, and whether ETG neutral and ionised gas-phases are related to each other.
As in previous studies, we find ETGs with different amounts of rotational support, stellar
kinematically-decoupled cores, and ionised gas usually kinematically decoupled from the
stars. Considering the original aspect of this investigation, no strong relation emerges
between stellar kinematics and H i distribution. The H i content or morphology does not
seem to be relevant for the amount of rotational support to galaxy shape. Furthermore,
galaxies with or without kinematical signatures of a disc component are found at any H i
mass and morphology.

Regarding the connection between ionised and neutral gas, H i and ionised gas seem
to have consistent kinematics in H i-rich systems where the neutral hydrogen extends
down to the stellar body, and H i-poor galaxies have little ionised gas. Therefore, it is
possible that H i and ionised gas generally belong to a same structure. Finally, building
upon the results of Chapter 4, we investigate whether stellar populations are related in
any way to the kinematical properties of ETGs. Again, we find no clear relation.

In what follows we analyse new 21-cm observations of three galaxies in the sample in
Sec.5.1. We use these data and those presented in Chapters 2 and 3 in order to analyse
the connection between ETG H i phase and their stellar and ionised gas kinematics in
the rest of this chapter. We derive and discuss stellar and ionised-gas kinematics of all
galaxies in the sample in Sec.5.2. We analyse the relation between stellar kinematics,
ionised-gas kinematics and H i properties in Sec.5.3, and investigate whether stellar
kinematics and populations are related to each other in Sec.5.4. We conclude with a
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Table 5.1: ATCA observations

ESO092-21 ESO 140-31 ESO 381-47

Centre RA (J2000) 10:21:05.50 18:37:53.60 13:01:05.40
Centre Dec (J2000) –66:29:31.0 –57:36:40.0 –35:36:60.0
Frequency (MHz) 1411 1407 1398
Bandwidth (MHz) 16 16 16
Number of channels 512 512 512

Velocity resolution (km/s)1 13 13 13
Total integration (h) 3×12 3×6 3×12

Integration in 705A (h) 2×12 2×6 2×12
Integration in EW367 (h) 12 6 12

robust 0.5 2 0.5
Synthesised beam FWHM 66"×57" 78"×67" 92"×65"

PA (deg) 72 -5 8
RMS noise (mJy/beam) 1.1 1.3 1.1

Maximum signal (mJy/beam) 60.7 29.3 20.7

(1) After Hanning smoothing.

summary of our findings and an appendix with the description of the kinematics of stars
and ionised gas in individual objects.

5.1 Three H i-rich southern galaxies
In Chapter 2 we present the sample of ETGs selected to investigate the relation between
H i and stellar properties in this class of objects. There we discuss how the H i is
distributed around individual gas-rich galaxies on the basis of available interferometry.
As a part of this thesis project, we have re-observed with the Australia Telescope Compact
Array (ATCA) four of the 22 H i-detected galaxies described in Chapter 2. These four
galaxies had been previously studied with short ATCA-integrations by Oosterloo et al.
(2007b; hereafter OMSHS07). New observations of one of them, IC 4200, are discussed in
Chapter 3. New ATCA interferometry of the remaining three objects is presented here.
The three galaxies are ESO 092-21, ESO 140-31 and ESO 381-47.

5.1.1 ATCA observations and data reduction
Table 5.1 summarises the parameters of our new ATCA observations and the resulting
properties of the data-cubes. ESO 092-21 and ESO 381-47 were observed for a total of
3×12 hours, of which 2×12 hours with the configuration 750A and 12 hours with the more
compact EW367. The latter is chosen in order to increase the sensitivity to extended,
low-column-density emission. ESO 140-31 was observed for only half of this time in each
configuration. These are the same configurations used for IC 4200 (see Table 3.2).

Observations were carried out with a 16-MHz bandwidth and 512 channels giving a
velocity resolution of 13 km/s after Hanning smoothing. Bandpass, flux-density scale
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Figure 5.1: Left panel: H i surface-brightness contours on top of a DSS image for ESO
092-21. Contour levels go from 0.68 to 5.81×1020 cm−2 with steps of 1.03×1020 cm−2.
The maximum measured column density is 6.84×1020 cm−2. The beam is showed in the
bottom left. Its size is 66×57 arcsec2 FWHM with PA=72 deg. The total H i mass is
5.6×109 M� assuming the distance in Table 2.1. Right panel: position-velocity diagram
of ESO 092-21 H i emission along PA=51 deg, which corresponds to the H i kinematical
major axis as well as the optical morphological one. North-east is to the left.

and gain-changes were determined by observing a primary and a secondary calibrator.
Data reduction was performed in the standard way using the MIRIAD package (Sault
et al. 1995). Continuum emission was modelled by linear fitting through the line-free
channels in the UV plane, and then subtracted. The H i cubes presented here are
obtained inverting the UV data with robust=0.5 for ESO 092-21 and ESO 381-47. We
use robust=2 for ESO 140-31 because the shorter integration time results in a worse
sensitivity (for details on the robust parameter see Briggs 1995). The noise level in the
final data-cubes is reported in Table 5.1.

Total-intensity H i images are obtained by adopting different masking methods in
order not to miss any emission. For ESO 092-21, we mask out all pixels with flux density
below 4 σ. For ESO 140-31, we select pixels above 5 σ in either the original cube or the
100-arcsec-smoothed one. For ESO 381-47, we require the flux density to be above 4 σ in
the original cube or in the 180-arcsec-smoothed one. Below we show the result of these
observations.

5.1.2 ESO 092-21
We detect 5.6×109 M� of H i distributed over a regularly-rotating disc with radius
of ∼25 kpc. Fig.5.1 (left panel) shows the H i surface-brightness contours on top of
an optical image. The new data represent a substantial improvement over the data of
OMSHS07, which were affected by radio-frequency interference. Such interference might
be the reason why our measured H i-flux is ∼30% larger than in OMSHS07. As usual in
ETGs, the H i is at column density of at most a few times 1020 cm−2, so that large-scale
star formation is not expected. However, Helmboldt et al. (2005) detected hundreds of
H ii regions brighter than 1038 erg/s spread over the H i disc surrounding ESO 092-21.
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Figure 5.2: Constant-DEC slices of ESO 092-21 H i data-cube (grey scale) with a
declining-rotation-curve model overlaid (contours; see text). DEC increases from left to
right, top to bottom with steps of 1 arcmin. The top-left slice is at DEC=-66◦ 27’ 0".
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This indicates that, locally, star formation may be occurring.
The H i column density peaks along the disc major axis at two positions slightly

off-centre. It is therefore possible that no neutral gas resides within the stellar body.
However, the beam size of our radio observations is a few times the size of the stellar
body itself, so that no firm conclusion can be drawn.

In Fig.5.1 (right panel) we plot the velocity of the H i emission as a function of radius
along the kinematical major axis of the disc. The latter (PA=51 deg) corresponds to
optical as well as H i morphological major axis. The gas rotation is very regular. The
line-of-sight (l.o.s.) rotational velocity falls slightly at large radius. This could be due to
either a real decline of the rotation curve because of a steepening of the total mass profile
(within Newtonian dynamics); or to a warp that causes the outer-disc to be seen at lower
inclination on the line of sight, with a resulting decrease in the l.o.s. rotational velocity.
This later interpretation might be supported by the fact that the observed rotation
declines faster on the south-west side. Asymmetries are indeed a common characteristic
of warped discs (e.g., García-Ruiz et al. 2002).

We have investigated these two possibilities by building models of the H i disc. For this
purpose we have used a Python code written by PS which constructs tilted-ring models
smoothed to the instrumental resolution from a simple set of input parameters (the code
is freely available at www.astro.rug.nl/∼pserra/). Fig.5.2 shows constant-DEC slices of
the observed cube (grey scale) with the best (by eye) model superimposed (contours).
The model consists of a disc with radius 170 arcsec (25.3 kpc), constant gas density,
inclination of 47 deg, position angle of 50 deg, and rotational velocity of 200 km/s out
to 60 arcsec from the centre and falling linearly to 180 km/s at 170 arcsec. We assume a
gas velocity-dispersion of 10 km/s. A nearly identical model can be built by keeping the
rotational velocity fixed at 200 km/s and linearly decreasing the disc inclination from 47
to 41 deg between 60 and 170 arcsec from the centre. The resolution of our data is not
sufficient to distinguish between the two possibilities. The model shown in Fig.5.2 is not
a fit to the data but, within the degeneracy between warp and declining-rotation, only
minor variations are allowed.

Given the regular appearance of the disc, we can estimate the dynamical mass of ESO
092-21 by assuming circular gas orbits in equilibrium inside a spherical mass distribu-
tion. Adopting Newtonian dynamics and the H i warped-disc model with flat rotation,
Mdyn=2.4×1011 M� at 25.3 kpc. As a comparison, given the metallicity measured in
Chapter 4 and assuming B − V∼0.9, Bruzual & Charlot (2003) models give a stellar
mass-to-light ratio of about 6.5 M�/L� in B band. ESO 092-21 has LB=8.9×109 L�,
which corresponds to a total stellar mass of 5.8×1010 M�. This is a factor of 4 smaller
than Mdyn.

5.1.3 ESO 140-31
We detect 1.56×109 M� of H i associated with ESO 140-31. This is about half of
the H i mass reported by OMSHS07 (at the same galaxy distance). The reason of
this difference is not clear and may be our use of longer baselines and the different
masking schemes adopted when deriving the total H i image. Besides this discrepancy,
the new data confirm that the galaxy resides in a gas-rich environment (see Fig.5.3).
Three more galaxies are detected within 200 kpc from ESO 140-31. Two of them have
M(H i) comparable to that of our target. They are the late-type spiral IC 4736 to the
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Figure 5.3: H i surface-
brightness contours on top of
a DSS image for ESO 140-31.
ESO 140-31 is the galaxy in the
centre of the field. Contours go
from 0.22 to 5.27×1020 cm−2

with steps of 0.56×1020 cm−2.
The maximum measured column
density is 5.61×1020 cm−2. The
beam is showed in the bottom
left. Its size is 78×67 arcsec2

FWHM with PA=-5 deg. In the
figure, we report next to each
detected object the H i mass in
109 M�.
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0.47
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1.98

Figure 5.4: Position-velocity diagram taken along an axis going through the centres
of ESO 140-31, IC 4736 and PGC 062147 (PA=160 deg). South is to the right. The
emission associated with ESO 140-31 lies in the middle of the plot (offset∼-3 arcmin).
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south (B=14.6; for comparison, ESO 140-31 has B=13.6), and the low-surface-brightness
irregular PGC 062147 to the north (B=15.9). The fourth H i-detection, lying ∼60 kpc to
the west of ESO 140-31, has as a small, unidentified optical counterpart in DSS. No H i
is detected between this galaxy and ESO 140-31, so that there is no evidence of on-going
or recent interaction.

With respect to the observations presented in OMSHS07, the new data allow a more
detailed investigation of the neutral hydrogen properties. The H i around ESO 140-31 is
elongated in a direction orthogonal to the major axis of the stellar body (i.e., PA=170
deg) and extends out to 35 kpc from it. The structure is seen edge-on or nearly so. The
H i is not perfectly symmetric around the centre of the galaxy, with the southern edge
being slightly broader and brighter than the northern one. The H i distribution becomes
narrower when moving towards smaller radii, suggesting the presence of a central hole
in the gas density. However, the gas distribution is barely (or not) resolved along the
east-west direction. More complicated configurations not requiring a central H i hole are
therefore possible (e.g., a warp with PA raising above and then dropping below PA=170
deg, or vice-versa, as the radius increases). Within the limitations of these data, the gas
appears to be regularly rotating at ∼150 km/s with kinematical major axis at PA∼170
deg. Fig.5.4 shows an H i position-velocity diagram along an axis going through the
centres of ESO 140-31, IC 4736 and PGC 062147 (PA=160 deg). The three galaxies
have very similar velocities. The third, unidentified companion galaxy (west of ESO 140-
31 and not shown in Fig.5.4) is detected at slightly lower velocity (it spans the velocity
range 2815-2910 km/s). The appearance of the H i around ESO 140-31 in Fig.5.4 confirms
a decline of the gas surface-density towards the galaxy centre.

Since the observed l.o.s. rotational velocity varies as sin(i), where i is the disc/ring
inclination, near to edge-on it does not deviate much from the actual rotation. Assuming
therefore that the gas rotates in equilibrium at the observed 150 km/s at 35 kpc from
the centre of ESO 140-31, we derive a dynamical mass Mdyn=1.8×1011 M�. As done
for ESO 092-21, we can compare this value to an estimate of the stellar mass. Given the
metallicity measured in Chapter 4 and assuming B − V ∼0.9, Bruzual & Charlot (2003)
models give a stellar mass-to-light ratio of about 7.7 M�/L� in B band. ESO 140-31
has LB=1.6×1010 L�, which corresponds to a total stellar mass of 1.3×1011 M�. This is
just below Mdyn. A reasonably redder colour would bring the stellar mass estimate even
closer to Mdyn. However, better H i observations would be necessary to clarify whether
the H i is regularly rotating and what the inclination of the ring/diks is. For example,
emission along the minor axis is typically fainter (per velocity channel) than along the
major axis. Given that the detected emission is close to the noise, it is possible that we
are missing some emission along the minor axis so that the disc/ring looks more edge-on
than it actually is.

5.1.4 ESO 381-47
Fig.5.5 shows the H i surface-brightness contours derived from our observation of ESO
381-47. Our estimate of the total H i flux associated with the galaxy is in good agreement
with OMSHS07 result. As for ESO 140-31, the observations reveal a very H i-rich
environment. The total H i mass of the group is about 1010 M�, most of which is
associated with ESO 381-47 (8.16×109 M�). The detected companions (all disc galaxies)
are: at the southern edge of the field, the Sc ESO 381-46 (B=15.0; for comparison, ESO
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Figure 5.5: H i surface-
brightness contours on top of a
DSS image for ESO 381-47. Con-
tours go from 0.21 to 2.03×1020

cm−2 with steps of 0.23×1020

cm−2. The maximum measured
column density is 2.28×1020

cm−2. The beam is showed in
the bottom left. Its size is 92×65
arcsec2 FWHM with PA=8 deg.
In the figure, we report next to
each detected object the H i mass
in 109 M�. ESO 381-47 is the
galaxy on the north with the
most extended H i emission.
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Figure 5.6: Position-velocity diagram along PA=10 and centred on ESO381-47. South
is to the right.
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Figure 5.7: H i total surface-brightness image (grey scale) with velocity-field contours
over-plotted in white. The iso-velocity contours correspond to velocities from 4710 to
4785 with step of 15 km/s. Lower velocities are on the south side. The synthesised beam
is shown in the bottom-left corner and is the same as in Fig.5.5.

381-47 has B=14.0); to the east, the edge-on 2MFGC 10338 (B=16.2); to the south-
west, two nearly edge-on galaxies, ESO 381-43 (farther away from ESO 381-47 and with
B=16.7) and an unidentified object.

ESO 381-47 hosts a massive, extended, low-inclination ring with a resolved hole in
the centre (see grey scale H i image in Fig.5.7). The kinematics of the H i is quite
regular but far from the ideal case of a flat, rotating ring. Fig.5.6 shows a position-
velocity diagram along PA=10 deg. Along with bright emission corresponding to the
regularly-rotating gas, H i is observed at a velocity close to systemic at large radius, in
particular on the north side. The location of this gas on the position-velocity diagram
is not consistent with coplanar circular orbits. Given the low inclination, a strong warp
could cause the l.o.s. velocity of the H i to go back to systemic at large radius. A strong
warp is indeed observed. For example, it can be seen in the velocity field in Fig.5.7 (white
iso-velocity contours on top of the H i surface-brightness image). The velocity field is
obtained after masking out the gas at anomalous velocity visible in Fig.5.6. The twist
of the kinematical major axis towards larger PA as the radius increases can be modelled
with a warped ring. The outer, systemic-velocity emission might fall within the same
model if the ring keeps warping out to the largest radius. We have additional Very Large
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Array (VLA) observations of this galaxy which support such a conclusion. The analysis
of these data is work in progress with Jennifer Donovan, Jacqueline van Gorkom and
John Hibbard. As part of this collaboration, ESO 381-47 was observed with GALEX in
the ultraviolet. These observations revealed a UV ring coincident with the peak of the
H i emission. ESO 381-47 is therefore, along with ESO 092-21, another case of a galaxy
whose H i reservoir may trigger some morphological transformation.

5.2 Optical spectroscopy: stellar and ionised-gas kine-
matics

5.2.1 Data analysis
Long-slit optical spectroscopy of all 39 galaxies in the sample is presented in Chapter
4. We refer to that chapter for details on observations and data reduction. We recall
here that spectra are taken along two perpendicular slit positions aligned (with a few
exceptions) to optical major and minor axis respectively. In Chapter 4 we use these data
to analyse galaxy stellar populations and ionised-gas content over two apertures. Here
we use the same data to derive stellar and ionised-gas kinematics along the two axes.

To recover stellar and ionised-gas line-of-sight velocity distribution (LOSVD) as a
function of radius, we extract from each galaxy long-slit spectrum a number of one-
dimensional spectra within radial bins of S/N∼30/Å at ∼5000 Å. We then run GAN-
DALF (Sarzi et al. 2006) on each bin. This allows us to disentangle stellar and ionised-gas
contribution to the spectrum and obtain the LOSVD of both. Namely, the stellar LOSVD
is approximated by a Gauss-Hermit expansion up to the fourth-order term, giving vstar,
σstar, h3 and h4. These represent, respectively the recessional velocity of the stellar
absorption-line spectrum, the stellar velocity dispersion causing the line broadening, the
skewness of the lines, so that positive values of h3 correspond to an extended tail to-
wards velocities higher than vstar, and the kurtosis of the lines, with positive h4 values
associated with lines narrower than a Gaussian. Ionised-gas emission lines are fitted with
Gaussian curves whose centre and width give vgas and σgas respectively.

In Chapter 4 we use GANDALF to remove the ionised-gas contribution before mea-
suring stellar line-strength indices for the stellar-population study. Here we use the same
GANDALF set-up as in Chapter 4. The only difference is that for all galaxies, after a
first fit where all emission lines are masked out, we fit again the stellar spectrum together
with the [O iii]λ5007 line only. We then repeat the fit including all emission lines and
forcing them to have the same kinematics as [O iii]λ5007. Finally, as in Chapter 4, we
fit again, letting all lines brighter than A/N=5 be kinematically independent (A is the
Gaussian-fit amplitude and N is the median noise in a narrow wavelength range centred
on the line). We consider a line detected if A/N ≥ 3. The final result is a table of stellar
and emission-line LOSVD as a function of radius for each galaxy along each of the two
slit positions.

5.2.2 Error analysis
We estimate the uncertainty on the stellar LOSVD parameters by means of Monte Carlo
simulations. For this purpose, we choose randomly, among all galaxies and radial bins,
one of the bins of NGC 3108. We assume that the flux at each pixel follows a Gaussian
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distribution with mean value equal to the measured flux and rms deviation equal to the
estimated noise. We then run GANDALF on each of the 200 realisations of the spectrum.
The rms deviation of the derived vstar, σstar, h3 and h4 from their mean values is 8 km/s,
11 km/s, 0.02 and 0.02 respectively. The χ2 of the fit is 1.21±0.02. Since all radial bins
are built so to have the same S/N , we expect these error estimates to be appropriate for
all radial bins of all galaxies. In fact, the error on the LOSVD parameters is likely to
vary depending on the stellar velocity dispersion of the galaxy. The radial bin used for
this experiment has σstar=219 km/s, well above the instrumental dispersion. We have
re-run the same experiment with two spectral bins chosen among the ones of NGC 1426
and NGC 4278 respectively. The result is an rms deviation of vstar, σstar, h3 and h4
from their mean values of 2 km/s, 4 km/s, 0.01 and 0.02 respectively for the NGC 1426
bin (σstar=129 km/s; χ2=1.84±0.03); and of 4 km/s, 4 km/s, 0.01 and 0.01 respectively
for the NGC 4278 bin (σstar=301 km/s; χ2=2.06±0.03). The latter is the central bin of
NGC 4278. Its S/N ratio is actually higher than for other bins, so that the uncertainties
on the stellar-LOSVD parameters are quite low. This is the case for the central spectral
bins of most galaxies.

The error on vgas and σgas is more difficult to estimate because it depends on the
brightness of the line used for the measurement. For a given emission line, this varies
widely from galaxy to galaxy so that a good error estimate valid for all spectral bins of
all objects (and all emission lines) cannot be obtained from a generic spectrum. With
respect to the spectral bin extracted from the long-slit spectrum of NGC 3108 and
used to estimate the uncertainty on the stellar LOSVD, [O iii]λ5007 is detected with
A/N=9.4±0.6. Its vgas and σgas vary around their mean values with rms deviation of
13 and 22 km/s respectively. The mean velocity dispersion of the gas is ∼129 km/s. In
this chapter we only discuss the ionised-gas kinematics derived from the [O iii]λ5007 line.
However, one should keep in mind that different emission lines, which may have been
fitted with kinematics independent from that of the [O iii]λ5007 line, may have slightly
different uncertainties on vgas and σgas. In general, the errors on vgas and σgas are likely
to be at least twice as large as those on vstar and σstar.

5.2.3 Results
Fig.5.8 shows, for each object in the sample and along each long-slit PA, vstar, σstar,
h3, vgas and σgas as a function of the distance from the centre of the galaxy. For each
galaxy, eight panels are given. The panels are arranged in two columns of four panels
each. Each column corresponds to the PA indicated on the top. The first column (left)
gives the kinematics along the axis closer to the morphological major axis. The PA of
the latter is taken, when available, from de Vaucouleurs et al. (1991, RC3). Major-axis
position-angle values PARC3 are listed in Table 5.2. In the same table, we give galaxies’
ellipticity εRC3 taken from the same catalogue. We note here that the major axis of
NGC 0636 is at PARC3=6 deg but, in fact, Rembold et al. (2002) find PA∼90 deg in the
inner regions in the infrared (a strong PA twist is reported for this galaxy also by Franx
et al. 1989b and Michard & Marchal 1994). The first two panels (from top to bottom) in
Fig.5.8 show respectively velocity and velocity dispersion of stars (asterisks) and ionised
gas ([O iii]λ5007 line, open circles). Velocities are meant with respect to an arbitrary
zero-point indicated for each galaxy in the top-left corner of the top-left panel. The shift
in velocity was chosen so to have vstar=0 at the central bin along one of the two axes.
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The ionised-gas kinematics is plotted only when the [O iii]λ5007 line is detected with
A/N ≥ 3 (see above). Smaller open circles are used if A/N ≤ 5. The bottom two panels
show the stellar h3 and h4 (asterisks). For some galaxies, dashed lines and small crosses
show literature data used as a comparison to our results (see below). The slit orientation
is given at the bottom of the bottom panel for each slit PA. Typical error bars on vstar (8
km/s), σstar (11 km/s), h3 (0.02) and h4 (0.02) are shown on the top-right corner of the
respective right-side panels. For each galaxy, the 1 kpc scale is shown at the top of the
top-right panel. This is obtained assuming the distance in Table 2.1 and H0=70 km/s
Mpc−1. For a given galaxy, the scale of the radial, v, σ, h3 and h4 axes does not vary
from panel to panel. We refer to Appendix 5.A for a discussion of individual cases. Here
we discuss some general features that emerge from these observations.

Fig.5.8 gives an idea of the kinematical variety of the observed galaxies. Concerning
the stellar kinematics, we go from galaxies with a significant amount of rotation observed
along the major axis (e.g., IC 4200, IC 4889, NGC 1490, NGC 3610) to minor-axis rotators
(NGC 0596, NGC 2300) and galaxies with little or no rotation along both axes (e.g., NGC
2434, NGC 7585) even when significantly flattened (e.g., ESO 092-21, NGC 5903). The
σstar profiles vary also widely, going from raising ones (e.g., NGC 1490, NGC 2434, NGC
7332, NGC 7619) to central plateau (e.g., ESO 140-31, NGC 1947, NGC 3108, NGC
3193) or dips (e.g., NGC 0596, NGC 2768, NGC 4125). Finally, h3 is anti-correlated
with vstar in most cases where stellar rotation is detected. Exceptions are, for example,
IC 4200, NGC 3640, NGC 4125.

The detection of σ plateau or dips may be interpreted as a signature of a kinematically-
cold stellar structure on top of the underlying pressure-supported bulge (e.g., Wozniak
et al. 2003; Falcón-Barroso et al. 2006; Ganda et al. 2006). However, theoretical predic-
tion of such σstar minima in ETGs was made by Binney (1980) for r1/4-profile galaxies,
and generalised to isotropic and anisotropic r1/n systems by Ciotti (1991) and Ciotti &
Lanzoni (1997). Therefore, stellar discs are not necessarily required to explain the σstar
dips. Considering also that the interplay between velocity-dispersion anisotropy and l.o.s.
projection can change the observed σstar profile, an interpretation of the central dips is
not straightforward.

On the other hand, the anti-correlation between vstar and h3 found in many galaxies
is a signature of the existence of a rotating stellar system on top of a non-rotating one
(e.g., Bender 1990). The reason is that such rotating sub-component shifts the peak of
the stellar LOSVD towards the rotational velocity, generating an extended tail away from
it and therefore towards systemic. At the low v/σ typical of ETGs, such anti-correlation
cannot be explained by l.o.s. integration along a one-component rotating system, even
when close to edge-on (Bender 1990).

In some galaxies we find vstar central dips (NGC 1426, NGC 2768, NGC 3610, NGC
3998, NGC 5173, NGC 5322). Assuming that the stellar body is in equilibrium within
the potential, such features should not be found along any axis passing through the
galaxy centre. However, all vstar dips are detected along slit positions perpendicular to
the axis where we measure rotation, and mostly when the latter raises steeply. Therefore,
they could be due to poor slit centring. Indeed, the dips are always consistent with the
velocity gradient measured along the perpendicular direction. Poor centring can also
cause a peak in vstar. Indeed, we find vstar peaks in NGC 4406 and NGC 5018. In the
latter, the peak is too large with respect to the rotation along the perpendicular PA, but
the galaxy is very disturbed so that unsettled motion might be the cause of the anomaly.
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Figure 5.8: Stellar and ionised-gas kinematics of ETGs in the sample. See Sec.5.2.3 for an explanation of the figure.
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Figure 5.8: Continued
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Figure 5.8: Continued
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A general feature of Fig.5.8 is that the ionised gas, when detected, does not share the
same kinematics of the stars. In many cases the gas is rotating along an axis where stars
do not rotate (e.g., IC 4200, IC 4889, NGC 1947, NGC 3108). More in general, even
when the projected angular momenta of gas and stars may share the same orientation,
the gradients of vstar and vgas are very different (e.g., ESO 140-31, NGC 4125, NGC
4278). In a few cases the ionised gas exhibits chaotic kinematics. This occurs normally
in galaxies where the ionised-gas emission is faint (e.g., NGC 2434, NGC 2549, NGC
7332). As far as it is possible to tell from our long-slit data, the only galaxy in which
stars and ionised-gas may share the same kinematics is NGC 4026.

The kinematical decoupling of stars and ionised gas was already known to be a char-
acteristic of ETGs (e.g., Bertola et al. 1995; Caon et al. 2000). The recent SAURON
survey has provided stellar and ionised-gas velocity fields that allow a full, 2D view of
this decoupling over a large fraction of the stellar body (Sarzi et al. 2006). Although
more limited, our long-slit spectroscopy confirms their findings.

Many objects stand out as particularly interesting. For example, IC 4889 shows an
inner stellar KDC along PA=0 deg which is counter-rotating with respect to the outer
region. The kinematics of the KDC follows that of the ionised gas, which then extends
further to outer radii. Along the same PA, a σstar-dip corresponds to the KDC, while
h3 is anti-correlated with vstar. Along the perpendicular axis, no stellar rotation is
observed while the gas is clearly rotating. Many of these elements point towards there
being an inner disc misaligned with respect to the larger-scale stellar rotation. Its stellar
component is prominent in the centre, allowing the detection of the KDC and of the
σstar dip. However, the disc itself extends at least 3 times further, as revealed by the
extension of the ionised gas kinematics. The presence of a disc is confirmed by the vstar-
h3 anti-correlation. The kinematics of the ionised gas may imply that its kinematical
major axis is at a PA intermediate between the two slit positions, i.e., ∼45 deg, with
lower l.o.s. velocity towards north-east. Pending the uncertainties caused by the poor
resolution of the 21-cm interferometry, this result is consistent with the H i kinematics
(see Fig.2.11). Our results for this galaxy are consistent with previous work (Bertola
et al. 1992a; Carollo et al. 1993; Corsini et al. 2000). KDCs are found at different levels
also in NGC 1439, NGC 2434, NGC 4406, NGC 4472, NGC 5322 (some of these were
already known from previous studies; e.g., NGC 4406 in Franx et al. 1989a).

While it is certainly interesting to examine individual galaxies in detail, our purpose
here is rather to investigate whether the presence and distribution of H i is in general
related to stellar and ionised-gas kinematics. After comparing our results to previous
works, we investigate these connections in Sec.5.3. A discussion of the kinematical prop-
erties of individual galaxies can be found in Appendix 5.A.

5.2.4 Comparison to previous results
In this section we compare our results to those obtained by previous authors for some of
the galaxies in the sample. Namely, we compare our results to those of Emsellem et al.
(2004) and Bender et al. (1994). The former present integral-field stellar kinematics of
a sample of 48 nearby ETGs obtained within the SAURON project. The latter analyse
the stellar kinematics derived from long-slit spectroscopic observations of 44 local ETGs.

Five galaxies of our sample, NGC 2549, NGC 2768, NGC 4278, NGC 7332 and
NGC 7457 were studied by Emsellem et al. (2004). For each of them, we used the
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published SAURON kinematics maps to extract vstar, σstar, h3 and h4 curves along two
axes corresponding to our long-slit position-angles and centred on the galaxy centre. We
show these curves with dashed lines on top of our measurements in Fig.5.8 (no error
maps are available via the SAURON website yet). The agreement is very good for NGC
2549, NGC 4278, NGC 7332 and NGC 7457. In NGC 2768, our h4 measurements seem
systematically larger than the SAURON ones by ∼0.05, and vstar exhibits a ∼20-km/s
offset and a central dip along PA=5 deg. Placing a slit ∼1 arcsec off-centre along PA=5
deg, the SAURON data show a similar vstar dip.

Nine galaxies in our sample were studied by Bender et al. (1994; BSG94). These are
NGC 2300, NGC 3193, NGC 3610, NGC 3640, NGC 4125, NGC 4278 (already compared
to the SAURON results), NGC 4406, NGC 4472 and NGC 5322. In Fig.5.8, we show
the comparison of our results to BSG94 vstar and σstar measurements retrieved from
the HyperLeda website. BSG94 values are shown as small crosses; dashed lines indicate
the ±1σ interval. BSG94 observations consist, as ours, of long-slit spectroscopy along
a number of axes. Since, for a given galaxy, the slit position-angles adopted by BSG94
are not exactly the same as ours, and offsets are possible, we do not expect a perfect
agreement. In detail, NGC 2300 was observed by BSG94 along PA=80 and 170 deg;
NGC 3193 along PA=3 and 92 deg; NGC 3610 along PA=45 and 135 deg; NGC 3640
along PA=0 and 90 deg; NGC 4125 along PA=82 deg; NGC 4406 along PA=30 and 120
deg; NGC 4472 along PA=70 and 160 deg; NGC 5322 along PA=8 and 98 deg. Fig.5.8
shows that, despite these differences, our results are consistent with those of BSG94.
Comments on the detailed kinematics of individual galaxies and on the comparison to
previous results (also other than those of Emsellem et al. 2004 and BSG94) can be found
in Appendix 5.A.

5.3 Comparison to H i properties
5.3.1 Stellar kinematics, H i and the v/σ vs. ε diagram
In Fig.5.9 we plot all 39 galaxies on the (ε,v/σ) plane. ε is the observed ellipticity and v/σ
is the ratio of the maximum l.o.s. stellar rotation vmax to the average velocity dispersion
σ̄ within the stellar body. Values of vmax, σ̄, v/σ and ε are listed in Table 5.2.

For each galaxy, we estimate vmax along a given PA as half the maximum velocity-
difference between two points symmetric with respect to the galaxy centre. In doing
so, we do not consider the velocity measurements taken at the location of KDCs (e.g.,
the centre of NGC 4406 along PA=120 deg). We take the largest of the two values
obtained along the two perpendicular slit positions as the final vmax. As error, we take
δv/
√

2 where δv=8 km/s (Sec.5.2.2). We assume vmax=0 in NGC 7626. For this galaxy,
the criterion used for all the other objects would give vmax=16 km/s which, looking at
Fig.5.8, is meaningless.

We adopt σRe/16 as an estimate of σ̄. σRe/16 is the stellar velocity dispersion within
the inner Re/16 measured in Chapter 4 from our long-slit spectra (see Table 2.1). As
explained there, Re is an estimate of the bulge effective radius derived from the same data.
Values of σRe/16 were used in Chapter 2 to divide the sample in the low-, intermediate-
and high-σ sub-samples. We compared these values to those measured within Re/2. This
was done to make sure that adopting the former instead of the latter does not change our
results. Indeed, galaxies are distributed along the one-to-one line on the (σRe/16,σRe/2)
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Table 5.2: Stellar kinematics and photometry

galaxy vmax σRe/16 v/σ εRC3 εkin PARC3 PAkin ref.
(km/s) (km/s) (deg) (deg)

ESO 092-21 6 86 0.07 0.24 - 52 -
ESO 140-31 26 163 0.16 0.19 - 75 -
ESO 381-47 17 188 0.09 0.06 - - -
IC 4200 131 268 0.49 0.37 - 155 -
IC 4889 124 176 0.71 0.17 0.35 5 5 a
NGC 0596 79 170 0.47 0.25 0.08 36 85 b
NGC 0636 63 184 0.34 0.15 0.18 6 60 e
NGC 1426 96 157 0.61 0.33 0.30 103 103 b
NGC 1439 11 156 0.17 0.05 0.10 45 40 e
NGC 1490 139 311 0.45 0.14 - 131 -
NGC 1947 42 150 0.28 0.10 0.08 40 40 c
NGC 2300 28 291 0.10 0.23 0.18 74 73 g
NGC 2434 22 235 0.09 0.18 0.10 135 135 b
NGC 2534 22 165 0.13 0.06 - - -
NGC 2549 132 150 0.88 0.75 - 179 -
NGC 2768 94 208 0.45 0.60 0.38 93 95
NGC 2810 124 248 0.50 0.07 - - -
NGC 2904 106 238 0.45 0.26 0.38 90 90 a
NGC 3108 78 233 0.33 0.13 0.20 50 50 d
NGC 3193 69 213 0.32 0.09 - - -
NGC 3610 157 174 0.90 0.06 0.50 135 135 b
NGC 3640 100 203 0.49 0.16 0.23 92 92 b
NGC 3998 167 300 0.56 0.19 0.16 138 145 h
NGC 4026 163 194 0.84 0.80 0.40 1 1 b
NGC 4125 149 248 0.60 0.22 - 95 -
NGC 4278 86 283 0.30 0.02 0.18 16 14 g
NGC 4406 24 262 0.09 0.27 0.20 130 120 g
NGC 4472 59 306 0.18 0.17 0.18 160 160 g
NGC 5018 58 221 0.25 0.38 0.32 93 93 a
NGC 5173 31 118 0.26 0.07 - - -
NGC 5322 83 251 0.29 0.38 - 95 -
NGC 5903 8 225 0.05 0.26 - 164 -
NGC 7052 105 327 0.30 0.51 - 67 -
NGC 7332 143 147 0.97 0.76 0.75 154 157 f
NGC 7457 70 76 0.91 0.45 0.45 128 128 b
NGC 7585 18 217 0.11 0.25 - 95 -
NGC 7600 73 193 0.34 0.52 - 59 -
NGC 7619 71 334 0.20 0.22 0.27 35 35 e
NGC 7626 0 288 0.00 0.26 0.11 21 15 e

Values of εkin and PAkin are taken from: (a) Scorza et al. (1998); (b) Lauer et al. (2005); (c)
Bertola et al. (1992b); (d) Caldwell (1984b); (e) Franx et al. (1989b); (f) Fisher et al. (1994);

(g) Peletier et al. (1990a); (h) Welch et al. (1991).
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Figure 5.9: v/σ plotted against the el-
lipticity. Filled and open symbols repre-
sent galaxies with M(H i) above and be-
low 108 M� respectively. Light grey, dark
grey and black symbols correspond to low-
, intermediate- and high-σ galaxies respec-
tively (see Sec.2.2). The solid line represent
the IOR model prediction (see text).

plane, with rms deviation of less than 10%. Therefore, we adopt σ̄=σRe/16 and consider
this 10% deviation as the error on σ̄ when calculating v/σ.

Finally, the ellipticity is εRC3, which is measured in the B-band at the 25th-magnitude
isophote by de Vaucouleurs et al. (1991). However, when the variation of the ellipticity
with radius is published, we use the ellipticity εkin at the radius of maximum rotation.
This is more accurate if one wants to compare the observed galaxies to models on the
(ε,v/σ) plane. Values of εRC3 and, when available, εkin are given for all galaxies in Table
5.2. Clearly, in some galaxies εkin is very different from εRC3 (e.g., NGC 3610, NGC 4026).
In Table 5.2 we also list values of the major-axis position angle PAkin measured at the
same radius where εkin is measured. PAkin is equal to PARC3 with the only exception of
NGC 0596 and NGC 0636.

In Fig.5.9, filled and open symbols represent galaxies with M(H i) above and below
108 M� respectively, and the grey scale corresponds to the low-, intermediate- and high-σ
bins defined in Sec.2.2. The diagram in Fig.5.9 has been used in now-classical studies to
analyse the level of rotational support of bulges with respect to their flattening (pending
uncertain inclination effects; e.g., Bertola & Capaccioli 1975; Illingworth 1977; Binney
1978). As usually done, we plot the theoretical edge-on isotropic oblate rotator (IOR) line
using its analytical approximation (v/σ)IOR=

√
ε/(1− ε) (e.g., Bender 1988). Classically,

this has been used to measure the amount of anisotropy supporting ETG flattening.
Points close to the line are close to the IOR case, points much below it might owe
their flattening to anisotropy. As mentioned in Chapter 1, more recent works (Binney
2005; Cappellari et al. 2007) have emphasised that (v/σ)∗=(v/σ)/(v/σ)IOR is not a good
measure of anisotropy. In fact, galaxies with a higher value of (v/σ)∗ seem to be more
anisotropic. Given these developments, using (v/σ)∗ has probably little meaning and we
will not do it. Nevertheless, we keep the IOR curve in the diagram as a reference.

Fig.5.9 shows quite some scatter and no clear trend. All points lay at or below the IOR
curve. Consistent with the oblate anisotropic models of Cappellari et al. (2007), points
avoid the large-ε, low-v/σ region. All three σ-groups populate the same region of the
plot with the only exception that low-σ objects (light-grey circles) extend to higher v/σ
values (a result known since the work of Davies et al. 1983). This is better appreciated
in Fig.5.10, where we plot v/σ against σ with the usual symbols.

With respect to the role of H i, Figs.5.9 and 5.10 suggest that at high σ (black
symbols), H i-rich systems (filled circles) may have larger v/σ values than H i-poor ones
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Figure 5.10: v/σ plotted against σ. Filled
and open symbols represent galaxies with
M(H i) above and below 108 M� respec-
tively. Light grey, dark grey and black sym-
bols correspond to low-, intermediate- and
high-σ galaxies respectively (see Sec.2.2).

(open circles) despite having comparable ellipticity. This does not occur at low and
intermediate σ (in fact, the opposite is true at low σ but, judging from the difference in
ε, this might just be an inclination effect).

To clarify this point we show in Fig.5.11 v/σ and ε plotted against M(H i) and µHI .
The latter was defined in Chapter 2 as an empirical measurement of the settling level of an
H i-gas distribution. Briefly, large µHI values correspond to extended, regularly rotating
systems, and lower ones describe progressively less ordered gas distributions. Values of
µHI are listed in Table 2.1. The left panels in Fig.5.11 show that the 4 galaxies with
highest v/σ (all in the low-σ bin) are also the H i poorest ones and are highly flattened.
However, many points are just upper limits on M(H i), so that the segregation of high-
v/σ and -ε galaxies at low-M(H i) is not significant. Furthermore, H i-rich galaxies have
v/σ values independent of M(H i). As mentioned above, high-σ objects (black symbols)
may represent an exception as they exhibit larger v/σ at larger M(H i). However, a
larger number of massive galaxies would be necessary to reach a firm conclusion. Finally,
there may be a lack of ε ≥0.4-ETGs at large M(H i) values. It would be interesting to
understand whether this effect is real or rather a bias in the sample.

We check on the right panel of Fig.5.11 whether v/σ and ε depend on the particular
H i morphology/kinematics by plotting them against µHI . Again, no clear trend is visible.
Overall, it seems that H i properties and stellar kinematics have little to do with each
other. It is remarkable that extended H i discs can be found even around flattened
slow rotators. For example, ESO 092-21, ESO 140-31 and NGC 5903 have low v/σ with
respect to their ellipticity, so that their shape is probably little supported by rotation.
Nevertheless, they host large amounts of H i. While in ESO 140-31 and NGC 5903 the H i
is likely distributed on polar, possibly disturbed structures, so that the lack of a stellar
disc is not too surprising, in ESO 092-21 the H i is morphologically and kinematically
aligned to the optical major axis, and the inner ionised gas seems to be rotating along
with the H i. Yet, no kinematical signature of a corresponding stellar disc is found.

Along the same line, kinematical evidence of a stellar disc on top of a pressure-
supported bulge is found both in galaxies with and without H i. For example, anti-
correlated vstar and h3 are found in the IC 4889 and NGC 4278 (surrounded by regular
H i distributions), NGC 2810 (partial H i ring), NGC 4472 (H i cloud), NGC 3610 and
NGC 5322 (not detected in H i). The H i properties do not seem to be relevant in this
respect.
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Figure 5.11: v/σ (bottom panels) and ε (top panels) plotted againstM(H i) (left panels)
and µHI (right panels). On the left panels, arrows indicate upper limits on M(H i). On
the right panels, filled and open symbols represent galaxies with M(H i) above and
below 108 M� respectively. Light grey, dark grey and black symbols correspond to low-,
intermediate- and high-σ galaxies respectively (see Sec.2.2). For comparison, we plot
H i-undetected objects at µHI=-1.

5.3.2 Ionised-gas and H i kinematics

Analysing a sample of 12 SAURON galaxies, Morganti et al. (2006) were the first to
address the connection between ionised-gas and H i velocity fields in ETGs. They found
that whenever a galaxy hosts a settled, extended H i disc, bright ionised-gas is detected
inside its stellar body; and that in these cases the velocity fields of outer-ionised-gas and
inner-H i are contiguous. Keeping in mind the limitations of our long-slit data with
respect to integral-field spectroscopy, but also taking advantage of the larger number of
galaxies in our sample, we confirm this result.

Extended, relatively regular H i structures are detected in ESO 092-21, ESO 140-31,
ESO 381-47, IC 4200, IC 4889, NGC 1947, NGC 2810, NGC 3108, NGC 3998, NGC 4026,
NGC 4278, NGC 5173, NGC 5903. Ionised-gas is detected within the stellar body of all
these galaxies. In most of the cases, its (large-radii) long-slit kinematics is consistent with
that of the (innermost) H i gas (see Appendix 5.A for comments on individual galaxies).
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In a few cases the connection is not clear because of either very faint ionised-gas emission
(ESO 381-47 and NGC 5903), or because the ionised-gas kinematics is not obviously an
inner extension of that of the H i (IC 4200 and NGC 2810). However, at least in the
case of ESO 381-47 and NGC 2810, this may be due to the H i not being distributed
regularly down to within the stellar body (see Figs.5.5 and 2.16). We stress that claiming
such consistency between the kinematics of the ionised gas and that of the H i is as far
as we can go with long-slit data. Integral-field spectroscopy is necessary if one wants to
gain a more accurate understanding of the connection between the ionised and neutral
gas-phase over an extended area of the sky rather than along a slit.

In Chapter 4 we show that, along with galaxies that are at the same time H i- and
ionised-gas-rich, there are objects where the detection of a large mass of neutral gas does
not correspond to that of bright, optical emission-lines. The just-mentioned ESO 381-47
is one of these galaxies. Other cases are NGC 1490 and NGC 5018. As for ESO 381-47,
also in NGC 1490 and NGC 5018 the lack of ionised gas can be justified by the way the
H i is distributed around the stellar body: in NGC 1490 the H i is detected on a few
scattered clouds at 100-300 kpc from the stellar body; in NGC 5018 the H i is found on
a long tail connecting two companion galaxies and stretching, in projection, across its
stellar body. These cases strengthen the idea that a large M(H i) is not sufficient for
a galaxy to host bright ionised-gas. It is also necessary that the H i is distributed on a
relatively regular configuration extending to small radii; in which case, the kinematics
of the ionised gas is consistent with that of the H i. Fainter H i detections confirm this
conclusion as many of them have very irregular neutral hydrogen distributions and, at
the same time, little or no ionised gas (NGC 4406, NGC 4472, NGC 7332, NGC 7619).

Finally, a few possible counter-examples exist. These are galaxies that, despite hosting
cloud-like or irregular H i distributions, exhibit relatively bright and regularly-rotating
ionised gas (NGC 2534, NGC 2768, and NGC 4125). However, it is not clear to what
extent these objects contradict the general result. For example, NGC 2534 hosts H i
spread over a large tail but also within the stellar body (see Fig.2.14). Given the low
resolution of the H i observations of this galaxy, it is possible that the inner neutral
hydrogen is regularly rotating on a disc or ring, providing a connection to the ionised-gas
distribution. In NGC 2768, the ionised-gas kinematics towards the location of the H i
cloud is consistent with the velocity of the cloud.

The conclusion is that, keeping in mind the limitations of our long-slit data, H i
and ionised gas seem to be strongly related to each other. Only galaxies surrounded
by regular H i distributions extending down to the stellar body host bright ionised-gas
emission lines. And in almost all these cases the kinematics of the ionised gas is consistent
with that of the H i. On the other hand, when little H i is detected or large masses of
H i are not distributed all the way down to the stellar body, little ionised gas is found;
and even in some of these cases the ionised-gas kinematics may be consistent with that
of the H i.

5.4 Stellar kinematics and populations
In Chapter 4 we show that while the stellar age of ETGs is independent on M(H i), a
large fraction of the H i-poor galaxies exhibits a significant stellar-age gradient with age
decreasing towards the galaxy centre, in particular in objects with low and intermediate
σ. Given the analysis presented in the present chapter, we can verify whether there is any
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Figure 5.12: log10tSSP within the inner Re/16 (top panels) and variation ∆ in log10tSSP
when moving from the inner Re/2 to the inner Re/16 (bottom panels) plotted against
v/σ (left panels) and ε (right panels). Filled and open symbols represent galaxies with
M(H i) above and below 108 M� respectively. Light grey, dark grey and black symbols
correspond to low-, intermediate- and high-σ galaxies respectively (see Sec.2.2).

connection between such stellar-population properties and the stellar kinematics within
our sample.

The top panels in Fig.5.12 show the stellar age tSSP within the inner Re/16 plotted
against v/σ and ε. Galaxies with large rotational support are on average younger than
slow rotators. However, this weak indication may be an effect of a bias in ε, as highly
flattened galaxies also tend to be younger within our sample (top-right panel). Further-
more, young objects are found at any v/σ and ε, so that no strong relation emerges. A
larger number of high-ε galaxies would be needed to establish whether these are truly
younger (on average) than rounder systems.

The bottom panels in Fig.5.12 show the age variation when moving from the inner
Re/2 to the inner Re/16 plotted against v/σ and ε. Again, no clear trend is observed,
as centrally-rejuvenated galaxies (∆log10tSSP≤-0.2) are found at any v/σ and ε. Overall,
it does not seem that the stellar populations of galaxies with different amount of rota-
tional support are significantly different. The major caveat for this analysis is the poor
sampling of the stellar body (in particular of the stellar kinematics) provided by long-slit
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spectroscopic data.
Stellar age or age-variation within the optical body seem also to be independent

on the occurrence of certain features in the stellar kinematics. For example, we find
centrally-rejuvenated galaxies among those with a rising σstar profile (NGC 1439, NGC
2549) as well as among the objects with a σstar dip (NGC 7332) or plateau (e.g., NGC
3193, NGC 7585). Similarly, all σstar profiles are represented among the uniformly-
young galaxies. No clear relation is found also between stellar age and the vstar-h3
anti-correlation. Among the galaxies exhibiting such anti-correlation we find centrally
rejuvenated objects (e.g., NGC 4278), uniformly-young or intermediate-age systems (e.g.,
NGC 3610, IC 4889), and uniformly-old ones (e.g., NGC 4472). These results suggest
that recent star formation is not in all cases a disc phenomenon.

Finally, KDC’s seem to avoid centrally rejuvenated or uniformly-young objects. Pos-
sible exceptions are NGC 1439 and NGC 5173, but better observations are needed to
establish whether these objects harbour indeed a KDC. Generally, the stellar population
of galaxies hosting a KDC is uniformly old (e.g., NGC 4406, NGC 4472), or of interme-
diate age (e.g., IC 4889, NGC 2434, NGC 5322). We also note that all galaxies hosting
a KDC but IC 4889 have v/σ≤0.3. These results may fit with the finding that large
KDC’s are usually old and reside within slow rotators (McDermid et al. 2006).

5.5 Summary
In this chapter we investigate the relation between the H i properties of ETGs and the
kinematics of stars and ionised gas within their stellar body. For this purpose we use
the 21-cm interferometric data described in Chapter 2. For four galaxies in the sample
we took new interferometric observations as part of this project. Observations of one
of them are described in Chapter 3. We describe and analyse the observations of the
remaining three objects in Sec.5.1. The H i properties of these galaxies fall within the
range discussed in Chapter 2. In particular, these are very H i-rich objects, with M(H i)
in the range 109-1010 M�. As often observed at such largeM(H i) values, the neutral gas
is distributed over very extended, low-column-density structures exhibiting reasonably
regular kinematics.

In the rest of the chapter we derive and analyse the kinematics of stars and ionised
gas within the stellar body of galaxies in the sample. To do so we make use of the
same long-slit optical spectra presented in Chapter 4 and there analysed to study stellar
populations. In the present chapter, the kinematics of stars and ionised gas is derived
by means of GANDALF. In agreement with previous work, we find a large variety of
kinematical properties. ETGs can be rotating along the optical major or minor axis or
not rotating at all, even when significantly flattened. The σstar profiles vary widely, going
from raising ones to central plateau or even dips. Finally, most (but not all) galaxies with
significant stellar rotation exhibit a vstar-h3 anti-correlation, indicative of the presence
of a rotating stellar disc on top of the underlying pressure-supported bulge.

The amount of rotational support to galaxy shape is investigated on the classical
v/σ vs. ε diagram. Galaxies in our sample occupy to usual region of the (ε,v/σ) plane.
With respect to the H i properties, we do not find any clear trend. H i-rich as well as
H i-poor galaxies are found at any location on the diagram. There is no relation also
with the morphology/kinematics of the H i distribution. We find galaxies with regular
H i distributions but very little stellar rotation despite significant flattening. Finally,
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kinematical signatures of a disc sub-component are not associated in any way with the
detection or morphology of the H i. Overall, the H i seems to have little to do with the
stellar kinematics of (the inner regions of) ETGs.

Some stronger conclusions can be obtained studying the connection between ionised
gas and H i. It appears that galaxies surrounded by a regular H i distribution extending
all the way down to the stellar body host bright ionised-gas emission lines. Although
long-slit spectroscopic data sample the kinematics of the ionised gas quite poorly, this is
found to be at least consistent with that of the H i in most of these cases. Certainly, if
H i and ionised gas were kinematically unrelated, we would have expected to find many
more cases of clear inconsistency between their kinematics. In a few cases large masses
of H i are distributed so that no neutral gas is found close to the stellar body. In most
of these galaxies little or no ionised gas is detected. Furthermore, H i-poor systems are
characterised by fainter or undetected emission lines within the stellar body. Even in a
few of these cases the kinematics of the ionised gas is consistent with that of the H i,
while often it does not appear to be settled. We interpret these results as evidence that
ionised-gas and H i in ETGs are related and generally part of a same gaseous structure.

Finally, we find no strong relation between ETG stellar age or age gradient and stellar
kinematics (e.g., v/σ, σstar profile). Most if not all KDC’s in our sample are hosted by
uniformly old or intermediate-age, slow rotators.

Appendix 5.A Kinematics of individual galaxies
In what follows, we comment the stellar and ionised-gas kinematics of individual galaxies
and the relation of these properties to the ones of the H i gas (if detected). For the
latter, we refer to Sec.2.3 unless stated otherwise. As in the main body of this chapter,
we use the symbols vstar, vgas, σstar and σgas to refer to l.o.s. stellar velocity, ionised-gas
velocity, stellar velocity dispersion and ionised-gas velocity dispersion respectively. The
discussion below is based on the results of our analysis, which are shown in Fig.5.8. We
refer to Sec.5.2.3 for a description of the figure. We specify for each galaxy the ellipticity
εRC3 and, when available, the major-axis position angle PARC3 that are listed in Table
5.2. No comments on the ionised gas kinematics are given if too few points are measured
to derive any useful indication.

ESO 092-21 (ε=0.24, PA=51 deg)
Stars – No stellar rotation is observed along any of the two axes despite the non-negligible
flattening. Possibly, stars are rotating by a few km/s in the inner ∼5 arcsec along
PA=48 deg. If so, the vstar gradient has opposite sign than that of vgas. The σstar
profile is basically flat along both axes. The σstar value measured within the easternmost
bin along PA=138 deg (σstar∼30 km/s) is too low, but values of σstar much below the
instrumental dispersion (150 km/s) are not reliable and the fit quality is as in all the
other bins.
Ionised gas – The gas is clearly rotating along PA=48 deg, with vgas increasing when
moving eastwards. This is consistent with the H i motion (see Fig.5.1, right panel). vgas
may still be raising at the last measured points, where it has reached ∼100 km/s. This
is below the 145 km/s l.o.s.-rotation found for the neutral hydrogen along the same PA.
However, since vgas has not flattened yet, this discrepancy does not rule out that ionised
gas and H i are part of one same structure. It is also possible that the hypothetical
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circular orbits of the ionised gas are seen at slightly lower inclination than the H i disc,
or that we are not sampling the kinematical major axis of the ionised gas.

ESO 140-31 (ε=0.19, PA=74 deg)
Stars – Stellar rotation of ∼25 km/s is observed along PA=81 deg. The vstar gradient is
steep in the inner 3 arcsec, where it tracks that of vgas, and drops to almost zero further
out. Possibly, some residual rotation is visible along PA=171 deg (also with a steeper
inner vstar gradient and with sense of rotation consistent with that of the ionised gas).
Along both axes, σstar raises by ∼30 km/s when moving towards the centre, and then
flattens onto a central plateau at ∼150 km/s in the inner ∼5 arcsec. h3 anti-correlates
with vstar along PA=81 deg.
Ionised gas – Along both axes, vgas increases (in module) with radius within the inner 8
arcsec. However, along PA=81 deg vgas falls back to zero in the outer radial bins, while
along PA=171 deg it keeps raising to ∼60 km/s. The outer gas rotation is consistent
with the large-scale motion of the H i, which has kinematical major axis at PA∼170 deg
(see Fig.5.4). However the latter reaches l.o.s. velocities ∼3 times higher.

ESO 381-47 (ε=0.06)
Stars – Along both axes the vstar gradient is very low. A stellar disc is visible in our
optical imaging of this galaxy, but the l.o.s. rotation is only ∼15 km/s. This may be due
to the disc being nearly face on. σstar increases mildly towards the centre of the galaxy,
and possibly flattens in the inner 3 arcsec. Finally, along PA=177 deg, h3 increases when
moving northwards and anti-correlates with the weakly decreasing vstar.
Ionised gas – Very little ionised gas is detected. vgas is measured in too few points and
at too low A/N to investigate whether the gas is moving in a coherent way. However, its
motion along PA=177 deg is consistent with that of the large-scale H i ring (see Fig.5.6),
with velocities below systemic on the south side.

IC 4200 (ε=0.37, PA=154 deg – see also Chapter 3)
Stars – Stellar rotation is visible along PA=152 deg. vstar is still rising at the last
measured points, where it has reached ∼130 km/s. No rotation is observed along PA=62
deg, though our analysis in Chapter 3 suggests that an inner, weak KDC may be present.
σstar keeps raising all the way to the galaxy centre. No clear trend is observed in h3.
Ionised gas – vgas gradients are observed along both PA’s. In particular, vgas raises
steeply to above 100 km/s along PA=62 deg. It then starts falling back towards zero
beyond the inner 8 arcsec. Along PA=152 deg the situation is more complicated. The
sign of the inner-2-arcsec vgas gradient is opposite to that in the outer regions, where
the ionised gas moves more consistently with the stars. The gas kinematics is hard to
reconcile with coplanar circular motion. The sign of the vgas gradient along PA=62 deg
is consistent with that of the H i motion. However, the connection between the two gas
phases cannot be addressed with these data.

IC 4889 (ε=0.35, PA=5 deg – see also discussion in Sec.5.3)
Stars – Stellar rotation is observed along PA=0 deg only. vstar is still raising at the last
measured point where it has reached 125 km/s. As already observed by previous authors
(Carollo et al. 1993; Corsini et al. 2000), a KDC is clearly visible in the inner ∼10 arcsec
and corresponds to a σstar drop by ∼30 km/s. Along PA=90 deg, no rotation and a
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nearly flat σstar profile are observed. h3 is anti-correlated with vstar along PA=0 deg,
and its gradient changes sign at the KDC.
Ionised gas – Along PA=0 deg, the ionised-gas kinematics is consistent with and extends
to outer radii the kinematics of the stellar KDC. The ionised gas is therefore counter-
rotating with respect to the stars at large radii. Along PA=90 deg the gas is also
kinematically decoupled from the stars in a way reminiscent of the situation in IC 4200
along PA=62 deg. The rotation raises sharply to above 140 km/s and then possibly
starts falling back. These results are in very good agreement with the findings of Bertola
et al. (1992a) and Corsini et al. (2000). Because the maximum vgas is similar along the
two axes, assuming circular coplanar orbits the kinematical major axis of the ionised gas
must be half a way between the two long-slit positions. This would be consistent with
the kinematical major axis of the larger-scale H i, which has PA∼40 deg. The sense
of rotation would also be the same, with velocities below systemic being found on the
north-east side. The main limitation in addressing this connection comes from the poor
resolution of the H i data.

NGC 0596 (ε=0.25, PA=36 deg)
Stars – Clear example of minor-axis rotator. A maximum stellar rotation of 80 km/s is
observed along PA=126 deg, with the vstar gradient varying with radius. vstar seems to
flatten after the inner 3-4 arcsec, but then possibly starts rising again. Along PA=36
deg there is weak stellar rotation in the inner few arcsec corresponding to a central σstar
dip. σstar flattens also in the central region along PA=126 deg. Finally, h3 increases
(anti-correlating with vstar) when moving eastwards along PA=126 deg.

NGC 0636 (ε=0.15, PA=5 deg)
Stars – Most of the stellar rotation is observed along the RC3 minor axis (PA=96 deg),
where vstar reaches 60 km/s. However, as mentioned above, the major axis is found at
PA∼90 deg in the inner regions (Rembold et al. 2002; Franx et al. 1989b). Therefore,
the galaxy is not a minor-axis rotator. Some rotation is detected also along PA=6 deg
(22 km/s). σstar raises by ∼30 km/s towards the centre. These results are consistent
with the plots shown in Franx et al. (1989a). Along PA=96 deg h3 is anti-correlated
with vstar.

NGC 1426 (ε=0.30, PA=103 deg)
Stars – Rotation is found along PA=109 deg, with the inner steeply-raising rotation curve
flattening at 2-3 arcsec from the centre to vstar=96 km/s. No rotation is observable along
PA=19 deg, but a weak central dip in σstar is found. The dip might be missed along
PA=109 deg because of different slit centring. h3 along PA=109 deg is anti-correlated
with vstar in the central 15 arcsec. Simien & Prugniel (1997) show stellar kinematics of
NGC 0636 along PA=103 deg. They find stellar rotation of ∼100 km/s within the inner
20 arcsec. However, their vstar curve raises less steeply than ours. This may be due to
an offset in the slit centring, with our slit being closer to the line of nodes.

NGC 1439 (ε=0.27, PA=45 deg)
Stars – For this galaxy the systemic velocity is at vstar∼20 km/s. Along PA=28 deg,
a steep central raise is followed by a gentle decrease towards systemic on the east side,
and by flattening and sharp decrease on the west side. Overall, the impression is of a



5.A: Kinematics of individual galaxies 157

rather complicated velocity structure possibly hosting a KDC. Along PA=118 deg the
rotational velocity rises near the centre, then decreases and then rises again at the last
few points. Along both axes σstar peaks at the galaxy centre and h3 is anti-correlated
with vstar. Our vstar and σstar curves are in agreement with those shown in Franx et al.
(1989a). In particular, they also find that vstar peaks at larger radius on the west side of
the galaxy, and that σstar raises to ∼150 km/s towards the centre.

NGC 1490 (ε=0.14, PA=131 deg)
Stars – 140-km/s stellar rotation is detected along PA=145 deg, with vstar flattening at
4-6 arcsec from the galaxy centre. Residual rotation of ∼30 km/s is seen along PA=55
deg. Along both axes, σstar raises by 100 km/s when moving from a radius of 10 arcsec
to the galaxy centre. Finally, h3 anti-correlates with vstar along PA=145 deg, and h4
decreases towards the centre along both axes.

NGC 1947 (ε=0.08, PA=40 deg)
Stars – Stellar rotation is mostly seen along PA=5 deg, where it rises quickly and then
flattens at vstar=45 km/s. Some residual stellar rotation is observed along PA=95 deg.
The σstar profile is flat. Our results are consistent with those of Carollo et al. (1993)
along similar PA’s.
Ionised gas – Rotation is observed along both PA’s. In particular, a regular rotation
curve flattening to vgas=200 km/s is observed along PA=95 deg (where the stars are
hardly rotating). This motion is consistent with the one of the H i. Along PA=5 deg,
the gas seems to follow the central stellar rotation and extends it to larger radii. Overall,
the two vgas curves are consistent with the ionised gas being coplanar with the dust lane
and inner H i gas (PA∼130 deg). Indeed, if this were the case, we would not be seeing the
full ionised-gas rotation along PA=95 deg, and we should still see some rotation along
PA=5 deg.

NGC 2300 (ε=0.23, PA=73 deg)
Stars – This is another case of minor-axis rotator. A steeply-raising rotation curve is
observed along PA=164 deg. The curve is still rising at the last measured point, where
vstar∼30 km/s. Some rotation is detected also along PA=74 deg and only in the inner
4-5 arcsec. The σstar profile raises towards the centre. As shown in Fig.5.8, these results
are consistent with those of Bender et al. (1994; hereafter, BSG94). Along PA=164 deg,
h3 anti-correlates with vstar.

NGC 2434 (ε=0.10, PA=135 deg)
Stars – Little stellar rotation is detected along both axes. Along PA=132 deg, the
kinematics in the centre is possibly misaligned with respect to the outer one. The σstar
profile raises towards the centre along both axes. These results are in very good agreement
with previous work by Carollo & Danziger (1994b). h3 anti-correlates with vstar along
PA=132 deg.
Ionised gas – Little ionised gas is detected and at low A/N . The gas seems to be rotating
along PA=42 deg, while it shows highly anomalous velocities along PA=132 deg. Deeper
data would be more appropriate to assess the significance of this result, but one must
consider that more galaxies show such peculiar (possibly unsettled?) gas motion, in
particular when the emission is faint (e.g., NGC 7332 below and in Sarzi et al. 2006).
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NGC 2534 (ε=0.02)
Stars – The galaxy is basically round. Nevertheless, some rotation is observed along both
axes. The σstar profile is basically flat and h3 anti-correlates with vstar.
Ionised gas – Rotation is detected along both axes and is consistent with the stellar
kinematics along PA=135 deg. On the other hand, it is decoupled from it along PA=45
deg. Along the latter, the gas reaches on the east side a velocity 100 km/s higher than
on the west side. The H i rotation is not spatially resolved in the centre of the galaxy.
Therefore, more accurate H i observations would be needed to determine the relation
between H i and ionised gas. However, the ionised gas kinematics along PA=135 deg is
not consistent with the one of the H i tail, which has velocity lower than systemic on the
west side of the galaxy (see Fig.2.14).

NGC 2549 (ε=0.62, PA=178 deg)
Stars – Stellar rotation is observed along PA=1 deg, where vstar flattens to 130 km/s
at ∼8 arcsec from the centre. No rotation is observable along PA=91 deg. The σstar
profile raises up to ∼150 km/s in the centre. h3 anti-correlates with vstar along PA=1
deg. Fig.5.8 shows that all our findings are consistent with SAURON observations of
this galaxy.

NGC 2768 (ε=0.60, PA=92 deg)
Stars – vstar reaches 94 km/s along PA=95 deg but has not flattened yet at the last
measured point. No stellar rotation is measured along PA=5 deg, where vstar shows a
central 40 km/s dip which could be caused by poor slit centring. σstar drops by ∼50 km/s
in the centre along both axes. h3 may be anti-correlated with vstar along PA=95 deg. As
discussed in Sec.5.2.4, these findings are in agreement with the SAURON LOSVD maps
with the exception of a ∼0.05-offset in h4. The central vstar dip along PA=5 deg is also
reproduced by placing an off-centre slit on top of the SAURON velocity field.
Ionised gas – vgas raises sharply to 200 km/s within the inner few arcsec along PA=185
deg. We note that the northern-emission velocity is ∼200 km/s larger than systemic, so
that it may be consistent with that of the northern H i cloud (see Chapter 2). The ionised
gas detections are weaker along PA=95 deg, but the gas seems to be counter-rotating
with respect to the stars. These findings are consistent with SAURON Sarzi et al. (2006)
velocity fields.

NGC 2810 (ε=0.16)
Stars – vstar raises smoothly to 124 km/s along PA=135 deg, possibly flattening at the
outer measured points. No or little stellar rotation is found along PA=45 deg. σstar
increases towards the centre along both axes. h3 is anti-correlated with vstar and h4
decreases towards the centre along PA=135 deg.
Ionised gas – Also in this galaxy ionised gas and stars are kinematically decoupled. vgas
raises to ∼80 km/s along PA=45 deg. Along PA=135 deg, it follows the central raising
part of the stellar-velocity curve and then falls back to zero. This is not consistent with
the larger-scale H i kinematics, which has velocities below systemic on the north-west
side along PA=135 deg (see Fig.2.16). However, no H i is seen within the stellar body of
the galaxy, so that the connection between the two gas phases is not easy to understand.
The galaxy is among the ionised-gas-richest of the sample (see Table 4.3) and one might
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think that the ionised gas is filling the central H i hole. Note that NGC 2810 is a radio-
excess galaxy (Drake et al. 2003) so that a central AGN may be relevant for ionising the
inner gas.

NGC 2904 (ε=0.38, PA=90 deg)
Stars – vstar raises to 106 km/s along PA=90 deg and possibly flattens at 8 arcsec from
the centre. No rotation is observed along PA=178 deg. σstar varies little with radius
along both axes. h3 clearly anti-correlates with vstar along PA=90 deg.

NGC 3108 (ε=0.20, PA=50 deg)
Stars – Stellar rotation is measured along PA=45 deg and seems to flatten to 78 km/s
at 6-8 arcsec from the centre. No rotation is observed along PA=135 deg. Along both
axes σstar is basically flat. h3 exhibits an unusual central peak along PA=45 deg, while
h4 decreases towards the centre along the perpendicular axis. Carollo et al. (1993) long-
slit spectra were taken along PA=0 and 90 deg and therefore the vstar profiles are not
comparable.
Ionised gas – Gas is most clearly detected along PA=135 deg, where vgas reaches 200
km/s on the east side and almost 300 km/s on the west side. Such fast rotation is
consistent with the H i motion (see Fig.2.17), as discussed in Oosterloo et al. (2002).
The ionised gas may be filling the central H i hole. Little gas is detected along PA=45
deg and its kinematics is not clear.

NGC 3193 (ε=0.12)
Stars – Rotation of 69 km/s is detected along PA=0 deg. vstar flattens at ∼3 arcsec
from the centre. Along PA=90 deg stars are not rotating. σstar exhibits a slight increase
towards the centre along both axes. Fig.5.8 shows that these results are in agreement
with those of BSG94. h3 anti-correlates with vstar along PA=0 deg.
Ionised gas – Detections are at very low level in all the bins where some gas is found.
Along PA=0 deg, vgas seems to be tracking vstar, while no coherent pattern can be derived
along PA=90 deg.

NGC 3610 (ε=0.24, PA=51 deg)
Stars – vstar raises sharply to 157 km/s and then flattens at ∼125 km/s along PA=130
deg. The vstar curve is in good agreement with BSG04 result. Small differences could be
due to a difference in the slit position. Along PA=40 deg, we observe a central dip of
∼70 km/s in vstar. This could be due to poor slit centring combined with the large vstar
gradient along the perpendicular direction. No such dip is observed by BSG94. Both
axes show a central σstar dip which is very broad and off-centre along PA=130 deg. This
is in agreement with BSG94 result along PA=40 deg but not along PA=130 deg. The
reason for this discrepancy is not clear. However, the observation and lack of a σstar dip
in BSG94 data along PA=40 and 130 deg respectively, suggests some centring problems
(also) in their observations. h3 anti-correlates with vstar along PA=130 deg.

NGC 3640 (ε=0.23, PA=92 deg)
Stars – Stellar rotation is observed along PA=90 deg. vstar is still raising at the last
measured points, where it amounts to 100 km/s. No rotation is measured along PA=180
deg. The velocity dispersion profile is nearly flat. These results confirm earlier BSG94
findings. No h3-vstar anti-correlation is observed despite the clear stellar rotation.
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NGC 3998 (ε=0.16, PA=138 deg)
Stars – Stellar rotation is clearly detected along PA=140, where the three most central
bins are poorly fitted and should be neglected. The unsuccessful fit may be caused by the
contamination from AGN emission. NGC 3998 is known to be an AGN (e.g., Heckman
1980) and belongs to the Drake et al. (2003) radio-excess galaxy sample. Regarding
the outer bins, vstar is still raising at the last measured point, where it has reached 167
km/s. This is consistent with previous Fisher (1997) results. Along PA=50 deg, we see
a central dip in vstar possibly caused by poor slit centring. σstar raises to ∼300 km/s
towards the centre along both axes (neglecting the poorly-fitted bins). This result is also
in agreement with the observations of Fisher (1997). No clear trend is observed in h3.
Ionised gas – The gas motion seems consistent with that of the stars along PA=140 deg,
confirming Fisher (1997) findings. On the other end, the gas is decoupled from the stars
along PA=50 deg, where vgas raises up to ∼150 km/s. This is consistent with (although
slower than) the H i-ring kinematics.

NGC 4026 (ε=0.40, PA=1 deg)
Stars – 163-km/s stellar rotation is found along PA=178 deg and may keep raising beyond
the last measured point. vstar is zero everywhere along PA=88 deg. σstar raises sharply
towards the centre. h3 is found to be unusually correlated with vstar along PA=178 deg
at large radii. All these findings are consistent with those of Fisher (1997).
Ionised gas – As found by Fisher (1997), vgas tracks very closely vstar along PA=178 deg.
Both stellar and ionised gas rotation is in good agreement with the kinematics of the H i
ring. It is possible that the ionised gas is filling the central H i hole.

NGC 4125 (ε=0.22, PA=95 deg)
Stars – 149-km/s stellar rotation is observed along PA=80 deg. The rotation is still rising
at the last measured point. Stars are not rotating along PA=170. Along both axes σ
falls by 40-50 km/s in the centre. As shown in Fig.5.8, these results are in agreement
with those of BSG94 along PA=82 deg. No clear relation is observed between vstar and
h3.
Ionised gas – Along PA=80 deg, vgas raises more steeply than vstar, but is then not
detected beyond a radius of 10 arcsec. A/N is low along PA=170 deg and no coherent
picture can be derived.

NGC 4278 (ε=0.18, PA=16 deg)
Stars – Stellar rotation is observed along PA=20 deg, flattening after the inner ∼10
arcsec to ∼80 km/s and maybe falling off beyond 15 arcsec from the centre. Little
residual stellar rotation is detected along PA=110 deg. σstar raises when moving towards
the centre along both axes. h3 is anti-correlated with vstar along PA=20 deg. Our results
are in excellent agreement with those of Emsellem et al. (2004) derived from SAURON
integral-field spectroscopy.
Ionised gas – Along PA=20 deg, the rotation of the gas is consistent with that of the
stars, but significantly faster. vgas flattens at ∼200 km/s outside the inner 5-6 arcsec.
Possibly, it falls back to zero on the west side. Along PA=110 deg, the ionised gas is
weakly counter-rotating with respect to the stars in the inner few arcsec. This motion is
in agreement with the large-scale H i kinematics and argues for H i and H ii belonging to
a same structure (see the discussion in Morganti et al. 2006). Our results are consistent
with the ionised-gas velocity fields presented in Sarzi et al. (2006).
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NGC 4406 (ε=0.18, PA=50 deg)
Stars – This is a known stellar KDC (Franx et al. 1989a; BSG94). Along PA=120 deg,
vstar raises sharply to 68 km/s in the inner ∼5 arcsec, and declines back to zero at
larger radii. Our result is in quantitative agreement with that of BSG94 (see Fig.5.8).
Along PA=30 deg a 24-km/s stellar rotation is observed. The central vstar peak can be
justified with a slightly off-centre slit position combined to the large vstar gradient along
the perpendicular direction. σstar raises sharply by ∼60 km/s when moving towards the
centre. h3 anti-correlates with vstar along both axes. In particular, it traces the central
KDC along PA=120 deg.

NGC 4472 (ε=0.17, PA=160 deg)
Stars – Stellar rotation of 60 km/s is observed along PA=155 deg. Along the same axis,
the central few arcsec do not show rotation along the line of sight and correspond to a
σstar dip. Along PA=65 deg, no stellar rotation is observed and σstar varies little. These
results are in good agreement with those of BSG94 (see Fig.5.8). h3 anti-correlates with
vstar along PA=155 deg, including the central, kinematically-decoupled region.

NGC 5018 (ε=0.32, PA=93 deg)
Stars – 58-km/s stellar rotation is detected along PA=95 deg, while a strong, ∼100-km/s
vstar central peak is found along PA=185 deg. This peak cannot be explained with an
off-centre slit position. The reason is that its height is too close to the width of the
vstar range covered along the perpendicular direction, and the latter does not exhibit a
steep vstar gradient. This feature is not visible in the data of Carollo & Danziger (1994a)
along the same PA. On the other hand, our result along PA=95 deg is in agreement
with this previous work and with that of Longhetti et al. (1998). Along PA=95 deg, a
σstar dip corresponds to the steeper part of the rotation curve as in Carollo & Danziger
(1994a). σstar remains constant with radius along PA=5 deg. h3 is anti-correlated with
vstar. The anomalous LOSVD of this galaxy along PA=5 deg could be related to its
being morphologically strongly disturbed (e.g., Buson et al. 2004).

NGC 5173 (ε=0.14)
Stars – Stellar rotation is detected along PA=105 deg, where vstar possibly flattens at
∼30 km/s after about 8 arcsec from the centre. No rotation is found at PA=15 deg,
but a vstar central dip maybe caused by poor slit centring. A small σstar dip is detected
along PA=105 deg, while σstar raises towards the centre along the perpendicular axis. h3
anti-correlates with vstar along both axes.
Ionised gas – Along PA=105 deg, the ionised gas is kinematically decoupled from the
stars. vgas and vstar show gradients with opposite signs. The projected gas rotation is
larger than that of the stars, and reaches ∼100 km/s. Such motion is consistent with the
H i velocity gradient along the same PA (see Chapter 2). Along PA=15 deg, ionised gas
and stars seem to share the same l.o.s. velocity.

NGC 5322 (ε=0.38, PA=95 deg)
Stars – Along PA=95 deg, we observe a rotating KDC as opposed to the outer lack of
rotation. vstar along the KDC raises steeply up to 83 km/s. This result in in excellent
agreement with that of BSG94. Such sharp vstar gradient and bad slit centring could
explain the vstar dip along PA=5 deg (not observed by BSG94). Along this axis, an
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overall velocity gradient is observed spanning a 40 km/s velocity range. Therefore, while
inner rotation is detected along PA=95 deg, at outer radii stars may be rotating along
PA=185 deg.

NGC 5903 (ε=0.26, PA=164 deg)
Stars – No stellar rotation is found along either axes. σstar raises when approaching the
galaxy centre. These results are consistent with those of Carollo et al. (1993).
Ionised gas – Despite the low-level detections, the gas seems to be rotating along PA=165
deg while not much can be said about the perpendicular axis. We note that the vgas
gradient along PA=165 deg is opposite to what expected if the ionised gas were somehow
connected to the north-south H i filamentary structure. The lack of bright ionised-gas
emission along PA=75 deg does not allow to establish the connection to the H i directly
associated to the galaxy (see Chapter 2).

NGC 7052 (ε=0.50, PA=66 deg)
Stars – Stellar rotation is observed along PA=67 deg, where vstar reaches 105 km/s
within the inner 5 arcsec and then flattens to 80-90 km/s outwards. No stellar rotation
is detected along PA=157 deg. σstar has a flat profile along both axes. h3 anti-correlates
with vstar along PA=67 deg.
Ionised gas – Gas is detected in the inner 4-5 arcsec of the galaxy and rotates along
PA=67 deg with a steeper rotation-curve than the stars, reaching above 200 km/s. The
gas stays at vgas∼0 along PA=157 deg. The galaxy is a known AGN and it is possible
that the gas is ionised mostly in the inner region because of the nuclear activity.

NGC 7332 (ε=0.72, PA=154 deg)
Stars – vstar along PA=160 deg is still rising or possibly just beginning to flatten at the
last measured points, where it is of 143 km/s. A weak, ∼20-km/s σ dip is detected in the
centre along the same PA. No rotation is measured along PA=70 deg, where σstar raises
towards the centre. Along PA=160 deg, h3 seems be anti-correlated with vstar within
the inner 20 arcsec, and correlated with it outside this range. All these results are in
excellent agreement with those of Emsellem et al. (2004; see also Falcón-Barroso et al.
2004): the dashed lines representing SAURON observations in Fig.5.8 are barely visible
behind our data.
Ionised gas – Gas is detected at low level and does not seem to be moving in an ordered
way. The general impression is of anomalous, higher-than-systemic velocity along both
axes. Our results for the ionised-gas kinematics are consistent with SAURON observa-
tions of this object. As discussed by Morganti et al. (2006), the ionised-gas velocity is
not consistent with that of the H i cloud detected ∼14 kpc from the stellar body.

NGC 7457 (ε=0.45, PA=127 deg)
Stars – This is another clear flattened major-axis rotator. vstar raises smoothly to 70
km/s along PA=128 deg and is still raising at the last measured point. No rotation is
observed along the perpendicular axis, where a small vstar central peak is maybe due to
an off-centre slit position. σstar is a factor of 2 below the instrumental dispersion, and
has a roughly flat profile along both axes. No vstar-h3 anti-correlation is observed. Our
results are in excellent agreement with SAURON observations (with the exception of one
poor fit). The slight offset in σstar along PA=128 deg is not worrying given that we are
well below the instrumental dispersion.
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NGC 7585 (ε=0.20, PA=94 deg)
Stars – Little stellar rotation is detected and σstar has a flat profile along both axes. h4
exhibits a central dip along PA=17 deg.
Ionised gas – Tentatively, the gas is rotating along PA=107 deg, but all detections are at
a low level and the vgas seems shifted with respect to the stellar systemic velocity. The
gas may be unsettled.

NGC 7600 (ε=0.52, PA=58 deg)
Stars – Stellar rotation is observed along PA=68 deg, where vstar reaches 73 km/s and
possibly flattens at 8 arcsec from the centre. This result is in qualitative agreement
with observations by Dressler & Sandage (1983). No rotation is measured along the
perpendicular axis. σstar has a nearly flat profile. h3 is anti-correlated with vstar along
PA=68 deg.

NGC 7619 (ε=0.30, PA=25 deg)
Stars – Stars rotate along PA=35 deg, where vstar raises sharply to 71 km/s and flattens
after the inner 5 arcsec. No rotation is observed along PA=125 deg. The σstar profile is
a steeply-raising one along both axes. Our results are in good agreement with those of
Franx et al. (1989a). h3 anti-correlates with vstar along PA=35 deg.

NGC 7626 (ε=0.12, PA=20 deg)
Stars – No coherent stellar rotation is observed along either axes. vstar is zero within a
large scatter. Possibly, rotation is visible in inner 3 arcsec along PA=21 deg, as observed
also by Longhetti et al. (1998). As in that work, the σstar profile is flat.
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Chapter 6
On the interpretation of age and
chemical composition of composite
stellar populations determined with
line-strength indices

Based on Serra P. & Trager, S. C. 2007, MNRAS, 374, 769

In this chapter we investigate the effect introduced by the presence of a young stellar
sub-component on top of an old one when employing the stellar-population analysis

technique of Chapters 3 and 4. To do so, we study the single-burst-stellar-population-
equivalent (SSP-equivalent) age and chemical composition measured from the Lick/IDS
line-strength indices of composite stellar populations (CSP). We build two sets of ∼3×104

CSP models using stellar populations synthesis models, combining an old population
and a young population with a range of ages and chemical compositions representative
of early-type galaxies. We investigate how the SSP-equivalent stellar parameters of the
CSP’s depend on the stellar parameters of the two input populations; how they depend
on V -band luminosity-weighted stellar parameters; and how SSP-equivalent parameters
derived from using different Balmer-line indices can be used to reveal the presence of a
young population on top of an old one. We find that the SSP-equivalent age depends
primarily on the age of the young population and on the mass fraction of the two popula-
tions, and that the SSP-equivalent chemical composition depends mainly on the chemical
composition of the old population. Furthermore, the SSP-equivalent chemical composi-
tion tracks quite closely the V -band luminosity weighted one, while the SSP-equivalent
age is strongly biased towards the age of the young population. In this bias the age
of the young population and the mass fraction between old and young population are
degenerate. Finally, assuming typical error bars, we find that a discrepancy between the
SSP-equivalent parameters determined with different Balmer-line indices can reveal the
presence of a young stellar population on top of an old one as long as the age of the
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young population is less than ∼2.5 Gyr and the mass fraction of young to old population
is between 1% and 10%.

6.1 Introduction
As discussed in Chapter 1, the study of early-type galaxy (ETG) stellar populations
has long been hampered by the age-metallicity degeneracy in the spectra of old stellar
populations (e.g., Faber 1973; O’Connell 1986; Worthey 1994). After early suggestions
by Gunn et al. (1981) and Rabin (1982), a possible way to deal with this problem was
provided by Worthey (1994) evolutionary synthesis models. These show that age and
metallicity can be disentangled by the joint use of pairs of line-strength indices, one
metal-line and one Balmer-line index, measured from the optical spectra of galaxies. A
system of line-strength indices was defined (the Lick/IDS system, see Burstein et al.
1984; Worthey et al. 1994 and references therein; Worthey & Ottaviani 1997) and is now
widely used in order to determine the age t, metallicity [Z/H] and abundance ratio [E/Fe]
of stars in galaxies ([E/Fe] is defined in Trager et al. 2000b as a way of parameterising
deviations from the solar abundance pattern).

In practice, as done in Chapters 3 and 4, one compares the indices measured from
the optical spectrum of a galaxy to their values predicted by stellar populations models
(provided for example by Worthey 1994; Vazdekis 1999; Bruzual & Charlot 2003; Thomas
et al. 2003). The stellar t, [Z/H] and [E/Fe] of the galaxy are the ones of the model whose
indices best agree with the measured ones. Because each model consists of a single-burst
stellar population (SSP) whose stars, unlike in real galaxies, all have the same t, [Z/H]
and [E/Fe], the derived stellar parameters are labelled as SSP-equivalent. We will refer
to them as tSSP, [Z/H]SSP and [E/Fe]SSP.

Early-type galaxies are the most massive stellar systems for which the SSP approxi-
mation seems to hold. Therefore, many authors have measured their line-strength indices
in order to determine their stellar content (see for example Trager et al. 2000a; Cald-
well et al. 2003; Denicoló et al. 2005; Nelan et al. 2005; Thomas et al. 2005; Bernardi
et al. 2006; Clemens et al. 2006; Graves et al. 2007). However, many results suggest
that recent star formation occurred in these galaxies (e.g., Trager et al. 2000a; Yi et al.
2005; Kaviraj et al. 2007), so that a small fraction of their current stellar mass formed
few Gyr ago. It is natural to wonder about the meaning of the line-strength indices
analysis under such circumstances (i.e., in the presence of more than one SSP in the
same galaxy). How do the SSP-equivalent parameters relate to the average properties
of a galaxy and to the ones of the many SSP’s that it hosts? And what do we actually
learn from SSP-equivalent parameters?

Previous authors have already looked into this problem. Using a limited number of
models of composite stellar populations (CSP), Trager et al. (2000a) found that the SSP-
equivalent age is heavily biased towards the age of the young stars present in a galaxy. In
this paper we address the same questions in a more systematic and extensive way from
the point of view of the stellar population models.

We build two sets of CSP’s by using the models of Bruzual & Charlot (2003; hereafter
BC03)) and (Worthey 1994; herafter W94). Each dataset contains ∼3×104 CSP models
composed of one old and one young SSP. Different CSP’s correspond to different stellar
parameters of the parent SSP’s. The old SSP (SSP1) is always chosen to be more massive
than the young one (SSP2), as inferred in many early-type galaxies (e.g., Trager et al.
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Table 6.1: Input parameters for the composite stellar populations

parameter values

t1 (Gyr) 10.0,13.0
[Z/H]1 −0.15,0.0,0.15,0.3
[E/Fe]1 0.0,0.15,0.3,0.45
t2 (Gyr) 1,1.4,1.8,2.5,3.4,4.7
[Z/H]2 0.0,0.15,0.3,0.45
[E/Fe]2 −0.15,0,0.15,0.3
µ=M2/M1 0.0,0.001,0.005,0.01,0.025,0.05,0.1,0.2,0.35,0.5

Stellar parameters are labelled as “1” and “2” corresponding to the old population (SSP1)
and the young population (SSP2) respectively. The last row lists the values adopted for
the mass fraction between the two populations.

2000a; Leonardi & Worthey 2000; Jeong et al. 2007). We analyse the line-strength indices
of the CSP’s and derive the corresponding tSSP, [Z/H]SSP and [E/Fe]SSP as is usually done
for observed galaxies. We then analyse how the result depends on the input parameters
(t1, [Z/H]1, [E/Fe]1, t2, [Z/H]2,[E/Fe]2 and µ=M2/M1 whereM is the stellar mass) and
on the luminosity-weighted properties of the CSP’s. We restrict our study to systems
composed of only two SSP’s because this case is still relatively easy to treat and might
be a reasonable first-order approximation for early-type galaxies. In Sec.6.2 we explain
in some details the construction of the two datasets, we present the results in Sec.6.3,
and finally draw some conclusions.

6.2 Models of composite stellar populations
We define a set of old and young SSP’s in Table 6.1. All the possible combinations of
one old and one young SSP for each of the values of the mass fraction µ give the 30720
CSP models that form each of the datasets. A dataset consists of a 7-dimensional grid in
the parameters (t1, [Z/H]1, [E/Fe]1, t2, [Z/H]2,[E/Fe]2, µ). At each position in the grid
we store a vector that contains the line-strength indices of the two input SSP’s and of
the resulting CSP, the luminosity-weighted stellar parameters (tLW, [Z/H]LW, [E/Fe]LW)
and the SSP-equivalent stellar parameters (tSSP, [Z/H]SSP,[E/Fe]SSP).

The luminosity-weighted stellar parameters are defined in terms of the V -luminosity
of the parent populations at the respective ages (i.e., taking into account the change in
mass-to-light ratio as a population ages).

The SSP-equivalent parameters are determined by comparing the Lick/IDS line-
strength indices Mgb, Fe5270 and Fe5335 and a Balmer-line index of the CSP to their
values according to models (BC03 or W94 depending on the dataset). As Balmer-line
index we use alternatively Hβ, HγA, HγF , HδA or HδF , obtaining SSP-equivalent parame-
ters for each of them separately. These will then be labelled according to the Balmer-line
index used in deriving them (e.g., tHβ is the SSP-equivalent age derived using Mgb,
Fe5270 and Fe5335 and Hβ). The use of different Balmer lines is important because they
respond differently to the presence of a young stellar component on top of the old one
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Figure 6.1: Top panel: BC03 parent SSP’s of solar [E/Fe] plotted on top of BC03
model grid; filled triangles represent the young SSP’s (SSP2); open circles represent the
old SSP’s (SSP1) which dominate the mass of the CSP’s (see Table 6.1). Bottom panel:
distribution of the BC03 CSP’s built from the solar-[E/Fe] SSP’s.
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(Schiavon et al. 2004).
Although W94 and BC03 models are available only with [E/Fe]=0, Table 6.1 contains

also parent SSP’s of non-solar [E/Fe]. In these cases we correct the line-strength indices
given by the models according to the [E/Fe] variations. We then use the corrected values
when both building the CSP models and measuring their SSP-equivalent parameters.
The correction scheme is the one described in Trager et al. (2000b) but improved by the
use of new response functions computed and kindly provided by G. Worthey. For details
see Trager, Faber & Dressler (2008, submitted).

Fig.6.1 shows the distribution of the solar-[E/Fe] parent SSP’s drawn from the BC03
models and of the resulting CSP’s on the plane [[MgFe],Hβ], where age and metallicity are
efficiently decoupled. The points are plotted on top of the BC03 solar-[E/Fe] model grid.
The CSP models cover most of the area where early-type galaxies have been observed to
lie (e.g., Trager et al. 2000b; Denicoló et al. 2005; Thomas et al. 2005).

6.3 Results
We calculate the covariance coefficients between the SSP-equivalent stellar parameters
and the input parameters in order to understand which input parameters are mostly
driving the variations in tSSP, [Z/H]SSP and [E/Fe]SSP. Table 6.2 shows the result of this
calculation performed on the BC03 dataset. The covariance coefficients do not change
much when changing Balmer-line index. In the table we give the range within which
each coefficient varies when changing Balmer-line index. Furthermore, we have verified
that the W94 dataset gives the same result. The following comments apply therefore to
all Balmer-line indices and to both datasets.

• The variations in tSSP are mostly driven by variations in t2, the age of the young
population, and µ, the mass fraction, while other parameters play a secondary role.
The sign and absolute value of these two covariance coefficients clearly show the
strong degeneracy between t2 and µ: the same tSSP can result from a small mass
of young stars or a sufficiently large mass of older stars.

• The variations in [Z/H]SSP are by far dominated by variations in [Z/H]1, the metal-
licity of the old population. The mass fraction µ and the age of the young popula-
tion t2 also play a relevant role with the usual degeneracy. The latter correlations
must be (at least partially) due to the fact that in the dataset [Z/H]2 is on aver-
age larger than [Z/H]1. However, we have verified that the covariance coefficients
between [Z/H]SSP and µ and between [Z/H]SSP and t2 remain significantly larger
than zero when considering a subset of models with [Z/H]1 and [Z/H]2 sampled in
identical ways (in particular, the covariance coefficients drop by a factor of ∼2 and
∼1.3 respectively).

• [E/Fe]SSP seems to be varying mostly because of variations in the abundance ratios
of the two parent populations, with the old, massive population being dominant.
As for [Z/H]SSP, the correlation with µ and t2 is only in part due to the different
sampling of [E/Fe]1 and [E/Fe]2. Using a subset of models with identical sampling
of [E/Fe]1 and [E/Fe]2 reduces the covariance coefficient with µ and increases the
one with t2 by a factor of ∼3.
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Figure 6.2: Hβ-based tSSP, [Z/H]SSP and [E/Fe]SSP plotted versus the respective V -
band luminosity-weighted quantities using BC03 dataset. The dashed line of each plot
is the identity line. The colour codes t2.
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Figure 6.3: Difference between Hβ- and HγA-based SSP-equivalent parameters as a
function of µ. The plots are obtained using the BC03 dataset and solar [Z/H] and [E/Fe]
for both SSP1 and SSP2. The age of SSP1 is fixed at 13 Gyr.
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Covariance coefficients highlight which of the input parameters play the dominant role
in determining the variation of the SSP-equivalent ones. It is also interesting to see how
the latter relate to the average properties of the model CSP’s. Fig.6.2 shows the com-
parison between the Hβ-based SSP-equivalent parameters and the V -band luminosity-
weighted ones. The behaviour is substantially the same when using different Balmer-line
indices.

[Z/H]SSP and [E/Fe]SSP seem to track quite closely [Z/H]LW and [E/Fe]LW respec-
tively; strong deviations are observed only for the youngest t2. On the other hand tSSP
is always much smaller than tLW and lies somewhere between the latter and t2. This
effect was already known (Trager et al. 2000a). Its explanation is that the determination
of tSSP relies primarily on Balmer-line indices (see the model grid in Fig.6.1). These are
dominated by young stars and therefore tSSP is strongly biased towards the age of the
young stellar component. As Fig.6.2 illustrates, the younger SSP2 the stronger this bias
is.

Fig.6.2 demonstrates that it is not correct to use tSSP as an estimate of when a galaxy
formed its stars (yet, this is often done; see for example Clemens et al. 2006). A fair
statement would be that tSSP is a Balmer-line-weighted age and it should always be kept
in mind that such age is strongly biased towards the age of young stellar components.
Furthermore, as highlighted by the covariance coefficient and confirmed by Fig.6.2, the
effect of t2 and µ on tSSP is degenerate. An increasingly older SSP2 can produce the
same tSSP as long as µ is properly increased (in Fig.6.2 µ increases towards decreasing
tSSP and tLW).

As mentioned, SSP-equivalent parameters derived from different Balmer-line indices
behave substantially in the same way (i.e., Fig.6.2 looks roughly the same for all of them).
However, different Balmer-line indices are sensitive to the presence of young stars at
different levels (Schiavon et al. 2004). Because of this tSSP, [Z/H]SSP and [E/Fe]SSP (of
a CSP) computed with different Balmer-line indices will not be in agreement. Fig.6.3
illustrates this concept for a subset of the CSP models chosen to have solar chemical
composition and t1=13 Gyr. It can also be seen that the difference between Hβ- and
HγA-based SSP-equivalent parameters goes to zero for µ approaching 0 and 1 and peaks
between these two extremes at a position dependent on t2. Furthermore, Fig.6.3 shows
once more the degeneracy between t2 and µ. The same difference between, for example,
tHβ and tHγA can be caused by increasingly older SSP2’s as long as the mass fraction µ
is sufficiently increased.

For clarity Fig.6.3 shows only a subset of the CSP models. A similar trend is anyway
observed in the whole sample (and in W94 dataset), showing that it is possible to detect
the presence of a young stellar component on the basis of the disagreement between SSP-
equivalent parameters obtained with different Balmer-line indices. We actually expect
that more dramatic disagreements in, for example, tSSP are accompanied by larger differ-
ences in [Z/H]SSP and [E/Fe]SSP. This is indeed observed and showed in Fig.6.4, where
the difference between Hβ- and HγA-based [Z/H]SSP and [E/Fe]SSP is plotted versus the
difference in tSSP. In particular the age-metallicity plot shows a very tight relation. This
could be used in order to test the correctness of one’s results.

Different Balmer lines can be used as a diagnostic for the presence of a young stellar
component only as long as the differences in the SSP-equivalent parameters are larger
than the observational errors. These are typically of 0.1 on the logarithm of tSSP and on
[Z/H]SSP and of 0.05 on [E/Fe]SSP (see for example Trager et al. 2000b; Thomas et al.
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2005). Fig.6.4 shows that with these errors tSSP measurements are the most efficient in
revealing a young component, allowing the detection of SSP2’s younger than ∼2.5 Gyr.
As suggested by Fig.6.3, this is however possible only within a certain range of µ. The
actual range depends on t2 but we find it to be roughly between 1% and 10%. [Z/H]SSP
and [E/Fe]SSP are only sensitive to SSP2’s younger than ∼1.5 Gyr with µ between 2% and
10%. It is important to stress that for µ ≥10% there is no detectable difference between
the SSP-equivalent parameters derived from different Balmer-line indices. At these values
of µ the Balmer-line indices are so heavily dominated by the younger populations that
they all “see” the same age, which is very close to the age of the young population.

Fig.6.3 and Fig.6.4 show another interesting feature: the largest difference between
tHβ and tHγA in Fig.6.3 is small compared to the one in Fig.6.4. Recall that Fig.6.3
is relative to CSP’s where both SSP1 and SSP2 have solar chemical composition, while
Fig.6.4 represents the whole BC03 sample, with [Z/H] growing significantly above solar.
The two figures suggest that [Z/H] plays an important role with respect to the differ-
ence tHβ–tHγA . Fig.6.5 shows that indeed high (and therefore more easily detectable)
differences in tSSP occur only at high metallicities. Similar plots hold for the difference
in [Z/H] and [E/Fe]. We therefore find that the use of more than one Balmer-line index
can reveal the presence of a young stellar populations, but that this is possible only for
a small range of t2 and µ and depends also on the metallicity of the populations.

We would like to remind the reader that a disagreement between Balmer-line-based
SSP-equivalent parameters, in principle revealing the presence of a young stellar compo-
nent, could also result from the approach used when analysing the data. In particular, it
is important to remember that different Balmer-line indices respond differently to vari-
ations in [E/Fe]. Thomas et al. (2004) and Thomas & Davies (2006) pointed out that
this causes a discrepancy between SSP-equivalent parameters determined from different
Balmer-line indices when using as a comparison models with solar [E/Fe] only. This
effect could mimic the presence of a young stellar component. However, no such problem
should occur when using models that account properly for [E/Fe] variations, as was done
here.

Another delicate point when using Balmer-line indices is their increase caused by hot
star populations like blue horizontal branch stars or blue stragglers (Maraston & Thomas
2000; Trager et al. 2005). Although this is not an issue for the present study, where we
do not explore the metal-poor regime at which these stars are expected to be found, this
problem should always be kept into consideration when dealing with real data.

6.4 Conclusions
We have built two datasets of composite stellar populations (CSP) using Bruzual &
Charlot (2003) and Worthey (1994) models. Each CSP model in the datasets consists
of an old single-burst stellar population (SSP1) and a younger, less massive one (SSP2).
We have investigated how the SSP-equivalent parameters determined by measuring the
Lick/IDS line-strength indices of the CSP’s depend on the stellar parameters of SSP1 and
SSP2. By means of covariance coefficients we have found that, regardless of the particular
stellar population model used in building the CSP’s and of the Balmer-line index used
for the analysis: tSSP, the SSP-equivalent age, depends primarily on t2, the age of the
young population, and µ, the mass fraction between the two populations; variations in
[Z/H]SSP, the SSP-equivalent metallicity, are mostly driven by variations in [Z/H]1, the
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Figure 6.4: Difference between Hβ- and HγA-based [Z/H]SSP (top) and [E/Fe]SSP
(bottom) plotted versus the difference in tSSP. Each point corresponds to a BC03 CSP
model. The presence of a young stellar population on top of an old one causes SSP-
equivalent parameters based on different Balmer-line indices to disagree. This effect
must be and indeed is observable simultaneously in tSSP, [Z/H]SSP and [E/Fe]SSP. In
particular, points seem to be distributed along a very tight relation in the age-metallicity
plane.
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Figure 6.5: Difference between Hβ- and HγA-based tSSP plotted versus the HγA-based
[Z/H]. There is a clear trend that gives larger tSSP discrepancies at larger [Z/H]SSP.

metallicity of the old population; and [E/Fe]SSP the SSP-equivalent abundance ratio,
depends mainly on [E/Fe]1, the abundance ratio of the old population.

Furthermore, we have found that [Z/H]SSP and [E/Fe]SSP track quite closely the
V -band luminosity-weighted metallicity and abundance ratio ([Z/H]LW and [E/Fe]LW)
except in case of very young (and significantly massive) SSP2. On the other hand, tSSP
does not follow tLW, being strongly biased towards the the age t2 of the young population.
The SSP-equivalent age tSSP is simply a Balmer-line-weighted age and should not be
interpreted as the time passed since the formation of most of the stars in a galaxy.

Finally, as found by Schiavon et al. (2004), using more than one Balmer-line index
can reveal the presence of a young stellar component on top of an old one. In this case,
SSP-equivalent parameters derived from different Balmer-line indices give discrepant re-
sults. This is true, however, only for values of µ between 1% and 10% and for t2 ≤2.5
Gyr assuming typical errors on tSSP, [Z/H]SSP and [E/Fe]SSP. Furthermore, these dis-
crepancies are higher at supersolar [Z/H]SSP. Finally, this method does not appear to
break the degeneracy between the age and the mass fraction of the young population,
especially when considering the size of the typical error bars. In this respect, what is
really needed is an age-sensitive index dependent on the age of the old stellar population
(i.e., RGB stars), to be used in combination with Balmer-line indices.
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Table 6.2: Covariance coefficients between SSP-equivalent parameters and input parameters

log t1 log t2 [Z/H]1 [Z/H]2 [E/Fe]1 [E/Fe]2 µ

log tSSP 0.05 , 0.10 0.51 , 0.56 −0.14 , −0.07 0.09 , 0.12 −0.01 , 0.01 −0.01 , 0.00 −0.57 , −0.65
[Z/H]SSP 0.02 , 0.06 −0.19, −0.32 0.78 , 0.85 0.09 , 0.16 −0.01 , 0.01 0.00 , 0.01 0.25
[E/Fe]SSP 0.00 , 0.01 −0.11, −0.01 0.02 , 0.07 −0.06 , −0.04 0.85 , 0.87 0.23 −0.19 , −0.17

Each entry is the range within which the covariance coefficient varies when changing Balmer-line index (or the value of the coefficient
if this does not vary). The largest coefficients for each SSP-equivalent parameter are given in italics.
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Summary and future prospects

The discovery that a large fraction of early-type galaxies (ETGs) contains a significant
amount of neutral hydrogen is relatively recent (Knapp et al. 1985a; Roberts et al.

1991; Huchtmeier 1994; Huchtmeier et al. 1995e.g., ). In particular, interferometric radio
observations aimed at determining the detailed spatial distribution and kinematics of the
H i around individual galaxies started in the 1970’s (see, for example, van Gorkom &
Schiminovich 1997 review). Since these studies, many of the questions regarding the H i
in ETGs have remained unanswered. For example, what is the dominant process (if any)
that brings H i around ETGs? What is the impact of this gas on the evolution of ETGs
as a class?

Observationally, the only way to answer these questions is to make use of 21-cm-
wavelength interferometry in order to get a handle on the distribution and kinematics
of the H i around the host galaxy; and then compare the result of this analysis to other
relevant galaxy properties. This is the spirit of the early works aimed at exploring the
connection between optical morphology and H i in ETGs (e.g., Bregman et al. 1992;
Schiminovich et al. 1994, 1995, 1997; van Gorkom & Schiminovich 1997; Dĳkstra 1999;
Sansom et al. 2000).

Along this line, this thesis represents the first attempt at comparing the H i properties
of ETGs to their stellar populations, stellar kinematics and ionised-gas properties over
a large sample designed specifically for this purpose. In Sec.7.1 we summarise the main
results of our observations with focus on original aspects of this investigation. In order to
give a complete picture of the current understanding of this subject, we also mention the
results of a similar project carried out at the same time as ours (although on a smaller
sample) by Morganti and collaborators. In Sec.7.2 we discuss briefly the limitations of
this work. We conclude with Sec.7.3, where we discuss on-going and future research in
this field.
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7.1 Results of this thesis

7.1.1 H i properties of ETGs
An important result of past interferometric observations is the definition of the range of
H i properties of ETGs (Schiminovich et al. 1994, 1995, 1997; Veron-Cetty et al. 1995;
Morganti et al. 1997, 2006; Balcells et al. 2001; Oosterloo et al. 2002, 2007b; Serra et al.
2006; Helmboldt 2007). The H i is typically very dilute, with column density ranging
between 1019 and a few times 1020 cm−2. This is reasonable, as the otherwise-large gas
density would trigger detectable star formation and the host galaxy would probably not
be classified as a regular ETG. The H i mass around ETGs ranges from a few times 106

to ∼1010 M�. The H i is observed in a strikingly-wide variety of configurations going
from massive discs tens of kpc in size to clumps of gas scattered in an apparently chaotic
way around the host galaxy. There are suggestions that the actual H i morphology might
be related to the amount of gas present (Oosterloo et al. 2007b; Chapter 2). Finally,
M(H i) does not correlate with galaxy luminosity. This lead to the conclusion that the
H i is not produced internally by stellar processes (Knapp et al. 1985a).

In works like this thesis, where we are limited to the study of a few tens of nearby
galaxies rather than all objects within a volume- or magnitude-limited survey, it is im-
portant to have a clear idea of the properties of the sample with respect to the whole
class of objects under scrutiny. For this reason, Chapter 2 is dedicated to present the
sample, describe the selection of the galaxies belonging to it, and discuss any systematic
that may be present and affect our results.

We are confident that the sample, although limited in size, is an appropriate basis
for an investigation of the role of H i with respect to stellar and ionised-gas properties of
ETGs. The sample covers the whole range of H i masses and properties described above.
The H i in low-M(H i) galaxies is distributed on small scattered clouds around the
stellar body, while in high-M(H i) systems it is spread over more extended and regular
structures with various levels of gas settling. The sample is not biased in the distribution
of M(H i) with respect to other relevant galaxy properties like colour, morphological
type and stellar velocity dispersion σ. The lack of correlation between M(H i) and σ is
particularly important since, in this thesis, we want to study the relation betweenM(H i)
and quantities that do correlate with σ (stellar population parameters and kinematics).
Finally, the sample is biased against high-density environments and, because of its size
and selection, is not necessarily representative of the local ETG population. This is a
significant limitation of this work which will be overcome by future surveys (see Sec.7.3).

7.1.2 Individual galaxies: the case of IC 4200
The observation of nearby galaxies offers the possibility of performing a detailed analysis
of individual objects. In this thesis, we investigated in some detail the nature of one of
the galaxies in the sample, IC 4200. This study is presented in Chapter 3 (Serra et al.
2006).

IC 4200 is a very-H i-rich lenticular (M(H i)∼1010 M�) whose neutral hydrogen is
distributed on a fairly regular, strongly-warped disc extending out to 60 kpc from the
stellar body. The comparison of our H i observations to theoretical work teaches us
that both qualitatively and quantitatively the H i may come from the merger of two
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Milky-Way-like galaxies as well as accretion of cold gas from the intergalactic medium
(IGM).

We analyse optical spectra and imaging of IC 4200 to test whether they can help
distinguishing between these two formation mechanisms. The galaxy exhibits bright
ionised-gas emission lines kinematically decoupled from the stars and characterised by
LINER-like line-ratio at any distance from the centre. Furthermore, we find a 1.5-Gyr-
old central stellar population. From optical imaging, we find an inner stellar disc and
optical shells. In particular, we interpret the presence of a young stellar component
and of morphological disturbance as an indication that the galaxy formed via a merger.
As discussed in Chapter 3, our conclusion on the stellar population relies heavily on a
correct removal of the ionised-gas-emission contamination to the stellar spectrum. We
discuss how in galaxies where the emission is strong, like IC 4200, this correction may
be strongly dependent on the adopted emission-line subtraction method.

In principle, an analysis similar to that carried out on IC 4200 could be performed
over each galaxy of our sample. For example, we are currently studying in detail the
galaxy ESO 381-47, for which VLA interferometry has been obtained as a complement
to our ATCA data presented in Chapter 5. In this case, we will combine the H i data
not only to optical imaging and spectroscopy, but also to GALEX ultraviolet imaging
that has revealed the presence of a UV ring superimposed to the neutral-hydrogen one.
However, as discussed below, in this thesis we focused mostly on the study of the global
relation between H i, stellar and ionsed-gas properties within the galaxy sample as a
whole.

7.1.3 H i and stellar populations
The main goal of this project is to study the relation between stellar population and
H i properties of ETGs. This investigation is presented in Chapter 4 (Serra et al. 2008,
in press), where we analyse ETG stellar populations by comparing a set of Lick/IDS
line-strength indices measured from the optical long-slit spectra of galaxies to single-
burst-stellar-population (SSP) model prediction. Before summarising the results of this
analysis, let us remind that this technique provides SSP-equivalent parameters; i.e., age
and chemical composition of the SSP model whose line-strength indices are closest to
the ones of the observed galaxy. In Chapter 6 (Serra & Trager 2007) we discuss the
limitations of this approach. In particular, through a systematic model-based analysis,
we confirm earlier findings that the SSP-equivalent age is strongly biased towards the
age of a young stellar component; and that age and mass fraction of the young stars are
degenerate in determining this bias (e.g., Trager et al. 2000a). On the other hand, the
SSP-equivalent chemical composition is close to the V -band luminosity-weighted one.

Keeping these caveats in mind, in Chapter 4 we find that SSP-equivalent age, metal-
licity and α/Fe ratio of ETGs do not depend on H i mass. In particular, young stellar
ages are found at any M(H i), so that the presence of a large reservoir of neutral hy-
drogen (usually distributed out to large radii) is not linked to recent star formation in
the inner part of the stellar body. The same result was found by Morganti et al. (2006),
although within a sample of only 12 galaxies.

Along with this negative result, we find hints of a relation between the H i properties
and the stellar-population gradients in our sample. At σ ≤240 km/s, 60% of the 13 ETGs
with M(H i)≤108 M� exhibit a central stellar-age drop by a factor of at least 1.7 when
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moving from the inner Re/2 to the inner Re/16. This fraction is large, especially when
compared to the result that none of the 13 H i-rich galaxies (M(H i)≥108 M�) in the
same σ range show a significant age gradient (although they can be uniformly young).
Given the results of Chapter 6, we interpret this decrease in the stellar age when moving
towards the centre as due to the presence of a central, young stellar component on top
of the underlying population which dominates at larger radii. Finally, no ∆t-M(H i)
relation is found in more massive galaxies, as they exhibit a uniform stellar age across
the stellar body independent of M(H i).

In Chapter 4 we attempt an interpretation of this result under the hypothesis that a
large fraction of MB ≥ −21 spheroids are formed via disc-galaxy mergers from z∼1 to
now (e.g., Bell et al. 2004b; Faber et al. 2007). Namely, it is possible that during
a merger the large-scale gas survival, which may lead to the formation of extended
H i structures, is inversely proportional to the gas-infall efficiency and therefore to the
intensity and concentration of star formation in the centre of the remnant. Simulations
support this conjecture (e.g., di Matteo et al. 2007). Therefore, it is possible that
merger remnants surrounded by extended H i structures have hosted weaker and less
concentrated star formation, so that they exhibit a weaker stellar-age gradient, than the
H i-poor remnants. This is indeed what we observe. Furthermore, since the infalling gas
comes from a pre-existing disc and is therefore already metal-rich, central rejuvenation
should be accompanied by an increase in the stellar metallicity. This is also observed.
Within this picture, H i-rich ETGs do not need to be old. Instead, they should exhibit a
rather uniform stellar age throughout the stellar body. Indeed, we find some uniformly-
young, H i-rich ETGs. In these objects, the H i is found in fairly disturbed configurations
(warped disc/ring, tails), confirming that the host galaxy might have formed via a recent
high-angular-momentum merger.

The ∆t-M(H i) relation suggests that gas-rich disc mergers play an important role in
the formation and evolution of ETGs and in shaping their H i properties. As we discuss
in Chapter 4, other mechanisms might be relevant, going from accretion of (cold) gas
from the inter-galactic medium to secular evolution and environmental effects. However,
no strong evidence is found in this direction, and the simpler interpretation of our result
over the entire sample remains that involving galaxy mergers. Confirming this result
on the basis of a representative and complete sample of local ETGs may quantify the
relative importance of dry and wet mergers for the formation of ETGs as a function of
galaxy mass.

7.1.4 H i and stellar kinematics
The data gathered to study the stellar population of ETGs as a function of their H i
content allow us also to study the stellar kinematics (i.e., the line-of-sight velocity distri-
bution) along the adopted long-slit position angles. As discussed in Chapter 5, we find no
clear relation between stellar kinematics and H i. H i-rich as well as H i-poor galaxies are
found at any location on the classic v/σ-vs.-ε diagram, which quantifies the amount of
rotational support to a galaxy shape pending uncertain anisotropy and inclination effects
(e.g., Bertola & Capaccioli 1975; Illingworth 1977; Binney 1978). There is no relation
also with the morphology/kinematics of the H i distribution. Interestingly, we find ex-
amples of galaxies with regular, extended H i discs but very little stellar rotation despite
significant flattening. Furthermore, kinematical signatures of a disc sub-component (e.g.,
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vstar-h3 anti-correlation, σstar plateau or dips) are not associated in any way with the
mass or morphology of the H i. Overall, the H i seems to have little to do with the stellar
kinematics of (the inner region of) ETGs. The same conclusion was reached by Morganti
et al. (2006) on the basis of their sample of 12 galaxies. Marginally, it is possible that
among massive galaxies, larger M(H i) values correspond to larger v/σ. However, more
galaxies would be needed to confirm this conclusion.

If our interpretation of the stellar population results in Chapter 4 is correct, one might
expect to find kinematical evidence that (a fraction of the) H i-poor ETGs are retrograde-
merger remnants while H i-rich objects formed via prograde mergers. For example, being
characterised by a larger total angular momentum, prograde mergers may generate ETGs
with larger amounts of rotational support than those formed via retrograde encounters.
Our data do not support this view. However, many complications exist. For example, the
efficient gas inflow during retrograde mergers may increase the importance of minor-axis
tube orbits in the remnant making it more rotationally-supported, as shown by Naab et
al. (2006). Furthermore, during a merger, most of the angular momentum of the system
is distributed at large radii, where our long-slit data do not allow us to measure the stellar
kinematics. Therefore, it is not clear whether our kinematical results are at odds with
the stellar-populations ones. In this sense, the observation of large-radius kinematical
probes like globular clusters and planetary nebulae is an important complement to the
stellar kinematics in the inner ∼Re (e.g., Côté et al. 2003; Peng et al. 2004b,a; Richtler
et al. 2004; Bekki et al. 2005; Napolitano et al. 2007).

7.1.5 H i and ionised gas
In Chapters 4 and 5 we discuss the connection between neutral and ionised-gas phase in
ETGs. The ionised gas is studied through its emission lines, detectable in the optical
spectra of 60% of the galaxies in our sample. We find that the ionised-gas is always
extended and characterised by LINER-like emission-line ratios. This implies that ionisa-
tion mechanisms other than just star formation are at work (e.g., shocks; see Filippenko
2003).

Regarding the connection to the neutral-hydrogen phase, in Chapter 4 we find that
only H i-rich galaxies (M(H i)≥ 108M�) can host strong ionised-gas emission. Since the
H i is typically distributed out to many tens of kpc from the stellar body, such relation
to the amount of ionised gas detected within the inner few kpc is not a trivial result.
Indeed, a largeM(H i) appears to be a necessary but not sufficient condition for a galaxy
to host bright ionised-gas emission, as galaxies exist with a large H i mass but no or little
ionised gas.

In Chapter 5 we attempt to clarify this connection by comparing the kinematics of
the two gas phases. From our analysis, and keeping in mind the poor sampling of the
ionised-gas kinematics offered by our long-slit data, bright ionised-gas seems to be hosted
only by those H i-rich galaxies where the neutral hydrogen is distributed all the way down
to the stellar body of the galaxy. In almost all these cases, the kinematics of the ionised
gas is at least consistent with that of the H i. On the contrary, no or little ionised gas
is detected in H i-rich objects where the neutral hydrogen is confined to large distances
from the stellar body. This connection is in agreement with the finding of Morganti
et al. (2006) that galaxies with regular, rotating H i distributions host ionised-gas discs
kinematically connected to the H i.
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As mentioned above, H i-poor systems are characterised by fainter or undetected
emission lines within the stellar body. Yet, even in a few of these cases the kinematics
of the ionised gas is consistent with that of the H i, while often it does not appear to
be settled. Overall, ionised-gas and H i in ETGs seem strongly related and part of a
same gaseous structure. Such connection, together with the LINER-like line-ratios of the
ionised gas, suggests that the latter may be gas originally belonging to the H i system
and then ionised by shocks (and possibly ongoing star formation) in the inner part of the
stellar body.

7.2 Limitations of this thesis
This work represents an important step in understanding the relation between the H i
phase of ETGs and other properties like stellar populations, stellar kinematics and
ionised-gas content. Sample selection, observations and analysis technique suffer a num-
ber of limitations which we discuss in this section.

The sample, although unbiased in the distribution of M(H i) with respect to other
relevant galaxy properties, is small and not necessarily representative of the local ETG
population. As explained in Chapter 2, this is caused by the fact that galaxies had
to be selected on the basis of available 21-cm-wavelength interferometric observations.
These are very heterogeneous in terms of detection limit, spatial and velocity resolution,
selection of the target. Therefore, our conclusions and suggestions (e.g., the connection
between stellar-age gradient and M(H i)) should be tested on more solid grounds. At
this moment, what is really lacking is 21-cm interferometry of a complete, volume-limited
sample of ETGs over which to perform an investigation like the one presented here. As
discussed below, a project aiming at providing such dataset is currently in progress.

Another important limitation comes from the observational technique adopted in
this thesis: long-slit spectroscopy. For nearby objects like the ones studied here, long-
slit spectra sample the stellar body quite poorly. Therefore, our view of the ionised-gas
content, stellar population and kinematics in galaxies is only partial. Given the recent
instrumentation developments, the use of integral-field spectroscopy is more appropriate
for this kind of work. For example, the SAURON project demonstrated how much more
can be learnt by applying this technique to the study of local galaxies (e.g., Emsellem
et al. 2004, 2007; Kuntschner et al. 2006; Sarzi et al. 2006). Again, we discuss below
on-going effort aimed at providing integral-field spectroscopic observations of a complete,
volume-limited sample of local ETGs.

With respect to our stellar population analysis, an important caveat comes from the
Balmer-vs.-metal-line scheme adopted to compare observed galaxies to models. This
technique is widely used because it allows us to disentangle age and metallicity of stars
(e.g., Worthey 1994). However, as discussed in Chapter 6, it provides a biased view of the
stellar population within a galaxy. The most evident problem is that the measured stellar
age is very sensitive to the presence of an even minor young stellar sub-component. This
makes the stellar populations result hard to interpret and subject to many uncertainties.
On the other hand, there is the advantage that Balmer-line-based ages allow us to detect
even minor amounts of recent star formation in galaxies dominated by old stars.

Finally, using Balmer lines as an age indicator means having to deal with contamina-
tion of the stellar absorption-line by ionised-gas emission. Although most of our galaxies
have only minor Hβ contamination, the case of IC 4200 (Chapter 2) shows vividly how
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important this effect can be. A possible improvement for the stellar-population analysis
may come from combining a number of line-strength indices and broad-band colours over
a large wavelength range in order to estimate a star-formation history (or the parame-
ters of a multi-burst model) rather than just assigning one age and chemical composition
to an observed spectrum (e.g., Schawinski et al. 2007). At the same time, this would
alleviate the problem of emission-line contamination.

7.3 Future work: Atlas3D and a WSRT H i survey
As a consequence of the relatively recent realisation that neutral hydrogen is a common
characteristic of ETGs, at least in the field, the available 21-cm observations are still
inadequate to try to answer some of the interesting questions related to the presence of
H i in these objects. For example:

• What do ETGs really look like when observed at 21 cm? In other words, what
is the distribution of H i mass, morphology and kinematics in a representative
sample of ETGs? And how does the H i appearance of a galaxy depend on its
other observable properties?

• Given such a sample, do we still see (and can we understand) the large scatter
observed so far in the H i configuration around ETGs? Is there a dominant process
that can explain the result of these observations? For example, has the gas been
accreted in discrete episodes (merging or accretion of small gas-rich galaxies) or has
it smoothly piled up over an extended period of time (as expected from accretion
of cold gas from the IGM)?

• Does the H i gas teach us anything about the formation of the observed systems?
Does/will it play any relevant role in the future evolution of the host galaxies?

To be able to answer these questions it is first crucial that a clear observational picture
is in place. In order to achieve this target, we have started a 21-cm survey of a large
volume-limited sample of ETGs with the WSRT.

An important aspect of this survey is that it is carried out within the broader Atlas3D

project. A major part of this is an integral-field spectroscopic survey with the SAURON
spectrograph. Atlas3D contains a total of 265 ETGs selected on the basis of their morpho-
logical type and 2MASSK-band absolute magnitude (MK ≤-21.5), and whose luminosity
function is representative of that over the entire sky within the same velocity range. The
H i survey within Atlas3D contains all 160 galaxies in the sample observable with the
WSRT. Of these, those (mostly in the Virgo cluster) with good M(H i) upper limits will
not be observed, so that the survey will provide new H i observations of ∼100 objects.

Atlas3D integral-field spectroscopy will establish the stellar populations, stellar kine-
matics and ionised-gas properties of local ETGs. The complementary H i survey will
provide the detailed distribution and kinematics of the H i around a large fraction of
these galaxies. It will therefore be possible to carry out an investigation along the same
line of what presented in this thesis (and in Morganti et al. 2006) without the obser-
vational limitations of our data (i.e., integral-field vs. long-slit spectroscopy), over a
representative, complete sample and with good statistics. Atlas3D and our H i survey
will set the reference in this field for many years to come.
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Op een donkere nacht, weg van het licht van de stad, ziet men de hemel bezaaid met
sterren en doorkruist met een brede, lichtgevende band genaamd Melkweg. Het duurde
eeuwen voor de mensheid begreep dat de Melkweg een 13 kpc∗ wĳde schĳf is met miljar-
den sterren. Een van hen, in de buitenste rand van de schĳf, is de zon. Onze positie in
de Melkweg beperkt ons om de Melkweg van binnen uit te bestuderen en te observeren.
Echter, de Melkweg is slechts één van de miljarden sterrenstelsels, systemen van sterren
bĳ elkaar gehouden door zwaartekracht en gescheiden door grote volumes van bĳna lege
ruimte. Onze afstand tot andere sterrenstelsels is zo groot, dat ondanks hun grootte,
slechts een paar van hen zichtbaar zĳn met het blote oog. Het bestuderen van externe
sterrenstelsels is een van de belangrĳkste aspecten van moderne sterrenkunde.

Vroeg-type stelsels en hun gas eigenschappen
De grootste sterrenstelsels komen voor in twee hoofdfamilies: spiraalvormig (ook wel
laat-type stelsel genoemd) en elliptisch/lenticulair (vroeg-type stelsel). In het eerste
draaien sterren op een schĳf, gekenmerkt door opvallende spiraalarmen. In het centrum
vinden we vaak een bolvormige uitzetting, genaamd de “bulge”. De Melkweg is een groot
spiraalstelsel. In vroeg-type stelsels is de bulge de dominante component; een kleine
sterrenschĳf kan aanwezig zĳn, maar deze is niet gekenmerkt door spiraalarmen. De
grootste sterrenstelsels in het Heelal zĳn van het vroeg-type.

Naast hun vorm verschillen vroeg-type en laat-type stelsels op vele andere manieren.
Laat-type stelsels bĳvoorbeeld, bevatten grote hoeveelheden koud gas in hun schĳf. Dit
gas is te herkennen aan wolken van neutraal waterstof atomen (H i) of waterstof moleculen
(H2). Omdat sterren gevormd worden uit koud gas, is ster formatie zichtbaar in de schĳf
en bevatten laat-type stelsels over het algemeen een grote hoeveelheid jonge sterren.

Aan de andere kant dacht men lang dat vroeg-type stelsels verstoken waren van gas.
Ster formatie komt inderdaad niet voor in deze objecten (of het komt voor op kleine
schaal) en hun sterren zĳn meestal oud. Om deze reden wordt vaak gezegd dat de
recente evolutie van vroeg-type stelsels passief is. Dat wil zeggen dat de evolutie van het
sterrenstelsel alleen voortgedreven wordt door het verouderen van individuele sterren.

∗ 1 kpc=3.1×1016 km.
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In de laatste decennia heeft onderzoek aangetoond dat in ieder geval sommige vroeg-
type stelsels in feite significante hoeveelheden koud gas bevatten. De reden waarom dit
moeilĳker te detecteren is dan in een spiraalstelsel, is de lage dichtheid van het gas. H i
is normaal gesproken wel 10 keer dichter in spiraalstelsels dan in vroeg-type stelsels. Dit
betekent dat een radiotelescoop (H i zendt straling uit met een golflengte van 21 cm)
100 keer langer licht moet verzamelen om gas te kunnen detecteren rond een vroeg-type
stelsel. De lage dichtheid van het gas zorgt er ook voor dat in deze sterrenstelsels maar
weinig (of geen) ster formatie voorkomt.

Een ander verschil tussen laat-type en vroeg-type stelsels is het verband tussen het
gas en de stellaire component. In spiraalstelsels bĳvoorbeeld is de distributie van H i
ongeveer gelĳk aan die van de sterren. Het gas volgt het spiraalvormige patroon langs de
schĳf en eindigt een beetje buiten de schĳf van sterren. Verder roteert het in de schĳf op
dezelfde manier als de sterren doen. Tot slot is het totaal gewicht aan H i proportioneel
aan het totaal gewicht aan sterren. Grofweg kan men zeggen dat een spiraalstelsel met
twee keer zoveel sterren ook twee keer zoveel H i heeft.

Dit in tegenstelling tot de minder dichte H i rond vroeg-type stelsels. In deze stelsels
is de H i heel anders gedistribueerd dan de sterren. Vaak bevindt zich dit wel tot 10
keer verder weg van het centrum van het sterrenstelsel. In sommige gevallen wordt het
gevonden in kleine wolken verspreid rond de stellaire component, zonder een duidelĳke
volgorde. Verder is de beweging van H i niet gerelateerd aan de beweging van de sterren
en kan het soms chaotisch lĳken of op zĳn minst minder regelmatig dan in spiraalstelsels.
Ten slotte is het totale gewicht aan H i rond vroeg-type stelsels niet proportioneel aan het
totale gewicht aan sterren. Deze resultaten suggereren dat de herkomst en het mogelĳke
lot van H i in vroeg-type stelsels heel verschillend is van dat in spiraalstelsels.

Het gas van vroeg-type stelsels (of van spiraalstelsels) bestaat niet alleen uit neutraal
waterstof atomen of moleculen zoals hierboven vermeldt. Vroeg-type stelsels staan bek-
end om heet gas in hun stellaire component, met een temperatuur van vele duizenden
graden. Anders dan koud gas, bevat heet gas atomen waarvan de elektronen niet op hun
laagste energie niveau zĳn. Dit exces aan energie kan veroorzaakt zĳn door bĳvoorbeeld
een botsing van atomen of door fotonen met hoge energie niveaus (onverschillig hoe dit
is ontstaan). In sommige gevallen is deze energie hoog genoeg om een of meer elektronen
te laten ontsnappen uit hun atoom. Dit gas wordt daarom wel geïoniseerd gas genoemd.
Nu en dan wordt een elektron weer gevangen door een atoom of gaat het terug naar een
lager energie niveau. Als dit gebeurt, zendt het de overtollige energie in de vorm van een
foton uit. Hierdoor kunnen we het warme gas observeren.

Het besef dat vroeg-type stelsels gas kunnen bevatten wierp belangrĳke vragen op
over de herkomst en de rol van het gas binnen de evolutie van dit soort objecten. Bi-
jvoorbeeld, vroeg-type stelsels zouden gevormd kunnen zĳn door de botsing van twee
spiraalstelsels (“merger” hypothese). In dat geval is het gas in het vroeg-type stelsel dat
wat is overgebleven van het gas van de twee spiraalstelsels die zĳn samengevoegd. Aan
de andere kant kunnen vroeg-type stelsels gevormd zĳn doordat een wolk van sterren
ineengevallen is onder invloed van de zwaartekracht (“monolithic collapse”). Het gas
kan zich later opgehoopt hebben door de aanvoer van gas uit de omringende ruimte.

Door een groot aantal observationele bewĳzen weten we dat zowel mergers van ster-
renstelsels als de aanvoer van gas uit de omringende ruimte voorkomen. Door de ga-
seigenschappen van vroeg-type stelsels te bestuderen, kunnen we proberen vast te stellen
welke van de twee situaties vaker voorkomt en daarmee relevanter is voor de formatie
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van deze objecten.

Dit proefschrift
In dit proefschrift proberen we te begrĳpen wat het belang is van H i gas voor de evolutie
van vroeg-type stelsels. We doen dit door te bekĳken of de H i eigenschappen gerelateerd
zĳn aan de stellaire populatie, de stellaire kinematica en de inhoud van het geïoniseerde
gas van deze objecten. Het belang van een dergelĳke vergelĳking heeft verschillende
redenen. (i) Het bestuderen van stellaire populaties betekent het vaststellen van de
leeftĳd en de chemische samenstelling van de sterren in de geobserveerde sterrenstelsels.
Dit betekent dat we begrĳpen wanneer en van welk soort materiaal het lichtgevende
materiaal van sterrenstelsels is gevormd. (ii) De stellaire kinematica is een studie over
hoe sterren bewegen binnen een sterrenstelsel. Het merendeel van sterren in een schĳf
van een spiraalstelsel bĳvoorbeeld, roteert in dezelfde richting. In een vroeg-type stelsel
daarentegen roteren de sterren elk met heel verschillende banen rond het centrum van het
sterrenstelsel. Dit wordt vaak “random motion” genoemd. Net als de stellaire populaties
doen, geeft de stellaire kinematica informatie over onder welke condities een sterrenstelsel
is gevormd en de daarop volgende evolutie. (iii) Het geïoniseerde gas zorgt voor een
hulpmiddel om de fysieke processen binnen sterrenstelsels (bĳvoorbeeld de reden van de
ionisatie) te bestuderen. Dit gas wordt normaal gesproken gevonden in de binnenste paar
kpc van een sterrenstelsel. Het is daarom ook interessant om te bestuderen of en hoe het
is verbonden met de meer verspreide distributie van het koudere H i gas.

Dit onderzoek wordt uitgevoerd aan de hand van een sample van 39 dichtbĳ geposi-
tioneerde vroeg-type stelsels. We maken gebruik van radio interferometrische observaties
om het H i gas te bestuderen en van optische long-slit spectroscopie voor de fases van
sterren en geïoniseerd gas. Radio observaties van het H i gas rond de sterrenstelsels uit
de sample waren merendeels al aanwezig in de literatuur. Slechts in een paar gevallen
is er nieuwe data verkregen met de Australia Telescope Compact Array. Zulke interfer-
ometrische data stelt ons in staat om zowel de distributie van H i als de beweging van HI
rond sterrenstelsels te bestuderen. De optische data is nieuw verkregen voor alle objecten.
Sterrenstelsels in de zuidelĳke hemisfeer werden geobserveerd met EMMI, een instrument
gemonteerd op de NTT telescoop bĳ het ESO observatorium in La Silla, Chili. Sterrens-
telsels in de noordelĳke hemisfeer werden geobserveerd met ISIS, een spectrograaf op de
WHT telescoop op La Palma, Spanje.

De techniek van long-slit bestaat uit het richten van een nauwe spleet, de slit, op
een bepaald sterrenstelsel. In ons geval werd de slit gericht op het centrum van een
sterrenstelsel. Licht dat niet in de slit valt, is gemaskeerd. Licht dat wel in de slit valt,
wordt gezonden naar een element, dat net als een prisma de verschillende kleuren (de
golflengtes) scheidt. Het resultaat is, voor elk punt van de slit, een spectrum van het
binnengekomen licht. Uit zo’n spectrum kan een aantal gegevens gehaald worden. Dit
is de superpositie van het licht afkomstig van het geïoniseerde gas en de sterren “gezien”
op dat punt van de slit. De golflengte van deze lĳnen komen overeen met specifieke
sprongen omlaag in de energie van het elektron in een bepaald atoom (zie ook hierboven).
De straling van het geïoniseerde gas bestaat uit een aantal spectraallĳnen afkomstig van
verschillende elementen (bĳvoorbeeld zuurstof en waterstof). De straling van sterren
bestaat uit een continuüm spectrum en uit veel absorptielĳnen, overeenkomend met de
verschillende elementen aanwezig aan het oppervlak van sterren (bĳvoorbeeld waterstof,
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magnesium en ĳzer). De diepte van deze lĳnen hangt af van de fysieke condities in
de stellaire atmosfeer. Deze hangen op hun beurt weer af van de leeftĳd en chemische
samenstelling van de sterren. Dus de analyse van deze spectra maken het mogelĳk
te bepalen of een sterrenstelsel geïoniseerd gas bevat en wat de leeftĳd en de chemische
samenstelling van de stellaire populatie is. Tot slot zĳn de geobserveerde spectra uitgerekt
en verschoven richting langere golflengtes proportioneel tot hun beweging van ons af of
naar ons toe (vergelĳkbaar met het Doppler effect van geluidsgolven, wat gemakkelĳk te
ondervinden valt op Aarde). Dit maakt het mogelĳk om de beweging van zowel sterren
als geïoniseerd gas te meten als een functie van de positie langs de slit.

H i en stellaire populaties
Om de stellaire populatie van sterrenstelsels correct te analyseren moeten er een aantal
stappen worden ondernomen. Allereerst is het nodig om de emissie van het geïoniseerde
gas uit het spectrum te halen. Daarna kunnen we de diepte meten (“line-strength in-
dex”) van bepaalde absorptielĳnen gerelateerd aan sleuteleigenschappen van de stellaire
populatie. Wanneer dit is gedaan, vergelĳken we de gemeten waarden van de gekozen
line-strength indices met de voorspelde waarden van stellaire populatie modellen als een
functie van de leeftĳd van de sterren en de chemische samenstelling. Door deze vergelĳk-
ing kunnen we de leeftĳd en de chemische compositie van de geobserveerde sterrenstelsels
afleiden.

Deze methode heeft één grote beperking. De modellen die gebruikt zĳn voor de
vergelĳking zĳn “single-burst” stellaire populaties (SSP’s), i.e., modellen van populaties
waar alle sterren zĳn ontstaan op hetzelfde moment en met dezelfde chemische samen-
stelling.

Daarom hebben we als resultaat van onze analyses het spectrum van elk sterrenstelsel
één leeftĳd en één chemische samenstelling toegewezen. Dit zou goed zĳn, als alle sterren
in dat sterrenstelsel inderdaad dezelfde leeftĳd en chemische samenstelling hadden. In
realiteit is het zeer waarschĳnlĳk dat de sterren in hetzelfde sterrenstelsel een serie van
leeftĳden en chemische samenstellingen hebben. Om deze reden wordt de afgeleide leeftĳd
en chemische samenstelling SSP-equivalent genoemd. In dit proefschrift onderzoeken we
de beperkingen van deze benadering.

Het grootste effect betreft de SSP-equivalente leeftĳd. We merken dat deze beïnvloed
wordt door de aanwezigheid van jonge sterren, zelfs wanneer ze in veel minder grote
aantallen voorkomen dan oude sterren. Om een voorbeeld te geven, neem een sterrens-
telsel waarin voor elke 100 sterren die 10 Gyr geleden zĳn geboren, 5 sterren die 1 Gyr
geleden zĳn geboren, dan is de SSP-equivalente leeftĳd van het sterrenstelsel 2,5 Gyr.
Ondanks dat er maar zo weinig jonge sterren zĳn in vergelĳking met de oude, ligt de
SSP-equivalente leeftĳd toch dichter bĳ de leeftĳd van de jonge sterren, dan bĳ die van
de oude.

Deze beperkingen in gedachten houdend, vinden we dat de SSP-equivalente leeftĳd
en de chemische samenstelling van vroeg-type stelsels niet afhankelĳk zĳn van de H i
massa. In het bĳzonder, jonge stellaire leeftĳden worden gevonden bĳ elke H i massa, op
zo’n manier dat de aanwezigheid van een groot reservoir van neutraal waterstof (normaal
gesproken verdeeld over grote radii) niet in verband staat met recente sterformatie in het
binnenste gedeelte van de stellaire component.
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Naast deze negatieve resultaten vinden we aanwĳzingen van een relatie tussen de
H i eigenschappen en de variatie van stellaire populatie over de stellaire component van
sterrenstelsels. Ongeveer de helft van de vroeg-type stelsels met weinig tot geen H i
vertonen een centrale afname in hun stellaire leeftĳd wanneer men zich richting de bin-
nenste gebieden verplaatst. Dit in tegenstelling tot H i-rĳke sterrenstelsels, die geen van
allen een significante centrale afname laten zien in SSP-equivalente leeftĳd. We verklaren
deze afname in de stellaire leeftĳd, wanneer we ons verplaatsen richting het centrum, als
het gevolg van de aanwezigheid van een centrale, jonge stercomponent bovenop de on-
derliggende populatie, die overheerst op de grotere radii. Interessant genoeg, de relatie
tussen het ontbreken van H i en de afname van de centrale sterleeftĳd gaat niet op voor
de zwaarste sterrenstelsels uit de sample.

We vinden dat het mogelĳk is om onze resultaten te verklaren binnen de merger
hypothese voor de vorming van vroeg-type stelsels. Tĳdens een samensmelting hangt
het lot van het gas van de twee botsende sterrenstelsels af van de geometrie van de
botsing. Als de geometrie zodanig is, dat de instroom van gas in de richting van het
centrum van het nieuw gevormde sterrenstelsel gestimuleerd wordt, dan zal er weinig
gas overblĳven op grote afstand van het centrum. Tegelĳkertĳd genereert de instroom
van gas intense sterformatie, zodat het nieuw gevormde sterrenstelsel in het centrum ook
jonger zal lĳken dan in de buitenste gebieden. Vroeg-type stelsel die op deze manier zĳn
gevormd, zullen daarom arm zĳn aan H i op grote radii en jonger zĳn in het centrum
dan daarbuiten. Anderzĳds, als de geometrie van de samensmelting de instroom van
het gas niet stimuleert, dan zal een groot gedeelte van het gas overblĳven op grote radii
en zal, als een gevolg hiervan, een kleinere variatie in de sterleeftĳd te verwachten zĳn
over heel de stellaire component. Hoewel we alleen een kwalitatieve vergelĳking met
merger simulaties konden uitvoeren, konden deze simulaties inderdaad onze bevindingen
verklaren.

Zo’n verband tussen de aanwezigheid van H i rond een vroeg-type stelsel en de variatie
in de stellaire leeftĳd over de stellaire component suggereert dat gasrĳke spiraalbotsin-
gen een belangrĳke rol vervullen in de formatie en evolutie van deze objecten. Zware
sterrenstelsels zouden een uitzondering kunnen zĳn, omdat zĳ niet zo’n verband lĳken te
volgen. Andere mechanismen zouden relevant kunnen zĳn, maar zĳ voorzien niet in een
dergelĳke eenvoudige verklaring van onze bevindingen. Door deze resultaten te beves-
tigen op basis van een grotere, meer complete sample van vroeg-type stelsels, zou de
relatieve belangrĳkheid van gas-arme en gas-rĳke samenvoegingen van de vorming van
deze objecten als een functie van hun gewicht kunnen kwantificeren.

H i en stellaire kinematica
De vorm van sterrenstelsels en de kinematica worden vaak samen bestudeerd om te be-
grĳpen hoezeer het sterrenstelsel in stand gehouden wordt door rotatie. Hoewel met dit
soort werk al begonnen werd in de zeventiger jaren is de relatie van deze eigenschappen
met de H i fase van vroeg-type stelsels relatief onbekend. In dit werk vinden we geen
duidelĳke relatie tussen stellaire kinematica en H i. H i-rĳke zowel als H i-arme sterrens-
telsels worden op elke locatie gevonden van het klassieke diagram dat de hoeveelheid van
rotatie ondersteuning voor de vorm van het sterrenstelsel meet. Er is ook geen relatie
met de morfologie/kinematica van de verdeling van H i. Interessant genoeg vinden we
voorbeelden van sterrenstelsels met roterende, uitgestrekte H i schĳven verbonden met
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de stellaire component, maar met weinig stellaire rotatie. Bovendien worden de kinema-
tische signaturen van een schĳf sub-component op geen enkele wĳze geassocieerd met het
gewicht of de morfologie van H i. Over het algemeen lĳkt de H i weinig relatie te hebben
met de stellaire kinematica van de binnenste regio van een vroeg-type stelsel.

Als onze interpretatie van de resultaten over de stellaire populatie correct is, dan
zou men kinematisch bewĳs verwachten dat een fractie van de H i-arme en H i-rĳke
vroeg-type stelsels gevormd zĳn als gevolg van samensmelting van sterrenstelsels met,
respectievelĳk, efficiënte en inefficiënte gas instroom. Bĳvoorbeeld, de laatste zou vroeg-
type stelsels met hogere waarden aan rotatie ondersteuning kunnen genereren dan de
eerste. Onze data onderschrĳft dit standpunt niet. Echter er bestaan vele complicaties.
Efficiënte gas instroom bĳvoorbeeld, regelt de baan van de sterren om zo het nieuw
gevormde sterrenstelsel meer rotatie ondersteund te maken. Verder wordt, als resultaat
van de samensmelting, de meeste stellaire rotatie gevonden op grote radii, daar waar
onze long-slit data ons niet in staat stelt om de stellaire kinematica te meten. Daarom
is het niet duidelĳk of onze kinematische resultaten in strĳd zĳn met die van de stellaire
populaties.

H i en geïoniseerd gas
Geïoniseerd gas werd gevonden in 60% van de sterrenstelsels uit ons sample. We zien
dat het geïoniseerde gas altĳd uitgestrekt is en is gekarakteriseerd door ratio’s tussen
de verschillende zendlĳnen die ster formatie uitsluiten als de enige mogelĳkheid van gas
ionisatie. Andere mechanismen, zoals bĳvoorbeeld het schokken van het gas, moeten aan
het werk zĳn.

Betreffende het verband met de neutrale waterstof fase, vinden we dat alleen H i-rĳke
sterrenstelsels een sterke emissie van geïoniseerd gas kunnen vertonen. Aangezien de
H i normaal gesproken verspreid is over vele tientallen kpc gerekend van het centrum
van de stellaire component, is zo’n relatie met betrekking tot de hoeveelheid gevonden
geïoniseerd gas een niet onbelangrĳke ontdekking. Inderdaad, een grote M(H i) lĳkt
een noodzakelĳke voorwaarde, maar is niet voldoende om een sterrenstelsel een sterke
geïoniseerd gas emissie te vertonen, want er bestaan sterrenstelsels met een grote H i
massa, die geen of weinig geïoniseerd gas hebben.

We proberen dit verband te verklaren door de kinematica van het geïoniseerde gas te
vergelĳken met die van de H i. Uit onze analyses blĳkt dat sterk geïoniseerd gas alleen
aanwezig is bĳ die H i-rĳke sterrenstelsels waarvan de spreiding van neutraal waterstof
helemaal tot in de kern van de stellaire component van het sterrenstelsel reikt. In bĳna
alle gevallen is de kinematica van het geïoniseerde gas op zĳn minst consistent met die
van de H i. Dit in tegenstelling tot de H i-rĳke objecten waarin neutraal waterstof is
begrensd op grote afstand van de stellaire component. In deze objecten wordt weinig tot
geen geïoniseerd gas gevonden.

Zoals hier boven al is genoemd, worden H i-arme stelsels gekarakteriseerd door
zwakkere of niet gedetecteerde geïoniseerd gas emissielĳnen binnen de stellaire compo-
nent. Toch is de kinematica van het geïoniseerde gas in een paar van deze gevallen con-
sistent met dat van de H i, terwĳl het vaak niet regelmatig lĳkt te zĳn. Over het geheel
genomen lĳkt er in vroeg-type stelsels een sterke relatie te bestaan tussen geïoniseerd
gas en H i. Zĳ lĳken onderdeel te zĳn van dezelfde gasachtige structuur. Zo’n verband
suggereert, samen met de lĳnratio’s van het geïoniseerde gas, dat dit geïoniseerde gas
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mogelĳk in het begin behoorde tot het H i stelsel en toen geïoniseerd werd door schokken
(en mogelĳk door voortdurende sterformatie) in de kern van de stellaire component.

Beperkingen van dit proefschrift en toekomstig werk
Dit proefschrift vertegenwoordigt een belangrĳke stap in het interpreteren van de relatie
tussen de H i fase van vroeg-type stelsels en andere eigenschappen zoals stellaire pop-
ulaties, stellaire kinematica en geïoniseerd gas inhoud. Toch lĳdt het onder een aantal
beperkingen die overwonnen moeten worden door toekomstig onderzoek.

De sample van sterrenstelsels, hoewel geschikt voor ons doel, is klein en niet per se
representatief voor de lokale vroeg-type sterrenstelsel populatie. Daarom moeten onze
conclusies en suggesties getest worden op een bredere basis. Een andere belangrĳke
beperking komt voort uit de in dit proefschrift gebruikte observatietechnieken. Long-
slit spectroscopie verzamelt vrĳ beperkt de gegevens, zodat we slechts gedeeltelĳk de
geïoniseerde inhoud, de stellaire populatie en de kinematica in sterrenstelsels zien. Met
de recente ontwikkelingen op het gebied van instrumentatie is het gebruik van “integral-
field” spectroscopie meer geschikt voor dit soort onderzoek.

Het belangrĳkste voorbehoud met betrekking tot onze analyse van de stellaire popu-
latie komt door het gebruikte systeem om geobserveerde sterrenstelsels te vergelĳken met
modellen. Het meest in het oog springende probleem is dat de gemeten sterleeftĳd erg
afhankelĳk is van zelfs maar een kleine jonge stellaire sub-component. Dit zorgt ervoor
dat de resultaten van de stellaire populatie moeilĳk te interpreteren zĳn, hoewel we het
voordeel hebben dat we zelfs in sterrenstelsels gedomineerd door oude sterren, kleine ho-
eveelheden recente sterformatie kunnen detecteren. Bovendien betekent het gebruik van
waterstof absorptielĳnen als een leeftĳdindicator, dat we met contaminatie van de emissie
van geïoniseerd gas te maken hebben. Een mogelĳke verbetering zou bereikt kunnen wor-
den door het combineren van een aantal line-strength indices en breedband kleuren over
een groot golflengtebereik om zo de geschiedenis van de sterformatie (of de parameters
van een “multi-burst” model) te schatten in plaats van alleen maar één leeftĳd en één
chemische compositie aan een geobserveerd spectrum te geven. Tegelĳkertĳd zou dit het
probleem van de contaminatie van emissielĳnen verminderen.

De meeste van deze beperkingen zullen worden overwonnen in de nabĳe toekomst. We
zĳn onderdeel van een voortdurend onderzoek, Atlas3D, dat integral-field spectroscopie
observaties zal doen van alle vroeg-type stelsels dichter bĳ dan ∼40 Mpc∗ en die te
observeren zĳn vanaf de WHT telescoop op La Palma (∼300 objecten). Tegelĳkertĳd
hebben we een onderzoek gestart met de Westerbork Synthesis Radio Telescope om H i
van alle sterrenstelsels die vanuit Nederland te zien zĳn en zĳn opgenomen in Atlas3D, te
observeren. Dit project zal het daarom mogelĳk maken om een onderzoek uit te voeren
dat lĳkt op wat wordt gepresenteerd in dit proefschrift, maar zonder de beperkingen van
onze data (i.e. integral-field versus long-slit spectroscopie) en met een representatief,
compleet sample en met goede statistieken. Atlas3D en het bĳbehorende H i onderzoek
zal een referentiekader in dit veld plaatsen voor nog vele verdere jaren.

∗ 1 Mpc=103 kpc.
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