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Introduction

It is well known that galaxies show a large assortment of observational and
intrinsic features. In the local and near universe, [up to z ∼ 1, Bell et al.,
2004] many of these properties, such as optical colours [Strateva et al., 2001,
Ball et al., 2006], morphological parameters [Driver et al., 2006], and spectral
indices [Kauffmann et al., 2003a, Balogh et al., 2004], are known to come in a
bimodal fashion. The origin of these bimodalities is not clear yet, in terms of
galaxy evolution [Blanton et al., 2003].

The existence of two different groups has been explained in the past as a
matter of different of initial conditions (galaxies having different mechanisms
of formation), whether it would be a dissipationless collapse, leading to the
formation of an elliptical galaxy and the dispersion of its gas content, or a
dissipative one, giving as a result a spiral galaxy which retained its gas and
could subsequently maintain its star formation [Ellis et al., 2005].

The most accepted current cosmological models, however, predict that
the formation of galaxies is mostly hierarchical, massive ellipticals being the
result of a series of major mergers between smaller spiral galaxies [Cole et al.,
1994a, Baugh et al., 1996, Schweizer, 2000, for a review]. For these reasons
the widely accepted scenario to explain the bimodal segregation of the galaxy
properties is an evolutive one: galaxies in different phases of their evolution
show different colours, different star formation rates, different morphologies.
How these different parameters are connected is still a matter of debate
[Conselice, 2006]; it appears clear, however, that a better knowledge of
these connections would help develop a deeper understanding of the physical
processes behind galaxy evolution.

The purpose of this Thesis is to develop a robust and powerful method
to classify galaxies from large surveys, in order to establish and confirm the
connections between the principal observational parameters of the galaxies
(spectral features, colours, morphological indices), and help unveil the
evolution of these parameters from z∼ 1 to the local Universe.

The Thesis is organized as follows: in Chapter 1 we will present
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an overview of our current knowledge in galaxy evolution, focusing in
particular in the bimodal galaxy properties and their evolution, how they
relate each other and the mechanisms that drive the bimodal behaviour
in galaxies. In Chapter 2 we will present a first attempt at building a
reliable classification method, the classification cube method, which exploits
the spectral, photometric and morphological bimodalities of the galaxies in
separate ways, and then combines those dataset to give a more complex
classification. In Chapter 3 we will present the PCA+UFP clustering
method, which is a newly devised and original method of classification
that makes use of statistical tools like the Principal Component Analysis
and the Unsupervised Fuzzy Partition method to classify galaxies, relying
in their overall characteristics in a more organic and comprehensive way.
In Chapter 4 we will provide some physical interpretation of the results,
focusing on the evolution of the different galaxy populations from z ∼ 1 to
the local Universe, and we will analyse some properties of other interesting
subpopulations. Finally, in Chapter 5, we will present a brief summary and
conclusion of the work.
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CHAPTER 1

Galaxy properties

This chapter aims at providing a brief overview of the general
properties of the galaxies, from both the observational and
theoretical sides, with particular emphasis on the bimodal nature
of many of their observational features. We will describe
their morphologies, spectro-photometric features, masses and
luminosities and their distribution in the Universe. We will
also address the issue of their birth, present the most important
models of galaxy formation and briefly review some of the
mechanisms that trigger, quench and regulate the creation of new
stars.

SECTION 1.1

Bimodalities in galaxy systems properties

At the beginning 20th century the knowledge of the Universe was limited
to our own star system, the Milky Way. It was Edwin Hubble, in the early
1920s, who established the nature of the then-called spiral nebulae as self-
bound stellar systems similar to our own. Galaxies are now known to be
the places where stars form and evolve, in constant interaction with other
galaxies in groups and clusters, and with the interstellar medium (ISM),
a complex mix of gas and plasma, dust, relativistically moving atomic and
subatomic particles, photons and magnetic fields. The ISM is an important
component in galaxy systems, accounting in some galaxies for more mass than
stars, and with a fundamental role for star-formation. Most of the gas mass
is contained in neutral unstable HI clouds (102 < T < 104 K) and in dense, cold
molecular clouds (T < 102 K) which are the actual places where stars form,
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1.1. Bimodalities in galaxy systems properties

while a great part of the ISM volume is occupied by diffuse (n ∼ 0.1 cm−3),
warm/hot (T ∼ 104−105 K) turbulent gas that confines clouds by pressure.

There are many different possible mechanisms for star formation
triggering, which will be presented briefly in §1.3.1. All these mechanisms
cause large-scale compression of the diffuse ISM and the molecular clouds,
causing the latter to collapse and begin the processes that will lead to the
formation of stars.

In the centre of possibly every galaxy a massive black hole (BH) can be
found; when the surrounding material from its accretion disc falls into it,
the galaxy can experience a temporary condition during which it releases,
through powerful plasma jets and winds, the largest amount of energy known
among astronomical objects. This phenomenon is called “Active Galactic
Nucleus” (AGN), and it is now thought to play an important role in the
evolution of the host galaxy.

Stars, gas, AGN, and all the luminous matter of galaxy constitute only a
small (1-5%) fraction of the total mass. Under the assumption of Newtonian
gravity, the observed kinematics of galaxies indicate the presence of enormous
amounts of unseen mass, the dark matter (DM), whose presence can be
inferred only indirectly from its gravitational influence. In their central
regions galaxies are baryon-dominated and DM dominates only at large
radii. Recently, from statistical analyses, it results that a typical galaxy with
stellar mass M ∼ 6× 1010 M� is surrounded by a DM halo of ∼ 2× 1012 M�
[Mandelbaum et al., 2006], and ∼ 200−250 kpc in extent. The baryonic mass
represents only 3−5% of the DM mass in the halo. This fraction could be even
lower for dwarf and very luminous galaxies.

Galaxies possess a very wide range of observable properties, which will
be addressed in the next subsection. The most important are:

• morphology and light distribution;

• spectral energy distribution and features;

• photometric properties (luminosity and colours);

• size and mass;

• distribution in space.

1.1.1 Morphologies

The publication of Edwin Hubble’s “The realm of the nebulae” in 1926 was
the first attempt at a galaxy classification based on their morphological
properties. Depending on their shape, Hubble grouped galaxies into three
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Chapter 1. Galaxy properties

Figure 1.1: Hubble’s tuning-fork diagram for the morphological classification of galaxies.

fundamental categories (ellipticals, spirals and irregulars), and arranged
them in what will be called “Hubble tuning-fork diagram”. This led to the
morphological sequence known as the “Hubble sequence”: Hubble placed the
morphological types into a fork-shaped diagram, shown in Fig. 1.1, in which
ellipticals lie in the leftmost sequence, while spiral galaxies were divided on
the two branches on the right according to the presence or not of a central bar.

The elliptical galaxies appear smooth (see Fig. 1.2) and almost without
structures; they are given a label En, where the index n, defined as n = 10[1−
(b/a)] (with b/a being the apparent axial ratio), describes their elongated
shape. The index n typically ranges between 0, for apparently round galaxies,
and 7 for the most elongated galaxies. In the past it was believed that these
galaxies were just simple oblate stellar systems flattened by rotation; however
it was later shown that elliptical galaxies show no or little rotation, suggesting
the necessity for a formulation of more complex kinematic model in order to
explain their shape.

Spiral galaxies have a disk structure formed by a central bulge from
which depart spiral arms. They are morphologically divided into normal
spirals (S, see Fig. 1.3) and barred spirals (SB, Fig. 1.4). Each of these classes
can be separated into a finer classification: Sa, Sab, Sb, Sbc, Sc (and SBa,
SBab, SBb, SBbc, SBc) according to the prominence of the central luminous
bulge to the surrounding disk in producing the overall light distribution of
the galaxy, the tightness with which the spiral arms are wound; and the
distribution of stars in the arms. Sa and SBa galaxies have luminous bulges
(Lbulge/Ldisc ∼ 0.3), and spiral arms tightly wound, and an uniform distribution
of star towards the arms. Passing from a to c the bulge become less prominent
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1.1. Bimodalities in galaxy systems properties

Figure 1.2: Two elliptical galaxies, with different n index.

Figure 1.3: Three spiral galaxies, with different bulge-to-disc ratios.

10



Chapter 1. Galaxy properties

Figure 1.4: Three barred spiral galaxies, with different bulge-to-disc ratios.

(Lbulge/Ldisc ∼ 0.05), the spiral arms widen out and the stars are more clumpily
distributed.

At the junction of the ellipticals and spirals, in the middle of Hubble’s
tuning-fork diagram, there is a class of galaxies known as lenticulars
(Fig. 1.5). These galaxies are designated as S0 (or SB0 if they do possess
a central bar). The S0 galaxies are characterized by a central brightness
condensation, which is similar to an elliptical and is called bulge or spheroidal
component, surrounded by a disk, which has a different brightness profile
with respect to the spheroidal component, being characterized by an intensity
which decreases more rapidly with radius. Typically the disk component
of the lenticulars is characterized by the presence of a dust lane in such
a way that the family of S0s is subdivided into three classes, S01, S02,
S03, according to the growing strength of dust absorption. Also the barred
lenticulars are divided into three classes: SB01, SB02 and SB03; but the
division is made according to the prominence of the bar rather than to the
dust strength.

Hubble interpreted his tuning-fork diagram as an evolutionary sequence
on galaxies evolving from left to right, that is, from the ellipticals towards the
spirals. Nowadays this interpretation has been discarded even if it survives in
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1.1. Bimodalities in galaxy systems properties

Figure 1.5: Two lenticular galaxies, one normal and one barred.

Figure 1.6: NGC 6822, an irregular galaxy.

the terminology: elliptical and lenticular galaxies are still called “early-type”
galaxies, while spirals are often referred to as “late-type” galaxies.

This tuning fork diagram has been reviewed and corrected several times
[e.g. de Vaucouleurs, 1959, who introduced rings and lenses in the description
of the morphologies], but in its essence it is still used as it was designed by
Hubble almost a century ago. One addition that does not fit easily in the
scheme is made by the irregular galaxies (Fig. 1.6), labelled as I, which are
essentially low-mass disorganised and amorphous structures.
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Chapter 1. Galaxy properties

Morphological parameters

Although trust in visual classification remains for both low- and high-redshift
datasets [e.g., Schawinski et al., 2007, Ferreras et al., 2005], the hope was
that new structural classification schemes would also be suitable to describe
the various kinds of peculiar galaxies in an appropriate way [Abraham et al.,
1994, 1996b], and to separate them from the more familiar galaxy classes.

“Non-parametric” structural measures that have been developed in this
context are the concentration index C [among others Abraham et al., 1994,
Conselice, 2003] defined as the ratio the amount of light comprised within
two different Petrosian radii, the asymmetry index A [Abraham et al., 1996a,
Conselice et al., 2000a] which quantifies the degree of rotational symmetry of
the light distribution, and the clumpiness index S [Conselice, 2003], which is
a measure of the ratio between the amount of light in high spatial frequency
structures and the total light of the galaxy. These three are known as the
CAS parameters. Two further parameters that are frequently used are the
Gini coefficient G [Gini, 1912, Lotz et al., 2004] and the M20 parameter [Lotz
et al., 2004]. G describes the distribution of flux values among the pixels
of an object’s image, while M20 quantifies the distribution of the brightest
20% of pixels. As opposed to the CAS parameters, neither G nor M20 require
the centre of a galaxy to be defined, and thus do not need to assume that a
well-defined visible centre exists at all. All these parameters are commonly
dubbed “non-parametric”, since they do not rely on certain model parameter
fits, such as the Sérsic index [Sérsic, 1963] in models of radial surface
brightness profiles (see next paragraph). Many of this parameter are also
clearly correlated (Fig. 1.7).

The Gini coefficient was found to correlate strongly with stellar mass
[Zamojski et al., 2007]. They claim that G traces the overall structure of a
galaxy better than any other morphological parameter of their study. Apart
from describing the overall structure, the G coefficient was also used to
identify substructure in galaxies: Lisker et al. [2006] presented a preliminary
method to automatically identify large bars, using the radial variation of G
within a galaxy.

Kauffmann et al. [2003b] showed that concentration index C as function
of stellar mass is bimodal and they interpreted this trend as a correlation
between stellar mass and morphology. Strateva et al. [2001], using a by-
eye morphological classification, showed that there is a strong correlation
between C and galaxy type, whereby systems with C < 2.6 are preferentially
late-type, while galaxies with C > 2.6 are mostly early-type. When higher
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1.1. Bimodalities in galaxy systems properties

Figure 1.7: Relations between some of the non-parametric diagnostics described in text (M20,
G, A, C) and the ellipticity 1− b/a, for ∼ 56000 galaxies of the COSMOS survey. Contours
enclose ∼ 30% (white contour), 80% (grey contour), and 98% (black contour) of the galaxies.
The main correlations among some of the parameters, such as M20, C, and G, are clearly
visible [Scarlata et al., 2007].

mass bins are considered, the distribution shifts towards higher C values:
in the most massive bin more than 90% of galaxies have C > 2.6. This
result implies that, in general, the bulge-to-disk ratio is observed to gradually
decrease with decreasing mass: low-mass blue galaxies are disc-dominated,
while red massive galaxies are principally spheroids.

Models of galaxies often assume that the mass distribution of a galaxy
is symmetric. Galaxies are, to first order, dynamically relaxed systems.
Understanding how and in what manner the distribution of galaxy light is
asymmetric can help reveal dynamical processes in galaxies. For example,
galaxies disturbed by interactions or mergers will tend to have large
asymmetries. Attempts to characterize asymmetry for nearby galaxies, and
its usefulness as a morphological parameter within existing frameworks, was
first carried out by Conselice [1997]. They showed that asymmetry increased
with Hubble type, but with a large spread. Potentially more important
was the strong correlation found between colour and asymmetry, and a lack
of a strong correlation between luminosity and asymmetry for the narrow
absolute magnitude of their sample.

The clumpiness of a galaxy’s light distribution correlates with the amount

14



Chapter 1. Galaxy properties

Figure 1.8: The relationship between the asymmetry index A and the clumpiness index S.
Higher A and S values indicate galaxies that are more asymmetric and have a higher fraction
of clumpy light, respectively. For normal galaxies (black squares, left panel) there is a strong
correlation between A and S such that A = (0.35±0.03)×S +(0.02±0.01). The galaxies which
deviate from this relationship are the ongoing major mergers, shown in the left panel as open
circles. The right panel shows the deviation from the A−S relationship in units of the scatter
of the asymmetry values of the normal galaxies (σ). Generally, only the mergers deviate from
this relationship by more than 3σ [Conselice, 2003].

and the location of star formation [e.g. Takamiya, 1999, Conselice, 2003]. This
trend can be demonstrated by the strong correlation between the clumpiness
index S and Hα equivalent widths and colours of star forming galaxies. There
is also a strong relationship between the dynamical state of a galaxy and the
presence of a merger. Generally, merging galaxies are asymmetric, while non-
mergers are not. This has been shown in numerous ways, including empirical
methods and the correlation of internal HI dynamics and asymmetries of
stellar distributions [Conselice et al., 2000a]. As shown in Conselice et al.
[2000b], asymmetric light distributions can also be caused by star formation.
However, by decomposing light and kinematic structures in galaxies, it
is possible to show that primary asymmetries are not the result of star
formation, which forms in clumps, but from large scale lopsidedness on the
order of the size of the galaxy itself. Likewise, there is a strong correlation
between the asymmetry parameter and the clumpiness parameter for normal
star forming galaxies (Fig 1.8). Galaxies with high clumpiness values S,
which correlates with high amounts of star formation, have correspondingly
higher asymmetry values. However, this correlation breaks down for systems
involved in major mergers, such as nearby ultra-luminous infra-red galaxies.
The nature of this deviation is such that a galaxy undergoing a merger has too
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1.1. Bimodalities in galaxy systems properties

high an asymmetry for its clumpiness, demonstrating that large asymmetries
are produced in large scale features and not in clumpy, star formation like
regions.

The definition of M20 is similar to that of C, but it differs in two important
respects. First, M20 is more heavily weighted by the spatial distribution of
luminous regions. Second, unlike C, M20 is not measured within circular or
elliptical apertures, and the centre of the galaxy is a free parameter. Lotz
et al. [2004], who introduced the definition of M20, showed that this index can
be very successful in the search for galaxy mergers.

Surface brightness distribution

Tightly tied to the morphology of a galaxy is its surface brightness, which
is defined as the energy emitted per unit of time, surface and solid angle.
Several attempts have been made to find a suitable empirical law describing
the light profiles of ellipticals galaxies and of the spheroidal components
of lenticulars and spirals. In 1948, Gerard de Vaucouleurs described the
brightness profile with the following law:

I(R) = Iee−7.67[(R/Re)1/4−1], (1.1)

where, Ie, called the effective surface brightness, is the surface brightness
at Re, which is called the effective radius; that is, the radius of the isophote
containing half of the total galaxy luminosity. More recent photometric data
have shown, however, that for a large fraction of elliptical galaxies and
of bulges the de Vaucouleurs’ law is only an approximation of the radial
brightness profile and, in particular, systematic deviations from this law have
been observed. These deviations from the R1/4 law have prompted a search
for other representations of the brightness profile of early-type galaxies.

A generalization of the de Vaucouleurs’ law, proposed by Sérsic in 1963,
has been subsequently widely used. Sérsic’s law can be written as:

I(R) = Iee−bn[(R/Re)1/n−1], (1.2)

where the exponent 1/4 has been replaced by 1/n, with n being the so-
called Sérsic index parameter, which determines the shape of the light profile
(see Fig. 1.9). The figure shows that the profiles with higher values of the
Sérsic index are characterized by a distribution of light decreasing more
rapidly with the distance from the centre, that those with lower Sérsic index.
The constant bn is analogous to the 7.67 constant in de Vaucouleurs’ law, but
it is function of n. Sérsic’s law is often written in logarithm form:

µ(R) = µe + cn[(R/Re)1/n−1]. (1.3)
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Chapter 1. Galaxy properties

Figure 1.9: Top panel: Sérsic surface brightness profiles for n =0.5, 1, 2, 4, and 10. The profiles
have been normalised at µe = 20 mag arcsec−2. Bottom panel: Sérsic aperture magnitude
profiles, normalised such that the total magnitude equals zero. The dotted line is offset by
0.75 mag (a factor of 2 in flux) from the total magnitude [Graham and Driver, 2005].

If the shape parameter n = 1, the Sérsic law assumes an exponential form
which models well the brightness profile of the disk component present in the
lenticular galaxies.

1.1.2 Mass

Elliptical and spiral galaxies have a large range of masses, although on
average the ellipticals are more massive than the spirals: the characteristic
mass scale which distinguishes the two families is Mcross ∼ 3 × 1010M�
[Kauffmann et al., 2003b].

This bimodal behaviour of the galaxy population as function of mass is
particularly evident in some relations such as the luminosity function, the
scaling relations, and in particular features such as colour, morphologies, and
the mean stellar age.

Elliptical galaxies

Elliptical galaxies span a wide range of mass and luminosity from the gigantic
cD galaxies, through normal and dwarf ellipticals, to the least massive
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1.1. Bimodalities in galaxy systems properties

galaxies in the Universe, the dwarf spheroidals.

cD ellipticals are enormous structures, with diameter up to ∼ 1 Mpc, found
at the centre of galaxy clusters. They are characterised by a central
component that resembles an elliptical galaxy with a surrounding diffuse
halo made of stars whose surface brightness is lower than the central
component. The magnitude of this objects can reach MB =−25 and their
mass 1014 M�.

Normal ellipticals show strong stellar concentrations in the central
regions, which can produce luminosities as high as MB = −23. The mass
of these systems can reach 1013 M�. Their light profiles are well described
by Sérsic’s law with n > 2.

Dwarf ellipticals are strongly different from the “normal” ellipticals being
much more compact and of lower luminosity. The surface brightness
distribution can be described by a Sérsic profile with n < 2, indicating
the presence of a shallow potential well. The total mass can reach 109 M�
and the dimension does not exceed 10 kpc.

Dwarf spheroidals are the lowest mass galaxies in the Universe, and while
they may have extremely low luminosities (reaching MV ∼ −3) and
surface brightnesses, they appear to have a minimum DM halo mass of
∼ 107 M�.

Spiral galaxies

Differently from elliptical galaxies, spiral galaxies do not cover such a wide
range of total mass, spanning from 109 M� to 1012 M�, against the seven orders
of magnitude cover by ellipticals from 107 M� to 1014 M� but, on the contrary
show strong differences in dimensions. In fact, the dimension of the disc
can vary from 5 kpc of diameter to 100 kpc. However, for spiral galaxies it
is necessary to distinguish between the bulge component and the disc. The
surface brightness distribution of the bulge follows a de Vaucouleurs’ profile,
while the disk is well described by an exponential law.

1.1.3 Photometric properties

It has been known at least since the late 1930s that colours of galaxies reflect
their dominant stellar populations. The HR diagram by Ejnar Hertzsprung
and Henry Norris Russell in the 1910s showed that the luminosity of the
main sequence stars, which are the large majority of the stars in a galaxy,
is directly related to their colours: the most luminous stars are blue, while
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Chapter 1. Galaxy properties

Figure 1.10: Left panel: distribution of galaxies (contours) and stars (dots) in the u∗− g∗ vs.
g∗− r∗ colour-colour diagram. Right panel: u∗− r∗ vs. g∗ colour-magnitude diagram. Dashed
lines in both panels are the u∗− r∗ = 2.22 separator [Strateva et al., 2001].

the smallest ones lie in the red side of the diagram. The understanding of
the physical processes that allow stars to shine led to the concept of the mass
being the main driver of a star’s evolution; more massive stars have surface
temperatures T > 10000 K and therefore blue colours, and consume their
atomic fuel very rapidly, until the final supernova explosion. Less massive
stars, on the other hand, have lower temperatures and emit mainly in the
red part of the visible spectrum and in the infra-red. Their life in the main
sequence is considerably longer, comparable with the age of the Universe so a
large part of these low-mass stars are essentially unevolved. Low-mass stars
are also much more common than high-mass stars: given a Salpeter IMF
[Salpeter, 1955], where the number of stars for a given mass ξ(M) ∝ M−2.35,
stars like the Sun should be 1000 times more frequent than 20 M� stars.
High-mass stars, however, are much more luminous so that, if present, they
dominate the overall colour of a galaxy. In summary, colours can give a hint on
the star formation rates of a galaxy: red galaxies are dominated by small stars
still burning hydrogen in the main sequence phase and large stars, the red
giants, which are evolved intermediate-mass objects. The population of these
galaxies is therefore old, meaning that there is small or no star formation
ongoing. Blue galaxies, on the other hand, are dominated by the light of the
most massive stars, whose life is only few Myrs long: their star formation is
therefore very recent and most probably strong and still present.

Since the era of large surveys like SDSS, galaxy colours are known
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1.1. Bimodalities in galaxy systems properties

to come in a bimodal way. Strateva et al. [2001] have shown that the
distribution of the u∗− r∗ colour in their sample is peaked in two different
regions (Fig. 1.10): the red sequence and the blue cloud. The red sequence is
defined roughly by early-type galaxies. Along this red sequence, integrated
colours of galaxies become progressively redder at bright magnitudes. Late-
type galaxies, instead, populate the wider and more dispersed blue cloud
[Tully et al., 1982].

Baldry et al. [2004] confirmed that the colour distribution of galaxies
(Fig. 1.11 and Fig. 1.12) can be approximated by a bimodal function made
by the sum of two Gaussian functions. This trend is evident across seven
magnitudes and it is not strongly dependent on redshift

As we already pointed out, Fig. 1.10 shows the colour bimodality found
in large samples of galaxies: galaxies are distributed in a bimodal way, with
galaxies possessing younger stellar population peaking in the blue part of the
distribution and galaxies with older stars distributed mainly in the red part.
As a blue star forming galaxy ages, and its star formation is being quenched
for whatever reason, galaxies do migrate toward the red part of the colour-
magnitude diagram, as illustrated in Fig. 1.13.

In recent years the notion of “green valley” has arisen: galaxies in
the intermediate region of the colour-magnitude diagram are thought to be
transitional galaxies, object with quenched star formation that begin their
voyage toward the red sequence. Recent observations of the host galaxies of
AGN both in the nearby universe and at redshifts out to z ∼ 1 have shown
that the rest-frame optical colours of the host galaxies peak in the green
valley [Schawinski et al., 2007, Nandra et al., 2007, Silverman et al., 2008].
This observation has led to the suggestion that these green valley AGN host
galaxies represent a population in transition from the blue cloud to the red
sequence that continuously build up the red sequence across a large range in
cosmic time [Faber et al., 2007, Bundy et al., 2008].

However, the interpretation of green or intermediate host galaxy
colours is not necessarily unique [Schawinski, 2010]. In general, green or
intermediate optical colours can arise from a number of scenarios. The three
main scenarios are (1) the recent, rapid suppression of star formation; (2)
the slow, gentle fading of star formation; and (3) an enhanced dust screen
covering a regular blue cloud star-forming galaxy. Thus the observation that
AGN host galaxies exhibit green optical colours is consistent with a scenario
where a recent catastrophic event (such as the AGN phase) has shut down
star formation.

If the green colours of AGN host galaxies are due to a recent, rapid
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Figure 1.11: Colour u− r distributions in bins of absolute magnitude −23.25 ≤ Mr ≤ −19.75.
Blue and red dashed lines are the Gaussian fits of the blue and red distributions, while the
solid lines are the convolution of the two single fits [Baldry et al., 2004].
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Figure 1.12: Same of Fig. 1.11, in bins of magnitude −19.25≤Mr ≤−15.75.
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Figure 1.13: Sketch of a colour-magnitude diagram. Emphasized are the “blue sequence” (also
known as “blue cloud”), the “red sequence” and the “transitional colour” region also known as
“green valley”.

suppression of star formation, then the fact that the host galaxies are “green”
leads to a time scale problem. Intermediate colours in such a suppression
scenario imply that the event that led to the suppression of star formation
is already significantly in the past. The minimum amount of time elapsed
since the suppression event in the case of instantaneous suppression is set by
the lifetime of OB stars that dominate the ultraviolet-optical spectral energy
distribution of young stellar populations. Thus, if there are no AGN host
galaxies with blue host galaxy colours, then the AGN population detected in
the green valley cannot be responsible for the suppression of star formation.

Martin et al. [2007] have studied this by measuring how fast galaxies
move from one end to the other. By using SDSS spectra, one can infer the star
formation histories of individual galaxies. To this end, spectroscopic indices –
more specifically, D4000 and Hδ – were measured for a large number of green
valley galaxies. While evolving, galaxies trace a path through the D4000-
Hδ plane, and this path is strongly dependent on the speed through which
star formation is quenched. By measuring masses and number densities of
the green valley galaxies, one can infer how much mass is going through the
valley at a given time.

Martin and collaborators have found that the mass going through the
green valley is consistent with the build-up of the red sequence, with
quenching times-scales of a few hundred million years for most galaxies.
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In addition, they have found the fraction of AGN in the green valley is the
highest across the colour-magnitude plot, which could indicate active nuclei
play a prominent role in quenching star formation. The galaxies studied by
them are at z ∼ 0.2. However, we know the process of galaxy formation and
evolution is strikingly different across cosmic time, from z∼ 10 (or more) until
today, and that most stars in the present universe were formed at z ∼ 2− 3.
Therefore, one would expect the quenching to be different at different ages of
the cosmos.

1.1.4 Spectral properties

Galaxy spectra constitute a mine of information about the properties of
stellar populations, such as the age, metallicity, chemical composition and
star-formation history. By comparing observed spectra and, in particular,
the equivalent widths of absorption and emission lines to synthetic spectra
from models of simple stellar populations (SSPs), it is possible to obtain
information of these stellar population parameters.

For example, the strong absorption of Balmer lines (Hα, Hβ, Hδ) is
characteristic of A-type stars, and stellar populations dominated by a burst
of star-formation that ended less than 1 Gyr ago, at an age when A-type stars
dominate the optical emission of SSPs. Hence high value of Balmer lines are
indicative of recent star-formation while low values characterize galaxies with
old stellar populations.

The index D4000 is the measure of the discontinuity observable at 4000Å
in the spectrum. The break occurring at 4000Å is the strongest discontinuity
in the optical spectrum due to the accumulation of many spectral lines in a
narrow wavelength range. The principal contribution to the opacity of stellar
photospheres comes from the ionized metals. In hot stars, due to their high
temperatures, the elements are multiply ionized and the opacity decreases,
so the 4000Å break will be small for young stellar populations and larger
for old and metal-rich galaxies. This index has been extensively used by
many authors since the 1960s [among the first, Wildey et al., 1962, van den
Bergh, 1963, van den Bergh and Sackmann, 1965] as indicator of an old stellar
population, and is defined as the ratio between the average flux density in the
bands 4050–4250Å and 3750–3950Å [Gorgas et al., 1999].

The analysis by Kauffmann et al. [2003b] of ∼ 122000 galaxies from the
Sloan Digital Sky Survey underlined that the distribution of mean stellar
age as function of stellar mass M? is strongly bimodal. In Fig. 1.14 are
reported the density distributions of HδA and Dn4000, which is a narrower
band definition of D4000 [Balogh et al., 1999], as function of logarithm of
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Figure 1.14: The density distribution of stellar age indicators Dn4000 and Hδ as functions of
the logarithm of stellar masses, showing trend and bimodalities [adapted from Kauffmann
et al., 2003b].

stellar mass. The grey-scale indicates the fraction of galaxies in a given
logarithmic mass bin that fall into each age-indicator bin. The contours are
separated by factors of two in population density. It shows the clear strong
bimodality between stellar mass and mean stellar age: massive galaxies are
characterized by older stellar population having typically lower values of Hδ

and higher values of Dn4000. At a mass value Mcross a transition towards
younger stellar populations begins to take effect.

Galaxy bimodality is observed also in the relation involving metallicity Z.
As first observed by Lequeux et al. [1979], metallicity is strongly dependent
on galaxy stellar mass, such that more massive galaxies are more metal rich.
Using large datasets from optical surveys such as SDSS, more recent analyses
have studied the luminosity-metallicity and mass-metallicity correlations
[e.g. Pilyugin and Ferrini, 2000, Tremonti et al., 2004]. Tremonti and
collaborators found that, for galaxies of Mcross < M? < 1012 M�, Z ∝ M0.5

? , while
for 108 M� < M? < Mcross the correlation disappears, since Z becomes constant
in the entire low-mass range. The observed relation show a significant
scatter, with only half of the spread due to measurement errors: analysing
the correlations between the scatter and other galaxy properties, they point
out a potential connection with stellar surface mass density µ?, such that
galaxies with higher surface densities are more metal rich relative to galaxies
of similar stellar mass.
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Figure 1.15: Large scale structure of the Universe in the 2dFGRS survey data.

1.1.5 Environment

Galaxies are not distributed uniformly across the Universe, but belong to
structures deeply different for density, shape, photometric and dynamic
properties: from the enormous voids in which the number density of galaxies
is greatly depleted, to the field where galaxies are relatively isolated, to rich
and complex hierarchies of structures like the clusters, the densest regions
of the universe, where 100-1000 galaxies are bound together by gravitational
forces in a region of ∼ 3−6 Mpc in diameter. The differences between clusters
and the field refers not only to the galaxy density, but also in how the
galaxies are distributed. Indeed, in clusters, galaxies are distributed in a non
homogeneous way being strongly concentrated towards the centre and with a
number density decreasing toward the outer regions. Recent large surveys,
such as the 2-degree Field Galaxy Redshift Survey (2dFGRS), the Sloan
Digital Sky Survey (SDSS), and the COSMOS survey have shown, using
statistically significant samples, that galaxies are distributed on filamentary-
type structures (see Fig. 1.15) and super-clusters (aggregation of clusters
of galaxies), joined by filaments and walls of galaxies creating a foam-like
structure of matter and gravitational potential. Voids within this foam can be
as large as 50 Mpc across.

In the local universe the fraction of galaxies with elliptical and lenticular
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Figure 1.16: The fraction of E, S0 and S+I galaxies as function of the projected density, in
Mpc−3. The upper histogram shows the number distribution of the galaxies over bins of
projected density [Dressler, 1980].

(i.e., early-type) morphologies is higher in clusters of galaxies than in less
dense environments [Hubble, 1926, Oemler, 1974, Melnick and Sargent, 1977,
Dressler, 1980]. To first order, this morphology-density relation appears to
be a universal characteristic of galaxy populations [e.g. Postman and Geller,
1984, Helsdon and Ponman, 2003]. In quantitative terms, morphological
fractions correlate over 3 orders of magnitude in projected galaxy density (Σ),
thereby linking the properties of cluster galaxies (Σ∼ 1000 Mpc−2) with those
of the field galaxy population (Σ . 10 Mpc−2).

Early-type galaxies are the dominant population of clusters and are
mostly in the centre following overall density distribution, while late-type
galaxies form less than 20% of the total cluster population and are principally
found in the outer regions. From these results, Dressler [1980] inferred
that the distribution of the different morphological galaxy types in clusters
is strictly correlated to density (Fig. 1.16).

The morphological segregation of galaxies is a generic prediction of
cold dark matter simulations of large-scale structure formation [Frenk
et al., 1985, 1988] and more recent semi-analytic galaxy formation models
[e.g. Kauffmann, 1995, Springel et al., 2001]. In that context, the
observed morphology-density relation is interpreted as the combination of
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Figure 1.17: Cluster and field data presented separately in the [O II]-Hδ equivalent widths
(W0) plane. Positive values of W0[O II] and negative values of W0(Hδ) represent emission in
these indexes. The sample error bars represent the mean 1 sigma error, and the number
in each region represents the weighted percentage of galaxies in that region. The fraction
of galaxies undergoing some type of star formation is 57% in the field and only 29% in the
clusters [Balogh et al., 1999].

two mechanisms. First, the local density of galaxies and dark matter is
a proxy for the epoch of initial collapse of a given structure; the most
massive structures at any epoch represent the earliest that collapsed. Second,
interactions between galaxies, dark matter, and the intra-cluster medium
(i.e., environmental processes) are likely to transform infalling field galaxies
from gas-rich spirals to gas-poor lenticular galaxies.

An important element of investigating the physics of morphological
transformation is to trace the cosmic evolution of the morphology-density
relation over the full range of projected density available locally [Smith et al.,
2005]. The time-scales on which the relation evolves in different density
regimes will hold important clues to the physical processes responsible.
Pioneering observations of the high blue fractions seen in intermediate-
redshift clusters by Butcher and Oemler [1978] also raises the possibility of
evolution in the morphological mix with look-back time. To that end, Dressler
et al. [1997] used high-resolution imaging with the Hubble Space Telescope
(HST) to measure the morphology-density relation in the core regions of a
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sample of rich clusters at z ∼ 0.5. Dressler and collaborators found that the
fraction of lenticular galaxies in clusters declined by a factor of 2−3 between
z = 0 and z = 0.5, and this evolution was accompanied by a corresponding
increase in the fraction of star-forming spirals [see for instance Andreon,
1998, Treu et al., 2003]. At higher redshifts, the distinction between elliptical
and lenticular morphologies becomes increasingly difficult to draw [Smail
et al., 1997]. Nevertheless, several authors have measured the total early-
type fraction in individual clusters at z∼ 1 to be ∼ 0.5 [e.g. van Dokkum et al.,
2000, van Dokkum and Franx, 2001, Lubin et al., 2002], a smaller fraction
than that found in the densest environments at z = 0.

The star-formation properties of galaxies in rich clusters is significantly
different from those of field galaxies [e.g. Osterbrock, 1960, Koopmann and
Kenney, 2004]. In the field, the level of the star-formation in galaxies is
several times higher than in systems of similar luminosity in the core of
clusters. This is partly due to the morphology-density relation since elliptical
and S0 galaxies, principally passive systems, are more abundant in clusters,
but there is evidence that even later type galaxies in clusters form stars at
lower rates than in the fields [Balogh et al., 2000]. For example, Balogh et al.
[1999] show that the [O II] equivalent widths, on average, are much larger for
field galaxies then their counterparts in rich cluster with the same bulge-to-
disk ratios and luminosities (Fig. 1.17). One of the difficulties in inferring the
star-formation rate from the [O II] emission is that it can be influenced by dust
[Poggianti and Wu, 2000]. This limit can be overcome using the Hα index,
which is less sensitive to dust effects [Kennicutt, 1998]. From the analysis of
a Hα survey of galaxies in three clusters at z ∼ 0.3, Couch et al. [2001] found
that in one cluster the star-formation is strongly and uniformly suppressed,
while, in general only 10% of galaxies show Hα emission, with an overall star-
formation rate of ∼ 4 M�yr−1.

The distribution in colour depends strongly on the galaxy density on
∼ 1 Mpc scales [Dekel and Birnboim, 2006]: blue and red sequence galaxies
tend to populate the low- and high-density environments respectively [e.g.
Kauffmann et al., 2004, Blanton et al., 2005].

Blanton et al. [2005] in the SDSS (∼ 114000 galaxies), analysing the
distribution of g − r colour, mean surface brightness, Sérsic index and
luminosity, found that galaxy colour is the most predictive property of local
environment (see Fig. 1.18). Even if the dependence on luminosity appears
more impressive, this dependence only affects a small fraction of the total
number density of galaxies in this sample, and the dominant horizontal
contours in the lower-right panel demonstrate that colour is in general more
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Figure 1.18: Mean local overdensity as a function of pairs of galaxy properties. Off-diagonals
show the mean overdensity as a colour-coded contour plot in which darker areas indicate
galaxies in denser environments. For example, in the lower right corner, the blue, low
luminosity galaxies are on average in the least dense environments and red, high luminosity
galaxies are on average in the most dense environments. Plots along the diagonal show the
mean overdensity as a function of each property on a linear scale. Labeled cross bars indicate
where the mean crosses various thresholds. [Blanton et al., 2005].
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predictive than luminosity. For this reason, the pair colour and luminosity
taken together can be considered the most predictive properties of local
overdensities. At fixed colour and luminosity, density is not closely related
to measures of galaxy structure-surface brightness of Sérsic index, implying
that the morphology-density relation is driven by the more fundamental
colour-density relation.

SECTION 1.2

Galaxy formation

Considering the bimodal distribution of many galaxy properties, it is of
great interest and of paramount importance to characterize the mechanisms
that allow galaxies to take shape and evolve, to understand the origin of
their diversity and scaling relations and why are they clustered in space
following a sponge-like structure; finally, which are the physical processes
that quench the star-formation and affect the structure of a galaxy, and
are responsible of the sharp transition at Mcross between galaxies with M? >

Mcross being preferentially red spheroids with old stellar population in cluster
environments, and galaxies with M? < Mcross being mostly blue coloured discs,
and in the field. To answer one or all of these questions is of fundamental
importance to understanding the origin and evolution of galaxies.

The origin of cosmic structures, including galaxies of all types, is
currently described through the dissipation-less gravitational collapse in a
Universe dominated by DM. Models have to take as their initial conditions
the tiny fluctuations (1 part in 105) in the cosmic microwave background which
grow via gravitational instability, firstly in the linear regime, and later non-
linearly, forming by the present epoch the massive haloes we see as galaxies
and clusters, as well as the large-scale structure in which they are embedded.
Within these DM haloes, the baryonic component must also evolve to form the
observed stars, galaxies and ICM.

The nature of DM is still a debated problem. Different composition of
DM derive strongly different cosmologies. In fact, the typical mass of density
fluctuations is strictly dependent on the mass of DM particle: the smaller
the particle is, the larger are the masses of the density fluctuations. This
dependence has led cosmologists to classify hypothetical DM candidates into
three broad categories [Silk, 1980]:

• hot DM (HDM) made of low-mass particles like neutrinos in which
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massive (Mhalo ∼ 1015 M�) haloes collapse first;

• warm DM (WDM) where the mass of a typical halo is ∼ 1011 M�;

• cold DM (CDM) where the collisionless particles are so massive (102 GeV)
that fluctuations of all scales survive (Mhalo ∼ 10−5 M�).

From this picture it emerges that cosmology provides the theoretical
framework for the initial and boundary conditions of the cosmic structure
formation model and consequently for galaxy formation.

Starting from the pre-existing DM model it is possible to construct a
model for populating haloes of different mass with galaxies using simulations
which take into account the dynamics of the DM and gas, star-formation,
radiative cooling, and gas loss from galactic winds. Two main families of
models may be recognized:

the monolithic scenario developed since the early work by Eggen et al.
[1962] and Larson [1975], within which galaxies formed during a single
event at very high redshift (z > 3) through the gravitational collapse of
proto-galactic gas clouds. For early-type galaxies, star formation ceases
shortly after the collapse and the subsequent evolution of the galaxies is
dominated by passive dimming of the stellar light. In this scenario, the
massive galaxies are already in place very early, and hence are the oldest
structures of the universe;

the hierarchical scenario [White and Rees, 1978, Cole et al., 1994b] where
massive galaxies have formed from smaller units through merging
events. Less massive galaxies were the first objects to form at high
redshift, while massive ellipticals and S0s have been slowly built up
through many generations of mergers. This scenario predicts that the
number of massive galaxies is larger at lower redshifts, as merging
events form bigger and bigger objects.

The monolithic collapse hypothesis was able to produce the observed
tightness of many scaling relations, such as the colour-magnitude relation
and the fundamental plane, as well as the evolution of these relations with
redshift [Kodama et al., 1998, van Dokkum and Stanford, 2003]. Moreover
it well justifies the finding of galaxy objects at higher redshifts (z > 2) with
high star-formation rates (SFRs) such as Lyman break galaxies (LBG, star-
bursting galaxies with SFRs of 10−1000 M�yr−1 and masses of 109−1010 M�),
sub-millimetre (SCUBA) galaxies (strongly star-bursting galaxies with SFRs
of ∼ 1000 M�yr−1 obscured by dust), Lyman α emitters (galaxies with strong
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Lyman α lines which imply phases of rapid star-formation or strong cooling)
and quasars.

The monolithic collapse model for the formation of elliptical galaxies
naturally produces the effect known as “cosmic downsizing” whereby the
major epoch of star-formation occurs earlier and over a shorter period in the
most massive galaxies and progressively later and over more extended time-
scales towards lower mass galaxies. This has been confirmed observationally
both in terms of the global decline of star-formation rates in galaxies since
z ∼ 1 [Noeske et al., 2007a,b] and in the fossil records of low-redshift galaxy
spectra [Heavens et al., 2004, Panter et al., 2007].

Analysing the absorption lines of local quiescent galaxies, the most
massive galaxies are found to have higher mean stellar ages and abundance
ratios than their lower mass counterparts, indicating that they formed stars
earlier and over shorter time-scales [Nelan et al., 2005]. In this scenario,
the mass-scale at which a galaxy becomes quiescent should decrease with
time, with the most massive galaxies becoming quiescent earliest, resulting
in the red sequence of passively-evolving galaxies being built up earliest at the
bright end [Tanaka et al., 2005]. It was previously thought that these effects
could be considered the direct consequence of the deeper potential wells of
giant galaxies, which accelerates the collapse of gas into stars.

However, in the last decades, some problems have arisen with this
scenario: the ubiquitous presence of fine structure such shells, ripples,
tidal plumes, nuclear light excesses, and kinematic subsystems in ellipticals
[e.g. Schweizer and Seitzer, 1992, Schweizer, 1996] are interpreted as
clear signatures of merger events. Moreover, considerable observational
evidence indicates that the most massive starbursts, ultra-luminous galaxies
(ULIRGs), are always associated with mergers [e.g. Sanders and Mirabel,
1996, Lotz et al., 2004], with dense gas in their centres providing material
to feed black hole growth [Hopkins et al., 2008a,b]; in the same way sub-
millimetre galaxies and quasars are found to be triggered by merger events
[for reviews see Barnes and Hernquist, 1992, Jogee, 2006]. However the
strongest evidence in favour of the hierarchical scenario comes from the
development of numerical simulations during the last 20 years.

Numerical simulations [e.g. Di Matteo et al., 2005] have shown that
major mergers of two gas-rich disk galaxies can produce elliptical galaxies:
tidal torques developed during a merger lead gas to fall into the centres
of galaxies [Hernquist, 1989, Barnes and Hernquist, 1991, 1996] triggering
starbursts and feeding central black hole growth [Mihos and Hernquist, 1994,
1996]. Starbursts consume a great part of the gas in the galaxy and the
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Figure 1.19: Anisotropy of the CMB: all-sky maps, made by COBE (upper) and by WMAP
(lower); range of color scale is ±200 µK [Freedman and Turner, 2003].

remaining part is expelled through galactic winds and feedback from the
black hole, producing red and dead elliptical galaxies. However it is necessary
to highlight some restrictions of this model: a major merger with masses
ratio below 3:1 is required in order for the tidal torques to induce such a
strong central inflow of gas that is able to modify the morphology. The great
quantity of higher mass-ratio mergers (e.g. 10:1) show that gas inflows can be
induced under some circumstances [e.g Hernquist and Mihos, 1995, Bournaud
et al., 2005], but detailed studies indicate that this is limited to specific orbital
geometries [Younger et al., 2008], and that the efficiency decreases with the
increasing mass ratio. The results of these higher mass-ratio mergers could
be a galaxy made by a central component like a spheroid surrounded by a
surviving disk structure. However, it has to be emphasized that only mergers
can reproduce the observed kinematic properties of elliptical galaxies and
classical bulges [among others Naab and Burkert, 2003, Bournaud et al.,
2005, Jesseit et al., 2007]. Other processes such as harassment (see 1.4.3) may
be able to produce spheroid component, but the analysis of these structures
show that are characterized by different kinematics and properties from those
observed for elliptical galaxies. An open debate in the merger scenario is the
further disk formation around the elliptical through the subsequent accretion
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and cooling of gas as their host DM haloes grow. Are elliptical galaxies able
to quench their star-formation definitively by themselves or other external
processes are needed to halt this mechanism?

The monolithic and hierarchical scenarios of formation of galaxies are
well collocated into two “contradictory” cosmological models. The top-down
monolithic scenario is consistent with a HDM model where massive haloes,
in which elliptical galaxies form, develop first, while the hierarchical scenario
is better reconciled with a CDM model where small objects would form first
in the low-mass haloes predicted in this cosmology, non-linearly interact,
and merge to form larger haloes which can then host massive galaxies [de
Freitas Pacheco et al., 2003]. The confrontation of the model predictions
with astronomical observations have become the most powerful testbed for
cosmology. In the last years, the CDM model plus a dark energy field
(indicated by Λ), i.e. the well known ΛCDM model is the most accredited
cosmological model since, among the others, nicely integrates i) cosmological
theories (Big Bang and Inflation), ii) the cosmic microwave background
(Fig. 1.19), iii) the large-scale structure of the Universe [Springel et al., 2005b,
see Fig. 1.20]. The results of these simulations with observational evidence,
seem to suggest the hierarchical scenario as the most plausible for galaxy
formation. In this scenario galaxy disks are envisioned to form as the result of
gas accreted smoothly from the intergalactic medium [Katz and Gunn, 1991],
while the merger of disks is the process responsible for the formation, both of
elliptical galaxies and the bulge components of spiral galaxies

At first sight, one of the most major problems with the hierarchical
scenario seems to be the observed downsizing. If massive galaxies are formed
later, they should be also the youngest systems of the Universe. Chiosi
and Carraro [2002], by means of N-body-tree-SPH simulations incorporating
cooling, star-formation, energy feedback and chemical evolution studied the
SFR as a function of time for different masses as shown in Fig. 1.21. Massive
galaxies are characterized by a single episode of star-formation very early in
the past, while dwarf galaxies show irregular and intermittent star-formation
which is prolonged over wide time intervals. Similar results were found by De
Lucia et al. [2006], from the analysis of the Millennium simulation: they find
that massive galaxies are systematically older than less massive systems and
convert gas into stars at higher level of efficiency. Fig. 1.22 shows the average
star-formation rate for elliptical galaxies in the Millennium simulation both
in “cluster” environment (top panel) and “field” environments (bottom panel).
The different colours represent ellipticals galaxies with different masses: the
most massive elliptical galaxies have star-formation rates that peak at higher
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Figure 1.20: The DM density field on various scales from the Millennium simulation,
the largest high-resolution simulation of cosmic structure growth ever carried out. Each
individual image shows the projected DM density field in a slab of thickness 15h−1 Mpc, colour-
coded by density of the DM distribution [Springel et al., 2005b].
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Figure 1.21: Star-formation histories for massive galaxies (top) down to dwarf galaxies
(bottom) [Chiosi and Carraro, 2002].

redshift (z ∼ 5) and are characterized by higher levels of star-formation. The
result is visible both in clusters and field, even if, due to the deeper potential
wells, in clusters the star-formation rates are higher on average, and the
time-scales over which the processes to form stars act, are shorter. Although
downsizing appears at first sight to be at odds with the standard hierarchical
model for the formation and evolution of galaxies, Merlin and Chiosi [2006]
were able to reproduce the same downsizing as seen in the earlier “monolithic”
models in a hierarchical cosmological context, resulting in what they describe
as a revised monolithic scheme whereby the merging of substructures occurs
early in the galaxy life (z > 2).

To understand this apparent contradiction, it is important to distinguish
between the epoch in which most of galaxy stars are formed, and the age in
which galaxy spheroid acquired its dynamical properties through mergers.
For the monolithic scenario these two epochs are coincident. Instead in the
hierarchical scenario, a galaxy can be assembled recently, and so resulting
in a young system when referred to its assembling history, yet the merging
could involve galaxies with already old stars, and hence appearing old when
referred to their stellar populations. De Lucia et al. [2006] showed that for
galaxies more massive than 1011 M� the median redshift when half of the
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Figure 1.22: The average star-formation rate for elliptical galaxies in Millennium simulation
both in “cluster” (top panel) and “field” environments (bottom panel). The different colours
represent elliptical galaxies with different masses (red, yellow, green, and blue lines
correspond to stellar masses of 1012, 1011, 1010 and 109 M� respectively) [De Lucia et al., 2006].

stars were formed is ∼ 2.5, while for the same sample, the median redshift in
which half of the stars were assembled in a single object is ∼ 0.8.

Despite all of this observative evidence in favour of the hierarchical
scenario, intriguing questions remain still open, such as the well known
problem of the galaxy luminosity function [Benson et al., 2003]. If no feedback
processes are included in the formation and evolution of galaxies, the halo
mass function deviates from the observed galaxy luminosity function at both
ends. Why we do not find so many dwarf galaxies as predicted by the
cosmology?, and why, on the other side, are there not massive galaxies greater
than a certain mass? Different mechanisms have been proposed: at the
faint-end the absence of dwarf galaxies is thought to be due to the energy
injection from supernovae and stellar winds, and to the photo-ionization of
pre-galactic gas at high redshifts, which make galaxy formation inefficient in
small haloes [Benson et al., 2003]. However, this justification enlarges the
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Figure 1.23: BH mass vs. the central velocity dispersion σc of the host elliptical galaxy or
bulge (filled circles) or the rms velocity vrms measured at one-fourth of the effective radius
(open circles). The solid and dashed lines are the best linear fits using σc and vrms, respectively
[Ferrarese and Merritt, 2000].

problem at the massive end, since the heated gas that has not condensed onto
dwarf galaxies can eventually cool onto massive haloes giving rise to an excess
of bright galaxies that is not observed. In this case the proposed scenario
can be summarized as the presence of a heating conduction at the centre of
massive haloes and/or to superwinds. Unfortunately, no one of these scenarios
is totally satisfactory since the heating source should have an implausibly
high efficiency, while the supernovae explosions are not so powerful to prevent
the cooling of gas. One of the recent scenario which receiving consent is the
injection of energy from the central AGN. The underlying idea is based on
the relation between MBH and Mbulge whereby MBH ∝ Mbulge [e.g. Ferrarese and
Merritt, 2000, Fig. 1.23]. The black hole mass is seen to grow until it reaches
a limiting luminosity: the Eddington limit. At this luminosity, the accretion
disk of the central black hole reaches a temperature of ∼ 1010 K: at this value
the pressure of the disk photons is so high that they can escape from the disk
forming a strong “wind” which, not only prevents further feeding of the central
black hole, but also expels all the remaining gas in the galaxy, stopping the
star-formation and the further accretion of mass onto the black hole.

The above picture, if on one side sheds light on the mechanisms that
have led the formation of galaxies and their spatial distribution, on the other
clearly shows that the existence of galaxies as they appear is a complex
mix both of the initial cosmological conditions, but also of a great variety of
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Figure 1.24: Left: The global Schmidt law in galaxies. Solid points denote the normal
spirals, squares denote the circumnuclear starbursts. The open circles show the SFRs and
gas densities of the central regions of the normal disks. Right: The same SFR data but plotted
against the ratio of the gas density to the average orbital time in the disk [Kennicutt, 1998].

processes that by quenching the star-formation and modifying the morphology
are able to convert blue-disk galaxies in the field into red spheroidal galaxies
in cluster.

SECTION 1.3

Mechanisms of galaxy transformation

In this section we present the different physical mechanisms that are
likely to be important for determining the star-formation histories of galaxies
both internal to the galaxy (e.g. gas consumption, AGN feedback and merging)
and as the result of direct interactions between the galaxy and its local
environment (e.g. ram-pressure stripping and galaxy harassment).

1.3.1 Star-formation

Star-formation in disk galaxies is regulated by a variety of processes
(neglecting here AGN feedback, bar instabilities, and galaxy interactions),
gravitational instability and turbulence of the gas disk, supernovae feedback,
and the inflow and cooling of gas from the halo. The most important
parameter for determining the star-formation efficiency appears to be the
local gas surface density Σgas: Schmidt [1959] showed that the observed
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surface densities of gas and star-formation in galaxies were related by a
simple power law, ΣSFR ∝ ΣN

gas, where N = 1.40± 0.15 over several orders of
magnitude in gas density [Kennicutt, 1998, Fig. 1.24]. Moreover, there
appears a critical gas density below which star-formation does not occur
[Martin and Kennicutt, 2001]. The empirical Kennicutt-Schmidt law is close
to that predicted for a self-gravitating disk, where the star-formation rate
scales as the ratio of the gas density to the free-fall time-scale (τff ∝ Σ−0.5

gas

), and implies that star-formation efficiency (SFR/Σgas) increases with gas
surface density, resulting in star-formation being most inefficient in low-
surface brightness dwarf galaxies.

1.3.2 Supernovae feedback

Supernova feedback has also been proposed as a mechanism that could
explain the inefficiency of star-formation in dwarf galaxies, as well as their
tight correlations between their internal velocities, metallicities, surface
brightnesses and stellar masses [e.g. Dekel and Woo, 2003], although Tassis
et al. [2008] argue that these scaling relations can be obtained without
supernovae feedback, and are simply the result of the Kennicutt-Schmidt law
with a critical density threshold. In these models, energy released by the
supernovae triggers metal-enriched winds which can drive enriched gas from
the disk into the halo and beyond, causing mass loss and self-regulating the
star-formation activity, resulting in a quasi-periodic, bursty star-formation
rate in low-mass galaxies. However, using hydrodynamic simulations, Mac
Low and Ferrara [1999] and Marcolini et al. [2006] find instead that in
quite low mass dwarfs with gas masses Mgas ∼ 107 M� galactic winds due
to supernovae do not form, even during quite large starbursts, despite the
energy released by the supernovae being greater than the binding energy of
the galaxy. Supernova feedback is likely to further reduce the star-formation
efficiency in dwarf galaxies by reheating the surrounding cold gas clouds
and blowing it out of the disk (if not from the galaxy entirely), at least for
a while [Scannapieco et al., 2006], contributing to the gas depletion time-
scales of the order ∼ 20 Gyr observed for isolated dwarf irregular galaxies [van
Zee, 2001]. The effects of supernova feedback are expected to reduce with
increasing galaxy mass, as the deeper gravitational potential wells and larger
gas masses make it more difficult for supernovae to drive outflows [Dekel and
Silk, 1986].
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1.3.3 Gas consumption

In typical spiral galaxies star-formation occurs very efficiently due to
their high gas surface densities, resulting in gas consumption time-scales
(calculated by comparing their star formation rates and HI contents) of just
∼ 3 Gyr. This implies that if no gas replenishment were to occur, most spiral
galaxies would consume all their gas in much less than a Hubble time,
and this led Larson et al. [1980] to propose that their gas is continuously
replenished from their extended halos, allowing them to continue forming
stars to the present day.

Hydrodynamical simulations following this accretion and cooling of gas
from the halo onto the disk have shown there are two processes by which this
occurs, the relative importance of these modes depending strongly on galaxy
mass [Kereš et al., 2005, Dekel and Birnboim, 2006]. In high-mass galaxies,
the infalling gas follows the track expected in the conventional picture of
galaxy formation, being shock-heated to roughly the virial temperature of
the galaxy potential well (Tvir ∼ 106 K), forming a stable diffuse atmosphere
in quasi-hydrostatic equilibrium with the DM, before being accreted in
a quasi-spherical manner through radiative cooling, condensing onto the
disk and forming stars. In low-mass galaxies, or at high-redshifts, gas is
accreted onto the disk along filamentary structures, and cools too rapidly for
stable virial shocks to occur, allowing for a more rapid and efficient cooling,
condensation and formation of stars. Although the approaches of Dekel
and Birnboim [2006] and Kereš et al. [2005] are radically different, both
obtain characteristic transition masses of Mvir ∼ 6× 1011 M� (corresponding
to a stellar mass of ∼ 3× 1010 M� ) between the “hot” and “cold” accretion
modes, which appear in good agreement with the observed characteristic
stellar mass at which there is a sharp transition in the global properties of
galaxies from low-mass, star-forming disks to high-mass, passively-evolving
spheroids [Kauffmann et al., 2003a].

1.3.4 Suffocation

What would happen to galaxies if this accretion of fresh gas from the halo
(through either hot or cold modes) were to be permanently shut off? Larson
et al. [1980] proposed that when a galaxy enters a more massive halo, such as
a group or cluster, its reservoir of halo gas is lost to that of its host halo, either
through tidal effects or ram-pressure stripping. The remaining gas in the
disk is slowly consumed by star-formation over a period of few Gyrs, leaving
a passively-evolving galaxy. This physical process, described as “suffocation”
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Figure 1.25: Three galaxies from the Galaxy Zoo (top) and STAGES surveys (bottom). At
left, examples of normal spiral galaxies; on the right are examples of elliptical galaxies. In
the centre are examples of the strangled (or suffocated) galaxies: most of the gas has been
removed by tidal interaction and the remnant is a “red” spiral galaxy

(also starvation or strangulation, Fig. 1.25), was proposed by Larson et al.
[1980] as a mechanism that would strip away the halo gas reservoirs and
exhaust the remaining gas of spiral galaxies, and transform them into passive
S0s over a period of ∼ 3 Gyr.

The numerical and hydrodynamical simulations of Bekki et al. [2001,
2002] following the evolution of the extended halo gas of spiral galaxies
in cluster or group environments, show that even if the spiral is orbiting
the cluster (Mcl = 5× 1014 M�) with pericentre distances of the order 500 kpc
(well outside the cluster core), a combination of the hydrodynamic interaction
with the ICM and the effects of the global tidal field of the cluster are
able to effectively strip 80% or more of the halo gas within a few Gyr, and
prevent further accretion of gas onto the galaxy. They found that in group
environments (Mgrp = 1013 M�) halo gas stripping is only effective on orbits
that pass through the core of the group.

Suffocation acts to globally remove gas from a galaxy, and hence the
radial profiles of the remaining gas and star-formation should only be mildly
affected [Boselli et al., 2006]. The process should act to slowly dim the disk,
without affecting its morphology or radial profile, and has been favoured as a
mechanism to produce the anaemic spirals seen in present day clusters [van
den Bergh, 1976].
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Figure 1.26: The famous Antenna Galaxies are a pair of galaxies undergoing a violent
collision some 90 million light years away toward the constellation Corvus. This image shows
the innermost regions of the galaxies, at the very heart of the collision. The nuclei of the
two galaxies are visible in the image as the yellow and orange concentrations of light. Most
galaxies probably undergo at least one significant collision in their lifetimes.

1.3.5 Galaxy Merging

Toomre [1977] was the first to suggest that merging (Fig. 1.26) could have
a profound impact on galaxy evolution, proposing that the elliptical galaxy
population could result from the merging of disk galaxies. Subsequently
the hierarchical merging scenario was developed to describe the growth of
structure and the evolution of massive galaxies [e.g. White and Rees, 1978,
Lacey and Cole, 1993].

Hydrodynamical simulations following the mergers of gas-rich disk
galaxies showed that gas inflows induced by gravitational torques channel
large amounts of gas onto the central nucleus, fuelling powerful star-bursts
(often after the initial encounter, but before the galaxies coalesce) that use
up significant fractions (65− 85%) of the gas content from the original disk
[Mihos and Hernquist, 1996], leaving bulge-dominated remnants possessing
the r1/4 surface brightness profiles typical of early-type galaxies [Barnes and
Hernquist, 1992]. More recent hydrodynamical simulations incorporating
black hole growth [Springel et al., 2005a] show that the gas inflows fuel
also rapid growth of the central supermassive black hole, which may
become sufficiently massive to power quasar winds which entirely expel the
remaining gas, effectively terminating star-formation in the merger remnant
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Figure 1.27: The famous Antenna Galaxies are a pair of galaxies undergoing a violent
collision some 90 million light years away toward the constellation Corvus. This image shows
the innermost regions of the galaxies, at the very heart of the collision. The nuclei of the
two galaxies are visible in the image as the yellow and orange concentrations of light. Most
galaxies probably undergo at least one significant collision in their lifetimes.

[Di Matteo et al., 2005].

Fig. 1.27 [taken from Hopkins et al., 2008b] shows a schematic outline of
current theoretical model for the main phases of the formation of a passive
elliptical via a major merger of gas-rich disk galaxies. In panel (c) the two
galaxies start to merge: the interaction has distorted the discs and a strong
shock occurs in the impact region [Di Matteo et al., 2005]. Gas ha begun
to fall into the central region accreting mass onto the central black hole,
but no significant episode of star-formation occurs. In panel (d) the galaxies
coalesce, and massive inflows of gas trigger starbursts (often heavily obscured
by dust) with strengths similar to those inferred for ULIRGs and sub-mm
galaxies, and a great part of the gas is converted into stars via central nuclear
starbursts. The high gas densities feed rapid black hole growth, but the black
holes are obscured at optical wavelengths by gas and dust. Most of the nuclear
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gas is consumed by the starburst, and eventually feedback from supernovae
and the black hole begins to disperse the gas (panel e). The remaining gas is
then heated by the feedback energy provided by the accretion and is partly
expelled in a powerful wind. During this short phase the object could appear
as a bright quasar (panel f). The expulsion of the gas by the wind imply
a sudden quenching of the star-formation and of the accretion of the black
hole itself, terminating the quasar phase (g), and leaving as a result a “dead”
elliptical whose stellar population quickly evolves from blue to red. The
central panel of Fig 1.27 shows the star-formation rate during the merger
event: it shows the star-burst triggered during the coalescence/ULIRG phase
(d) and the subsequent quenching of the star-formation as the gas is expelled
from the galaxies by the quasar winds.

Galaxy mergers at the present epoch are relatively rare, with just ∼
0.5% in close physical pairs. For interacting galaxies to be able to merge
their encounter velocity must be less than or comparable to their velocity
dispersions and as a result mergers should be most frequent in groups with
high galaxy densities but low velocity dispersions. In contrast in rich clusters
the encounter velocities are too high, meaning that while interactions are
frequent, mergers are extremely rare [Ghigna et al., 1998].

While mergers may be rare now, in the much denser and active early
universe they were much more frequent. Conselice [2006] shows that galaxies
undergo a phase of rapid growth through merging at high redshifts z > 1, but
at later epochs the merger rate drops exponentially to a current rate that is
only a hundredth of that at 1 < z < 3. During this early and rapid merging, the
stellar masses of an average galaxy increases by a factor 10−100, undergoing
∼ 4 major mergers at z > 1. The epoch at which galaxies grow and merge is
also dependent on environment. Haloes that are in local clusters have built up
their mass through mergers and accretion earlier than isolated haloes of the
same mass [Maulbetsch et al., 2007]. Additionally, during this epoch of rapid
growth through mergers (1 < z < 4), progenitors of cluster and group halos
have 3− 5 times higher merger rates than isolated halos [Gottlöber et al.,
2001].

1.3.6 Ram-pressure stripping

Gunn and Gott [1972] first proposed that the ISM of cluster galaxies could
be removed through ram-pressure stripping as they move at high velocities
(∼ 1000 km s−1) through the dense (∼ 10−3 cm−3), hot (∼ 107 K) ICM. As a galaxy
orbits through the cluster, it experiences a wind because of its motion relative
to the diffuse gaseous ICM. Although the ICM is tenuous, the rapid motion of
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the galaxy causes a large pressure front to build up to in front of the galaxy.
Depending on the binding energy of the galaxy’s own ISM, the ICM will either
be forced to flow around the galaxy or will blow through the galaxy, removing
some or all of the diffuse ISM.

Hydrodynamic simulations of ram-pressure stripping confirm that gas
should be stripped from cluster spirals from the outside in, and that the radius
to which the gas is stripped depends on the relation of the ram-pressure to the
restoring force [e.g Abadi et al., 1999].

Before stripping a galaxy, ram-pressure compresses the gas ahead of the
galaxy and in the case of edge-on interactions the central gas density may
increase by a factor two, due to capture of the outer HII gas, resulting in a
temporary (∼ 108 yr) increase in star-formation [Fujita and Nagashima, 1999,
Vollmer et al., 2001].

Ram-pressure stripping should be more efficient for lower mass, low-
surface-brightness galaxies, for those galaxies on radial orbits that take them
through the densest parts of the ICM at the highest speeds, and for galaxies in
the richest clusters. Using hydrodynamical simulations Roediger and Hensler
[2005] find that the gas disks in massive spirals are heavily truncated or even
completely stripped in cluster cores, while even in lower density environments
such as the cluster outskirts or in poor groups, they are partially stripped. In
the same group environments Marcolini et al. [2003] find that dwarf galaxies
can be completely stripped of their gas. The dense ICM is built-up over
time (mainly at z < 1) through the gradual loss of gas from cluster galaxies
through ram-pressure stripping, galaxy winds and interactions, and so ram-
pressure stripping should be most effective at late epochs (z < 0.5). However,
Kapferer et al. [2007] also show that gas loss from ram-pressure stripping is
also important during the cluster formation epoch at 1 < z < 2 when galaxies
in sub-clusters enter the main cluster at high velocities. Such cluster-cluster
mergers can create shocks in the ICM, triggering starburst in galaxies over
large scales, before rapidly stripping them [Roettiger et al., 1996].

1.3.7 Harassment

Moore et al. [1996] proposed that cluster spirals could be disrupted by
“galaxy harassment”, whereby repeated close (< 50 kpc) high-velocity (>
1000 km s−1) encounters with massive galaxies and the cluster’s tidal field
cause impulsive gravitational shocks that damage the fragile disks of late-
type disks, transforming them over a period of few Gyrs into spheroids. High-
surface brightness spirals are relatively stable to the effects of harassment,
suffering little or no mass loss, although their disks may thicken and their
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spiral structures weaken [Moore et al., 1999]. Low surface brightness dwarf
spirals with their shallower potentials may suffer significant mass losses (up
to 90%) of both their stellar and DM components during harassment. These
low-mass galaxies undergo significant morphological transformations, even
at the outskirts of the cluster, the remnants resembling dwarf ellipticals,
although the disks are never completely destroyed [Mastropietro et al., 2005].

1.3.8 Tidal interactions

Dwarf spiral/irregular galaxies orbiting as satellites to massive galaxies may
also be transformed into passively-evolving dEs through tidal interactions
with the primary galaxy and ram-pressure stripping as they pass through its
gaseous halo. Mayer et al. [2001] show that high-surface brightness dwarf
spirals orbiting a Milky Way type galaxy on eccentric orbits taking them
within 50 kpc of the primary experience tidal shocks during their pericentre
passages, that can cause significant mass loss (mostly of the outer gaseous
halo and DM, but also of the stellar disk), formation of bar instabilities
that channel gas inflows triggering nuclear star-bursts, and loss of angular
momentum, resulting in their transformation over a period of ∼ 5 Gyr into
an early-type dwarf. Mayer et al. [2006] indicate that while tidal stirring of
disky dwarf galaxies can transform them into remnants that resemble dEs
after a few orbits, ram-pressure stripping is required to entirely remove their
gas component. The tides may aid ram-pressure stripping by diminishing
the overall potential of the dwarf, but the channelling of gas inwards to
form a concentrated remnant makes subsequent stripping more difficult. The
mutual efficiency of these processes which act on different mass scales and
environments could give rise to the sharp transition observed at Mcross.
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CHAPTER 2

The Classification Cube

In this chapter we will first outline a description of the zCOSMOS
survey, which is the general framework this Thesis is set in,
then we will present the galaxy classification method called
classification cube, adapted from Mignoli et al. [2009, hereafter
M09] and extended in this work, describing the methods we used
for galaxy classification and the results.

SECTION 2.1

Description of zCOSMOS

zCOSMOS [Lilly et al., 2007, 2009] is a large redshift survey which has
been carried out using VIMOS spectrograph [Le Fèvre et al., 2005] installed
at the 8 m UT3 “Melipal” of the European Southern Observatory’s Very Large
Telescope at Cerro Paranal. The main goal of the survey is to trace the large
scale structure of the universe up to z ∼ 3 and to characterize galaxy groups
and clusters.

In order to exploit more efficiently the resources of the VIMOS
spectrograph, the zCOSMOS survey has been split in two distinct parts:

• zCOSMOS-bright, a magnitude-limited (IAB < 22.5) survey that consists
of ∼ 20000 galaxies in a redshift range of 0.1 < z < 1.2. This part of the
survey has been undertaken on the 1.7 deg2 COSMOS field fully covered
by the ACS camera of the Hubble Space Telescope;

• zCOSMOS-deep, a survey whose ∼ 10000 galaxies are selected through
various colour criteria, with a redshift range of 1.4 < z < 3.0, concentrated
in the central 1 deg2 of the COSMOS field.
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2.1. Description of zCOSMOS

The bright part of the survey (zCOSMOS-bright) makes use of a medium
resolution grism (R ∼ 600) in order to achieve the desired velocity accuracy
of ∼ 100 km s−1; to reach the 90% success rate the observations are carried
out with 1 hour integration time, divided into 5 exposures of 720 s each. The
exposures are taken with a seeing better than 1.2 arcsec. The specifications
of the bright part of the survey include a very high success rate in redshift
determination (∼ 90%), a uniform sampling rate across the whole field, and
very high velocity accuracy (∼ 100 km s−1) with the possibility to define the
dynamical environment of the galaxies.

Redshifts are given a confidence class, indicated by a flag, representing
the quality of the spectra and the reliance in the redshift determination. The
possible values of the flag are:

• 4, very secure redshift (spectroscopic verification > 99.5%);

• 3, secure redshift (spectroscopic verification > 99.5%);

• 2, likely redshift (spectroscopic verification ∼ 92%);

• 1, possible redshift (spectroscopic verification ∼ 70%);

• 9, redshift based on a single strong emission line (spectroscopic
verification > 95%);

• 0, no redshift determination.

Spectroscopic verification is computed exploiting the repeated observation
of some spectra. Assuming that the chance of getting the same redshift
(within 2000 kms−1) when both redshifts are wrong is negligible, the
probability that any pair of independent redshift measurements with
confidence classes i and j agree is just the product of the two probabilites pi · p j.
By examining all pairs of measurements of common objects, two triangular
matrices N and F can be constructed, for which the elements Ni j (with i ≥ j)
contain the number of “trials” where one confidence class was i and the other j,
and Fi j gives the fraction of these trials where the two redshifts were actually
in agreement. For a given set of pi, the probabilities of observing Fi j with Ni j

trials, Pi j, is evaluated using standard binomial statistics and the preferred
set of pi selected through a maximum likelihood approach by maximizing the
product Πi, j≥i Pi j [see discussion in Lilly et al., 2007].

In addition, photometric redshifts [Ilbert et al., 2006, 2009] are compared
to the spectroscopic ones to check for consistency. A decimal flag is therefore
added to the confidence class flag: if the photometric redshift is consistent
with the spectroscopic one within 0.08 · (1 + zspec) then a “.5” flag is appended
to the confidence class; if not, a “.1” flag is appended instead.
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2.1.1 The data sample

The data release this paper is based upon, called 10k sample, is made up
of 10 642 galaxies from the zCOSMOS-bright part of the survey, regardless
of the spectral quality. Our first work sample is composed by 4 874 galaxies
between 0.48 < z < 1.28: this will be referred to as high redshift whole sample.
This choice is due to the fact that given the spectral range of the observations
(5550-9650 Å), the spectral features around rest-frame 4000 Å that we use
in this work (the continuum break at ∼ 4000 Å – from now on D4000 – and
the O II emission line) can be detected only in the that redshift range. The
high redshift high quality sample, instead, is composed by all the galaxies
with spectroscopic flag 4, 3 and 2.5, i.e. galaxies with secure redshifts, or
likely redshifts confirmed by the photometric one. Galaxies with spectroscopic
flag=1 are excluded because of their poor-defined spectral features, while
flag=9 are excluded because of the absence of other spectral features beside
the single strong emission line; this high quality subset is composed by 3 720
objects (76% of the whole sample).

The subsequent extension of the work to lower redshifts, achieved by
substituting D4000 and EW0[O ii] with the rest-frame equivalent width of Hα

(EW0(Hα)), builds up a different dataset composed by 3 402 galaxies (low
redshift whole sample); the corresponding low redshift high quality sample is
made up by 3 005 galaxies (88% of the whole sample). It has to be noted that,
throughout the analysis, the informations on the errors associated with the
parameters were not included, since many parameters (like the morphological
ones) were not given an error. Furthermore, spectroscopical stars and broad-
line active galactic nuclei have been excluded from both samples.

SECTION 2.2

The classification cube method

We extended the classification method developed by M09, applied
to the first release of the zCOSMOS-bright catalogue (the so-called 1k
sample, composed by ∼ 1000 galaxies) to the larger dataset provided by
the 10k sample. This classification is based on three independent datasets
(spectroscopic, photometric, morphological) which exploits the bimodality
shown by galaxies in many features.
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Figure 2.1: Top: EW0[O ii] versus S/Ncont. The solid and dashed lines represent Eq. 2.1 for
SL = 3 and SL = 1.5 respectively. Bottom: upper limits of EW0[O ii] versus S/Ncont. The solid line
represents Eq. 2.1 with SL = 3, while the red and blue large dots represent the recomputed
upper limit values (in bins of S/Ncont) for, respectively, objects above and below the envelope
line.

2.2.1 Spectral classification

Spectral measurements of the 10k sample were carried out by the automatic
computer code PlateFit [Lamareille et al., 2006]. The program analyses the
galaxy spectra and performs measurements of equivalent width and flux for
the most important spectral features.

We classified galaxies in the sample using the diagram D4000 vs. rest-
frame equivalent width of [O II] (from now on EW0[O ii]) developed by Cimatti
et al. [2002] and extensively used in many works, e.g. Kauffmann et al.
[2004], Mignoli et al. [2005], Franzetti et al. [2007]. D4000 is a tracer of
cumulative star forming: galaxies with stronger 4000 Å breaks had a longer
history of forming stars [Bruzual, 1983, Marcillac et al., 2006]; on the other
hand, the presence of [O II] in emission is an effective signature of ongoing
star formation [Kewley et al., 2004, Kennicutt, 1998]. Upper limits of the
observed equivalent widths of [O II] emission lines have been computed using
the empirical relation proposed by Mignoli et al. [2005], and compared to the
values of the upper limits produced by PlateFit. The empirical envelope
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relation is:

EWlim =
SL ·∆

S/Ncont
(2.1)

where SL is the significance level of each line computed on the continuum
noise, ∆ is the spectrum resolution (in Å) and S/Ncont is the signal-to-noise
ratio of the spectrum calculated in the proximity of the line.

In the upper panel of Fig. 2.1 we plotted EWobs[O ii] versus signal-to-
noise ratios of the continuum near the line for all galaxies as measured
by PlateFit. The vast majority (97%) of the measurements lie above our
envelope function (solid line in Eq. 2.1 with SL = 3). It seemed not advisable
to delete the 3% of measurements below the envelope, so we tried other values
of SL. The dashed line represents Eq. 2.1 where SL = 1.5. We decided to keep
this envelope as a threshold for the measurements and reject the 21 objects
whose lines lie below it.

In the lower panel we put the objects for which PlateFit gives just and
estimate of upper limits for EWobs[O ii]. As it can be easily seen, PlateFit
upper limits are not constrained below the envelope lines as we would expect
but are split in two roughly equal subsamples by the envelope itself. We
decided to remeasure the average EWobs[O ii] of these two subsamples, in
order to compare directly our results and those of PlateFit. We divided
each subsample in three bins of equal cumulative S/Ncont: bins at low S/Ncont

contained a larger number of objects than those at high S/Ncont. For each
bin we computed an average spectrum from source spectra, performed our
measurements of local S/Ncont and of line equivalent width using IRAF splot

task. We detected and measured the [O II] line in all of our composite spectra
and used Eq. 2.1 to calculate its corresponding EWobs[O ii] upper limit.

Errorbars in S/Ncont represent the bin width, while (almost invisible)
errorbars in EWobs[O ii] depend on the redshift range of the objects in the bin:
since EWobs[O ii] measured from spectra are rest-frame, we had to correct them
for redshift. We therefore used the average redshift z̄ for plotting the point
(EWobs[O ii] = EW0[O ii] · (1 + z̄)), and lowest and highest values of the redshift
bin for errorbars in equivalent width.

We show that our measurements of EWobs[O ii] upper limits for objects
above and below the the envelope line are comparable, differing at most
for a factor 2, while PlateFit values are a factor 10 higher and much
dispersed. Moreover, all our measurements lie below the SL = 3 envelope line,
showing that this estimate of upper limits is robust; we therefore substituted
PlateFit upper limits below the envelope with the values provided by our
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Eq. 2.1.
In Fig. 2.2 the D4000-EW0[O ii] plane is shown. The horizontal dashed

line represents the cut at 5 Å in EW0[O ii] used to separate strong and weak
line emitters, adopted by M09. We used an iterative σ-clipping least squares
algorithm to constrain the regions of highest density obtaining the following
boundaries:

1.64≤ D4000+0.36log(EW0[O ii])≤ 2.14 (2.2)

This is somewhat narrower with respect to Eq. (2) in M09, especially
toward the left side of the diagram – low D4000 values – probably due both
to a lower σ rejection in the algorithm and to the larger sample that tends to
concentrate the objects in the region.

We defined star-forming galaxies the 66% of the spectroscopic high quality
galaxies with low values of D4000 and high values of EW0[O ii], and quiescent
galaxies (21%) those with low values of EW0[O ii] and high values of D4000.
The remaining fraction of galaxies populating the upper-right part of the
diagram is defined as red emitters, featuring a quiescent-like continuum but
with strong emission lines.

The left part of the diagram is mainly populated by low quality spectra
objects (crosses in the diagram); high quality objects (which are 4% of the total
high quality sample) reside mostly near the boundary. These objects are left
out of the classification.

Considering the high quality sample only, we noted that nearly 88% of the
galaxies are classified in one of the two main classes. Relaxing the constraints
on the requested confidence on the spectral features, the fraction of galaxies
in each area of the D4000-EW0[O ii] plane is mostly unchanged.

2.2.2 Photometric classification

We expect a rather tight correlation between some spectral property
(e.g. D4000) of the galaxies and their colours. As the colours of galaxies reflect
their star population, we would expect our star-forming galaxies to be bluer
than the quiescent ones, because of the well known colour-age relation.

We introduce another classification based on the photometric properties
of the galaxies. In the lower panel of Fig. 2.3 the colour B− z of the galaxies
[Capak et al., 2007] is shown as a function of their redshift. We used B− z
colour because of its effectiveness in separating the two galaxy classes [M09].
Spectroscopic star-forming galaxies (blue triangles) have lower B−z and thus
are bluer than both quiescent galaxies and red emitters (respectively red
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Figure 2.2: Spectral classification diagram for the 10k high quality zCOSMOS sample. In red
are passive galaxies, in blue star forming galaxies and in magenta red emitters. Small arrows
mark object for which we have only upper limits in EW0[O ii]. Numbers represent the fraction
of objects belonging to each class.
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2.2. The classification cube method

B− z Quiescent Star-forming Total
Red 983 (1167) 227 (318) 1210 (1485)
Blue 208 (320) 2431 (3081) 2639 (3401)
Total 1191 (1487) 2658 (3399) 3849 (4886)

Table 2.1: Summary of the number of high spectral quality galaxies in spectroscopic and
photometric classifications. Between parentheses are figures from the whole sample.

squares and yellow dots). As a way of discriminating the two populations,
we used the colour track of a Sab galaxy template, from the set provided by
Coleman et al. [1980, see discussion in M09].

Galaxies classified as red emitters, on the basis of their spectral
properties, are distributed in the same region as the quiescent ones; this can
be seen in the upper panel, where is plotted the distribution of the distances
between measured colours and the colour of the template at the redshift of
the galaxy:

∆(B− z) = (B− z)obs− (B− z)templ (2.3)

where (B− z)obs are the observed colours of the galaxies and (B− z)templ is
the Sab evolutionary track colour at the redshift of each object.

We use the quantity ∆(B− z) to segregate photometrically the galaxies:
if ∆(B− z) > 0 galaxies are considered “red”, while when ∆(B− z) < 0 galaxies
are assigned to the “blue” class. Since, as we said, red emitters seem to share
colours with the quiescent galaxies, we decided to merge these spectroscopic
classes into one general “quiescent” category.

In Tab. 2.1 the 2× 2 contingency table for spectral and photometric
classifications is shown: almost 90% of the high quality sample shows a full
agreement between the spectral and photometric classifications (87% for the
whole sample). The Cohen’s kappa coefficient for inter-rater agreement is
0.74, confirming that the classifications are statistically consistent.

2.2.3 Morphological classification

Morphology data are provided by Scarlata et al. [2007], who built their Zurich
Estimator of Structural Types (ZEST) performing a Principal Component
Analysis (PCA) on 5 parameters derived directly from HST/ACS images of
the COSMOS survey. The PCA – performed on asymmetry (A), concentration
(C), ellipticity (ε), second order moment of the brightest 20% pixels (M20)
and Gini coefficient (G) – produced a five-dimensional principal component
space, of which just three are used for subsequent analysis; those first
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Chapter 2. The Classification Cube

Figure 2.3: Photometric classification of the 10k zCOSMOS-bright high quality sample. In
the lower panel colour B− z versus redshift z is shown: blue triangles are star-forming, red
squares are quiescent, yellow are dots are red emitters. Solid line represents the evolutionary
B− z track of a template Sab galaxy from Coleman et al. [1980] [Sawicki et al., 1997]. In the
upper panel the distributions of ∆(B− z), as defined in Eq. (2.3), for star-forming galaxies
(blue histogram), quiescent galaxies (red histogram) and red emitters (yellow histogram) are
plotted. The dashed line represents ∆(B− z) of the Sab galaxy evolutionary track used as
separator.
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2.2. The classification cube method

Figure 2.4: Distribution of ZEST indexes for the three spectral types. Spectral quiescent
galaxies are represented in the upper panel, star-forming in the middle one and red emitters
(here labeled “intermediate”) in the bottom panel.

three components sum up to 92% of the original total variance. This three-
dimensional space is subdivided into equally spaced regions, and a dominant
morphological class is assigned to galaxies in each region.

The ZEST classification scheme adopt a main morphological index, which
can be 1 (for elliptical galaxies), 2 (for spirals) or 3 (for irregulars), plus an
integrative bulgeness parameter (only for galaxies with main index of 2),
calculated from galaxy Sérsic indexes. In this way spiral galaxies are further
divided into four subclasses: 2.0, 2.1, 2.2, 2.3 going from bulge dominated
spirals to disk dominated, largely following Hubble classification of spiral
galaxies from S0 through Sc types.

In Fig. 2.4 is plotted the distribution of ZEST types for our spectral
classes. Looking at the upper and middle panels a clear dichotomy can
be seen, as quiescent galaxies prefer lower ZEST types, while star-forming
galaxies tend to have higher indexes. Red emitters’ distribution is very
similar to those of early types, confirming our choice to consider from now
on these objects and the quiescent galaxies in the same spectral category.
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Chapter 2. The Classification Cube

Figure 2.5: The D4000-EW0[O II] plane for different morphological types using the ZEST
scheme. Here only galaxies with high quality spectral measurements are shown.

In Fig. 2.5 we show our D4000-EW0[O ii] plane for the different ZEST types.
At the bottom the spectral plane of ZEST 2.2, 2.3 and 3 types, which are
spirals with lowest bulge-to-disk ratio or, in terms of Hubble classification,
latest disks, and irregular galaxies, are shown. The vast majority of these
three types (combined together, almost 90%) set themselves in the narrow
star-forming galaxies region, proving the tight correlation between their
spiral-like morphology and the prominence of their emission lines.

We assigned ZEST type 2.2, 2.3 and 3 galaxies to a common morphological
category, the disk-dominated and irregular galaxies, and ZEST types 1 and
2.0 to another common category, the ellipsoidal galaxies. ZEST types 2.1
(spiral galaxies with an intermediate bulge-to-disk ratio) are furtherly divided
according to their colour properties: We explored further the properties of
ZEST 2.1 type galaxies given their broad properties in terms of spectral and
photometric features. In Fig. 2.6, we plotted the histograms of ∆(B−z) for our

59



2.2. The classification cube method

Figure 2.6: Distribution of ∆(B−z) for ZEST types 2.1. The blue and red histograms represent
respectively the distribution of spectroscopic star-forming galaxies and that of the quiescent
galaxies for the whole sample; the dashed histograms represent the same distributions for
the high spectroscopic quality sample.

ZEST \ spectral Quiescent Star-forming Total
ellipsoidal 607 (717) 236 (292) 843 (1009)

2.1 350 (410) 436 (528) 786 (938)
disk-dominated 141 (232) 1860 (2391) 2001 (2623)

Total 1098 (1359) 2532 (3211) 3630 (4570)

Table 2.2: Summary of the number of high spectral quality galaxies in spectroscopic and
photometric classifications. Between parentheses are figures from the whole sample.
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morph +B− z Quiescent Star-forming Total
Spheroidal 894 (1049) 312 (394) 1206 (1443)

Disk/Irregular 204 (310) 2220 (2817) 2424 (3127)
Total 1098 (1359) 2532 (3211) 3630 (4570)

Table 2.3: Spectral–morphological contingency table. Figures are for the high quality sample
(between parentheses are figures for the full sample).

ZEST type 2.1 galaxies for the spectroscopically quiescent galaxies and star-
forming galaxies (red and blue histograms: the dashed histograms represent
the high quality sample, the open ones are the whole sample). Indeed,
most (83%, 360/436) star-forming galaxies of ZEST type 2.1 have a negative
∆(B− z), and are therefore classified as “blue”, while a similar percentage
(82%, 287/350) of quiescent galaxies have ∆(B− z) > 0 and are classified as
“red”. Therefore, we included the “red” population of the ZEST 2.1 type in the
morphologically ellipsoidal class and and the “blue” population of them in the
disk-dominated class (see discussion in M09).

In Table 2.3, we presented the numerical results of our morphological
classification. We calculated Cohen’s kappa coefficient, which turned out to be
≈ 0.67 for the high quality sample, proving the goodness of our classifications.

2.2.4 The cube

To better analyse the correlations and similarities of our galaxies, we merged
the three classifications (spectroscopic, photometric and morphological) into
a three-axial framework, a classification cube. To simplify the classification
we assigned to each galaxy a 3-digit numerical flag which encompasses
information from the three categories:

• The first digit represents the spectral classification. The flag 1 and 2
classified a galaxy as a “quiescent” and “star-forming” type, respectively.

• the second digit stands for the colour classification. The flag 1 and 2
classified a galaxy as a “red” and “blue” type, respectively.

• the third digit is the morphological flag. The flag 1 and 2 classified a
galaxy as a “spheroidal” and “disk/irregular” type, respectively.

So, for instance, a “212” classificator denotes a star-forming, disk-
dominated galaxy with ∆(B− z) > 0, therefore red.

Table 2.4 shows the complete building of the 3D classification cube.
Removing from the high redshift whole sample objects for which the full set
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2.2. The classification cube method

Cube identifier High quality sample Whole sample
111 846 (23.3%) 985 (21.4%)
222 2171 (59.9%) 2743 (59.7%)
121 48 (1.3%) 64 (1.4%)
212 49 (1.3%) 74 (1.6%)
211 168 (4.6%) 255 (5.5%)
122 139 ( 3.8%) 216 (4.7%)
221 144 (4.0%) 169 (3.7%)
112 65 (1.8%) 94 (2.0%)

Total 3630 (100%) 4600 (100%)

Table 2.4: Complete classification cube. The column “Cube identifier” contains the 3-digit
label for the classification adopted in this paper: first, second and third digits represent
respectively spectral, photometric and morphological classifications.

of data was not available, the full sample of the cube retains 4 600 sources,
while the high quality sub-sample is made up of 80% of them (3 630). Figures
change very little between the two samples: almost 60% of the sources show
a full concordant “222” classification (star-forming spectra, blue colours, disk-
dominated morphologies) and more than 20% of the sample is composed by
“111” galaxies (quiescent spectra, red colours, spheroidal morphologies). On
the whole, 83% of the galaxies show a full concordant cube classification, very
similar to the 85% of concordance shown by the smaller zCOSMOS-bright 1k
sample (see M09).

This agreement confirms the goodness of this kind of classification:
the vast majority of the galaxies in the sample belong to one of the two
larger classes that show concordant behaviour in spectral, photometric and
morphological properties. In these three fundamental observational features,
bimodality is a major property of the galaxy population, either considering
these features one at a time or comparing them in a more organic way.
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CHAPTER 3

PCA-Clustering classification
method

In this chapter we will present an entirely new method of galaxy
classification, which exploits in a natural way the global bimodal
properties of the galaxies. We will describe first the Principal
Component Analysis and its application to our dataset, then
we will present the Unsupervised Fuzzy Partition, that is the
cluster analysis algorithm that actually classifies galaxies into
early types, late types and intermediate galaxies. Finally we will
exploit the large capabilities and flexibility of PCA+UFP method
extending the work to a lower redshift sample of galaxies.

SECTION 3.1

The PCA+UFP clustering method

The bimodality is an intrinsic property of galaxies, not only considering
specific characteristics like colours, spectral indices, morphologies etc, but
also taking those properties as a whole, as we have seen in the previous
section. A classification cube stands on its own because of this global
bimodality, which tells us that galaxies are well divided in two categories,
“early types” and “late types”. How those two categories relate to each other
is still matter of debate, and the characterisation of transitional galaxies –
objects that represent the bridge from one category to another, the so-called
green valley – is of paramount importance for the definition of the evolutive
history of the galaxies and to understand how and why galaxies migrate

63



3.1. The PCA+UFP clustering method

between categories.
For these reasons we decided to pursue a more global look to our sample,

considering properties of galaxies as a whole. To accomplish this task, we
used the Principal Component Analysis on our sample and a Cluster Analysis
to identify the loci of early type and late type galaxies.

3.1.1 Principal Component Analysis

The Principal Component Analysis (PCA) [Pearson, 1901, Hotelling, 1933]
is an orthogonal linear transformation useful to reduce multidimensional
data sets to lower dimensions, in order to facilitate subsequent analysis.
It transforms the data to a new coordinate system such that the greatest
variance by any projection of the data comes to lie on the first coordinate
(called the first principal component), the second greatest variance on the
second coordinate, and so on. For this reason PCA is the ideal tool to study a
large number of parameters, allowing us to understand their importance and
correlations.

Our PCA run involved 8 major observational properties of the sample:
two parameters are derived from spectra (the D4000 break and the rest-frame
equivalent width of [O II], i.e. EW0[O ii]); one is derived from the photometric
analysis (∆(B− z)) and the remaining parameters are morphological: M20

(second-order moment of the brightest 20% of galaxy flux), concentration C
(ratio between radii including 80% and 20% of galaxy light), Gini coefficient G
(uniformity of light distribution), asymmetry A (rotational symmetry of light
distribution) and clumpiness S, as taken from ZEST catalogue. We chose
these parameters in order to keep our results comparable to the previous
classification, the 3D cube, which makes use of the same observables.

The first step required to apply the PCA to a data set is to normalise
the involved observables. Thus, we took the logarithm of EW0[O ii], as the
variable was distributed as a log-normal distribution. Therefore, from now
on we will be referring to log(EW0[O ii]) every time we mention the equivalent
width of [O II].

The result of the PCA application to our eight variables is a rotated eight-
dimensional space, where every new variable (PCx, where x ∈ N, x ≤ 8) is a
linear combination of the original ones:

PCx =
8

∑
i=1

a(i)xVi (3.1)

where a(i)x are the coefficients of the linear transformation and Vi are the
original variables.
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Figure 3.1: 2D density maps of the high redshift galaxies in PC1-PC2 plane (upper panels)
and in PC1-PC3 plane (lower panels). Left maps are calculated on the whole sample, while
right ones are calculated on the high quality sample only. It is clearly visible the global
bimodality of galaxy properties, represented by the two “clumps” in density.

In Tab. 3.1 the coefficients a(i)x of our PCA are shown. Coefficients show
the relative importance of the original variables in each eigenvector PCx: the
larger the value of a(i)x, the stronger the importance of the associated variable
within the principal component. The two last rows of PCA table show the
proportional variance (how much variance is expressed by each single PC)
and the cumulative variance (how much variance is expressed by the sum of
the previous PCs). We decided to never let the cumulative variance be below
80% of the original total one, so we decided to keep only the three first PCs,
which express the 84% of the original variance.

Fig. 3.1 shows the density of the data points in the PC1-PC2 and PC1-PC3
planes, achieved via kernel density estimation with an axis-aligned bivariate
normal kernel, evaluated on a square grid [Venables and Ripley, 2002]. The
plot shows the isodenses of the points, both using lines of equal density and
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3.1. The PCA+UFP clustering method

Parameter PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
D4000 -0.368 0.117 0.423 0.062 -0.653 0.329 -0.365 -0.026
EW0[O ii] 0.359 -0.056 -0.429 -0.245 -0.733 -0.177 0.233 -0.025
∆(B− z) -0.392 0.139 0.388 0.023 -0.114 -0.525 0.621 0.039
G -0.367 0.304 -0.415 0.031 0.002 -0.571 -0.522 -0.038
M20 0.419 -0.013 0.323 0.131 -0.058 -0.314 -0.261 0.730
C 0.400 0.125 -0.289 -0.447 0.065 0.320 0.160 0.640
A 0.185 0.772 -0.160 0.488 -0.028 0.234 0.215 0.066
S 0.278 0.510 0.318 -0.693 0.124 -0.052 -0.119 -0.222
Prop. Variance 0.586 0.142 0.109 0.063 0.043 0.024 0.022 0.011
Cum. Variance 0.586 0.728 0.838 0.901 0.944 0.968 0.990 1.000

Table 3.1: Results of the Principal Component Analysis applied to eight different properties
of the galaxies. Absolute values of the coefficients show the relative importance of the original
variables within each Principal Component; a negative coefficient means an anti-correlation.

a colour-coded 2D map: the global bimodal nature of the whole population of
galaxies is reflected by the two “clumps” in density, separated by a narrow
under-dense “valley”, in which transitional objects lie. The global bimodality
is much more evident in the high quality sample, due to better measurements
of the spectral features involved.

It is interesting to notice that Disney et al. [2008] stated that only one
parameter should be sufficient to describe the nature of a galaxy, although
they were not able to identify it: our PCA shows that the bimodality unfolds
itself in the PC1 direction alone. Although PC1 cannot be that single simple
parameter, it is a very interesting fact that the main properties of a galaxy
can be described just by looking to its PC1 value.

The so-called biplot is a very useful tool to understand the relationships
between the original variables and the PCs [Gabriel, 1971], and in our work
it can help explain why do galaxies arrange themselves in this way in the
PC space. In the biplot in Fig. 3.2 the arrows represent the axes where each
original variable lies, and their length is an index of their “strength”, their
importance within each PC – in mathematical terms the coefficients a(i)x

shown in Tab. 3.1, also called loadings. Looking at the coefficients of D4000,
EW0[O ii], ∆(B−z), G, M20 and C within PC1, for instance, one can see that they
are roughly the same (in absolute value): this explains why in the biplot the
relative arrows have more or less the same length along PC1 axis.

Fig. 3.2 shows that D4000 and ∆(B−z) are strongly correlated, because the
arrows point in the same direction and have similar strength. The EW0[O ii]
is anti-correlated to them both, and that is somewhat expected since spectral
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Figure 3.2: Biplot of our PC1-PC2 plane. Black points are the galaxies as expressed in terms
of PCs, while blue arrows represent the “direction” in which each original variable tends to
scatter the data.

classification shown in Fig. 2.2: most galaxies with high values of D4000 have
little or no emission lines, and vice-versa. ∆(B− z) increases with D4000,
so basically redder galaxies have a larger D4000, and that is also expected
from Fig. 2.3. We noted also that C and G are strongly correlated: G is a
measure of how uniformly the flux is distributed among pixels in the galaxy
image, so more concentrated galaxies have a larger value of G, or that the
flux is not uniformly distributed. M20 is anti-correlated with the two other
morphological parameters: since M20 is a measure of how many bright off-
centred knots of light are present, the greater is the value of M20, the “later”
is the galaxy, because disk-dominated galaxies have more bright spots (star
formation regions, spiral arms, bars) than spheroidal or elliptical galaxies.

Taking into consideration only PC2 we can see that asymmetry A and
clumpiness S are very strongly correlated: the larger the value of PC2 of a
galaxy, the more disturbed its morphology is. Objects with low values of PC2
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3.1. The PCA+UFP clustering method

show more regular morphologies, and are separated by their values of the
other morphological parameters like C, M20 and G.

3.1.2 Cluster analysis

Cluster analysis is based on partitioning a collection of data points into a
number of subgroups, where the objects inside a cluster show a certain degree
of closeness or similarity. Hard clustering assigns each data point (feature
vector) to one and only one of the clusters, with a degree of membership
equal to one, assuming well defined boundaries between the clusters. This
model often does not reflect the description of real data, where boundaries
between subgroups might be fuzzy, and where a more nuanced description
of the object’s affinity to the specific cluster is required. For this reason we
applied a fuzzy clustering method to our PCA-reduced sample in order to
segregate galaxies between the two clusters.

Our method makes use of the Unsupervised Fuzzy Partition (UFP)
clustering algorithm as introduced and developed by Gath and Geva [1989].
The approach of this method is Bayesian: first it is required to run a partition
algorithm to provide first guesses of memberships and cluster centroids. This
is achieved via a modification of the fuzzy c-means algorithm [Bezdek, 1973].
These prototypes are then used by the second algorithm (Fuzzy modification
of maximum likelihood estimation – FMLE) to achieve optimal fuzzy partition
[Geva et al., 2000].

The fuzzy c-means algorithm

The k-means algorithm is a hard partitioning method quite simple and
popular, though its results are not always reliable and can suffer from
numerical problems. This algorithm allocates each data point to one of c
clusters to minimize the within-cluster sum of squares:

c

∑
i=1

∑
k∈Ai

‖ xk−vi ‖2 (3.2)

where Ai is a set of objects (data points) in the i-th cluster and vi is
the mean for that points over cluster i. In k-means clustering the cluster
prototype is a point.

The fuzzy c-means algorithm (FCM) can be seen as the fuzzified version
of the k-means algorithm and is based on the minimization of an objective
function called c-means functional:
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J(X;U,V) =
c

∑
i=1

N

∑
k=1

(µik)m ‖ xk−vi ‖2
A (3.3)

where V = [v1,v2, . . . ,vc] ,vi ∈ Rn is a vector of cluster prototypes (centres),
which have to be determined, ‖ xk−vi ‖2

A= D2
ikA = (xk−vi)TA(xk−vi) is a squared

inner-product distance norm, and U = [µik] is a N× c matrix representing the
fuzzy partitions, where µik denotes the membership degree that the i-th data
points belongs to the k-th cluster. Its conditions are given by:

µik ∈ [0,1],∀i,k,
c

∑
i=1

µik = 1,∀i, 0 <
N

∑
i=1

µik < N,∀k. (3.4)

Statistically, Eq. (3.3) can be seen as a measure of the total variance of
xk from vi. The minimization of Eq. (3.3) represents a non-linear optimization
problem that can be solved by using a variety of available methods, ranging
from grouped coordinate minimization to genetic algorithms. The most
popular method, however, is a simple Picard iteration through the first-order
conditions for stationary points of Eq. (3.3), known as the fuzzy c-means
(FCM) algorithm.

The FMLE clustering algorithm

The fuzzy maximum likelihood estimates (FMLE) clustering algorithm
employs a distance norm based on the fuzzy maximum likelihood estimates,
proposed by Bezdek and Dunn [1975]:

Dik(xk,vi) =

√
det(Fwi)

αi
exp
(

1
2

(
xk−v(l)

i

)T
F−1

wi

(
xk−v(l)

i

))
. (3.5)

This distance norm involves an exponential term and thus decreases
faster than the inner-product norm. Fwi denotes the fuzzy covariance matrix
of the i-th cluster, given by:

Fwi =

N

∑
k=1

(µik)w(xk−vi)(xk−vi)T

N

∑
k=1

(µik)w

,1≤ i≤ c (3.6)

where w = 1 in the original FMLE algorithm, but we use the w = 2
weighting exponent, so that the partition becomes more fuzzy to compensate
the exponential term of the distance norm. The αi is the prior probability of
selecting cluster i, given by:
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αi =
1
N

N

∑
k=1

µik. (3.7)

The membership degrees µik are interpreted as the posterior probabilities
of selecting the i-th cluster given the data point xk. Gath and Geva [1989]
reported that the fuzzy maximum likelihood estimates clustering algorithm
is able to detect clusters of varying shapes, sizes and densities. The cluster
covariance matrix is used in conjunction with an exponential distance, and
the clusters are not constrained in volume. However, this algorithm needs a
good initialization, since due to the exponential distance norm, it converges
to a near local optimum [Kenesei et al., 2008].

Both these algorithms have been implemented using R statistical package
[R Development Core Team, 2009].

3.1.3 Application of the PCA+UFP method

Fig. 3.3 shows 2D projections of the application of the UFP clustering
algorithm to our 3D dataset. The global bimodality shown by the PCA
application is confirmed and well defined by the UFP algorithm. As already
noticed in §3.1.1, the leftmost objects (in red in the plot) are the early type
galaxies, while in the rightmost part of the diagram (in blue) are the late
type galaxies. Figs. 3.4 are 3D visualizations of the data, trying to show the
PC-spatial distribution of the different galaxy populations.

Being a fuzzy partitioning method, objects do not belong just to one
cluster: their probability of membership is spread across all the clusters,
provided that the sum of memberships for all clusters, for a given data point,
is equal to 1. In our work we assign the i-th object to a cluster k only if its
probability of membership is µik > 0.9. We chose this threshold because, due to
the exponential nature of the FMLE distance function, there is a steep rise in
the probability function until ∼ 0.9, and then there is a general flattening. In
Fig. 3.3 red objects are galaxies which belong to the “early type cluster” with
a probability more than 90%, while blue objects are galaxies which belong to
the “late type cluster” with the same probability. All other galaxies (those
which belong to any cluster with a probability 0.5 < µik < 0.9) are marked in
green.

Early type galaxies, defined in this way, represent almost 30% of the
entire sample (1413 objects), while late types are 62% (3035) and the other
8% (426) are classified as intermediate objects. The early types’ locus here is
more populated than the correspondent class in the classification cube (the
“111” class), which was composed by the 23% of the total sample (Tab. 2.4).
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Figure 3.3: Result of the Unsupervised Fuzzy Partition (UFP) clustering algorithm applied
to the PCA-reduced whole sample: the upper panel represent the PC1-PC2 plane, while the
lower panel represent the PC1-PC3 plane. In red are early type galaxies, in blue late type
galaxies, in green our intermediate objects. Brown lines are the interceptions on plane PC1-
PC2 of the isoprobability surfaces with probabilities 70% and 90%. Black curves are the
isodenses of the points in the planes, computed via Gaussian kernel smoothing.
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3.1. The PCA+UFP clustering method

Figure 3.4: Two different three-dimensional visualizations of the PC space. The colours
represent the clusters as defined by the UFP cluster analysis in Fig. 3.3. Different intensities
of the colours represent the distance of the point from the vantage point, trying to give the
idea of the depth of the points distribution.
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Chapter 3. PCA-Clustering classification method

This is due to several reasons: the 90% membership threshold for the UFP
cluster analysis, which seemed a fair choice due to the shape of the probability
function, is however more or less arbitrary; choosing a 95% membership
threshold, for instance, lowers the percentage of early type objects to ∼ 20%.
Moreover, the classification cube considers 8 different classes of objects, while
PCA+UFP only 3 of them: many of the outliers in the classification cube (all
the 121s and the 211s, and a great part of 112s and 221s) are now classified as
early types in PCA+UFP. If they were to be classified as fully concordant 111s
in classification cube, this class would be made up of nearly the 31% of the
whole sample. Finally, one must keep in mind that the “early type cluster”, as
defined by PCA+UFP, is not intended to be made up of pure passive galaxies;
rather, it is composed also by bulge-dominated weakly-starforming objects.

Most of the differences between the two methods could be ascribed to
errors and misclassifications due to the “hard partitioning” logic of the cube
classification: each of the sub-classifications of the cube are characterized by
clear cut boundaries that can produce placement misclassifcations, especially
for objects that are in proximity of those boundaries. Another culprit could
be the high number of morphological parameters in the PCA+UFP analysis,
that might assign greater importance to those to the detriment of other
parameters; however, several runs of the PCA+UFP algorithms with lower
numbers of morphological parameters do not seem to substantially change
the results.

Fig. 3.3 shows also the results of the cluster analysis with respect of
the local density evaluation as shown in Fig. 3.1. It can be easily seen that
the intermediate objects lie in the “valley” between the two major clumps of
data points. This is something expected, since we wanted to point out the
relative difference between these objects and the galaxies belonging to the
two clusters.

3.1.4 Extension to low redshifts

Due to the parameter choice of this analysis, we were forced to limit the
analysis to a sub-sample of the 10k zCOSMOS sample: as we said in §2.1, the
spectral features involved in the analysis (D4000 and EW [O ii]) are detectable
within zCOSMOS-bright only between 0.48 < z < 1.28. The higher limit in
redshift coincides with the limit of the zCOSMOS-bright survey, but the
nearest galaxies (between 0 < z < 0.48) were left out of the analysis. In
order to expand the analysis, to follow the behaviour of galaxies in the
entire redshift range of zCOSMOS-bright survey, we decided to exploit the
PCA+UFP method to probe the galaxies even at lower redshifts, substituting
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3.1. The PCA+UFP clustering method
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Figure 3.5: Biplot of PC1-PC2 plane for low redshift galaxies.

the spectral features used at high redshifts with one of the best star formation
indicators – Hα – which is detectable within zCOSMOS-bright from the local
universe to z ∼ 0.48. This is one of the main reasons behind this work: the
PCA+UFP method, not being tied to a particular set of data, is able to use
different parameters and probe different redshift ranges and properties of
the galaxies.

For the extension at low redshifts we therefore considered 7 observable
parameters: ∆(B− z), M20, concentration C, Gini coefficient G, asymmetry A,
clumpiness S and EW0(Hα) – like in previous analysis with EW0[O ii] we
considered the logarithm of the rest-frame equivalent width due to its
log-normal distribution, so from now on EW0(Hα) has to be intended as
logEW0(Hα). The low redshift sample defined in this way is composed by 3402
galaxies. Results of the application of the PCA are shown in Tab. 3.2. As for
the analysis at high redshifts we decided to consider those PCs that give a
cumulative variance not less than 80%. In this case we took into account the
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Chapter 3. PCA-Clustering classification method

Parameter PC1 PC2 PC3 PC4 PC5 PC6 PC7
EW0(Hα) 0.340 -0.097 -0.545 -0.541 -0.529 0.032 -0.042
∆(B− z) -0.404 0.260 0.311 0.153 -0.766 0.230 -0.085
G -0.439 0.024 -0.463 -0.024 0.249 0.717 0.119
M20 0.500 0.060 0.104 0.220 0.060 0.471 -0.678
C 0.216 0.634 0.358 -0.520 0.178 0.217 0.269
A -0.471 0.167 -0.045 -0.427 0.186 -0.293 -0.666
S 0.086 0.698 -0.499 0.423 -0.007 -0.274 -0.004
Prop. Variance 0.483 0.177 0.126 0.104 0.060 0.035 0.014
Cum. Varariance 0.483 0.660 0.786 0.891 0.950 0.986 1.000

Table 3.2: Results of the Principal Component Analysis applied to the low redshift (z < 0.48)
galaxies.

first 4 PCs, which account for 89% of the total original variance.

In Fig. 3.5 the biplot of the PCA for low redshift galaxies is shown.
By comparing it with Fig. 3.2 one can see the striking resemblance in the
cloud’s shape and in loadings’ directions. The function of D4000 and EW0[O ii]
– to segregate the galaxies mainly in PC1 direction – is taken over by
EW0(Hα), while the other parameters’ relations remain largely unchanged.
With respect to Fig. 3.2, galaxies in the early-type cluster spread more in
PC2 (which is mainly morphology driven): this is probably due to ACS
being progressively abler to recognise features, even in spheroidal galaxies,
with decreasing redshift, due to the larger size of the galaxies themselves.
So spheroidal galaxies with streams due to encounters with companions,
interacting galaxies or just objects with companions nearby, have larger
values of asymmetry A and clumpiness S with respect to galaxies with similar
features but at higher redshifts (angular dimensions of those galaxies will
be smaller and their features will most likely be too small to be appreciated
with an automatic analysis). This is evident in Fig. 3.6, where ACS snapshots
of the galaxies in early types’ cluster with the highest values of the second
principal component (PC2 > 2) are shown.

Fig. 3.7 shows the result of the UFP clustering algorithm application.
As in previous analysis for high redshift analysis, we used a threshold of
90% membership to distinguish between objects belonging to the “early-type”
cluster, to the “late-type” one or object not belonging to any cluster – our
“green valley” galaxies. Green valley objects lie in the saddle between the
two main clusters, as it can be seen in the plot represented by isodenses,
calculated by Gaussian square kernel smoothing of the PC1-PC2 and PC1-
PC3 planes, in a way similar to that of the high redshift galaxies (Fig. 3.3).
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3.1. The PCA+UFP clustering method

Figure 3.6: Composite image of high redshift early type galaxies with the highest values of
PC2. Their morphologies are quite complex, suggesting tidal interactions and recent merging.

With respect to high redshift galaxies, clusters of low redshift galaxies appear
less centred and defined: green dots, for instance, appear well beyond the
boundaries of 90% isoprobability that define them. This is due to the
isoprobability curves being merely 2D projections of 4D hypersurfaces, since
as we said we considered the first 4 PCs for the cluster analysis.

Out of the 3402 objects the low redshift sample is made up of, early type
galaxies represent 20.6% (704 objects), while late type galaxies are 70.5%
(2401), and the green valley galaxies are 8.9% (297). With respect to the
high redshift sample, green valley objects represent more or less the same
percentage of objects, while there is significant shift of populations between
the two main clusters: late type galaxies are ∼ 10% more with respect to the
high quality sample, while conversely early types are 10% less. This can be
due to a selection effect (at low redshift we are sampling galaxies with lower
luminosities and lower masses, which are on average “later” at all redshifts),
therefore not a real evolutive feature. In the next chapter we well explore in
more details the evolution of the galaxy populations with redshift.
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Figure 3.7: Cluster analysis results for low redshift galaxies. Superimposed to the points, as
in Fig. 3.3, are the isodenses of the points calculated via kernel smoothing in PC1-PC2 and
PC1-PC3 planes. The curved lines represent the projected isoprobability curves. Clusters
and green valley objects appear more scattered across the planes because of projection issues
from four-dimensional PCA to the 2 dimensions of the plot.
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CHAPTER 4

Results

This chapter offers a view on the evolution patterns of the
different populations defined by the PCA+UFP clustering method.
We will focus on the evolution with z of the galaxies at different
masses, giving the opportunity to define the mass Mcross at which
the transition from the blue cloud to the red sequence is more
evident. We define an interesting population of galaxies that show
many of the properties of the green valley galaxies, and we will
compare this population with a definition of green valley from
literature. Finally, we will provide analysis of some interesting
subpopulations like AGNs, red spiral and blue elliptical galaxies.

SECTION 4.1

Results

The analysis presented in this work offers many improvements with
respect to the previous methods of classification like the classification cube.
One of the greatest advantages of such an approach is given by its self-
consistency and its global approach to the parameters: as we stated in §3.1.2,
the classification cube is more subject to wrong assignments of one or more
of its sub-classification methods because they are “hard partition” ones. Since
the fact that every parameter is treated separately from the others, it is easier
to have one of them misclassified due to internal errors or closeness of the
value to the boundaries.

The PCA+UFP method avoids this kind of errors because its parameters
are treated simultaneously: using the PCA on a multidimensional space we
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4.2. Combined high and low redshift sample

are “averaging out” outlying values in a small number of parameters. This
can be intuitively understood by looking at biplots (Figs. 3.2 and 3.5): an
outlying value in M20, for instance, can be compensated by “normal” values in
spectral emission lines, D4000 and C. On the other side the PCA+UFP method
is probably less sensitive to emphasise objects with discordant behaviour of
only one of its parameters.

Another powerful feature of the PCA+UFP analysis is its flexibility: while
the classification cube is strongly bound to its defining parameters – and
for this reason has been applied to the high redshift sample only – the
PCA+UFP analysis is not restricted to a particular dataset or a particular
set of parameters. We therefore can extend the work to low redshifts just by
substituting the two spectral parameters with a different one. The choice of
Hα has been made in order to keep the possibility to compare the results of
high and low redshift samples, and have a comprehensive look to the whole
10k dataset. Actually, the PCA+UFP method can successfully be applied also
to completely different datasets (star formation rates, masses, luminosities)
of this or other galaxy surveys, and that is possibly its most important
achievement.

In the next subsections we will show some of the properties of the whole
10k population, and of interesting subsamples, in PCA+UFP analysis.

SECTION 4.2

Combined high and low redshift sample

Fig. 4.1 shows the evolution of the different populations of galaxies,
within the whole 10k sample, with redshift and with stellar mass1. Masses
have been computed by Bolzonella et al. [2009], using Bruzual and Charlot
[2003] population synthesis models, by means of the Hyperzmass code, a
modified version of the photo-z code Hyperz [Bolzonella et al., 2000].

In Fig. 4.1 we show the positions of the zCOSMOS 10k galaxies in the
PC1-PC2 planes as function of redshift and mass.

Low mass galaxies (logM/M� < 9.9, first column) are almost exclusively
part of the late-type cluster, while high mass galaxies (logM/M� > 10.7, last
column) mainly belong to the early-type cluster. The transition can be mostly
seen in the intermediate mass bins: at 9.9 < logM/M� < 10.3, galaxies at
high redshift (z > 0.80) are still forming stars actively, and are therefore

1Hereinafter we will refer to stellar masses as simply “masses”.

80



Chapter 4. Results

M<9.9
z<0.30

−4

−2

0

2

4

6

8

36 ( 3.412 %)
967 ( 91.66 %)
52 ( 4.929 %)

0.30<z<0.45

−4

−2

0

2

4

6

8

48 ( 4.541 %)
935 ( 88.46 %)
74 ( 7.001 %)

0.45<z<0.60
 ~ 70%

−4

−2

0

2

4

6

8

10 ( 2.717 %)
340 ( 92.39 %)
18 ( 4.891 %)

0.60<z<0.80
 ~ 40%

−4

−2

0

2

4

6

8

1 ( 0.188 %)
527 ( 99.06 %)
4 ( 0.7519 %)

z>0.80
 ~ 20%

−4

−2

0

2

4

6

8

−6 −4 −2 0 2 4 6

0 ( 0 %)
276 ( 100 %)

0 ( 0 %)

9.9<M<10.3

41 ( 34.17 %)
69 ( 57.5 %)

10 ( 8.333 %)

97 ( 26.72 %)
210 ( 57.85 %)
56 ( 15.43 %)

 ~ 90%52 ( 26.13 %)
117 ( 58.79 %)
30 ( 15.08 %)

 ~ 70%37 ( 6.777 %)
476 ( 87.18 %)
33 ( 6.044 %)

 ~ 50%

−6 −4 −2 0 2 4 6

6 ( 1.357 %)
426 ( 96.38 %)
10 ( 2.262 %)

10.3<M<10.7

113 ( 53.55 %)
70 ( 33.18 %)
28 ( 13.27 %)

369 ( 61.91 %)
150 ( 25.17 %)
77 ( 12.92 %)

 > 99%92 ( 44.88 %)
69 ( 33.66 %)
44 ( 21.46 %)

 ~ 90%232 ( 40.99 %)
239 ( 42.23 %)
95 ( 16.78 %)

 ~ 80%

−6 −4 −2 0 2 4 6

95 ( 19.39 %)
340 ( 69.39 %)
55 ( 11.22 %)

M>10.7

105 ( 82.68 %)
12 ( 9.449 %)
10 ( 7.874 %)

416 ( 76.33 %)
83 ( 15.23 %)
46 ( 8.44 %)

−6 −4 −2 0 2 4 6

371 ( 66.49 %)
109 ( 19.53 %)
78 ( 13.98 %)

Figure 4.1: PC1-PC2 diagrams for low redshift (upper two rows) and high redshift (lower
three rows) samples, kernel smoothed with the usual technique. Columns represent bins of
mass (growing from left to right, in units of logM/M� – specified inside first row boxes) while
rows represent bins of redshift (growing from top to bottom – written inside first column
boxes). Inside each panel are also shown the absolute numbers and fractions of galaxies
in each cluster (early-type, late-type and green valley), in red, blue and green respectively.
Inside some of the high redshift panels are shown the mass completenesses [as computed
by Pozzetti et al., 2009]; where there are no percentages the sample has to be intended as
mass-complete.
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4.2. Combined high and low redshift sample

concentrated in the late-type cluster; the “migration” towards the early type
cluster seems to begin at moderately lower redshifts (0.60 < z < 0.80), slowing
down from z∼ 0.50 and being still ongoing also in the local Universe.

At slightly larger masses (10.3 < logM/M� < 10.7) this transition seems
to be completed at earlier epochs: at 0.60 < z < 0.8 early-type and late-
type galaxies are numerically comparable, and the transition appears almost
complete at 0.30 < z < 0.45. This delay in the star formation quenching for
the lower mass galaxies, in opposition to the larger ones, can be regarded
as one manifestation of the downsizing effect: the main reasons behind this
effect are still unclear, even if some mechanisms have been suggested [Bower
et al., 2006, Hopkins et al., 2006, Dekel and Birnboim, 2006]. Some numerical
simulations [Schweizer, 2000] show that the transition in colours should be
very fast (of the order of ∼ 500 Myr), and other observative studies seem to
suggest that this is the case if the star formation is quenched efficiently.
Our work seem to suggest that the transition from our “late type” locus
to the “early type” takes longer to be achieved (at least some Gyrs). Part
of this is could be due to the changes in colours and morphologies taking
place with different timescales; Balogh et al. [2004], however, showed that
an exponentially decaying star formation can lengthen the transition phase
to some Gyrs.

Looking at the Fig. 4.1 by rows it is possible to appreciate the mass
distribution of the galaxy population at fixed redshifts. At low redshifts the
zCOSMOS survey cannot sample the high mass galaxies (logM/M� > 10.7)
due to the small sampled volume and the bright magnitude cut, so the
corresponding boxes are empty; conversely, more than half of the objects
are low-mass star-forming galaxies. At higher redshifts mass incompleteness
prevents us to directly compare the numbers of galaxies in each mass bin (as
it can be seen in the plot, at z > 0.80 the mass completeness of the sample with
logM/M� < 9.9 is of the order of 20%). However, this is not a sever issue when
dealing with fractions within each mass and redshift bin; we can assume that
within the bin the mass distribution is rather flat.

We translated these considerations in Fig. 4.2, where each of the first five
panels represents a row of Fig. 4.1, i.e. a bin of redshift in which we divided
our sample. For every given redshift bin the fraction of early type, late type
and intermediate objects for each mass bin are plotted. Low mass early type
galaxies are very few (up to ∼ 4%) in every redshift bin, late types being by far
most frequent at logM/M� < 9.9, as it can be seen also in the first column of
Fig. 4.1. This is in good agreement with determinations of Kovač et al. [2010]
for the same zCOSMOS sample, who found a similar behaviour in different
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Figure 4.2: Evolution with redshift of the fractions of different galaxy populations in mass.
Each panel shows the fraction of galaxies in each mass bin that belong to each PCA+UFP
cluster (in cyan are late-type galaxies, in red the early-type ones, in green the green
valley ones), in a specific redshift bin. Errors are 95% confidence intervals for multinomial
populations [Miller, 1966]. The last panel represent the evolution in z of the transition mass
(Mcross), defined as the point where red line and cyan line meet (solid line). Errors associated
are given by the width of the region where the two strips meet. Dashed and dot-dashed
lines represent the transition masses as calculated in Pozzetti et al. [2009], respectively
using Marseille morphologies and SED colours photometric classifications. The dotted line
represents the transition masses as calculated using Balogh et al. [2004] definition of green
valley applied to our combined sample (see §4.2.1).
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4.2. Combined high and low redshift sample

environments for galaxies of different morphological type.
Intermediate objects seem to be numerically important around

logM/M� ∼ 10.5 at high redshifts, constituting up to ∼ 20% of the sample
at z ∼ 0.5. This suggests that the evolutive transition from the blue cloud
towards the red sequence may be most important at intermediate redshifts
and intermediate masses (central quadrants in Fig. 4.1).

From Fig. 4.2 the masses at which early-type and late-type galaxies
are numerically the same at different redshifts (Mcross), can also be derived.
This transition mass Mcross is plotted in the lower right panel of Fig. 4.2
as a function of redshift. Transition masses computed in this work (solid
line in the plot) are in fair agreement with those calculated by Pozzetti
et al. [2009] using Marseille morphologies [Cassata et al., 2007, 2008, Tasca
et al., 2009] as separators of different galaxy types – dashed line in figure –
and using a photometric classification [Zucca et al., 2009] – dot-dashed line.
A Cramér-von Mises test [Anderson, 1962] confirms the consistency of the
three estimates of Mcross (p-values above 0.73). It must be kept in mind,
though, that determinations of Mcross in this work are made within a three-
cluster framework (early type, late type and intermediate galaxies), while
other determinations are made taking into account only the two main galaxy
populations. Splitting our intermediate galaxy sample between the other two
clusters, using a 50% threshold as membership values, the evolution with
redshift of Mcross steepens, and especially at high redshifts transition masses
are more in agreement. Considering the different techniques of calculation,
however, the agreement among these determinations is quite remarkable.

4.2.1 Green valley galaxies

Green valley galaxies have been defined in a number of different ways, usually
exploiting their natural bimodal distribution using colour indicators like
u− r [Strateva et al., 2001, Baldry et al., 2004], U −V [Brown et al., 2007,
Silverman et al., 2008], U−B [Vergani et al., 2010], B− i [Caputi et al., 2009].
In this subsection we will analyse the U −V rest-frame colour distribution
(from now on (U−V )0) of our PCA+UFP clustered galaxies.

The (U −V )0 distribution of the combined high+low redshift samples
(Fig. 4.3) shows a clear bimodality, that reflects the global one we discussed
throughout the paper. The separation between the two families in colour
happens at (U −V )0 ∼ 1.6; the colour distribution of our late type galaxies
peaks at (U −V )0 ∼ 1, while the distribution of the early types is peaked at
(U −V )0 ∼ 1.9. All of these are in fair agreement with other determinations
from literature [Silverman et al., 2008, Brammer et al., 2009]. The green
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valley objects’ distribution is peaked at (U −V )0 ∼ 1.5, near the saddle of the
total distribution.

We can compare the (U−V )0 distribution of our green valley galaxies with
Balogh et al. [2004] definition of green valley, which is defined as the 0.2 mag
dip between the two observed Gaussian distribution for early- and late-type
galaxies. Applying the above definition, in the combined sample 760 objects
out of 8 256 (9.2%) would be defined as “green valley” objects; this number is
very close to the number of green valley galaxies in our classification (721,
the 8.7%); more than 25% of our green valley objects are so also in the Balogh
et al. [2004] definition, while the rest of the objects within those boundaries
are almost equally divided by PCA+UFP between the two main clusters. The
largest part of our intermediate galaxies lies to the left of the colour-defined
green valley, i.e. in the region of the blue galaxies, but makes up only the 6.5%
of all the objects in that region; conversely, PCA+UFP intermediate galaxies
constitute the 8.4% of all the objects in the red galaxies region.

Being based on overall properties of the galaxies, our classification
method gives somewhat different results compared to classical colour
definitions of green valley: the cores of the early-type and late-type clusters
are correctly reproduced, but our classification suggests that relying on a
single colour might not be sufficient to correctly recover those galaxies which
are really in transition between the late-types and the early-types clusters.

The transition masses Mcross of the sample divided using Balogh et al.
definition of green valley were also calculated (dotted line in Fig. 4.2); the
agreement between the determinations is very high, even considering the
uncertainties in the first redshift bin due to the low number of objects. Using
a mass and/or redshift dependent colour definition of the green valley [e.g.
Brand et al., 2009] results are very similar.

4.2.2 Red spirals

We checked the PCA+UFP clustering properties of some of the outliers in the
classification cube. Obviously this has been possible only with galaxies from
the high redshift sample, because the classification cube has been defined
using D4000 and EW0[O ii], which were available only at z > 0.48 (see §2.2.1).
Red spirals, for instance, are often identified with edge-on spiral galaxies,
reddened by a strong dust lane [Zucca et al., 2009, Tasca et al., 2009], while
face-on galaxies are thought to be the very oldest spirals which used up their
gas reservoirs, probably aided by strangulation and bar instabilities [Masters
et al., 2009]. In our classification cube, red spirals may be identified by the
three-digit codes “112” and “212”, both representing morphological late-type
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Figure 4.3: Rest frame U −V distributions of the galaxies in the combined sample (high+low
redshift). Open histograms represent the distribution of the total sample; blue, red and green
histograms represent the distribution of PCA+UPF late types, early types and intermediate
galaxies, respectively. Dashed lines represent green valley boundaries as defined by Balogh
et al. [2004] for comparative purposes.
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galaxies (third digit “2”), the first one representing spectrally passive red
objects and the latter one referring to red star-forming galaxies.

Galaxies with classification cube code “112” are 93: of those, 24 (25.8%)
are classified by PCA+UFP in the green valley group; 27 (29%) are in the late
type cluster; 43 (46.2%) are in the early type cluster. A fairly high number
of them (14) possess unusually high values of PC2: at a visual inspection
those objects revealed very disturbed morphologies, dominated by merging
and tidal streams (Fig. 3.6), in agreement with determinations from Conselice
et al. [2000a] who found that very large values of A (reflecting in our work in
large values of PC2) are a good indication of ongoing major merging. At least
for these objects, automatic morphological classification methods apparently
fail to identify correctly them as merging spheroidals: their asymmetric
characteristics are instead intepreted as late type morphologies.

Galaxies with classification cube code “212” are 74: 25 of them (33.8%)
are classified in the green valley group, 43 (58.1%) are in the late type cluster
and only 6 (8.1%) are classified in the early type cluster. Their range in PC1
and PC2 is quite narrow, making those object a rather homogeneous sample,
located in the middle of the PC1-PC2 diagram, in or very near the low density
saddle between the clusters. Those galaxies, showing spiral morphologies, low
star formation rates (indicated by PC1 ∼ 0) and reddish colors are the best
candidates of the old spirals population mentioned by Masters et al. [2009].

We also checked the position of “red spiral” galaxies according to their
classification based on the Marseille morphologies and on photometric type
(P T ) calculated with the SED templates provided by Ilbert et al. [2006].
We defined red spiral galaxies as those objects classified as “morphologically
late type” (Marseille type 2) and having red SEDs (P T < 13). With these
specifications red spiral galaxies in the whole sample are 420: 289 (69%)
are in the PCA+UFP early type cluster, 79 (19%) are in the late type cluster,
52 (12%) in the intermediate region. Our technique places these red spirals
mainly in the early types’ cluster; this is probably due to the fact that in our
classification the very early spirals (Sa) are included in the red cluster, but it
also seems to imply that for these objects the spectrophotometric properties
are more important than the morphological ones.

4.2.3 Blue ellipticals

In our classification cube, blue ellipticals are identified by the three-digit
codes “121” and “221”, the first one representing spectrally passive objects and
the latter one referring to active star-forming galaxies, both bulge-dominated.

Classification cube code “121” galaxies are almost exclusively assigned to
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the early type galaxies cluster by the PCA+UFP algorithm (60/64), while code
“221” show a somewhat diverse behaviour, being equally divided among the
groups: 56 out of 169 (33.1%) belong to the green valley group, 52 (30.8%) to
the late type cluster and 61 (36.1%) to the early type cluster. In PCA terms,
objects in the latter group are characterised by positive values of PC2 and
generally negative values of PC1: while code “121” galaxies are most probably
the result of a color misclassification in the classification cube, and therefore
are “normal” early type galaxies — confirmed by their ∆(B− z) very close to
the divider in Fig. 2.3 — code “221” objects seem to be more complex. Late
type “221”s have large values of PC2, while the PC2 value of early type “221”s
is around 0. This may imply a misclassification in ∆(B− z), too, but it is not
sufficient to explain all their features. Most probably many of these objects,
especially at higher values of PC1, present complex morphologies and are the
result of tidal interactions.

As for the red spiral galaxies, we checked the PCA+UFP properties of
the “blue ellipticals” using the morphological informations from Marseille
catalogue and the photometric ones from the spectral energy distributions;
blue ellipticals are those objects with Marseille type 1 and with P T > 13.
Out of 848 objects with these characteristics in the whole sample, 205 (24%)
are classified by PCA+UFP as green valley objects, while the rest is almost
equally divided between the the late type and the early type clusters.

These results seem to imply that for these objects the spectrophotometric
properties are given more importance than the morphological ones by
PCA+UFP algorithm. In fact, as we said, a spiral morphology classifier –
especially when using wide classifiers and automatic recognition systems – is
more subject to errors due to the asymmetries of merging objects.

4.2.4 Active Galactic Nuclei

We also investigated the positions, in the PCA spaces, of known AGN in the
zCOSMOS sample. Type-1 AGN, which are easily recognisable by their broad
emission lines, are given a particular confidence class since the determination
of their redshifts (10 + normal confidence class – see §2.1) and have been
excluded from the subsamples; type-2 AGN, on the other hand, are included
in the sample since they are more difficult to identify, because their emission
lines are very similar to those of regular star-forming galaxies. We used the
diagnostic diagram selection of Bongiorno et al. [2009] to identify Seyfert 2
galaxies and LINERs and investigate their positions in PCA planes. Two
different diagnostic diagrams have been exploited to select type-2 AGN, at
low redshift using the line ratio [N III]/Hα and [O III]/Hβ whereas at high
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redhift the line ratios [O III]/Hβ and [O II]/Hβ have been used. Due to the
different ionization properties of Seyfert 2 and LINERs galaxies, only at low
redhift the diagnostic diagrams are able to separate the two active nuclei
populations. For this reason we will discuss the properties of the whole type-
2 AGN population (which includes both the active galaxy classes) in the two
redshift ranges, separating the LINERs and Seyfert 2 galaxies only for z . 0.5
[for a more detailed analysis see Bongiorno et al., 2009].

The sample is composed by 79 type-2 AGN in the high redshift sample
and 125 type-2 AGN (95 of which are LINERs, while the other 30 are Seyfert
2 galaxies) in the low redshift sample. Considering both the high redshift
and the low redshift samples, 204 galaxies are classified as Narrow Line
AGN: 126 of them (62%) are placed by PCA+UPF algorithms in the late type
galaxies cluster, while 47 (23%) are in the early types cluster and 31 (15%)
are in the green valley region. If we restrict our analysis to the low redshift
sample, 95 active galaxies are classified as LINERs: 54 of them (57%) are
in the late types cluster, 22 (23%) are in the early types one and 19 (20%)
are in the green valley. Conversely, the 30 pure Seyfert 2 galaxies are placed
by our PCA+UPF algorithms as follows: 15 of them (50%) in the late types
cluster, 11 (37%) in the early types region and only 4 (13%) in the green valley.
Though we are facing small number statistics, it is clear that the majority of
the analysed type-2 AGN are hosted by galaxies which belong to the blue,
late-type cluster. This is quite expected, since our active galaxies span the
low luminosity regime, as indicated by the [O III] at 5007 Å line luminosity
105.5L� < L[O iii] < 109.1L�[Bongiorno et al., 2009].

Maybe more interesting is esploring whether the selected active nuclei
preferentially reside in the intermediate cluster as defined by the PCA+UPF
method. While the fraction of type-2 AGN in each main cluster is around
2%, this class of objects consitutes up to 4% of the galaxies in the PCA+UFP
green valley region. At low redshifts, LINERs represent 2% of the objects
in the late type cluster and 3% of galaxies in the early type one, but they
make up to 6% of the green valley galaxies. This picture suggests a certain
concentration of type-2 AGN in the green valley region. Since LINERs tend
to be associated mostly with earlier morphological type galaxies [ellipticals,
lenticulars and early spirals – Ho et al., 1997] we were not surprised to see
that the percentage of LINERs in the early type cluster is larger than that
of the whole population of type-2 AGN: however, since figures are small –
and therefore errors are large – this might not be statistically significant. In
fact, fractions from these subclasses are still compatible with being flat sub-
samples extracted purely random from the parent sample.
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CHAPTER 5

Summary and conclusions

The classification cube method [Mignoli et al., 2009] has been extendend
and applied to the high redshift sample of the zCOSMOS-bright 10k
release, exploiting bimodalites in spectral (D4000 and O ii equivalent width,
photometric (B − z colour) and morphologic (ZEST classification scheme)
properties of the galaxies. In order to overcome some of its limitations
(rigidity of the scheme due to its “hard partitioning” nature and emergence
of misclassifications, reliance on a particular set of data and the impossibility
to adopt different variables, a certain degree of arbitrariety in the boundary
definitions for the subclassifications) in this work we set up a different
classification method based on statistical approaches like the Principal
Component Analysis and the Unsupervised Fuzzy Partition (PCA+UFP),
that exploits the bimodal nature of galaxy properties in a more organic and
rigorous way.

The PCA+UFP analysis is a very powerful and robust tool to probe the
nature and the evolution of galaxies in a survey. It allows to define with less
uncertainties the classification of galaxies, adding the flexibility to be adapted
to different parameters: being a fuzzy classification it avoids the problems due
to a hard classification, such as the classification cube presented in the first
part of the article. The PCA+UFP method can be easily applied to different
datasets: it does not rely on the nature of the data and for this reason it
can be successfully employed with others observables (magnitudes, colours)
or derived properties (masses, luminosities, SFRs, etc.).

The agreement between the two classification cluster definitions is very
high. “Early” and “late” type galaxies are well defined by the spectral,
photometric and morphological properties, both considering them in a
separate way and then combining the classifications (classification cube) and
treating them as a whole (PCA+UFP cluster analysis). Differences arise in the
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definition of outliers: the classification cube is much more sensitive to single
measurement errors or misclassifications in one property than the PCA+UFP
cluster analysis, in which errors are “averaged out” during the process.

The PCA+UFP analysis has been extended to the low redshift sample,
substituting D4000 and EW0[O ii] with EW0(Hα): PCA+UFP analyses, for the
high and the low redshift samples, allowed us to behold the downsizing effect
taking place in the PC spaces: the migration between the blue cloud towards
the red clump happens at higher redshifts for galaxies of larger mass. The
determination of Mcross the transition mass is in significant agreement with
others values in literature.

The green valley objects, as defined with the PCA+UFP cluster analysis,
represent also a more strict and coherent sample with respect to classical
colour definitions, having the same overall physical properties. Subsequent
X and radio analysis could help unveil more the nature of these transitional
objects.
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standard SED fitting procedures. A&A, 363:476–492, November 2000.

M. Bolzonella, K. Kovac, L. Pozzetti, E. Zucca, O. Cucciati, S. J. Lilly,
Y. Peng, A. Iovino, G. Zamorani, D. Vergani, L. A. M. Tasca, F. Lamareille,
P. Oesch, K. Caputi, P. Kampczyk, S. Bardelli, C. Maier, U. Abbas,
C. Knobel, M. Scodeggio, C. M. Carollo, T. Contini, J. -. Kneib, O. Le Fevre,
V. Mainieri, A. Renzini, A. Bongiorno, G. Coppa, S. de la Torre, L. de
Ravel, P. Franzetti, B. Garilli, J. -. Le Borgne, V. Le Brun, M. Mignoli,
R. Pello, E. Perez-Montero, E. Ricciardelli, J. D. Silverman, M. Tanaka,
L. Tresse, D. Bottini, A. Cappi, P. Cassata, A. Cimatti, L. Guzzo, A. M.
Koekemoer, A. Leauthaud, D. Maccagni, C. Marinoni, H. J. McCracken,
P. Memeo, B. Meneux, C. Porciani, R. Scaramella, H. Aussel, P. Capak,
O. Ilbert, J. Kartaltepe, M. Salvato, D. Sanders, C. Scarlata, N. Scoville,
Y. Taniguchi, and D. Thompson. Tracking the impact of environment on
the Galaxy Stellar Mass Function up to z∼ 1 in the 10k zCOSMOS sample.
ArXiv e-prints, June 2009.

A. Bongiorno, M. Mignoli, G. Zamorani, F. Lamareille, G. Lanzuisi, T. Miyaji,
M. Bolzonella, C. M. Carollo, T. Contini, J. P. Kneib, O. Le Fevre, S. J.

95



BIBLIOGRAPHY

Lilly, V. Mainieri, A. Renzini, M. Scodeggio, S. Bardelli, M. Brusa,
K. Caputi, F. Civano, G. Coppa, O. Cucciati, S. de la Torre, L. de Ravel,
P. Franzetti, B. Garilli, C. Halliday, G. Hasinger, A. M. Koekemoer,
A. Iovino, P. Kampczyk, C. Knobel, K. Kovac, J. -. Le Borgne, V. Le
Brun, C. Maier, A. Merloni, P. Nair, R. Pello, Y. Peng, E. Perez Montero,
E. Ricciardelli, M. Salvato, J. Silverman, M. Tanaka, L. Tasca, L. Tresse,
D. Vergani, E. Zucca, U. Abbas, D. Bottini, A. Cappi, P. Cassata, A. Cimatti,
L. Guzzo, A. Leauthaud, D. Maccagni, C. Marinoni, H. J. McCracken,
P. Memeo, B. Meneux, P. Oesch, C. Porciani, L. Pozzetti, and R. Scaramella.
The [OIII] emission line luminosity function of optically selected type-2
AGN from zCOSMOS. ArXiv e-prints, November 2009.

A. Boselli, S. Boissier, L. Cortese, A. Gil de Paz, M. Seibert, B. F. Madore,
V. Buat, and D. C. Martin. The Fate of Spiral Galaxies in Clusters: The Star
Formation History of the Anemic Virgo Cluster Galaxy NGC 4569. ApJ,
651:811–821, November 2006. doi: 10.1086/507766.

F. Bournaud, C. J. Jog, and F. Combes. Galaxy mergers with various
mass ratios: Properties of remnants. A&A, 437:69–85, July 2005. doi:
10.1051/0004-6361:20042036.

R. G. Bower, A. J. Benson, R. Malbon, J. C. Helly, C. S. Frenk, C. M.
Baugh, S. Cole, and C. G. Lacey. Breaking the hierarchy of galaxy
formation. MNRAS, 370:645–655, August 2006. doi: 10.1111/j.1365-
2966.2006.10519.x.

G. B. Brammer, K. E. Whitaker, P. G. van Dokkum, D. Marchesini, I. Labbé,
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S. Bardelli, M. Bolzonella, A. Bongiorno, K. Caputi, G. Coppa, O. Cucciati,
S. de la Torre, L. de Ravel, P. Franzetti, B. Garilli, A. Iovino, P. Kampczyk,
K. Kovac, C. Knobel, F. Lamareille, J.-F. Le Borgne, R. Pello, Y. Peng,
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