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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.
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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.




