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1 A framework for galaxy formation
and evolution

In the northern hemisphere, the night sky is riddled with specks of light of varying
colours. Most of these points are stars belonging to the galaxy where our Solar
System is located: the Milky Way. In the southern hemisphere two extended
concentrations of stars are visible with the naked eye. They are systems outside
our Galaxy: the Small Magellanic Cloud and the Large Magellanic Cloud. For
long humans believed that the Milky Way was the only galaxy in the Universe.
At the end of the 18th century, the first catalogue of nebulae (diffuse celestial
objects) appeared. The author of the catalogue, Charles Messier, still believed
that nebulae were objects belonging to the Milky Way. In the following decades,
the number of observed nebulae increased steeply, and the first distinctions based
on their shape were made. Only at the beginning of the 20th century, spec-
troscopic studies and measurements of the luminosity of nebulae revealed that
some of them were moving away from the Earth and were characterised by a
weaker luminosity with respect to the typical luminosity of nebulae closer to the
Earth. Edwin Hubble interpreted nebulae properties to conclude that they were
sources outside the Milky Way. Due to that interpretation, together with the
work of several astronomers, the idea of multiple galaxies in the Universe started
spreading.

Nowadays it is well known that galaxies characterise the largest part of the Uni-
verse’s history. Galactic structures, in fact, are observed up to redshift ~ 11,
when the Universe was only 3% of its current age (Oesch et al.l [2016]). Latest
studies estimate that in the Universe there are approximately 2 trillion galaxies
(Conselice et al., 2016)). Fig. shows the deepest-ever image of the Universe,
taken with the Hubble Space Telescope: the Hubble eXtreme Deep Field (Illing-
worth et al., 2013)). This image, taken with more than 500 observing hours,
contains approximately 5,500 galaxies, in an area that has a diameter one tenth
that of the Moon. In the next Sections, an overview of the knowledge gained so
far on galaxies will be given: from their formation, that necessarily needs to be
considered in a cosmological context, to their properties in the local Universe and
their evolution across cosmic time.
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Figure 1.1: The Hubble eXtreme Deep Field (XDF), the deepest-ever view of the Universe. This
image alone contains about 5,500 galaxies. The faintest sources are one ten-billionth
the minimum brightness observable by the human eye. [Credit: www.nasa.gov]
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1.1 Galaxy Formation

A galaxy is defined as a gravitationally bound system made of stars, stellar rem-
nants (e.g. neutron stars, white dwarfs and black holes), gas in different phases
(cold, warm and hot) that constitutes the so called interstellar medium (ISM),
dust grains, and of course, dark matter (DM). To be able to summarise the cur-
rent knowledge on how galaxies form, it is necessary to introduce the cosmological
framework in which this happens, since cosmology provides initial conditions for
structure formation.

1.1.1 The cosmological framework

In the current cosmological picture, the ACDM model, the Universe in which the
Milky Way is located is an expanding space-time originated ~ 13.7 billion years
ago from a singularity: the Big Bang. The Universe has the property of being
homogenous and isotropic (Cosmological Principle) and is governed by Einstein’s
Theory of General Relativity. The ACDM Universe is composed of dark energy
(the vacuum energy density associated to the cosmological constant A), cold dark
matter (CDM), baryonic matter, and radiation. The temperature of the Universe
is a monotonically decreasing function of time (with t = 0 corresponding to the
Big Bang), and is estimated to have been larger than 10 K immediately after the
initial singularity. The “luminous” matter, observed as stars and galaxies, formed
in large majority ~ 200 seconds after the Big Bang, during the primordial nucle-
osynthesis that took place when the temperature dropped to 10° K (Alpher et al.,
1948; \Gamow, (1948). At early stages, matter was fully ionised and coupled with
radiation resulting in the two components having the same temperature. When
the characteristic timescale for collisions between photons and neutral hydrogen
atoms becomes smaller than the Hubble expansion time (age of the Universe), the
H and He atoms recombine, and matter and radiation decouple. Prior to decou-
pling, photons were continuously scattered. After experiencing the last scattering
event, photons can then travel within the Universe now transparent to radiation.
These photons are referred to as cosmic radiation background (CMB), that at the
time of discovery (Penzias & Wilson, 1965|) played a major role in validating the
Big Bang model. In fact, the CMB can be interpreted as the afterglow radiation
left over from the hot Big Bang, and the tiny fluctuations in its temperature carry
the information on how galaxies form.

The Universe is mathematically described by the Einstein Field Equation (EFE),

that binds the geometry of the space-time and its matter content:

1 G
R, — §Rg“” +Ag = — Ty (1.1)
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Figure 1.2: CMB temperature map, as measured by the Planck satellite. Different colours
correspond to tiny differences in temperature. [Credit: www.esa.int]

where R, is the Ricci curvature tensor, R is the scalar curvature, g,, is the
metric tensor, A is the cosmological constant, GG is the Newton’s gravitational
constant, c is the speed of light in vacuum, and 7, is the stress-energy tensor.
The space-time is described by the Robertson-Walker metric (Peacock, 1999):

dr?

ds? = (cdt)? — a(t)? [W

+r2(d6? + sin29d¢2)] (1.2)
where 7, 6, and ¢ are spherical comoving coordinates, ¢ is the proper time, and
K is the curvature parameter, that can have values -1, 0, 1, corresponding to an
open (hyperbolic), a flat (euclidean), or a closed (spherical) space-time geometry.
The solution of the EFE in the case of a Robertson-Walker metric for a fluid with
pressure p and density p is the Friedmann equation:

=—pP—— + (1.3)

' G 2 A
G A

a
where a is the scale factor of the Universe that relates physical and comoving

coordinates. In particular, if Ry is the distance at the reference time ¢y, R(t) is
the proper distance at the time ¢, and z is the redshift at time ¢, then:

(1.4)

The Hubble parameter, related to the scale factor, is defined as the rate of change
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in time of the proper distance between two points:

Ht) = % 5)

The Hubble parameter computed at t = ¢, is called the Hubble constant Hj.

A solution to the Friedman equation can be obtained by specifying an equation of
state for the fluid and combining it with the cosmological principle and the first
law of thermodynamics. This leads to expressions describing the time evolution
of p, P and T. By expressing the total density of the Universe in terms of its
contributors, i.e. matter p,,, radiation p,, and cosmological constant ps, Eq/L.3]
becomes:

a\?  8nG ap\3 ap\4 Kc?
O NG S
a 3 a a a

where the subscript 0 refers to the quantities estimated at ¢t = t,. Eq.
expresses the time evolution of the expansion of the Universe as a function of its

density at t = 0 and curvature. Thus, it is now possible to study the evolution
of density perturbations in to galaxies observed today.

1.1.2 Density perturbations and their growth

In the ACDM framework, structure formation results from gravitational insta-
bilities which grow from density fluctuations in a quasi-homogeneous Universe.
Density fluctuations are described as:

p
5p=" 1.7
r=; (1.7)

where p is the average density and p is the local density value. The origin of
density perturbations is believed to reside in quantum fluctuations that generate
Gaussian density perturbations with a scale invariant power spectrum. The time
evolution of density perturbations is the key to understanding how instabilities
grow and results in the observed galaxy population. In general, the evolution of
dp can be divided into two regimes. The phase that begins with dp << 1 and
proceeds till dp ~ 1 is the so-called linear regime, when non-linear terms in the
set of equations describing the time evolution can be neglected. When dp ~ 1, the
approximation of linear-regime is no longer valid and the growth of fluctuation
enters the non-linear regime. In the past years, thanks to observations made
with Cosmic Background Explorer (COBE), the Wilkinson Microwave Anisotropy
Probe (WMAP) and the Planck satellites, the existence of primordial fluctuations
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of the order of 10~ in the CMB temperature map, shown in Fig. , has been
confirmed.

These temperature fluctuations are believed to trace perturbations in the density
of matter in the early Universe. Thus, at early stages, the growth of density
perturbations can be studied in linear regime, using a set of equations that de-
scribe the evolution of a fluid in a gravitational field: the continuity equation
(conservation of mass), the Euler equation (conservation of momentum), and the
Poisson equation (to describe the potential). Solving such equations reveals the
existence of a characteristic scale length A\; and an associated mass M, called
the Jeans length and the Jeans mass, respectively. Only perturbations on scales
larger than A\; and mass larger than M; can collapse under gravity, in a typical
time scale that is called free-fall time. Nevertheless, observations of primordial
fluctuations of the order of 107, together with the observation that at z = 0
0 >> 1, reveal that, at some point in the history of the Universe, perturbations
must have entered the non-linear regime.

To understand non-linear growth of perturbations, numerical methods are used,
with some assumptions regarding the initial symmetry. In the spherical top hat
approximation overdensities are spherically symmetric and evolve in accordance
to the Friedman equation. In this case, the growth of perturbations occurs in
two phases: initially, it expands as the Universe expands till it reaches a critical
density d. that marks the onset of collapse and subsequent virialization. For all
realistic cosmogonies, the result of the spherical approximation is d. ~ 1.686. The
virialized system, that is the end product of the spherical collapse, is governed
by collisionless dynamics, a good assumption for dark matter halos and galaxies.

Thus far, the evolution of a single perturbation has been discussed. However,
the birth of structures in the Universe is the result of perturbations that exist
at different scales and masses. Hence, it is useful to approach the problem of
perturbation growth in a statistical sense. The appropriate tool is a power spec-
trum P(k), characterised by its variance, probability distribution and correlation
functions. Inflation models for an isotropic and homogeneous Universe predict
P(k) o k™ (Guth, 1981; |Guth & P1i, 1982), where n is called spectral index.
In this formulation, k£ is the wave vector corresponding to the plane wave that
represents a perturbation. The variance, o2, represents the amplitude of pertur-
bations, but not their spatial extent. The probability distribution is generally
assumed to be Gaussian (as motivated by inflation |Guth & Pi, [1982; Branden-
berger, [1985). The n = 1 power spectrum, called Harrison-Zeldovich approxi-
mation or scale-invariant spectrum (Harrison, [1970; Zeldovich|, |1972)), has always
been considered the most natural choice for initial fluctuations. The spectral
index can be estimated from the CMB map. The latest estimate of the spectral
index is n = 0.968 £ 0.006 (Planck Collaboration et al., [2015)), with no evidence
for significant changes as a function of the scale k at which n is estimated.
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Figure 1.3: A typical galaxy merger tree that represents the hierarchical fashion of structure
formation, where smaller units merge together to form more massive ones. From

|Marulli et a1.| (]2009|).

The knowledge of the shape of the initial fluctuation spectrum, together with the
growth of perturbations over cosmic time and their amplitude at the last scat-
tering surface are the necessary conditions to understand how the first collapsed
structures appear in the Universe.

1.1.3 First collapsed structures

The first collapsed structures that are the result of the grow of initial fluctua-
tions are dark matter halos (DMH). DM is, according to the ACDM model, the
dominant matter component of the Universe, and it decouples from radiation at
a redshift larger than the one at which the decoupling between baryonic matter
and radiation occurs. Immediately after the decoupling of dark matter and ra-
diation, the Jeans mass for the matter component is: M;cpy ~ 10° My. This
result hints towards a hierarchical DMH growth process in order to explain the
massive 10" — 10 M, DMHs of galaxies and clusters present in the Universe
today. This hierarchical pathway (bottom-up scenario) is well described by the
merger tree representation shown in Fig. 1.3 where less massive objects merge
together to form more massive ones. The mass function of DMHs in the case of
spherical collapse is the so-called [Press & Schechter (1974)):
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0 Oc dlno 52
n(M;t)dM = \/2%0(5\?) ‘dlnM‘ X exp [—202—82)] dM (1.8)

where pg is the average mass density of the DMH, d.(t) is the critical density at
time t and o(M) is the dispersion in mass of the perturbation.

Eq. predicts the number of collapsed DMH per unit mass per unit volume.
Post collapse, a DMH reaches a state of virial equilibrium characterised by a virial
temperature, defined as:

T, ~ 2 x 10* My (1 + 2) /10[K] (1.9)

where M), 5 is the halo mass in unit of 10® M. The virial temperature of a DMH
has important consequences on the efficiency of baryonic mass to collapse and
form protogalaxies.

1.1.4 Galaxy formation

Luminous objects form by the infall of baryonic matter into dark matter halos.
The study of growth of baryonic perturbations is complicated by the necessary
addition of radiative processes (shock heating, pressure gradients, cooling) that
are of extreme importance in understanding the existence of characteristic scales
in the mass spectrum of galaxies (a property that cannot be explained by gravity
alone; see |Binney, 1977; [White & Rees| |1978; Rees & Ostriker, 1977; [Silk, [1977)) .
Briefly, during infall in dark matter haloes, the baryonic gas is shock-heated at the
virial temperature of the halo through violent relaxation. Typical virial tempera-
tures are Ty > 10*K, thus the gas in the halo gets ionised. Subsequently, the gas
cools radiatively through emission of radiation that accompanies de-excitation.
The virial temperature of DMH, T, sets the cooling efficiency of the baryonic
gas and hence the level of fragmentation and final mass of the collapsed baryonic
object. When T, > 107 K, the baryonic gas is fully ionised and cools mainly
through Bremsstrahlung emission from free electrons. For 10°K < T, < 10° K,
several excitation and de-excitation processes, depending on the chemical com-
position of the gas, drive the cooling. At T, < 10* K gas is mainly neutral and
thus the cooling is suppressed. The cooling process is characterised by a cooling
timescale, t.,,, that in the case of an ideal, monotonic gas is:

371]{53

= = 1.1
tcool Zn%{A(TY ( 0)
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where A is the cooling function of the gas, n is the number density of gas par-
ticles. When t.,, > ty (where ty is the age of the Universe) cooling is not im-
portant and gas is thus in hydrostatic equilibrium (when not perturbed). When
tr <teoor <ty (where tgy is the free-fall time, describing the timescale at which
a gas cloud collapses in absence of pressure) the gas that underwent contrac-
tion following cooling has sufficient time to restore hydrostatic equilibrium. Only
when t.,0 < t¢s the gas experiences catastrophic cooling. When gas accumulates
in regions where self-gravity dominates over the gravity of the host halo, frag-
mentation into smaller clumps takes place during catastrophic cooling, giving
birth to stars and protogalaxies (e.g. Hensler & Burkert, [1989; Meier & Sun-
vaev,, 1979; Peebles| [1984)). In particular, as DMH do not have a uniform density
distribution, the cooling radius was introduced, defined as the radius at which
teoot = tys. Catastrophic cooling happens when r.,, >> 7y, (where r,; is the
virial radius of the SMH), in a regime of so-called cold mode accretion. When
Teool << Tyir cooling happens only in the inner part of the halo, and hot gas will
be found in the outer radii; as the new accreted gas will be shock-heated at Ty,
this regime is called hot mode accretion. The requirement on the ratio between
teool, tr and tyy naturally sets an upper limit to the masses of galaxies that can
form (White & Rees| [1978). More massive galaxies form during mergers of less
massive units. Such merging events are a natural consequence of the bottom up
structure formation scenario.

The first protogalaxies appear in the Universe at z ~ 20 — 30 (Tegmark et al.,
1997). The subsequent evolution of the galaxy is impacted by the growth of the
host halo, and processes related to the life cycle of stars (energy feedback, winds,
supernovae explosions). Energetic outputs from supermassive black holes hosted
at the centre of galaxies are also believed to play a key role in galaxy evolution.
In addition, galaxy mergers can significantly boost the star formation activity
and are responsible for morphological changes in the structure of galaxies. In the
next sections, the general properties of galaxies will be discussed, together with
the current picture of galaxy evolution.
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1.2 Properties of galaxies

This section presents an overview of galaxies’ properties, focusing particularly
on observational results. This brief summary is a result of decades of work that
has progressively improved thanks to significant advancements in the available
instrumentation (from naked eye observations, to photographic plates, to CCDs).
These advancements lead to an increase in the number of observed galaxies and
in the quality of the data.

1.2.1 Morphological classification of galaxies

Once the existence of galaxies beside the Milky Way became an accepted idea,
one of the first properties to be studied by astronomers was the shape of the
galaxies, or their morphology. In fact, galaxies appear in a variety of shapes, but
can be broadly divided into four main morphological families: spirals, ellipticals,
lenticulars, and irregulars.

Ellipticals

Elliptical galaxies are systems supported by velocity dispersion instead of rota-
tion. They can be spherical, oblate, prolate, and triaxial, depending on the ratio
between the three axes. Their surface brightness profile is smooth, and the shape
of the isophotes can be used to further classify ellipticals into disky or boxy. Stel-
lar populations in elliptical galaxies are generally old, and the vast majority of
ellipticals show no-ongoing star formation activity. Two main scenarios for the
formation of ellipticals have been discussed in literature: the monolithic collapse
and mergers. In the monolithic scenario, ellipticals form violently on short time-
scales from the collapse and virialization of an uncollapsed system. In this sce-
nario, a single burst of star formation occurs simultaneously with the collapse of
the gas (Partridge & Peebles, (1967} Larson, 1975). The second scenario (Toomre,
1977)) assumes that star formation occurs only in discs, and that it is the merger
of disk galaxies that creates an elliptical. Kauffmann et al. (2003)) showed that
the observed properties of ellipticals are well reproduced by the merger scenario-
the currently adopted paradigm for the formation of ellipticals.

Spirals

Spiral galaxies can be generalised as highly flattened discs supported by rotation.
They form via the dissipational collapse of a gas cloud in a dark matter halo.
The central component, i.e. the bulge, can be absent or more-or-less pronounced,
barred or unbarred. Also, the number of arms and how tightly wound they are can
vary, dividing spirals in grand design (2 arms), multiple-arm (> 2 arms), or floc-
culent (no defined arms). The surface brightness profile of the disc, that contains
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1.2 Properties of galaxies

gas, stars, and dust, can be well approximated with a single exponential. How-
ever, the disk can be divided into two components: the thick and the thin disc,
with different scale heights and stellar populations (Seth et al.,2005). The bulge,
when present in the central part of a spiral galaxy, is in general populated by older
stellar populations with respect to the ones in the disc, and has significantly lower
dust and gas fractions. Bulges are mainly observed in two forms. Classical bulges
are generally spherically symmetric, pressure-supported systems, that resemble
giant ellipticals on smaller scales (de Vaucouleurs, 1958; |Andredakis & Sanders|,
1994; Kormendy, 2013). They are thought to form in mergers of galaxies with
different propertied as compared to the ones that form ellipticals (Kormendy &
Fisher, |2008; Hopkins et al., 2010). Pseudobulges, on the other hand, show disc-
like features: they are rotationally supported systems with close to exponential
surface brightness profiles, populated by young stellar populations. They form as
a result of secular evolution of galactic discs, when non-axisymmetric structures
(i.e. bars) re-distribute energy and momentum, thereby re-arranging the disk
structure (e.g. Kormendy, 1993; |Croton et al., [2006; Kormendy & Fisher] 2008;
Athanassoulal 2008} (Combes|, 2009; Weinzirl et al.l 2009} |Governato et al., 2009;
Scannapieco et al., 2010; De Lucia et al., 2011; Guo et al., [2011)).

Lenticular and Irregular galaxies

Lenticular galaxies are similar to spiral galaxies with a large bulge component,
with the exception that their discs have no visible spiral arms and are populated
by older stars. They are thought to be faded spirals, i.e. spirals that used up
all their available gas (Elmegreen et al. |2002; Blanton & Moustakas, 2009; |Rizzo
et al.,[2017)). Other results in literature suggest that they could also originate from
mergers (Rudick et al., 2010; [Mihos et al., 2013; |Querejeta et al., 2015). Finally,
galaxies that have no particular shape are called Irregulars, and are thought to
constitute ~ 20% of the entire population of galaxies. They are mostly small
structures, rich in gas, dust and young stellar populations. The Large and Small
Magellanic Clouds, visible in the southern hemisphere with the naked eye, are
examples of irregular galaxies.

Classifications

The most famous galaxy classification scheme is the one made by Hubble (1936):
the Hubble Sequence of Galaxies, or tuning fork diagram, shown in Fig. [I.4] The
Hubble Sequence classifies galaxies in the four broad classes mentioned above:
elliptical, spiral, lenticular, and irregular galaxies. Ellipticals are sub-classified
according to their ellipticity. Spirals are classified according to the size of the
bulge component, using a letter from a (dominant central bulge) to m (bulge-less
disc). Spirals can also be classified as barred, when a bar is visible in the in-
ner part of the disc. Lenticular galaxies have intermediate morphologies between
spirals and ellipticals, and are hence located where the two branches of the fork
originate. Irregular galaxies are all those structures that cannot be classified in
the tuning fork scheme. Hubble suggested that his diagram should be considered
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Figure 1.4: A representation of the Hubble tuning fork classification scheme, that divides galax-
ies in ellipticals, normal spirals, and barred spirals. [From www.spacetelescope.org]

not only as a classification, but as an evolutionary path followed by galaxies.
For this reason, he renamed ellipticals as early type galaxies (ETGs), and spirals
(both barred and unbarred) as late type spirals (LTGs).

Since its first appearance, the Hubble morphological scheme was subjected to
criticism for its inability to include in it all observed galaxies. As a consequence,
several revisions were made, and new classification schemes appeared. At the end
of 1950 Morgan introduced a classification scheme based on both the appearance
(shape and compactness), and the spectral type of stars populating the galaxy.
The pillar of the classification proposed by Morgan is the crucial observation that
spectral properties of galaxies correlate strongly with their Hubble morphological
type (Seares| [1916blJa; Humason, |1932). In 1960s, van den Berg used observations
from the Palomar Sky Survey to reveal that the appearance of spiral arms corre-
lates strongly with the luminosity of galaxies (i.e. spiral arms are more likely to
be observed in bright, luminous galaxies that in weaker ones). Thus, he proposed
a modified Hubble Sequence consisting of a sub-classification of spirals based on
their luminosity. Around the same period, the tuning fork diagram was revised by
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1.2 Properties of galaxies

de Vaucouleurs, who added intermediate classes of spirals and included a number
between -6 and 10 to indicate the morphological class of a galaxy (de Vaucouleurs|,
1962, 1974). In 1948 he also introduces an empirical description of the surface
brightness profile of elliptical galaxies and bulges of spirals, that is able to fit the
data over a wide range of luminosities:

Z(T) — Ee 6—7.669 |:(7'/7'e)1/4—1:| <111)

where r, is the radius enclosing half of the total brightness and 3, is the brightness
within 7.. In 1968 the generalised Sérsic profile was introduced (Sersic, [1968):
an empirical law able to fit the surface brightness profile of different types of
galaxies, from ellipticals to pure spirals. The Sérsic profile can be written as:

Z(T) — Ze e—b'n |:(7‘/7’e)1/n—1:| (112)

where n is the Sérsic index and b, is a quantity that depends on n. For n = 4,
the Sérsic profile is the de Vaucouleurs one, that best fits elliptical galaxies and
spherical bulges of spirals. For n = 1 the Sérsic profile assumes the form of an
exponential law, that best describes the disk of spiral galaxies. The Sérsic gen-
eralised profile set the stage for finding a single parameter able to distinguish
galaxies based on their morphological classes. With this approach, several stud-
ies were carried out with the final aim of graduating from visual morphological
classifications to quantitative morphology. The compactness of a galaxy, that in
the Morgan classification was done by eye, was mathematically described for the
first time by |Fraser| (1972) who introduced the concentration indices Co; (Csa)
defined as the ratio of the radii containing 50 and 25 (75 and 50) percent of the
total galaxy luminosity. In 1977 de Vaucouleurs introduced the widely adopted
Cs; index. Over the decades, several studies (Doi et al., [1993; |Abraham et al.|
1994; Shimasaku et al., 2001; Dengj, 2013)) conducted with larger galaxy samples
reached the same conclusion: the concentration index is the best parameter to
classify galaxies and the one that shows the best correlation with visual classifica-
tion. Trujillo et al.| (2001) showed that the Sérsic index n and the concentration
parameter are monotonically related, hence making n a widely adopted parameter
to distinguish morphologies. With this aim, in the past 20 years codes like GAL-
FIT (Peng et al. [2002), GIM2D (Simard, 1998)), and BUDDA (de Souza et al.,
2004) have been developed, that are able to fit a model (i.e. Sérsic) to an observed
light profile and thus classify galaxies according to their Sérsic index value, or
other morphological indicators. Other studies focused on non-parametric mor-
phology with the main aim of finding irregular structures (e.g. mergers) in big
samples, giving birth to new morphological parameters like asymmetry, Gini-M20
correlation (Abraham et al.| 2003} Lotz et al., 2004), and multiplicity (e.g. Law
et al., [2007). Recently, two new pathways to galaxy classification have emerged.
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The first is a citizen science project called Galaxy Zoo (Lintott et al. 2008))
that visually classifies large samples of galaxies by giving non-astronomers access
to database of astronomical observations via the internet. The second involves
machine learning and deep learning: morphologies are estimated using Convo-
lutional Neural Network and training the algorithm to mimic human perception
(Huertas-Company et al., 2015)). This method of classification has proven to be
extremely efficient with a very small fraction of misclassifications with respect to
visual inspection.

Despite the numerous advancements in morphological classification, all the schemes
currently employed can be traced back to Hubble’s work. The role of galaxy mor-
phology in galaxy evolution studies was further emphasised when correlations
between the observed properties of galaxies and their shape were discovered, as
will be described in the next section.

1.2.2 A global bimodality
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Figure 1.5: Surface brightness profile shape, as described by the Sérsic index, in the LogM,
- LogSFR plane, in three different redshift bins. At all epochs, SFGs are well
characterised by exponential discs, while quiescent galaxies at all epochs are better
described by de Vaucouleurs profiles. [From Wuyts et al.| (2011al)]

As seen in the previous section, one way to classify galaxies is on the basis of
their morphology. Decades of research has now made clear that ellipticals and
spirals do not differ solely because of their appearance but have a plethora of
distinguishing properties, as summarised below.

Kennicutt| (1992) was the first to observe, from a small sample of 55 galaxies, a
correlation between the Hubble type and the strength of nebular emission lines
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Figure 1.6: The (u — r) colour-mass diagram shown for all galaxies (top left panel) and for the
two subsamples of ETGs (top right) and LTGs (bottom right). The contours for
the number density of galaxies are shown. [From Schawinski et al.| (2014)]

generally associated to star formation activity as well as the shape of the stellar
continuum. Recently, studies have shown that discs of spiral galaxies are actively
star forming, while ellipticals are are mostly dead (no ongoing star formation)
systems (Kauffmann et al.; |2003; [Schiminovich et al., 2007; Bell, 2008; [Scarlata
et all 2007, [Poggianti et al.l 2008; [Franx et all 2008; Maier et al [2009; Williams|
et al., 2010; Wuyts et al.,[2011a; Cheung et al.,|2012). Galaxies that have ongoing
star formation are thus called star forming galaxies (SFGs), while galaxies with
no ongoing star formation are referred to as passive galaxies.

The instantaneous star formation activity in a galaxy is computed as the quantity
of stellar mass (M,, given in terms of solar masses, M) produced in a year by a
galaxy: the star formation rate, SFR. Fig. [L.5|from Wuyts et al.[ (20114) represents
the LogM, - LogSFR plane, color-coded by the Sérsic index of galaxies, and clearly
shows that the two populations of SFGs and passive galaxies are characterised by
different values of n: n ~ 1 for the former, and n ~ 4 for the latter. This result
indicates that the spiral/elliptical bimodality of the Hubble diagram translates
into a more global bimodality, expressible in terms of the galaxy star formation
activity.
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Figure 1.7: Spectra of six different galaxies corresponding to different morphological classes,

from ellipticals (top) to late spirals and irregulars (bottom). [From |Strateva et al.
(2001)]

As a consequence of different star formation activities, the typical stellar pop-
ulations found in star-forming (SF) and passive galaxies do not have the same
characteristics. Morgan & Mayall (1957) were the first to notice, from a small
sample of 47 galaxies spectra, that galactic spectra dominated by A and F stars
(hotter and more massive stars, associate to recent event of star formation) are
in general classified as Sc or Irr. On the other hand, a spectrum dominated
by G stars (stars with intermediate surface temperatures) is typical of galaxies
often classified as Sb. Finally, Sa, SO and Fll have spectra dominated by K
stars (cold stars, associated to past events of star formation). These results have
been recently corroborated by studies carried out using larger samples and deeper
data (Proctor & Sansom| [2002; Thomas & Davies|, 2006; Kuntschner et al., 2010;
Falcon-Barroso et al., 2011; Robaina et al. 2012)). Fig. shows the spectra of
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six galaxies belonging to a wide range of morphological classes. The strength of
emission lines, as well as the shape of the continuum, change drastically depend-
ing on the classification of galaxies: Irr, Sc and Sb have strong emissions and
weaker continuum, while spectra of Sa, S0, and FEll have a stronger continuum,
weaker or absent emission lines, and relevant absorption features. As the shape
of the stellar continuum of a galaxy spectrum directly translates in the integrated
colour of the galaxy, the bimodality in morphology and star formation activity is
followed by a bimodality in galaxy colours. Spiral, star forming galaxies are gen-
erally characterised by blue colours, as they are mainly populated by young, hot
stars, while elliptical, passive galaxies are generally red, as they are mainly pop-
ulated by old, cold stars (Humasonl, |1936; |Holmberg), 1958} |[de Vaucouleurs, [1961;
Roberts & Haynes|, [1994; Strateva et al., 2001). This classification holds true if
the contribution of dust to the reddening of a galaxy is taken into account, as
dust generally absorbs UV light emitted by young stars and re-emits it at longer
wavelengths. It is also important to underline that galaxies with intermediate
green colours, less numerous than blue and red galaxies, are generally considered
as the evolutionary link between the two populations and are called green valley
galaxies. Fig. from |Schawinski et al. (2014) demonstrates that the bulk of
ETGs are found at red optical colours, while the bulk of LTGs lie at bluer optical
colours. Nevertheless, small fractions of blue ellipticals and red spirals also exist
as outliers. Spiral and ellipticals do not differ in their composition only because of
the typical stellar populations. Observations suggest that cold gas, that fuels star
formation, is present in large quantities in discs of spirals, but absent (or present
in trace amounts) in ellipticals (Knapp et al., [1985; Schweizer, |1987; |Knapp), | 1987}
Lees et all, [1991)). The dust content is also different: generally copious in spirals
and missing for a large fraction of ellipticals (Sadler & Gerhard} |1985; [Bertolay,
1987; Nieto, 1988} [Draine, [2003; Draine et al., 2007 Dale et al.l 2007} [Santini
et al., 2010).

The bimodal distribution of LT Gs and ETGs, that till now was examined in terms
of star formation activity, colour, and gas/dust content bimodality, is also found
to hold true when analysing the typical masses of the two families of galaxies.
In fact, LTGs and ETGs populate different regions of the stellar mass function,
i.e. the number of galaxies of a given mass per unit mass, per unit volume at a
given redshift. While spirals are generally found to dominate the low mass tail
of the distribution, ellipticals populate the high mass end (e.g. Pannella et al.,
2006; [Pozzetti et al., 2009; Ilbert et al., 2009). As mass and light in galaxies
go hand in hand, it was also found that galaxies with the largest luminosities
are preferentially ETGs (Collaboration & Blanton, [2000; |Ramos et al. 2011]).
Fig. shows luminosity functions (LF) of galaxies at different redshifts, split
in ellipticals (E) and spirals (S). At all redshifts, the high-luminosity end of the
global LF is dominated by ellipticals, while spirals dominate at lower luminosities.

Finally, another property that characterises spirals and ellipticals is the typical
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Figure 1.8: Luminosity functions (LFs) in the i-band and Schechter fits, divided in E-type

galaxies (red), S-type galaxies (blue) and Irregulars (green). The LFs are shown in
eight different redshift bins. [From |Ramos et al.  (2011)]

environment in which they live: low density environments (i.e. field, loose groups)
mainly host LTGs, while dense regions of the Universe mainly host ellipticals (i.e.
massive groups and clusters of galaxies). This distinction has been known since
galaxies became accepted as extragalactic objects (e.g. Hubble & Humason, |1931}
Smith| 1935} [Zwicky, [1942; Morgan| [1961} [Sandage| 1961} [Abell, [1965; [Oemler,
11974)). Dressler]| (1980) showed that within rich clusters as well, there is a correla-
tion between the local galaxy density and the galaxy type: namely an increase of
ellipticals and S0s and a decrease of spirals with increasing density (as showed in
the left panel of Fig. . Recent studies, carried out with different telescopes and
samples, confirmed the existence of a morphology-density relation that is univer-
sal and covers a wide range in density (e.g. Postman & Geller, [1984} [Vogt et al.|
2004; Balogh et al.| [2004; Blanton et al.l, [2005; Boselli & Gavazzi, [2006; [van der]
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Figure 1.9: Morphology-density relation shown with three different perspective. Left panel: the
increase in the fraction of ellipticals and SO galaxies and the decrease in the fraction
of spirals and irregulars towards larger projected densities [from ]
Right panel: Environmental dependence of SFR at z ~ 1 (filled symbols) and 0
(open symbols) in different fields (GOODS-N, GOODS-S) and in the Millennium
simulation (green) [from [Elbaz et al.[(2007)].

‘Wel, 2008; Bamford et al., 2009; Skibba et al., 2009; Hirschmann et al., 2014)).
Since the morphology of galaxies correlates with other integrated properties as
seen above, the morphology-density relation has been explored in depth in liter-
ature as a function of various properties. The luminosity-density relation reveals
that more luminous galaxies are found preferentially in more massive halos

et al.| 2006} [Zandivarez et all 20006} [Park et all, [2007; [Hansen et all, [2009; [Yang
et al. 2009; [Tempel et al., [2011). The colour-density relation shows that bluer

galaxies mostly populate field and low density environments (e.g. ,
2002; [Hogg et al.| 2003} |Gémez et al., 2003; Hogg et al., 2004; Balogh et al. [2004
Blanton et al., 2005; Baldry et al., [2006; |Skibba & Shethl, 2009). According to the
SFR-density relation the quiescent fraction of galaxies increases with increasing
dark matter halo mass at low redshift (Kauffmann et al. 2003; Bamford et al.|
2009; van der Wel et al., 2010; Lin et al., 2015} Gobat et al. [2015), but there
is also evidence that hints towards a reversal of the relation at larger redshift
(Elbaz et al., 2007). The right panel of Fig. shows the SFR as a function
of galaxies surface and volume density. The relation is a decreasing function for
z ~ 0, but reverses at z ~ 1. Finally, the kinematic morphology-density rela-
tion suggests that the fraction of kinematically selected spirals decreases in high
density environments (Cappellari et al., [2011b)).

As seen above, a main distinction has emerged between LTGs and ETGs that
concerns their ongoing star formation activity. In the past decade, a consistent
picture has built up thanks to observation as well as simulations, where the star
formation history (SFR as a function of time for a given galaxy) of LTGs and
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Figure 1.10: The evolution of the SFRD over cosmic time, computed using FUV + IR rest frame
measurements as SFR indicators. The black solid curve is the best-fit relation.
[From Madau & Dickinson (2014)]

ETGs differs significantly. From a sample of local galaxies, Heavens et al. (2004)
discovered that the redshift at which the star formation activity of galaxies peaks
is a monotonically increasing function of the final stellar mass of the structure. As
more massive galaxies at z ~ 0 are predominantly ETGs, this suggests that stellar
populations of massive ETGs were formed earlier in the history of the Universe
than the ones in spiral galaxies. This apparent anti-hierarchical scenario, in
which more massive systems form earlier than less massive ones, is the so-called
downsizing scenario (Cowie et all) |1996)). Downsizing can be reconciled to the
hierarchical structure formation model considering that the stellar population in
massive ellipticals might have been produced at early times in smaller galaxies
(e.g. De Lucia et al., 2006; Nolan et al., 2007} Fontanot, 2010; Eliche-Moral et al.,
2010; De Rossi et al. 2013; Kang et al.,, [2016). In the next section, the star
formation activity of the Universe over cosmic time will be analysed, as such
evolution holds the key to understand the build up of the Hubble sequence.
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1.2.3 Star formation activity evolution

Understanding the evolution of star formation activity through cosmic time is the
key to deciphering the observed differences in LT Gs and ETGs mentioned above.
The derivation of the history of star formation in galaxies requires the ability to
estimate mass from light. Astronomers generally estimate the SFR and M, of
a galaxy from the light that it emits at different wavelengths. Various methods
can be used to estimate the SFR depending on the wavelength range used to
observe the galaxy. The ultraviolet (UV) traces the light of newly-formed stellar
populations, while the infrared (IR) traces the light emitted by stars in the UV,
absorbed and re-emitted by surrounding dust. Nebular lines (e.g. Hey, [OI]37974)
trace gas excited and ionised due to the intense UV radiation emanating from
young stars, located in areas called HII regions. In addition, radio emission also
correlates with star formation activity due to the thermal emission from electrons
in HII regions accelerated by SN explosions. Each method comes with its own
strengths and uncertainties, and can be optimised for use in different redshift
ranges (e.g. Wuyts et al., 2011b; Madau & Dickinson) 2014)).

In the past two decades the large amount of multi-wavelength imaging and
spectroscopic data available has significantly revolutionised our understanding
of galaxies, as it is now possible to study the evolution of the star formation rate
density (SFRD) through cosmic time from z = 0 all the way up to z ~ 8 — 10, i.e.
almost for the entire history of our Universe (Madau & Dickinson, [2014)). Owing
to the wide compilation of studies based on various multi-wavelength data that
focus on the SFRD at different redshifts, our understanding of the evolution of
the star formation activity in galaxies has vastly improved (e.g. [Lilly et al., 1996;
Madau et all, [1996; [Schiminovich et all [2005; [Le Floch & team) 2005). Fig.
shows the compilation of SFRD measurements taken from Madau & Dickinson
(2014). A rise and fall behaviour of the SFRD with time is visible: the SFRD
steadily increases from z ~ 8 to z ~ 3, it peaks between z = 2 and 1.5 and then
decreases almost exponentially by an order of magnitude to the z = 0 value. The
behaviour of the SFRD shows that the Universe was a more active place ~ 10
Gyrs ago, with galaxies forming stars at a rate approximately 9 times larger than
the typical z = 0 value. It is also possible to estimate that ~ 50% of the total
stellar mass density was generated in the peak period, while ~ 25% formed at
z > 2, and the remaining ~ 25% over the last half of the Universe’s lifetime. In
the past decades, new insight into the process of star formation came from the
discovery of a tight correlation between the SFR and the stellar mass of a galaxy;
the next section explores such a correlation and its impact on the SFRD of the
Universe.
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1.2.4 The Main Sequence of SFGs

Studies indicate that most star forming galaxies, at least at z < 4, form stars in a
relatively ordered fashion as they follow a tight correlation between the SFR and
the stellar mass, or the so-called Main Sequence of star forming galaxies (MS)
(e.g. Brinchmann et al., 2004; Noeske et al., 2007; Daddi et al., 2007} Elbaz et al.,
2007; [Salim et al.| 2007; [Whitaker et all [2012; [Speagle et al. [2014; Pannellal
, . Estimates of the slope of the relation vary widely in literature,
and assume a value between 0.2 and 1.2 (Speagle et al.| 2014), mainly because
of four reasons: 1) the selection criteria applied to identify SFGs, that can be
based on a single colour cut, or on two-colours selections (BzK or UVJ), or on
cuts on a value of specific SFR (sSFR); 2) the SFR indicator used (e.g. He, IR
luminosity, D4000 break); 3) the fitting method used to identify the location of
the MS at a fixed stellar mass (mean, median, mode); and 4) the range of stellar
mass of the sample, as recent results suggest a flattening of the MS relation
at the high mass end (Whitaker et al., |2014; |Schreiber et al., 2015} Erfanianfar
. In some extreme cases, when selecting galaxies with a cut in SFR,
the MS in not recovered (Erb et all 2006; Reddy et al., |2006; Lee et al. 2013)).
Given the need for a detailed understanding of the evolution of the MS for galaxy
growth, Renzini & Pengl (2015) suggested an “objective” definition of the MS
as the ridge line of the star-forming peak (i.e. the mode of the distribution)
in the 3D SFR-Mass-Number diagram, independent of the pre-selection of SF
galaxies, as shown in Fig. Nevertheless, despite the disagreement on the
value of the MS slope in literature, there is a general consensus that the slope
does not show evolution with redshift. On the other hand, the normalisation
changes drastically with redshift, in accordance to the evolution of the SFRD,
indicating that galaxies were forming more stars in the past than they are today.
The characteristic specific star formation rate of the MS population decreases
by a factor ~ 20 from z = 2 to z = 0 (Schreiber et al. 2015)). According to
hydrodynamical simulations, semi-analytical models and analytical models able
to reproduce the MS of SFGs, the decrease in the normalisation towards lower
redshifts is a consequence of the declining gas accretion onto galaxies
et al.l 2010; Dutton et al., 2010; Davé et al., [2011; Dekel et al.| 2013; Lilly et al.|
2013}, [Torrey et al.; [2014; Mitchell et al.| 2014; Sparre et al., 2015} [Forbes et al.|
2014)). Such a decline reflects the cosmological evolution of the accretion rate of
gas into dark matter halos (Neistein et al., 2006; Birnboim et al., 2007; Genel
et all |2010; Tacchella et al. 2013).

An interesting feature of the MS is its low scatter, that remains more or less
constant over a wide range of stellar masses and over cosmic time, at least up to
z = 2.5 (e.g. Rodighiero et al., 2011} Whitaker et al., 2012; Schreiber et al., 2015]).
Evidence suggests that the scatter seems to increase only at the high mass end,
suggesting the existence of a wider variety of channels for the growth of massive

22



1.2 Properties of galaxies
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Figure 1.11: Three-dimensional SFR-M, relation for local galaxies in the SDSS database and
0.02 < z < 0.085. On the z axis the number of galaxies in each SFR-M, bin is
shown. The sharp ridge line of the SF peak is the objective MS definition given in
Renzini & Peng (2015). [From Renzini & Peng| (2015))]

galaxies (Guo et al., 2013} Ilbert et al.,|2015)). While the slope of the MS is related
to the variation of the SFR at different stellar masses, the dispersion is related
to the level of stochasticity in the star formation history (SFH) of galaxies, i.e.
on their gas accretion history as well as the SF efficiency (Dutton et al. 2010;
Leitner, [2012; Behroozi et al., 2013b; |Sparre et al) 2015). Salmi et al. (2012)
concluded that errors in the estimates of SFR and stellar mass are not responsi-
ble for the scatter in the MS, and thus, the scatter is real and reflects diversity
in the SFR of galaxies over time. The small scatter of the MS suggests that in
the largest fraction of SFGs, star formation activity is driven by secular processes
and stochastic events such as merger-driven starbursts (i.e. galaxies that, at each
stellar mass, have the largest SFRs) play a relatively minor role. Estimates of
the time spent by a galaxy in phases of enhanced star formation are found to
be inconsistent with the very short time scale of major mergers, thus implying
that the scatter of the MS is not caused by mergers (Cox et al., [2008; Lotz et al.,
2010).

Observations of the gradients of gas fraction and depletion times are seen across
the MS and thus provide clues on the nature of its scatter: galaxies with the

largest sSFRs have larger gas fraction and shortest depletion times (Magdis et al.|
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2012; [Sargent et al., 2014 Wang et al.l [2014; |Genzel et al.; 2015} [Silverman et al.|
2015; [Lee & Team) [2015; [Scoville et al., 2015). |Dutton et al.| (2010) concluded
that the scatter could be related to variations in the DMH concentration that can
in turn result in variations in the mass accretion history of galaxies belonging to
the same halo. Recent studies focused on understanding the typical timescale
of SFR variation embedded in the MS scatter (Abramson et al., 2015; Munoz &
Peeples, 2015)), a topic highly connected to how SFGs accumulate mass during
their lifetime. Tacchella et al.| (2015b)), using the VELA cosmological simulation
(Munoz & Peeples, 2015]), showed that the mechanism that confines galaxies in
a small 0.3 dex range above and below the MS is related to gas regulation, in
particular to the balance between the inflow rate of cold gas, the SFR activity
and the outflow rate. According to Tacchella et al.| (2015b), a MS galaxy moves
towards upper envelop of the MS when minor mergers or counter rotating streams
trigger gas infall in the central region (Noguchi, 1998; |Gammie, 2001} Dekel &
Birnboim, 2006} Bournaud et al., 2007 Burkert et al., [2010; |Cacciato et al., 2012
Dekel & Burkert|, [2013)). This is the so called compaction phase, that results in a
blue-nugget galaxy. Central gas depletion (due to high SFR and stellar feedback)
with short characteristic time scales moves the galaxy from the upper to the lower
envelop of the MS, where galaxies typically have long depletion time scales and
low gas fractions. Using cosmological zoom-in simulations, |Zolotov et al.| (2015])
showed that gas compaction and central depletion are frequent events in high-z
galaxies, and are actually the most important events in the lifecycle of galaxies,
thus enabling the compaction-depletion scenario to become a straightforward ex-
planation for the MS scatter. Observationally, Wuyts et al.| (2011a)) analysed the
dependence of the position of the galaxies on galaxy structure (size and Sérsic
index n), with respect to the MS ridge in the redshift range 0-2. They found that
the Sérsic index tends to be roughly constant, n ~ 1, within 3¢ from the MS,
i.e. there is no significant gradient of n across the MS. Furthermore they showed
that, galaxies located above 30 from the MS (starburst galaxies, SB) seem to be
more concentrated and spherical than MS counterparts. |Guo et al.| (2015]) used
a sample of local galaxies to conclude that, for massive galaxies, bulges and bars
are responsible of the increase in the MS scatter.

More recently, a new approach to the study of the nature of the MS relation
and its scatter came from spatially resolved observations of galaxies, enabling
the community to study galaxies as objects comprising of individual components.
Several investigations have unraveled a relation between the star formation sur-
face density and the stellar masses at the ~ 1 kpc sale, the so-called spatially
resolved MS of SFGs (Wuyts et al., 2013; [Magdis et al., 2016; |Cano-Diaz et al.,
2016; Maragkoudakis et al., 2017). [Ellison et al.|(2017) found that galaxies above
the MS are characterised by a great enhancement of SFR surface density in the
central regions, while galaxies below the MS show a depression in their SFR pro-
files in the inner part, in agreement with the earlier predictions of Tacchella et
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al. (2015b). Belfiore et al.| (2017)) found that galaxies below the MS have heavily
suppressed SFR in the inner part and less suppressed SFR. in the outer disc. Such
spatially resolved observations of galaxies, made possible by a new observational
technique called integrated field spectroscopy (IFS), has greatly improved our
understanding of the star formation activity of galaxies and will continue to do
so in the next years. Examples of IFS survey of galaxies are Atlas3D (Cappellari
et al, 2011al), CALIFA (Sanchez et al., [2012), MaNGA (Law & Team| 2014)) and
SAMI (Croom et al., 2012).

Despite the great advancement in understanding the different properties of LTGs
and ETGs, as well as the evolution of star formation over cosmic time, the pri-
mary mechanism (internal or external) responsible for quenching star formation
in galaxies and transforming them into quiescent systems still eludes us.

1.2.5 From star forming to passive: the quenching mechanism

In galaxy evolution, the term quenching defines the process (or ensemble of pro-
cesses) able to inhibit star formation activity, and thus leads to the formation of
red and dead galaxies. Quenching of star formation is a fundamental process as
significant discrepancies are in place between the observed luminosity function
(LF) of galaxies and the LF predicted by CDM-based numerical simulations of
galaxies. In fact, CDM-based numerical simulations of galaxies, where it is as-
sumed that the stellar mass of galaxies follows the halo mass, predict a larger
number of galaxies both at the low and at the high mass (or luminosity) end,
while good agreement is found between simulations and observations for the typ-
ical mass (or luminosity) of galaxies. In other words, the efficiency with which
baryons are converted into stars in halos of different masses remains a key prob-
lem of CDM-based models of structure formation. Several works (e.g. |Conroy &
Wechsler], 2009; (Guo et al., 2009; Behroozi et al., 2013a; Kravtsov et al., [2014)
have shown that this efficiency peaks for halos with M, ~ 10'2M, but de-
creases for both lower and higher mass halos due to feedback processes that must
be responsible of impacting the cold gas reservoir of galaxies. Fig. shows
a very common depiction of this problem. The difference between the observed
LF (in blue) and the simulated LF (in red) of galaxies has its minimum around
~ 3-109L,. At both increasing and decreasing luminosities, this difference in-
creases, implying the omission of some baryonic processes in CDM simulations
responsible for lower star star formation activity and hence lower number of galax-
ies observed at a given luminosity. As the key ingredient of star formation activity
is the availability of cold gas from which new stars form, most of the proposed
quenching mechanisms in literature focus on how to halt cold gas accretion into
galaxies, or on how to remove the accreted cold gas. Several processes have been
proposed, and have been split in two categories: 1) internal, when the process is
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(L)
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Figure 1.12: The discrepancies between the luminosity function of observed (red) and simulated
(blue) galaxies enhances the need for a mechanism able to stop star formation, both
at low and high luminosities. [From ned.ipac.caltech.edu]

dependent on the properties of the galaxy itself and not on the environment in
which the galaxy is hosted, and 2) external, when the process is related to the
characteristics of the environment the galaxy sits in (i.e. dark matter halo mass,
satellite vs. central, local density).

In low mass dark matter haloes (i.e. for lower mass galaxies) the role of quenching
is played by SN feedback (internal mechanism), that releases enormous amounts
of energy and momentum into the surroundings. While ionising radiation creates
giant HII regions, SN-driven winds also act to expand the cavities and generate
super-bubbles, where no star formation can occur (Dekel & Silk, [1986; |[Efstathiou,
2000; Murray et al.;[2005). Internal processes in more massive galaxies are mainly
associated to the co-evolution of the galaxy with its central super massive black
hole (SMBH). In fact, observational evidence was found supporting the idea that
SMBH masses correlate tightly with the properties of the host galaxy, in particu-
lar with the spheroidal component (e.g. Kormendy & Richstone, [1995; [Magorrian|
et all [1998; [Ferrarese & Merritt], [2000; |Gebhardt et al., [2000; McLure & Dunlop),
2002} Tremaine et al., [2002; Marconi & Hunt|, 2003; Haring & Rix|, [2004} [Giiltekin]
et al., [2009; McConnell & Ma), [2013; [Kormendy & Ho, [2013; [DeGraf et al., [2015;
Graham et all 2015 |Graham| 2016). The discovery of the aforementioned cor-
relations opened a new channel of inquiry focusing on the ability of SMBHs to
impact cold gas reservoirs of star forming galaxies. The phase during which this
occurs is known as Active Galactic Nuclei (AGN) feedback, that can be sum-
marised as the interaction between the gas present in a galaxy and the radiation

26



1.2 Properties of galaxies

emitted from the SMBH during an accretion phase. In particular, two different
forms of feedback can be identified. When the winds from the AGN are able to
push the gas in its surroundings and expel it from the galaxy (at least from the
disc), the feedback is referred to as radiative, or quasar-mode (e.g. [Silk & Rees,
1998} [Fabian|, [1999] 2002} King & Pounds, [2003; [Hopkins et al., 2006bla; [Dunn]
et al., 2010; |[Feruglio et al., 2010; [Fabian, 2012; |Cicone et al., 2014]). The kinetic,
or radio-mode feedback occurs when a SMBH is able to produce radio jets and
keeps the gas hot (e.g. [Pedlar et al., |1990; Tabor & Binney, 1993; Peterson &

Fabian|, [2006; [Croton et al., [2006; Bower et al., [2006; [De Lucia et al., 2006} [Mc-
Namara & Nulsen) 2007, Bower et al., 2008; Cattaneo et al. [2009; [Fabian) 2012}

'Vogelsberger et al.| |2013)). Another internal scenario is the so-called morphologi-
cal quenching. In this scenario, proposed by Martig et al.| (2009), the presence of
a massive bulge in the inner part of a spiral galaxy stabilises the disc, which could
still host cold gas, against fragmentation and collapse. This scenario implies that
bulges are a necessary condition to have lack of star formation in galaxies, and
that large amounts of cold gas should be present in dead ellipticals. The exis-
tence of passive bulge-less galaxies (nevertheless a very small fraction of the total
passive population) then has to be explained by other quenching mechanisms.

As seen above, a galaxy’s cold gas supply can also be affected by external pro-
cesses that the galaxy experiences when it enters a more massive DMH (or more
dense environment). Tidal interactions develop when a galaxy experiences the
gravitational field of a neighbour. The strength of the tidal force depends on the
masses of the two galaxies and their separation, and can thus result in signifi-
cant outflows of cold gas from the disk towards central regions causing enhanced
star formation and consequently, gas exhaustion. The tidal interaction present
due to the DMH’s gravitational field also results in gas inflows from outer to
inner regions, bar-developments, and gas exhaustion following a starburst phase
(Byrd & Valtonen, |1990; Merritt}, 1984; Villalobos et al., [2012). In general, the
effects of tidal forces due to a galaxy’s high speed interactions and to the DMH
potential well are called galactic harassment (Moore et al.,[1998). Ram pressure
stripping, instead, is defined as the pressure exerted on a galaxy moving through
the hot and dense gas that permeates a massive DMH, with T~ 107 — 10K
and p ~ 107* — 10 3atoms/cm ™2 (Gunn & Gott| [1972). Ram pressure has been
observed to drag neutral gas, as well as molecular gas and dust, but does not
affect the old stellar component (Roediger & Hensler| 2005; |Gavazzi et al., 2013;
Boselli et all [2014; Cortese et al., 2012; |Fossati et al., 2013; [Poggianti et al.|,
2016)). Nulsen (1982) proposed viscous stripping as a possible way to extract cold
gas from the edges of a disk of a galaxy, but because of the similarities with ram
pressure stripping signatures, it is difficult to observationally isolate this process.
Cowie & Songailal (1977)) noticed that thermal evaporation could also occur at the
interface between hot ICM and cold ISM, resulting in heating and evaporation
of the latter. Finally, as hot gas in a galaxy can potentially cool and become
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fuel for star formation, the removal of hot gas can also affect the cold gas replen-
ishment as this occurs in dense environments (Larson et al., [1980; |[Bahé et al.|
2013). It has also been shown, using cosmological simulations, that the temper-
ature of the gas accreted by galaxies through filaments from the cosmic web is a
function of the halo mass. In particular, DMH with M, > 10*?M,, are found to
accrete hot gas, in contrast to lower mass haloes that accrete cold gas (Birnboim
& Dekell 2003} |Keres et al., [2005 |Dekel & Birnboim), 2006; [Keres, [2009; Birnboim!
& Dekel, 2011). When accretion of cold gas halts, a galaxy is strangulated and
becomes progressively passive by using up its cold gas reservoirs and declining
star formation rate, or more abruptly as a consequence of a major merger which
would also involve a more significant increase in stellar mass (Cen) 2014; Peng
et al., [2015; Smethurst et al., 2015)). It has also been proposed that quenching
could be a combination of all these processes. For example, using their cosmo-
logical zoom-in simulations, Zolotov et al.| (2015) show that quenching of high
redshift SFGs is preceded by a compaction phase that creates the so-called blue
nuggets: SFGs morphologically similar to quiescent ones. This compaction phase
is caused by strong inflows to the centre due to minor mergers and/or counter-
rotating gas and violent disk instabilities. The availability of dense cold gas in
the centre results in high SF and consequently stellar/SN and/or AGN feedback
causing quenching. (Tacchella et al.| (2015b)) propose that episodes of compaction,
quenching and replenishment are responsible for a galaxy to be located in a +0.3
dex region around the MS. The final quenching happens when the replenishment
time is longer than the depletion time (i.e. in massive haloes, or at low redshifts),
leading to a passive galaxy.

Despite the plethora of studies investigating the nature of quenching, this topic
is not yet fully understood and hence, an important aspect of galaxy evolution
still eludes us.

1.3 Open questions

The overview of galaxy properties and galaxy evolution given above clearly shows
how, despite many advances in the understanding of a galaxy life cycle, topics
like the evolution of the star formation activity through cosmic time, as well as
the connection between processes able to quench star formation in galaxies and
processes responsible for the morphological transformation of galaxies, are still
raising many open questions. Since the discovery of the MS, a large fraction of
galaxy evolution studies focused on understanding how galaxy properties evolve
along and across the relation. This was done mainly for three reasons: 1) to
understand the drivers of the scatter of the relation; 2) to shed light on the
quenching mechanism by exploring the different properties of galaxies on the MS
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and in the passive region; 3) to understand the mechanism able to boost star for-
mation well above the MS, in the region of starburst galaxies. This thesis aims at
answering the following questions: what is the role of the individual galactic com-
ponents, bulges and discs, in shaping the scatter of the MS? What is the spatial
distribution of the star formation activity of starburst, normal star forming and
passive galaxies? In recent years, several morphological decomposition of galaxies
became available for large samples of galaxies, both in the local Universe and at
higher redshift (Lintott et al. 2008, Gadotti et al. 2009, Simard et al. 2012, van
Der Wel et al. 2012, Huertas-Company et al. 2015). In this thesis, structural
decompositions of galaxies will be studied to understand their variations both
along and across the relation and over a wide redshift range, with the final aim of
drawing a coherent picture of the drivers of the MS scatter, the mass growth of
galaxies along the MS, and of the processes responsible for starburst phases and
quenching. Chapter 2 of the thesis will focus on local Universe, while in Chapter
4 a sample of z ~ 1 galaxies will be analysed. Nevertheless, as the MS is used
as a tool to understand the evolution of the star formation activity in galaxies,
potential biases in the MS estimate (slope and dispersion) need to be accounted
for, to avoid obtaining results affected by selection biases. Selection effects might
play an important role especially when samples of green valley galaxies are cre-
ated and used to study the quenching timescales (e.g. Schawinski et al., 2014}
Smethurst et al., 2015; (Coenda et al., 2017; [Belfiore et al. [2017)). Chapter 3 of
this thesis will explore the following question: Does the inclination of a galactic
disk bias the measurements of the SFR for local galaxies? What is the impact on
the Main Sequence of SFGs?. SFR estimates depend on corrections for the dust
content of galaxies, usually estimated from fitting the spectral energy distribution
(SED) of galaxies, or from emission line ratios known to be good tracers of dust.
When the disk of a spiral galaxy is close to edge-on, light attenuation from dust
is at its maximum, as light as to travel larger distances within the disc. Chapter
3 of this thesis explores the problem of galaxy inclination when determining its
SFR, with consequences on both the MS slope estimate and on selection effects
on the sample of green valley galaxies.
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2 The morphology - star formation
activity link at low redshift

The content of this chapter has been published in Morselli et al. (2017), with only
some modifications being made to the manuscript when adopting it for this thesis.
The original manuscript (Astronomy & Astrophysics, Volume 597, id.A97) was
written together with coauthors Paola Popesso', Ghazaleh Erfanianfar!?, and
Alice Concas'.

'Excellence Cluster Universe, Boltzmannstr. 2, Garching bei Miinchen, 85748, Germany
2Max-Planck-Institut fiir extraterrestrische Physik, GieBenbachstrasse 1, Garching bei Miinchen,
85748, Germany

2.1 Introduction

The aim of this chapter is to study the relation between galaxies structural pa-
rameters and location with respect to the MS in the local Universe. The choice
of performing this study starting on a local galaxy sample is dictated by the
fact that the Sloan Digital Sky Survey (SDSS; [Strauss et al., [2002) provides the
required statistics to dissect the MS brick by brick to study the nature of its
scatter as a function of the galaxy morphology with high accuracy. In addition,
the availability of accurate morphological classification and bulge/disk decom-
position of SDSS galaxies allows us to study the role and interconnection of the
individual galaxy components. Throughout this chapter, the following cosmology
is assumed: Hy = 70.0 km s~ *Mpc™t, Q,,=0.3 and Q,=0.7.

2.2 Dataset

In this chapter we make use of the catalogues derived from the SDSS-DR7
database (Abazajian et al., [2009)) and in particular the following quantities: star
formation rates, stellar masses, stellar velocity dispersion, and properties derived
from bulge/disk decomposition of galaxies. We now briefly summarise how these
were derived and provide references to the original papers for details.
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2.2.1 SFRs, stellar masses, and velocity dispersion

SFRs and M, are taken from the MPA /JHU DR7 catalogues (Kauffmann et al.,
2003; Brinchmann et al [2004; |Salim et al| 2007). Stellar masses have been
estimated from a fit to the photometry, using a large grid of models from Bruzual
& Charlot (2003) and spanning a wide range of star formation histories. We
use the total, aperture corrected stellar mass computed from the total ModelMag
photometry that is less sensitive to emission line contamination. SFRs come from
emission line modelling using the grid of ~ 2x10° models of |Charlot & Longhetti
(2001). Dust corrections are mainly based on the H,/Hpg ratio. To calculate the
likelihood of each model, Brinchmann et al. (2004) use a Bayesian approach.
Since the likelihood distribution of a given parameter gets broader for decreasing
signal-to-noise ratios (S/N), the SFR comes from the H, line just for galaxies with
S/N > 2. For AGNs and composite galaxies, as classified in the BPT diagram,
and for galaxies with no H, emission, the SFR comes from the D4000 break, that
is known to correlate with sSFR (sSFR = SFR/M,). An aperture correction to
the SFR based on the fit of the light outside the aperture to stochastic models
is applied to account for the small 3” diameter of the SDSS fiber (Salim et al.
2007). The aperture velocity dispersion, o,,, and mean S/N per pixel are taken
from the MPA/JHU gal-info catalogue, while values of the H, and Hz fluxes and
their S/N ratios are form the MPA/JHU gal-line catalogue.

2.2.2 The bulge/disk decomposition catalogue

Galaxy structural parameters are taken from the bulge/disk decomposition of the
Simard et al.| (2011]) catalogue (S11 hereafter). In S11, the GIM2D code (Simard
et al., 2002) has been applied to the g and r filter images of 1,123,718 SDSS
DR7 galaxies to obtain a two-dimensional bulge-disk decomposition convolved
with the point-spread function. The simultaneous fit of the g and r images
makes the decomposition robust against spurious effects. S11 provide structural
parameters for three different fitting models: 1) a pure Sérsic, 2) an exponential
disk plus De Vaucouleurs bulge, and 3) an exponential disk plus free Sérsic bulge
model. In this work, we use the catalogue obtained from the exponential disk
plus De Vaucouleurs bulge model as the F statistics reveal that SDSS images
are not good enough to efficiently compute the Sérsic index of the bulge and its
structural parameters (see S11 for details). The S11 catalogue obtained from an
exponential disk plus De Vaucouleurs bulge includes an estimate of the bulge-total
ratio (B/T) done both on the r-band (B/T[r]) and on the g-band (B/T|g]) images.
The comparison between B/T|[r|] and B/T]g] shows a very good agreement, as
shown in Fig. : the slope of the correlation is very close to 1 (0.9640.05), the
intercept is 0.05+0.03 and the Spearman correlation ranking is 0.98.
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Figure 2.1: Comparison between the B/T computed from the g-band image and the B/T com-
puted from the r-band image. Both estimates come from the S11 catalogue, obtained
in the case of an exponential disk plus De Vaucouleurs bulge model.

In this work, we use the B/T computed from the r-band image and the magni-
tudes of the bulge and disk components, that are given as rest-frame, extinction,
and K corrected. Extinction values are taken from the SDSS pipeline, while K
correction was computed using version 4.2 of k-correct (Blanton & Roweis, [2007)).
The total, K and extinction corrected r and g-band magnitudes of the galaxies
in S11 agree very well with the SDSS Petrosian magnitudes (extinction and K
corrected). We use the criterion Ppg < 0.32 (as suggested by S11) to select robust
subsamples of genuine bulge plus disk systems, where Ppg is the probability that
a two-component model is not statistically needed to fit the galaxy image. In this
work, we will also use other outputs of the S11 morphological decomposition in
the case of an exponential disk plus De Vaucouleurs bulge model, like the effective
radius of the bulge, 7¢ puige, the disk scale height, rp, 451, and the disk inclination.

2.2.3 Galaxy host halo mass

We use the group catalogue of [Yang et al.| (2007, YO7 hereafter) and
(2012), an optically selected galaxy group and cluster sample for a complete
spectroscopic subsample (0.01 < z < 0.2) of DR7 SDSS galaxies. The halo-based
group finder of Y07 works as an iterative algorithm and, unlike the traditional
friend-of-friend (FoF) method, it is able to identify groups, pairs and isolated
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halos. Summarising, the algorithm first finds the potential group centres using
FoF and considers all the remaining galaxies as isolated. Then, it computes
the characteristic luminosity (Lig5) of each group and its halo mass assuming a
functional form for M},y;,/L19.5, constant in the first iteration, L9 5-dependent for
the remaining iterations. This method of computing halo mass, with respect to
gravitational lensing or X-ray emission based techniques, is able to span the entire
richness range, thus a larger range in halo masses (Yang et al., 2005)). Finally,
using halo properties, the algorithm updates the group members and iterates the
procedure. The reader can refer to Y07 for the details regarding the method. In
particular, we use the Sample A group catalogue built without considering fiber-
collision corrections. This catalogue provides two estimates of the group halo mass
(Mpaio): one based on Ljgs, the other based on the characteristic stellar mass.
In our analysis we use the estimate of M., from the characteristic stellar mass
M, since the Mpq,-M, relation is slightly tighter than the My, ;,-L19.5 relation
(Y07). The catalogue provides halo masses only for groups whose characteristic
M, is above 10'%2M,. Thus, the algorithm does not assign halo masses below
10*° M where one must extrapolate the calibration. However, estimating the
characteristic M, of very low mass halos with just one or two galaxies is very
uncertain. Thus, we assign an upper limit halo mass of 105 M, to halos with
masses below this threshold.

2.2.4 The galaxy sample

We construct the master catalogue from the MPA-JHU SFR and M, catalogue,
after removing duplicates and objects with no SFR or M, estimates, and cross-
correlate it with the S11 catalogue. Less than 2% of galaxies do not have a SFR
or a stellar mass estimate because of low quality photometric or spectroscopic
data. In the cross-correlation between the master and the S11 catalogues, only
8% of galaxies are lost owing to minor differences in the selection criteria applied
in S11. The cross correlation with the catalogue of Y07 leads to the exclusion
of 5% of the sample, partially overlapping with the 8% of S11. This is due to
the fact that Y07 limit the analysis to SDSS regions with a minimum of 70%
spectroscopic completeness, thus, losing a low percentage of galaxies in regions
of lower completeness. To limit our analysis to a local volume galaxy sample
with relatively high spectroscopic completeness, we select galaxies that satisfy
the following criteria: 0.02 < z < 0.1, LogM, > 9.0 My, no AGN as identified
in the MPA-JHU catalogue, and a good estimate of z and SFR. Galaxies that
are classified as AGN (~ 3%) in the BPT diagram in the MPA-JHU catalogue
are removed from the sample as the AGN component could provide a significant
contribution to the host galaxy colours. Thus, the inclusion of the AGN popula-
tion, though not very significant in numbers, could bias our analysis of the galaxy
bulge and disk colours.
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Figure 2.2: Distribution of galaxies in S4r 1 sample in the LogSFR - LogM, plane. Top panels:
SFR distribution of galaxies in three different stellar mass bins. The red solid line
is the result of the gaussian fit to the right-side of the SF peak. Bottom panel:
LogSFR - LogM, plane colour-coded as a function of the number of galaxies in each
bin. The MS of SFGs is indicated by the thick solid line, while the error bars mark
the 1o scatter.

Our selection criteria lead to a final galaxy sample of ~ 265,000 galaxies, Sapr. In
the bottom panel of Fig. we show how galaxies in our S, sample populate
the LogSFR - LogM, plane. In the upper panels we show the distribution of
the SFR of galaxies in three bins of stellar mass to better visualise the typical
bimodal distribution and its dependency on stellar mass. The thick solid line
and error bars in the bottom panel of Fig. indicate the position of the MS of
SFGs and its 1o scatter, respectively. Following the example of Renzini & Peng]
(2015)), the MS and its scatter are computed as the mode and dispersion of the
SFR distribution in several stellar mass bins. We divide the sample in stellar
mass bins of 0.2 dex in the range 9.0 < Log(M,/Mg) < 11.0. In each bin, we fit
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Table 2.1: Main sequence SFRs (first column) and dispersion values (second column) in bins of
stellar mass, in Log(M/Mg) (third column).

LogSFRus [Moyr™'] oms [Moyr™'] Log M, [Mg)]

-0.48 0.24 9.0:9.2
-0.34 0.25 9.2:94
-0.21 0.29 9.4:9.6
-0.07 0.26 9.6:9.8
0.06 0.23 9.8:10.0
0.16 0.22 10.0:10.2
0.26 0.25 10.2:10.4
0.36 0.28 10.4:10.6
0.47 0.31 10.6:10.8
0.50 0.37 10.8:11.0

85}

8.0 ‘ : : s UL
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Figure 2.3: Correlation between the absolute z-band magnitude, M., and the stellar mass,
LogM, for the spectroscopic MPA-JHU catalogue at 0.02 < z < 0.1. M, has been
computed from the SDSS Petrosian magnitude, corrected for extinction.
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Figure 2.4: Completeness in the (g — r)-LogM, plane (left panel) and LogSFR - LogM, plane
(right panel) of the spectroscopic Sar;, sample with respect to the parent photo-
metric Sppot sample.

with a Gaussian to the right side of SFR distribution (see, as an example, the
red fits in the upper panels of Fig. , to avoid shifts in the peak value caused
by the green valley population. We did not compute the MS values for masses
M, > 10"M since in this range the distribution is significantly non—-Gaussian
(Erfanianfar et al., 2016; [Whitaker et al.,|2012) and cannot be easily disentangled
from the tail of the quiescent distribution. The mean (1) and sigma (o) values of
the Gaussian fit are used as MS and scatter in the midpoint of each stellar mass
bin and are summarised in Table 1.

To check for biases introduced by our selection criteria, we study the completeness
of our spectroscopic Sarr sample in the LogSFR - LogM, plane, by comparing
it with the parent photometric sample drawn from the SDSS DRY7 in the same
region, redshift, and stellar mass range (Spnet). The stellar masses for Sype: galax-
ies without spectroscopic data are derived from the z band absolute magnitude,
M., using the best-fit LogM, - M, relation shown in Fig. obtained for Sarr.
(Log(M,/Mg)=(-0.424+0.1)M,+1.3(£0.2)). On the other hand, obtaining a mea-
sure of the SFR without spectroscopic data is not trivial. We verified that the
five SDSS broadbands are insufficient to retrieve a reliable measure of the SFR
through the SED fitting technique. Also, the addition of the GALEX UV bands
does not help in obtaining a reliable dust correction. Indeed, the scatter between
the SFR derived in this manner and the SFR derived from the dust-corrected Ha
emission of the MPA-JHU catalogue exceeds 0.5 dex. To overcome this issue we
use the rest-frame (g-r) galaxy colour as a proxy for star formation activity.

The left panel of Fig. shows the (g-7) - LogM, plane colour-coded as a function
of the completeness level of Sy, with respect to Spynet. The completeness in each
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bin is estimated as the percentage of S, galaxies that are also in the Sy, sample
in the same bin. Completeness is below 50% for 10%°M, < M, < 10'°M,,.
In this stellar mass range it is larger for blue, SFGs than for passive, redder
galaxies because of the presence of strong emission lines. For M, > 10'%°M_, the
completeness is larger for redder galaxies, most likely owing to the strong stellar
continuum. To obtain the completeness in the LogSFR - LogM, plane we proceed
as follows. For every galaxy we get the completeness value by its (g-r) colour
and stellar mass (left panel). We then compute the completeness in a given bin
of the LogSFR - LogM, as the average completeness over all galaxies in that bin.
The result is shown in the right panel of Fig. 2.4 Completeness varies between
5% and ~ 20% for galaxies with M, < 10°°Mg), where it is larger for blue, SFGs
owing to the presence of strong emission lines. For stellar masses in 109571000/
the completeness of the spectroscopic catalogue reaches 40% on the MS and in its
upper envelope, while it decreases to 20% for passive galaxies. For galaxies with
M, > 10'°M), completeness is always higher than 60%, reaches values of ~ 80%
on the MS, and is even larger in the passive region with M, ~ 101°=1-0M
where galaxies are characterised by a strong continuum.

2.3 Estimate of the central BH mass

In Sec. [1.2.5] while introducing the quenching mechanism, we have seen that in
the past years many models were formulated that pointed to a primary role of
central SMBHs to stop star formation in galaxies. Currently, only ~ 90 reliable
dynamical estimates of central BH masses in galaxies are available, thus making
it difficult to draw conclusions, in a statistical sense, on the role of central SMBHs
in transforming galaxies from star-forming to passive. Nevertheless, tight corre-
lations have been discovered between the dynamically-measured BH masses and
the properties of their host galaxies, particularly concerning the spheroidal com-
ponent (Gebhardt et al.l 2000; Ferrarese & Merritt, |2000; [Tremaine et al., 2002}
Haring & Rix|, [2004; |Giltekin et al.| [2009; Kormendy & Hol|, [2013; [ McConnell &
Ma, 2013; Terrazas et al., |2017)). These relationships are a useful tool to study
in a statistical way the role of the central BH (in particular of its mass) in large
samples of galaxies. In this work, we use the black hole mass (Mpg) - o relation
of McConnell & Ma (2013) to derive the mass of the central BH for the galaxies
in our Sz, sample:

LogMpy = 8.32 + 5.64Log (20()6(]) (2.1)

where o, is the velocity dispersion integrated within 7, pyg.. This correlation was
chosen over the others available in literature as it has been obtained for a mixed
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morphological sample of galaxies, without excluding pseudobulges. The SDSS
velocity dispersions o,, are computed inside the SDSS fiber aperture of radius
rrp = 1.57, and thus have to be extrapolated at 7¢pyuge. Thus, we apply the
aperture correction described in |Jorgensen et al.| (1995) to og,:

e\
Te = Ogp - (2.2)

Tebulge

where 7 puige is taken from S11. In the redshift range considered here, the av-
erage aperture correction is ~ 14%. Given the spectral resolution of the SDSS
spectrograph and typical S/N values, velocity dispersion estimates smaller than
~70 km/sec are not reliable. Thus, to all galaxies with o,, < 70 km/sec, we
assign a fixed upper limit of o,, = 70 km/sec with an error of £70 km/sec (that
will be used in this work to compute weighted averages). We also exclude few
galaxies with o,, > 420 km/sec, as the SDSS template spectra are convolved to
a maximum sigma of 420 km/s. It is important to keep in mind that the value of
04y (and thus of o.) can be contaminated by disk rotation, especially in galaxies
that have a significant disk component. When studying the quiescent fraction of
the entire population of low redshift galaxies, contamination by rotation does not
seem to play a major role (Bluck et al. 2014), as the quiescent fraction as a func-
tion of LogM gy is independent on the correlation used (LogMpg - 0 or LogM gy
- LogMpuige) to estimate the BH mass. Nevertheless, some caution is needed when
analysing LT Gs alone, for which the quiescent fraction at fixed LogMpgy is larger
for My, ge-derived estimates of LogM gy, as a consequence of the contamination of
disk rotation in ¢ (Bluck et al. 2014). Fig.[2.5|shows the distribution of LogM gy
for all galaxies in the S, sample. The peak of the distribution at LogMpgy ~
5.5 Mg, is caused by our method of assigning an upper limit to all galaxies that
have velocity dispersion o,, lower than the spectral resolution (green histogram

in Fig. [2.5).

2.4 Bulge/disk decomposition reliability:
comparison with other works

To check the reliability of the S11 B/T classification, we compare it with different
morphological classifications, in particular, BUDDA (de Souza et al. 2004, Bul-
ge/disk Decomposition Analysis) and Galazy Zoo (Lintott et al., 2008). Both
classifications take the presence of bars into account. Thus, this comparison is
particularly interesting to understand how the presence of a bar can bias the S11
B/T estimate.
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Figure 2.5: Distribution of LogMpy for all galaxies in the Sar; sample. LogMpgy has been
estimated from the aperture-corrected velocity dispersion o, using the relation of
McConnell & Ma (2013).

BUDDA is a fortran code that performs multicomponent decomposition of galax-
ies. Bulges are fitted with Sérsic profiles and disks are fitted with exponentials.
Unlike in GIM2D, in addition to bulge and disk, bars are also modelled with
a Sérsic profile. We make use of the public catalogue of structural parameters
presented in Gadotti (2009, GO9 hereafter), where the BUDDA code has been
applied to a sample of 946 spectroscopically confirmed, nearly face-on galaxies,
in the range 0.02 < 2 < 0.07 and M, > 10'°M,. The final sample of G09 is clean
and optimal for bulge/disk decomposition as the quality of each image has been
inspected by eye and the redshift range is low. The S11 and G09 catalogues have
910 galaxies in common (correlation radius r = 3”). We compare the B/T ratios
of S11 (B/Tgramep) with the GO9 values (B/Tpyppa). Both B/T values have
been computed from the r-band images. Results are shown in Fig. [2.6| The red
stars are the median values of the whole sample in bins of 0.1 in B/T and the
errors are computed as the standard deviation in each bin. We find an overall
agreement between the two methods at least below B/T ~ 0.6. GIM2D tends to
find slightly higher B/Ts with respect to BUDDA. The blue triangles indicate the
subsample of galaxies that are classified as ”barred” in BUDDA, while the black
circles indicate the "unbarred” subsample. A very good agreement in B/Tgyppa
and B/Tgraep is found for unbarred galaxies, while for barred galaxies, GIM2D
tends to estimate higher values of the B/T of almost double at B/T < 0.1 and
20-30% higher at larger B/Ts. Despite this, the overall effect is not dramatic
as B/Tgryep for the whole sample (red stars) does not increase more than 25%
because of the inclusion of barred galaxies. This is because of their relatively low
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Figure 2.6: Comparison between B/Tpyppa and B/Tgraep. The red stars are the median
value of the B/Tgryop in bins of 0.1 B/Tgyppa for all galaxies that the two
catalogues have in common, while the blue triangles and black circles are used for
the subsamples of barred and unbarred galaxies, respectively. The error bars are
given by the standard deviation in each bin.

percentage, ~ 30%. Above the B/T ~ 0.6 threshold, B/T¢ryep tends to flatten
to an average value of ~0.7. This is consistent with the tendency of GIM2D to

find an overabundance of small disks in spheroidal galaxies, as pointed out in
S11.

We compare GIM2D with the second release of Galaxy Zoo (Lintott et al.,[2008)),
which is a project aimed at classifying “by-eye” the morphology of galaxies in
the SDSS Main Galaxy Sample (Strauss et al. [2002). The catalogue provides
morphological classification only for ~ 50% of the parent photometric sample
drawn from the SDSS. The remaining half of the galaxy sample is classified with
uncertain morphology. In the second release (GZ2; Willett et al. 2013) ellip-
ticals are classified as round, cigar-like, or in-between. Spirals are classified in
four classes as a function of the bulge prominency: Sa if they have dominant
bulge, Sb for obvious bulges, Sc if the bulge is just noticeable, and Sd if there
is no bulge. In addition, spirals are also divided into barred and not-barred cat-
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Figure 2.7: Distribution of the S11 B/T in the different morphological classes defined by Galaxy
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Zoo 2 (from top to to bottom: Sd, Sc, Sb, Sa, and ellipticals). The histograms have
been normalised to the peak. The red dashed histograms describe barred spirals,
while the black dashed histograms indicate unbarred spirals. The whole population
of barred and unbarred galaxies is described by the black solid histograms.
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egories. Since edge-on spirals have separate morphological classes in GZ2, we
restrict this analysis to galaxies that, in S11, have a disk inclination angle that
is smaller than 70° (where ¢ = 90° for an edge-on disk). In Fig. we show
the B/T distribution of each subcategory, which are identified using the gz2class
final classification in GZQﬂ The GZ2 ellipticals, which are considered as a whole
regardless of the shape, are characterised by a B/T distribution peaking at B/T
~ 1 and with a second peak at B/T ~ 0.6. We also observe a third, much less
significant peak at B/T of 0. Approximately 60% of GZ2 ellipticals with B/T
< 0.8 have Pps < 0.32, thus making the disk component statically significant.
These galaxies could be S0 galaxies that are visually misclassified as ellipticals
(Willett et al., 2013; Huertas-Company et al., 2011). Not surprisingly, for GZ2
Sa galaxies, i.e. consistent with an intermediate morphology template (bulge-
dominated spiral), the B/T distribution is wide with three peaks, at B/T of 0,
~ 0.5, and 1, respectively. 62% of the Sa have B/T between 0.2-0.8, but 22%
and 16% of them are classified as pure disks or pure spheroidals according to the
S11 Ppg statistics. However, we point out that Sa galaxies account only for less
than ~ 1% of the GZ2 sample. For Sb, Sc, and Sd the B/T distributions reveal
a very good agreement between GZ2 and GIM2D classification. Also, it is clear
from Fig[2.7] that the presence of a bar (red dashed line histograms) results in
an overestimate of the GIM2D B/T, in particular for Sc and Sd galaxies. The
effect on the whole population is an increase in the mean B/T by a maximum of
~ 25%, as already found in the comparison with BUDDA.

We point out that neither GO9 or GZ2 catalogues are suitable for our analysis.
While BUDDA does not provide the required statistics, in GZ2, the visual classi-
fication is available only for half of the parent galaxy subsample drawn from the
SDSS, leading to a high level of incompleteness. Only S11 simultaneously pro-
vides the required statistics and completeness. The drawback of using S11 is the
uncertainty of bulge/disk decomposition at relatively high values of B/T. Indeed,
the comparison with BUDDA and GZ2 shows that S11 find an overabundance of
double component systems among galaxies that are classified as pure spheroidal
by BUDDA and by the visual classification. Cheung et al.| (2013) suggest that
among galaxies with B/T > 0.5 only those with Ppg < 0.32 have a reliable
the bulge/disk decomposition. However, such a drastic cut would imply selecting
only half of the S11 sample at B/T > 0.5, leading to significant selection effects in
our analysis. To overcome this problem, we adopt the following approach. When
measuring the mean B/T in the LogSFR - LogM, plane, we use a weighted mean,
where the weights are based on the errors provided by the S11 catalogue for B/T.
Including this error in the weighted mean allows us to take into account the un-
certainty due to low S/N and resolution issues. This approach also allows us
to propagate the uncertainty of the morphological classification throughout our

! Alternatively, a similar comparison can be carried out using the vote fractions instead of the
gz2class parameter, but this leads to a decrease in the number of sources for the comparison,
especially in the case of intermediate-morphology galaxies.
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Figure 2.8: Left panel: LogSFR - LogM, plane colour-coded according to the weighted average
B/T in the bin. The white line represents the location of the MS of SFGs, and the
error bars indicate its dispersion. Right panel: B/T ratio as a function of Aysg
(distance from the MS) in different stellar mass bins. The dotted vertical line
indicate the position of the MS. Error bars are obtained via bootstrapping.

analysis. As an alternative approach, and to verify the robustness of our results,
we create a reference sample (S,.s) in which we keep the B/T as given by S11
for all galaxies with Ppg < 0.32. Instead, galaxies that have Ppg > 0.32 are
consider as pure disks (B/T = 0) when B/T<0.5 or as pure spheroidals (B/T =
1) when B/T > 0.5. When analysing the colours of the individual components
in the LogSFR - LogM, plane, we use a sample with robust double component
classification by imposing the cut at Ppg < 0.32.

2.5 Results

In the following sections, we study the galaxy B/T, central BH mass, concen-
tration parameter and bulge/disk colours in the LogSFR - LogM, plane. The
purpose of this analysis is to better understand the drivers of the MS scatter, and
the main differences in galaxy properties between SF and passive galaxies.

2.5.1 The B/T across the LogSFR - LogM, plane

In Fig. E we show the distribution of the B/T values of S4z; in the LogSFR
- LogM, plane (left panel). Each bin is colour-coded according to the weighted
average of the B/Ts in that bin. The width of each bin is 0.2 in both LogM, and
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LogSFR to account for the average errors on the measurements. The white solid
line is the MS and the error bars show the dispersion around it (Table 1).

Fig. confirms the result already obtained by Wuyts et al. (2011): the MS is
populated mainly by disk-dominated galaxies and the quiescent region by bulge-
dominated systems. Intermediate B/T values are found in the green valley and
the upper envelope of the MS. We also confirm previous results that the mean
B/T on the MS increases as a function of the stellar mass, going from 0.16 at
10.2 < Log(M,/Mg) < 10.4, to 0.21 at 10.4 < Log(M,/My) < 10.6, 0.26 at 10.6
< Log(M,/My) < 10.8, and 0.32 at 10.8 < Log(M,/Mg) < 11.0. This implies
that above LogM, =10.2M4 the MS is populated by double component galaxies,
which is consistent with previous findings (Lang et al. 2014, Bluck et al. 2014,
Erfanianfar et al. 2016). When approaching the quiescence region at 2 1 dex
below the MS, the B/T further increases to reach an average value between 0.6 -
0.7 for galaxies with LogM, > 9.6M. For less massive galaxies, the average B/T
in the passive region is in the range 0.3 - 0.5. However, this is the region most
affected by completeness issues as shown in Fig. 2.4 Thus, it is very likely that
a strong selection effect in favour of emission line galaxies is biasing the mean
value of the B/T in the weighted mean.

A deeper insight is obtained from a careful analysis of the relation between the
residuals around the MS, Ay s = LogSFR s - LogSFR, (where SFR g is the
SFR on the MS and SFRy, is the galaxy SFR), and the mean B/T in different
stellar mass bins as shown in the right panel of Fig. 2.8 Contrary to Wuyts et
al. (2011), who find a roughly constant value of the Sérsic index n ~ 1 around
the MS, we observe that the B/T - Ajg relation exhibits a parabola-like shape
within 30 from the MS with the MS coinciding with the lowest B/T's at any stellar
mass. In contrast to previous results (Wuyts et al. 2011, Cheung et al. 2012),
we find that star-forming blue galaxies with a bulge-dominated morphology are

not outliers in the diagram but are just populating the upper envelope tail of the
MS.

To further investigate how galaxies with different morphologies populate the
plane, we study the distribution in the entire stellar mass range of the B/T
for galaxies above the MS (> 20), within the MS (£20), in the lower envelope of
the MS (2-3 o below) and in the passive region (30 below). As shown in fig. [2.9]
the MS (black line) is dominated by pure disk galaxies, in which ~ 60% of the
population have B/T < 0.2. The large error associated with MS galaxies with
B/T < 0.2 reflects the increase of the B/T along the MS. In the upper envelope
of the MS (blue stars), disk galaxies make up only ~ 30% of the entire galaxy
sample, favouring a population of intermediate B/Ts. Similarly, ~ 35% of galax-
ies are pure disks in the lower envelope of the MS. Galaxies in the lower and
upper envelopes of the MS share the same distribution of galaxy B/T. Among
passive galaxies (red triangles), ~ 70% have B/T < 0.8. As discussed earlier,
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Figure 2.9: Fraction of galaxies as a function of the B/T within the MS (black circles), in the
upper envelope of the MS (blue stars), in the green valley, and in the passive region
(red triangles). The fraction is estimated as the mean in several bin of stellar mass
from 10! to 10! M. The error bars show the dispersion around the mean. The
MS upper envelope and the lower envelope (green valley) share the same distribution
of galaxies as a function of the B/T: ~ 40% of the population has B/T > 0.4 vs.
15% of the galaxies in the MS.
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Figure 2.10: Same as Fig. but for S,.; sample of galaxies. Left panel: LogSFR - LogM,

plane colour-coded according to the weighted average B/T in the bin. The white
line represents the location of the MS of SFGs, and the error bars show its dis-
persion. Right panel: B/T ratio as a function of Apsg (distance from the MS) in
different stellar mass bins.

this fraction is contaminated by true spheroidal galaxies for which GIM2D finds
a spurious disk. Nevertheless, there is a significant population of passive galaxies
with a secure bulge plus disk morphology, as ~ 45% of all passive galaxies have
B/T < 0.8 and Ppg < 0.32. Also, the fraction of passive galaxies with B/T < 0.2
is negligible, indicating that passive pure disks, if at all present, are outliers of
the galaxy population.

To prove the reliability of our results against the bulge-disk decomposition of S11,
we performed the following additional tests:

e We repeated the analysis of the mean B/T in the LogSFR - LogM, plane

for the S,.f sample. We recall that the S,.; sample is built from the Sarr
sample by keeping the B/T as given by S11 for all galaxies with Ppg < 0.32,
while the remaining galaxies are considered pure disks if they have B/T <
0.5 or pure spheroidals if they have B/T > 0.5. The trends of the B/T in the
LogSFR - LogM, plane are remarkably consistent with those of Fig. [2.10] for
the S,z sample. We still observe the minimum of the B/T distribution for
galaxies that, at each stellar mass bin, are located on the MS. As expected,
the increase of the B/T in the passive region is more significant for S,.r
than for the Sarr, as only ~ 50% of galaxies with B/T > 0.5 have Ppg <
0.32.

We repeated the analysis by limiting the S, sample to galaxies with high
S/N photometric data and secure S11 classification, by selecting galaxies
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Figure 2.11: Probability of galaxies in the S,; sample to be classified as FEll, S0, Sab,
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and Sed (from left to right, respectively) as a function of LogSFR. In each
panel, subsamples of galaxies with different stellar masses are shown in differ-
ent colours: 9.0<Log(M,/Mg) <9.5 in black, 9.5<Log(M,/Mg) <10.0 in blue,
10.0<Log(M,/Mg) <10.5 in magenta, and 10.5<Log(M,/Mg) <11.0 in grey, re-
spectively. The dashed lines mark the MS value of LogSFR at the median stellar
mass value of the bin.

with a disk scale length larger than 2” to avoid resolution issues (as in
Cheung et al. 2013). Also this test confirms the results presented in Fig. 2.8

We investigated whether the parabola-shape distribution of the average B/T
values around the MS can be recovered by other morphological classifica-
tions. In particular, we exploit the automated, vector-based morphological
classification of SDSS galaxies presented in Huertas-Company et al. (2011).
We decided to use this classification as it does not assign a class to each
galaxy, but a probability to each galaxy of being classified in four morpho-
logical classes (Ell, S0, Sab, Scd). Thus this classification is best indicated
to express a continuous transition between different morphological types.
From left to right, Fig. shows the probability, as a function of the po-
sition with respect to the MS, of SDSS galaxies to be classified as Fll, S0,
Sab, and Scd, respectively. To better underline mass-dependent trends of
the classification, in each panel we divided galaxies in four mass bins: 9.0
< Log(M4/Mg) < 9.5 in black, 9.5 < Log(M,/Mg) < 10.0 in blue, 10.0 <
Log(M,/Mg) < 10.5 in magenta, and 10.5 < Log(M,/Mgy) < 11.0 in grey,
respectively. The dashed lines mark the MS value of the SFR at the median
value of each stellar mass bin. Interestingly, we notice that the probability
of a galaxy to be classified as a bulge-dominated galaxy (S0) shows the
same parabola-like distribution that characterises the B/T at a fixed stellar
mass as a function of the SFR. The probability has its minimum on the
MS where, on the contrary, a galaxy has the maximum probability to be
classified as a disk dominated system. Also the probability of a galaxy of



Log SFR [Mayr™]

2.5 Results

L5 Delta<o.2 1 L5t Delta<0.5

0.7 m | Bo.7

90 95 100 105 11.0 115 : 90 95 100 105 11.0 115
Log M, [Mg] Log M, [Mg]

Figure 2.12: Left panel: LogSFR - LogM, plane colour-coded according to the weighted average

mass-derived B/T in the bin. The B/T has been computed from the total, bulge,
and disk mass estimates given in Mendel et al. (2013). Only galaxies for which the
difference between the total mass and sum of the bulge and disk masses (in units
of the standard error) is smaller than 0.2 are shown. The white line represents
the location of the MS of SFGs, and the error bars (computed via bootstrapping)
indicate its dispersion. Right panel: same as left panel, but for galaxies for which
the difference between the total mass and sum of the bulge and disk masses (in
units of the standard error) is smaller than 0.5.

being classified as FEll increases towards the upper envelop of the MS, but
less significantly than in the S0 case.

We investigated whether the morphological trends are confirmed when using
the B/T computed from the bulge and total stellar mass (and not from
r and g-band photometry, as done so-far). Bulge, disk and total stellar
masses for SDSS galaxies based on the morphological decomposition of S11
have been computed by Mendel et al. (2013) via fitting to broadband
spectral energy distributions (SEDs). The formal uncertainties on the total
bulge, disk, and total stellar mass are of the order of ~ 0.15 dex, but
the authors warn that SED modelling assumptions results in an additional
~ 60% systematic uncertainty. In Fig. we show the distribution of
the B/T computed from the Mendel et al. (2013) bulge, disk and total
stellar mass estimates. As the uncertainties involved are large, we decided
to restrict our analysis to two cases: the left panel of Figl2.12] shows only
galaxies for which the difference between the total mass and sum of the
bulge and disk masses (in units of the standard error) is smaller than 0.2,
while on the right panel galaxies for which the difference is smaller than
0.5 are shown. Despite the larger uncertainties introduced by the SED
fitting assumptions, the morphological trends in the LogSFR - LogM, plane
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observed using the photometry-derived B/T are confirmed when using the
mass-derived B/T. Due to the smaller statistics, introduced by the criteria
on the difference between the total mass and sum of the bulge and disk
masses, the upper envelop of the MS is less populated than in the case of
the Sz, sample. Nevertheless, it is clear that the MS falls at the minimum
of the B/T distribution at each stellar mass bin, especially at Log(M,/Mg)
>10. Galaxies in the upper and lower envelopes of the relation are populated
by more bulge-dominated galaxies with respect to MS counterparts at fixed
total stellar mass.

2.5.2 The effect of bars

In Sect. we conclude that S11 and G09 show good agreement for B/T < 0.6
and that the presence of a bar leads to an overestimation of the S11 B/T of 10 -
25%. However, the gradient observed from the peak of the MS towards the upper
and lower envelopes of the relation leads to an increase of the mean B/T by a
factor ~ 3-5, depending on the stellar mass bin. Thus, the increase of the mean
B/T across the MS is much larger than the overestimation of the B/T due to the
bars. Nevertheless, the bars could be preferentially located in certain regions of
the LogSFR - LogM, plane, thus affecting the average B/T value of that region.

To check this, we perform the same analysis as in Fig. on the G09 sample
(see left panel of Fig. [2.13). We observe a ~ 25% milder increase of the mean
B/T along the MS with respect to the result of Fig[2.8) (mean B/T value of 0.13,
0.19, and 0.23 at stellar masses of 10107194My, 10104-108M  and 10108112\,
respectively), which is consistent with the overall effect of overestimation of the
S11 B/T from the inclusion of barred galaxies. Because of the relatively small
size of the G09 sample, the upper and lower envelopes of the MS are poorly
populated. Thus, we limit the analysis of the mean B/T as a function of the
distance from the MS to two stellar mass bins, above and below the median mass
of the sample (10'%?°M,). We perform the analysis for the whole G09 sample and
for the “unbarred” G09 sample (deprived of barred galaxies). The right panel of
Fig. shows the mean B/T as a function of Ajg for the two G09 samples
in comparison with the mean relation obtained in the same stellar mass bins in
S11. The error bars are estimated via bootstrapping technique. We find a perfect
match of all relations in the MS region. This indicates that bars do not play a
crucial role in the gradient of B/T across the MS. Only in the quiescence region,
as expected, the S11 relation shows lower mean B/T with respect to G09 because
of the underestimation of S11 B/T for spheroidal galaxies (Fig. [2.6]). In addition
the barred galaxy sample of G09 shows that the B/T - Ajsg for barred galaxies
exhibits the same parabola-like shape. Thus, barred galaxies follow the same
trend. This suggests that the presence of a bar on average plays a second order
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Figure 2.13: Left panel: LogSFR - LogM, plane for galaxies in the bulge-disk decomposition
catalogue of G09. Each marker is colour-coded accordingly to the B/T value of
the galaxy. Right panel: B/T as a function of the distance from the MS, Aysg,
for the G09 whole sample (shaded region), and for the G09 subsample of unbarred
galaxies (solid lines). The sample was divided into two bins of stellar mass, 10.0 <
Log(M,./Mg)<10.5 (in black) and 10.5 < Log(M,/Mg)<11.0 (in red). The B/T
distributions computed for the S4r; sample are also shown for comparison in
dashed lines. The solid vertical lines indicates the location of the MS. error bars
are obtained via bootstrapping.

effect with respect to the galaxy morphology.

2.5.3 0., LogMgy and Ryy/ R in the LogSFR - LogM, plane

To investigate the robustness of the morphological trends observed in the LogM,-
LogSFR plane, and to study similarities (or differences) of the bulgy galaxy pop-
ulation in the upper and lower envelopes of the MS, we use the bulge velocity
dispersion, o., the black hole mass, Mgy, and the SDSS concentration param-
eter, Rog/Rs0. The parameters o, and Rgg/Rs5o are often used to discriminate
between classical and pseudo-bulges (see e.g. G09). Classical bulges resemble
spheroidal galaxies for their colours and scaling relations. Pseudo-bulges are, in-
stead, outliers in the Kormendy relation (Kormendy, (1977, G09). They tend to
be blue-ish, with low velocity dispersion, and with a Sérsic index close to ~ 2.

Fig. [2.14] shows the distribution of galaxies in the LogSFR - LogM, plane colour-
coded as a function of the weighted average of o, in each bin. In order to sample
the bulge alone, we select galaxies with B/T > 0.5 and galaxies with Ppg < 0.32
if 0.0 < B/T < 0.5. To all galaxies with Ppg > 0.32 and 0.0<B/T<0.5, thus
galaxies for which a bulge component is not statistically needed to fit their surface
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Figure 2.14: Left panel: Distribution of galaxies in the LogSFR - LogM, plane, in which
each bin (0.2Mg in M, and 0.2 Mgyr~! in SFR) is colour-coded according to the
weighted average value of the velocity dispersion o, in the bin. The white line
represents the location of the MS of SFGs. Right panel: o, as a function of the
distance from the MS, A g, in six different bins of stellar mass, each 0.2Mg wide.
The different bins of stellar mass are indicated with different colours, as defined in
the legend of the image, while the grey dotted vertical line represents the location
of the MS. The error bars are obtained via bootstrapping.

brightness profiles, we assign a fixed upper limit of o,, = 70 km/sec with an error
of £70 km/sec. As galaxies with o,, < 70 km/sec are mostly low mass galaxies
we focus this analysis on galaxies with Log(M,/Mg)> 10. The behaviour of o,
across and along the MS is qualitatively similar to the B/T ratio. At a fixed
stellar mass, o, has its minimum on the MS, increases towards the upper and
lower envelopes of the MS, and reaches its maximum in the quiescence region.
Also, the velocity dispersion of MS galaxies increases for increasing stellar mass
along the MS, resembling the B/T behaviour. We point out that the exclusion of
pure-disk galaxies, which populate the core of the MS, naturally leads to a flatter
parabola-like shape for the o, distribution as a function of the distance from the
MS, Ajps. No significant differences are observed when dividing the sample in
galaxies with disk inclination 7 < 45°ﬂ and galaxies with ¢ > 45°, thus our results
are not contaminated by disk rotation.

Following the procedure outlined in Sec. we compute Mgy for all galaxies
with a safe bulge component (galaxies with B/T > 0.5 and sources with Ppg <
0.32if 0.0 < B/T < 0.5). For all galaxies with 0.0 < B/T < 0.5 and Ppg > 0.32
we assign a fixed upper limit of o,, = 70 km/sec with an error of 70 km/sec and
then proceed with the computation of Mgy. Fig. shows the distribution of
galaxies in the LogSFR - LogM, plane colour-coded as a function of the weighted

2The disk inclination angle is 0° for face-on galaxies and 90° for edge-on galaxies.
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Figure 2.15: Left panel: LogSFR - LogM, plane colour-coded as a function of the weighted
average of Mpy in each bin. The white line represents the location of the MS of
SFGs, and the error bars its dispersion. Right panel: average Mpy as a function
of the distance from the MS (Ajss) in different stellar mass bins.

average of Mpy in each bin. We find, once again, that the MS coincides with
the minimum black hole masses at each stellar mass bin, at least in the stellar
mass range in which the MS can be safely determined (M, < 10'' M) and
in which we can trust the estimates of Mgy. This finding represents a strong
proof of the reliability of our results on the morphological distribution of galaxies
around the MS. In fact, while the B/T used in the analysis presented in Sec.
2.4.1 is derived from photometry, the black hole masses come from the velocity
dispersion, estimated from galaxy spectra. The fact that galaxies located in the
upper and lower envelopes of the MS are hosting central BHs with similar masses
(on average) also points towards the fact that those bulges might be structurally
similar.

The same trend in Fig. and Fig. [2.15is also observed for the concentration
parameter, which is one of the most reliable discriminant (G09) between bulges
and pseudo-bulges at given B/T. Fig. [2.16 shows that the concentration index
reaches the minimum on the MS, and it increases both towards larger and smaller
SFRs. In the lower and upper envelopes of the MS the mean value of Rgy/Rs50 &
2.5 is consistent with the mean for classical bulges with low values of D4000, as
estimated in the same mass range by G09 (see Fig. 20 of G09). Low values of
the D4000 index would indicate a relatively young age of the stellar population.
Values of Rgg/Rs50 =~ 2, which are consistent with pseudo-bulges, are found only in
the core of the MS. In the quiescence region, the mean Rgy/Rs5o /&~ 3 is consistent
with classical bulges with high values of D4000, i.e older stellar populations.
Thus, we conclude that lower and upper envelopes of the MS share the same

53



2 The morphology - star formation activity link at low redshift

3.00 3.0
1.5
10 275 2.75
05
-
= 0.0 3
= = 2.56% 2.50
= S
& 05 <
&
1.0
- 295 2.5
15
—2.0 :
90 95 100 105 11.0 115 200 200 = 55 =10 05 00 05 10 15
Log M, [Mg] Anis

Figure 2.16: Left panel: LogSFR - LogM, plane colour-coded as a function of the weighted
average of the Rgo/Rso ratio. The white line represent the location of the MS of
SFGs, and the error bars its dispersion. Right panel: Rgy/Rso ratio as a function
of the distance from the MS (Ajss) in different stellar mass bins.

B/T, bulge velocity dispersion, and concentration parameter distributions. Both
are populated by intermediate morphology galaxies with classical bulges. The
similarity of these distributions could suggest that the scatter around the MS
is characterised by different evolutionary stages of the same galaxy population,
while the MS itself is mainly populated by pure disk galaxies.

2.5.4 Bulge and disk colours in the LogSFR - LogM, plane

The SDSS spectroscopic dataset does not provide any spatial information. Thus
to understand whether there is a connection between the SF activity of the indi-
vidual galaxy components (bulge and disk) and the star formation of the galaxy
as a whole, we use the colour of bulges and disks as a proxy of their SFR, while
the total SFR of the galaxy is taken from Brinchmann et al. (2004). For this pur-
pose we limit this analysis to the S5, sample with secure double morphological
component, applying the cut at Ppg < 0.32.

In Fig. we show the (g-r) colour of the galaxy (upper left panels), disk
(upper central panels), and bulge (upper right panels) in the LogSFR - LogM,
plane. The upper panels are colour-coded as a function of the galaxy or galaxy
component colour. The colour in each bin is obtained with a weighted mean. The
bottom panels show the dependence of the mean colour of the whole galaxy (left
panel), disk (central panel) and bulge (right panel) on the distance from the MS.

The galaxy and disk colours follow similar trends where at any stellar mass bin,
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Figure 2.17: Galaxy (left panels), disk (central panels), and bulge (right panels) colours in the
LogSFR - LogM, plane. In the upper panels, the distribution of galaxies in the
LogSFR - LogM, plane is colour-coded according to the weighted average (g-r)
colour in each bin. The bins are 0.2Mg, in LogM, and 0.2Mgyr~! in LogSFR. In
the bottom panels, the (g-r) colour is shown as a function of the distance from the
MS, Apys, in different bins of stellar mass, represented by different colours (same
as Fig. . The error bars in the lower panels are obtained via a bootstrapping.

they anti-correlate with the distance from the MS, getting progressively bluer
from the quiescence region to the upper envelope of the MS. The anti-correlation
is steeper for the whole galaxy colour than for the disk component. In both
cases, the relation flattens progressively towards highest stellar mass bin. The
bulge colour shows a different behaviour instead. Up to M, ~ 101°M,, the bulge
colour also anti-correlates with the distance from the MS, getting bluer from the
passive region to the upper envelope of the MS. In this stellar mass range bulges
above the MS are as blue as their disks. However, above M, ~ 10*°M,, the
relation reverses with the bulge colour getting redder from the passive region up
to the MS. After reaching its reddest value, the bulge turns slightly bluer towards
the upper envelope of the MS. However, the bulge colour is always redder than
the disk even in the upper envelope of the MS. For M, > 10*Mg, bulges are
always characterised by red colours independent of their position on the LogSFR
- LogM, plane.

In order to check the bias from dust obscuration, we analyse the average Balmer
decrement computed for galaxies with S/N > 8 in both Ha and Hf (Fig. [2.18)).
Dust obscuration is not significant for galaxies with stellar masses below 101°M,,.
Hence the trends in colours reflect a trend in SF activity. Very massive (M, 2

* A~

95

1.2

1.0

0.8

0.2

0.0
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Figure 2.18: Balmer decrement in the LogSFR - LogM, plane for galaxies in our sample that
have a median S/N ratio per pixel > 8. The white solid line and error bars represent
the MS of SFGs and its dispersion.

10'%5M,) SFGs in the upper MS envelope exhibit the highest values of Balmer
decrement, pointing to a very high level of dust obscuration. This, in turn, would
suggest that the flattening of the colour gradients across the MS at increasing
stellar mass in all panels of Fig. could be due to an increasing level of dust
obscuration towards the upper envelope of the MS. We also point out that above
M, ~ 10195 M, the very red colour of bulges in the green valley and on the MS
cannot be explained by a large level of dust obscuration due to the low average
Balmer decrement. We conclude that the bulges in massive MS and green valley
galaxies are intrinsically redder than their counterparts in the passive region.
This implies that such bulges might be older or more metal rich with respect
to bulges in the passive region. In any case, this suggests different evolutionary
paths for bulges on the MS, and in the passive region.

The observed trends of the bulge and disk colours at fixed stellar mass with the

distance from the MS are also preserved when considering all galaxies in Sz,
with 0.2 < B/T < 0.8.
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Figure 2.19: From left to right, (g-r) disk colour as a function of LogMpgy, B/T, LogMpaio
and LogM,, respectively. The solid lines connect the average values of (g —
7)aisk computed in bins of LogMpgy (0.5 dex), B/T (0.05), LogMpaio (0.5 dex)
and LogM, (0.25 dex). The colours indicate different stellar mass ranges:
10.0 < Log(M,/Mg)<10.5 in blue, 10.5 < Log(M,/Mg)<11.0 in green, 11.0 <
Log(M,/Mg)<11.5 in magenta, and the full range in black, respectively. Error-
bars have been computed using the bootstrapping method. In the upper-left corner
of each panel, the angular coefficient m and the correlation coefficient r are shown,
computed for the entire stellar mass range.

2.5.5 The reddening of the disk

In the previous Sections we analysed the distribution of galaxy morphology across
the LogSFR - LogM, plane and underlined the importance of considering galaxies
as systems composed of components that evolve independently. The analysis of
the (g-r) colour of disks and bulges revealed that the colour of the individual
components plays a critical role in placing galaxies around the MS relation. In
addition, we have seen that galaxies moving from the MS towards its lower envelop
and towards the passive region have significantly redder disks with respect to MS
galaxies. Here we study the disk as an individual galaxy component to understand
what causes the colour gradient observed in the right panel of Fig.[2.17] We study
the disk color as a function of four properties of the galaxy: the BH mass, the
B/T, the mass of the parent dark matter halo, and the stellar mass. The main
purpose of this exercise is to understand which actor amongst the central SMBH,
galaxy morphology, dark matter halo mass, or galaxy stellar mass plays the most
critical role in driving the reddening of the disk and of the whole galaxy. Fig.[2.19
shows the colour of the disk as a function of LogM g, B/T, LogMp;, and LogM.,.
As the mechanism responsible of regulating the colour of the disk can be different
for galaxies at different stellar masses, we show the average (g — )45 values also
computed in three stellar mass bins of 0.5 dex width: 10.0 < Log(M,/My) <
10.5 in blue, 10.5 < Log(M,/Mg) < 11.0 in green, 11.0 < Log(M.,/My) < 11.5
in magenta. The errorbars have been estimated via the bootstrapping technique.

The first panel of Fig. shows the (g-7)aisk - LogMpg correlation. As ex-
pected, galaxies hosting more massive SMBHs have redder disks, and this holds
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2 The morphology - star formation activity link at low redshift

at all stellar masses. Black hole masses in the range Log(Mpy/Mg) < 6.0 are
in the vast majority upper limits estimated by assigning to o,, the value of
70km /sec (Sec. . The bulk of the population of galaxies hosting SMBHs with
Log(Mpr/Mg) < 6.0 is found at blue disk colours. Interestingly, we found that
at a fixed BH mass, galaxies with lower stellar masses have slightly redder colours
(~ 0.1mag) with respect to more massive galaxies. This difference is not signifi-
cant due to the large scatter of the relation, but suggests that together with the
BH mass itself, the ratio between the bulge mass and the total stellar mass (B/T)
plays a role in driving the reddening of the disk.

The second panel of Fig. shows the correlation between the B/T and the
(g-7)aisk. colour. This correlation is the one with the largest Spearman coefficient,
and thus the one with the smaller scatter. We observe a strong dependence of the
disk colour on the B/T, especially for B/T < 0.6, where also different behaviours
are observed for galaxies with different stellar masses. In fact, galaxies with
Log(M,/Mg) > 11.0 have red disks independently on the B/T. For lower mass
galaxies instead, the disk is predominantly blue in disk-dominated systems, and
becomes redder with increasing B/Ts. Massive systems (i.e. Log(M,/Mg) = 11.0)
with low B/Ts (i.e. 0.2) have large BH masses (Log(Mpy/Mg) =7.7, computed
from the My - Mpp relation of McConnell & Ma, 2013) that characterise red
disks (see first panel of Fig. [2.19). Such trends seem to indicate that the B/T
is deeply connected to the reddening of the disk, at least till a certain value of
the BH mass is reached. In massive galaxies, where BHs are massive also if the
structure is disk-dominated, disks are mainly red (and dead).

The third panel of Fig. shows the correlation between LogMy,, and (g-
T)aisk- As expected, this relation is the weakest one, as: 1) uncertainties in the
determination of LogMy, are very large (see Yang et al. 2007); 2) galaxies at
different stellar masses can populate the same dark matter halo, being centrals
or satellites; 3) galaxies within the same halo might have spent several Myr in
the halo, or might have just recently ”fallen into” the halo; 4) the constrain of
Mpaio = 1015 M, imposed on the Yang et al. (2007) catalog confines most of the
galaxies in a very narrow host halo mass range between 107125 Mg leading
to an artificially flatter distribution. The general trends observable from the
third panel of Fig. reveal that DMHs with Log(Mpu,/Me) > 13.0 host the
bulk of the population of red disks, despite a large scatter, while DMH of lower
masses host both red and blue disks. The trends are independent on the stellar
mass above Log(Mpa,/Mg) = 13.0, while for Log(Mpao/Mg) < 13.0 less massive
galaxies generally have bluer disks and more massive galaxies have redder ones,
despite being hosted by a DMH of same mass.

Finally, the fourth panel of Fig. shows the correlation between the disk colour
and the stellar mass. This relation has a correlation coefficient comparable to the
(g-7)aisk, - LogM g one and reveals that more massive galaxies have redder disks
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than less massive structures. Such a relation also comes naturally considering
that the average B/T of the galaxy population is also a monotonically increasing
function of the stellar mass. In general, we find very broad and poorly significant
correlations between the disk colours and the quantities listed above as indicated
by the Spearman coefficients. Nevertheless, the trends observed in Fig.
indicate that LogMj,, is the less efficient quantity to predict red disks amongst
the ones studied here. Overall, we find that disks whose parent galaxy is massive,
bulge dominated and embedded in massive host halos, tend to have on average
redder colours with respect to those in low mass disk galaxies that are embedded
in low mass halos.

2.5.6 Driving galaxies below the MS

To further analyse the mechanism responsible for the reddening of the disk, and
thus for moving a galaxy from the MS towards its lower envelope and towards the
passive region of the LogSFR - LogM, plane, we study the correlations between
galaxy properties (LogMpy, B/T, LogM}a,) and the distance from the MS, Ayys.
The results are shown in Fig. [2.200 Here Aj;g is positive for galaxies above the
MS, and negative for galaxies below the relation.

The first panel of Fig. shows the Ajss - LogMpg correlation. As expected,
we find that galaxies below the MS are hosting more massive BHs than MS
counterparts. Despite large errorbars we observe that at fixed LogM gy galaxies
at lower stellar masses are in general located at larger distance below the MS
than more massive structures. This trend confirms what concluded about the
(g-7)aisk, - LogMpp relation: the importance, together with the absolute value of
the BH mass, of the ratio between the BH mass and the total mass of the galaxy
in driving the reddening of the disk and in moving a galaxy in the lower envelope
of the MS. In other words: while a galaxy of mass Log(M,/Mg) = 10.25 hosting
a BH of mass Log(Mpy/Mg) = 7.5 is located ~ 1.3 dex below the MS (and
corresponds to a B/T ~ 0.7), a galaxy of mass Log(M,/My) = 11.25 hosting
a BH of mass Log(Mgy/Mg) = 7.5 is located ~ 0.5 dex below the MS (and
corresponds to a B/T ~ 0.1).

The Ay - B/T correlation is shown in the second panel of Fig. . The
Spearman coefficient of this relation is just slightly smaller than the one of the
A s - LogMpy correlation, but in this case we do not observe differences in the
three stellar mass bins. The bulk of the B/T < 0.3 population is found on the MS,
with significant scatter both below and above the relation. Galaxies with 0.3 <
B/T < 0.7 are mainly found in the passive region, but a significant fraction of
the population is located on the relation and in the green valley. Finally, galaxies
with B/T > 0.7 are located almost exclusively in the passive region.
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Figure 2.20: From left to right, distance from the MS as a function of LogMpg, B/T and
LogMpai0, respectively. The solid lines connect the average values of (g — 7)gisk
computed in bins of LogMpgy (0.5 dex), B/T (0.05) and LogMpq, (0.5 dex). The
colours indicate different stellar mass ranges: 10.0 < Log(M,/Mg)<10.5 in blue,
10.5 < Log(M,./Mg)<11.0 in green, 11.0 < Log(M,/Mg)<11.5 in magenta, and
the full range in black, respectively. Errorbars have been computed using the boot-
strapping method. In the lower-right corner of each panel, the angular coefficient
m and the correlation coefficient r are shown, computed for the entire stellar mass
range. In t this Figure, positive values of Ajp;g correspond to galaxies located
below the relation.

The third panel of Fig. shows the Ajsg - LogMpa, plane. No significant
correlation is found between the two quantities. Halos with LogMj.;,, < 13.0 Mg,
host both MS galaxies and passive ones, while more massive halos mainly host
passive galaxies. While this general behaviour reflects the morphology-density
relation of Dressler (1980), no systematic trend is observed between the distance
from the MS and the DM halo mass. This seems to indicate, as concluded in
Sec. 2.5.5] that the DMH mass is the weakest quantity to predict the passivity of
galaxies amongst the one analysed here and in the previous section.

2.6 Discussion and conclusions

We used the bulge-disk decomposition of Simard et al. (2011) to study the link
between the structural parameters of galaxies and their location in the LogSFR
- LogM, plane. We use the colour of bulges and disks to understand how these
individual components influence the evolution of the galaxy as a whole. Our
sample is drawn from the spectroscopic sample of SDSS DR7, in the redshift
range 0.02 < z < 0.1 and M, > 10°M, and the main findings are as follows:

e The MS of SFGs is populated by galaxies that, at every stellar mass, have
the lowest B/Ts. At low stellar masses, M, < 10192 M, MS galaxies are
pure disks, while the prominence of the bulge component increases with
increasing stellar mass for more massive galaxies.
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The upper and lower envelopes of the MS are populated by galaxies char-
acterised by intermediate B/Ts. This is robust against different decompo-
sitions and independent of the modelling of the bar component.

The MS of SFGs also corresponds to the minimum of the velocity disper-
sion and black hole mass distribution in a given stellar mass range. This
indicate that larger values of the B/T in the upper envelop of the MS with
respect to MS counterparts are reliable, and are not the result of a nuclear
concentration of star formation within the disk.

Bulges in the upper envelope of the MS are characterised by blue colours at
low stellar masses, or red colours and large dust obscuration at high stellar
masses. This is consistent with high SF activity in the central region of the
galaxy.

The study of the mean bulge velocity dispersion, black hole mass and galaxy
concentration parameter indicates that galaxies populating the upper and
lower envelopes of the MS are structurally similar. The values of the con-
centration parameter, in particular, suggest that these galaxies are charac-
terised by classical bulges rather than pseudo-bulges.

In the low mass regime, M, < 10M,, disk and bulge colours show a
similar behaviour at fixed stellar mass, becoming progressively redder from
the upper envelope of the MS to the passive region. Nevertheless, the
reddening of the bulge component is steeper than for disks. Disks and
bulges become bluer for M, > 10'*°M,, when going form the MS towards its
upper envelope, despite a less pronounced total variation of colours. The
trend of the bulge colour reverses in the lower envelope of the MS, where
bulges are redder than in the passive region.

The population of passive galaxies is largely made of genuine bulge plus
disk systems (at least 45%).

The B/T and LogMpy are the two quantities that have the strongest cor-
relations with the colour of the disk and the distance from the MS. In very
massive galaxies, disks are red independently on the B/T value, indicating
that for these systems the BH might be responsible for the shut down of
the star formation activity in the disk.

Our results point to a tight link between the distribution of galaxies around the
MS and their structural parameters. Contrary to Wuyts et al. (2011) and Cheung
et al. (2012), we find that blue bulgy SFGs are not outliers in the distribution of
galaxies on the MS. They occupy the upper tail of the MS distribution, leading
to a progressive increase in B/T above the MS. In particular, Wuyts et al. (2011)
find that the galaxy Sérsic index remains ~ 1 in the region of the MS. We find,
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2 The morphology - star formation activity link at low redshift

instead, that the MS location corresponds to the lowest value of the B/T at any
mass. This could be due to the inability of a single Sérsic model (used in Wuyts
et al. 2011) to capture small bulges in disk-dominated galaxies. In agreement
with previous results, we find a large percentage of bulge-dominated systems
in the high-mass SF region, where the MS scatter tends to increase (i.e. Lang
et al., 2014} Whitaker et al| 2014; Erfanianfar et al., 2016). However, the B/T -
Ajss relation at fixed stellar mass holds in the stellar mass range 10°~1*Mg, and
seems to flatten where the MS itself tends to disappear. We also investigate how
the presence of a bar influences the scatter around the MS. Overall we conclude
that bars do not affect the scatter of the MS or the B/T - Ajsg relation. In
fact, this relation holds for both the unbarred and barred G09 subsamples. This
suggests, partly in disagreement with the findings of (Guo et al. (2015)), that the
predominance of the bulge in a galaxy is intrinsically related to the location of
a galaxy around the MS, and this is true at any stellar mass independent of the
presence of a bar. Nevertheless, we do not exclude the possibility that a large
percentage of bars among very massive SFGs can contribute to an increase in the
scatter of the MS, as suggested by (Guo et al.| (2015]).

Our study shows that the location of galaxies in the LogSFR - LogM, plane and,
in particular, with respect to the MS of SFGs, is determined by the combined
activity (or inactivity) of the individual galaxy components. This was previously
suggested by |Abramson et al.| (2014), who have pointed out that the MS becomes
roughly linear if one assumes that the SF activity takes place only in the disk
rather than in the entire galaxy. However, our results suggest otherwise. The
effect of normalising the SF activity to the disk mass leads to a completely flat
and tight relation only for pure disk galaxies, which, as shown here, dominate
the core of the MS distribution. Extending this normalisation to galaxies of
intermediate morphology has the additional effect of increasing the scatter by
~ 0.1 dex in any mass bin. We suggest the following explanation:

SFRya = SFRassk + SF Ryuige (2.3)
thus,
SFRgal SFRbul e
= sSF Ry, % 2.4
Mdisk’ i disk F Mdisk ( )

where My, is the disk mass and sSFRy;., is the specific SFR of the disk. The
last equation leads to the following effects:

- For pure disk galaxies, which dominate the core of the MS, the mass of the
disk equals the mass of the galaxy and SFRpyu4e ~ 0, hence SFR 4/ Maisk
= sSFRy;sk. Since the MS is nearly linear, sSSFR 45,-M, relation is flat with
a very small scatter.
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Figure 2.21: B/T ratio, as a function of the distance from the MS, represented by the verti-
cal dotted line. Here Ajp;s was computed from the sSFR normalised to My;sk.
Different bins of stellar mass are indicated with different colours.

- For intermediate B/T galaxies in the upper envelope of the MS, thus with
a blue star-forming bulge, SFRyuge > 0 and Mysi, < Mgt This implies
that SFRa/Maisk = sSFRuisk + SFRpuige/Maisk. Therefore such galaxies
are displaced well above the sSFRy;-M, relation by the contribution of
SFRpuige/Maisk- The larger the SFR of the bulge, the larger the displace-
ment.

- For intermediate B/T galaxies in the lower envelope of the MS, thus with
a red quiescent bulge, SERpu e ~ 0, hence SFR 41/ Maisi, = sSFRy;sr. They
scatter around the sSFRy.—M, relation in the same way as around the
MS.

In Fig. [2.21] we show the relation between B/T and distance from the MS
computed as the difference between the sSFRy of galaxies and sSFRy;s, of
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galaxies in the MS. This is carried out for galaxies that are pure disks or have a
secure bulge plus disk structure. The B/T trends in Fig. are similar to those
in Fig. ; there is a steep increase of the mean B/T in the upper envelope of
the MS due to the displacement of bulgy SFGs above the sSFR 4. —M, relation.
We underline that the B/T in the passive region is lower than that observed in
Fig. 5, as here pure spheroidal galaxies are excluded from the sample. We find
that the overall effect of neglecting the SF activity of the bulge component is to
increase the scatter of the sSFR-M, relation.

It has been proposed that minor mergers or violent disk instabilities could favour
the flow of cold gas from the disk towards the galaxy centre and, thus, cause
an overall compaction of the system. The high SF activity in the centre would
lead to a compact, bulgy, star-forming object (Dekel & Burkert, 2013} [Zolotov
et al., [2015)). |Tacchella et al.| (2015a)) study the evolution of galaxies in this
scenario using zoom-in simulations and they find that galaxies at high redshift
undergo subsequent phases of compaction and depletion of the gas reservoir,
which ultimately leads to quenching. The compaction phase causes high SF in
the central region of galaxies, and hence could favour bulge growth. This phase
is then followed by depletion from gas exhaustion. Such subsequent phases can
move a galaxy across the MS: towards the upper envelope during compaction and
towards the lower envelope during depletion. Complete quiescence can be reached
once the bulge reaches a given mass threshold corresponding to no more inflows
in massive halos or AGN feedback. Our findings on the B/T around the MS and
bulge/disk colours can be related to such a scenario and are also consistent with
the observed gradient of molecular and atomic gas fraction across the MS, as seen
by Saintonge et al.| (2016).

We found that, in particular above M, > 10 M, where the spectroscopic com-
pleteness is high, the passive region of the LogSFR - LogM, plane is populated
either by red spheroidals or by galaxies composed of a red bulge and a red disk.
For passive galaxies that have a disk, the progressive decline of the SFR from
the lower envelope of the MS towards the quiescent region is mainly driven by
the shut down of disk activity, while the bulge is already red and dead when
a galaxy is on the MS. Pure red disks are a non significant tail of the passive
population, suggesting that the growth of the bulge is somehow related to the
decline of the SFR of a galaxy. This is confirmed also by our findings that the
B/T is the quantity that correlates the most with the disk colour and the dis-
tance of galaxies from the MS, despite a large scatter. Previous works suggest
that the reddening of the disk can be caused by the presence of the bulge it-
self, as predicted by the so-called morphological quenching (Martig et al. 2009).
For instance, Lang et al. (2014) propose that bulge growth precedes quenching
of the SF activity of the whole galaxy and of the disk. Using a similar galaxy
sample drawn from the SDSS, Bluck et al. (2014) suggest a prominent role of
the bulge component in shutting down the SF activity in galaxies, particularly
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because of the link between the mass of the bulge and the mass of the central
black hole. On the other hand, several works also propose that pure ellipticals
and red bulge+disk galaxies might have different evolutionary paths. Schawinski
et al. (2014) suggest that for elliptical galaxies the quenching proceeds through
mergers and starburst phase, followed by a rapid decline in SFR, for a total dura-
tion of 1-2 Gyr from the merging event. On the contrary, in bulge+disk galaxies
the SFR would slowly decrease with time as the cold gas reservoir is used and
not replenished from cosmological inflows. In this scenario, the quenching of red
spirals would take up to few Gyr. This is in agreement with the results of Masters
et al. (2010), that studying a sample of red spirals drawn from the Galaxy Zoo
catalogue found that these galaxies are characterised by old stellar population
and less recent star formation than blue spirals, and are likely to be galaxies in
which the cold gas reservoir has been used and not replenished. Nevertheless, the
growth of the bulge cannot be the only mechanism driving a galaxy in the passive
region, as galaxies with comparable B/T values are found above and below the
MS. In other words, while the presence of a bulge seems to be a necessary condi-
tions for a disk to be red, it is not sufficient alone to explain the reddening of the
disk and the quenching of its star formation activity. The large scatter observed
in the analysed correlations between the disk colour (and distance from the MS)
and BH mass - B/T - DMH mass reveals that none of the quantities alone has a
prominent role in determining the passivity of a galaxy.
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3 The effect of disc inclination on
the main sequence of
star-forming galaxies

The content of this chapter has been published in Morselli et al. (2016), with
only minor modifications being made to the manuscript when adopting it for
this thesis. The original manuscript (Monthly Notices of the Royal Astronomical
Society, Volume 462, Issue 3, p.2355-2365 ) was written together with coauthors
Alvio Renzini', Paola Popesso?, and Ghazaleh Erfanianfar®3.

INAF-Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, I-35122 Padova, Italy
2Excellence Cluster Universe, Boltzmannstr. 2, Garching bei Munchen, 85748, Germany
3Max-Planck-Institut fiir extraterrestrische Physik, GieBenbachstrasse 1, Garching bei Munchen,
85748, Germany

3.1 Introduction

In this paper we explore the effect of the disk inclination on the MS slope and
dispersion. Indeed, reddening must be substantially higher for edge-on galaxies
compared to face-on ones, and therefore more uncertain the extinction corrections
to apply to the derived SFRs. We also study the contamination of inclined disks
in the lower envelope of the MS, hence for the population of galaxies that are most
likely characterised by green colours, and are found in the valley between the blue
cloud and the red sequence in the colour-magnitude diagram (Schawinski et al.,
2014; Leitner, [2012; |[Smethurst et al., [2015). Here we illustrate the main results
of the experiment, having unveiled an inclination effect much stronger than one
could have anticipated from the mere extinction correction.
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3 The effect of disc inclination on the main sequence of star-forming galaxies

3.2 Dataset

3.2.1 SFRs and stellar masses

Also in this paper we use the SDSS-DR7 database, specifically taking SFRs and
stellar masses from the MPA-JHU cataloguedl] SFRs have been taken from
Brinchmann et al.| (2004)), where they are derived from the Ha luminosity, cor-
rected for reddening. For galaxies with non-detectable Ha, AGNs or composite
galaxies, an estimate of the SFR was derived from the strength of the 4000 A
break (D4000).

The diameter of the fibers of the SDSS spectrograph is 3”, hence fibers sample only
a fraction of each galaxy, especially at high masses and low redshift. Aperture
corrections were then applied to produce the total SFRs listed in the MPA-JHU
catalogues. As it will become clear in the following section, aperture corrections
play an important role in determining the results of the present investigation and
therefore we expand briefly on how they were derived for the MPA-JHU catalogue.
The procedure basically follows |Brinchmann et al.| (2004) with one modification.
The correction is based on the likelihood of the specific star formation rate for a
given set of colours, P(SFR/L;/ colour), constructing it on a grid of bins of 0.05
mag in (g —r) and of 0.025 mag in !(r — i), where SFR/L; is the value of the
SFR to i-band luminosity ratio inside the fiber, and (g — r) and %!(r — i) are
the colours, k-corrected to z = 0.1. The colour of the galaxy outside the fiber was
derived by subtracting the fiber luminosities from the total ones, then convolving
this estimate of the colour with P(SFR/L;/colour) to get a value for SFR/L;
outside the fiber. Brinchmann et al. (2004) warned that the results depend on
their main assumption that the distribution of SFR/L; for given ®!(g — r) and
0-L(r — 4) colours is similar inside and outside the fiber. This assumption may
fail for galaxies having a strong bulge component. The mentioned modification
consisted in adjusting slightly the SFR having noted that the original procedure
overestimates the SFR of galaxies with low levels of star formation (Salim et al.,
2007). Stellar masses, M,, are taken from from the SED fits of Salim et al.| (2007)).
In the following we make use of the MEDIAN values of SFR and M, but we have
checked that the results are still valid when considering the average (AVG) values.

3.2.2 Bulge-disk decomposition: B/T and disk inclination
angle

We use the |Simard et al.| (2011, S11 hereafter) bulge-disk decomposition of galax-
ies in the SDSS DR7 photometric catalogue, done with the GIM2D code (Simard

thttp://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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Figure 3.1: The SFR vs. stellar mass plane of galaxies with 0.02 < z < 0.2, color-coded by
the average B/T value in each bin. The bins are 0.2 dex wide in Log(SFR) and 0.2
dex wide in Log(M,), and each bin host a minimum number of 20 galaxies. The
B/T values are taken from the Simard et al. (2011) catalogue, and are computed
from r—band images. The black solid line is the MS relation computed by Renzini
& Peng (2015). The B/T has its minimum on the MS, and it increases in the
upper envelope of the MS, and for green valley and passive galaxies. Restricting the
analysis to B/T< 0.5 allows us to avoid from the sample passive galaxies and focus
on MS and green valley galaxies.

2002). In particular, we make use of the decomposition done with a
bulge+disk model, where the bulge Sérsic index is fixed to n = 4 and the disk
component has n = 1. This decomposition gives, together with other parameters,
the B/T ratio in the  and g bands, and the disk inclination angle, that is ¢ = 0°
for face-on galaxies and i = 90° for edge-one ones. Other quantities like the B/T
ratio within the SDSS fiber in the g and r bands are also given. In addition, in the
S11 catalogue the probability that a double component disk+bulge model is not
required to describe a galaxy is stored in the Ppg parameter. Ppg is a useful quan-
tity to select trustable disk+bulge galaxies. Morselli et al. (2017, M17 hereafter)
carried out a comparison of the morphological classification of S11 with others,
specifically Galaxy Zoo (Lintott et al), 2011; Willett et al., |2013) and BUDDA
(de Souza et al., 2004)), and found that the three morphological classifications are
in good agreement, especially for low B/T values.

One of the first step of this study is to understand the reliability of disk param-
eters, specifically the inclination angle, for the galaxies we are interested in. In
fact, it is straightforward to understand that disk parameters are more easy to
retrieve from disk-dominated galaxies, while for bulge-dominated ones it is not
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Figure 3.2: Disk inclination angle in the Simard et al. (2011) catalogue (ig11) versus the incli-
nation angle derived from the minor-to-major axis ratio of SDSS, computed from a
single n = 1 Sérsic profile (i5/,). In the left panel, the subsample of galaxies with
B/T< 0.3 is shown, while the right panel refers to galaxies with 0.3<B/T<0.5. The
magenta line is the 1-to-1 relation, while the black contours encircle the 68% and
95% of the galaxy population. The blue points mark the median i/, value in in-
tervals of 10° in ig1;. The width of the errorbars in the y-direction is the standard
deviation of the iy, distribution in each bin while the width in the z-direction is
the median of the errors in ig1; in each 10° wide bin. In the lowest B/T bin, the
correlation ig11 and iy, is extremely tight and consistent with the 1-to-1 relation.
For galaxies with 0.3<B/T<0.5, the scatter of the ig1; - 7y, relation increases, but
the slope is still consistent with m = 1.

trivial due to the presence of a luminous bulge. The aim of this work is to study
the effect of disk inclination on star-forming galaxies and the contamination of
inclined disks in the green valley region. Hence, it is useful to try to understand
wether the disk inclination angle is reliable for the galaxies we are interested in.
M17 shows that for galaxies in the range 0.02 < z < 0.1 the MS region of the
LogSFR - LogM, plane is dominated by disk galaxies, with B/T values on the MS
up to 0.3 for the most massive galaxies. The average B/T values increase when
moving from the MS towards its upper envelope and towards the green valley
and quiescent region. Here, for completeness, we repeat the same analysis but
considering galaxies in the redshift range of this work: 0.02 < z < 0.2. Figure[3.1
shows the LogSFR - LogM, plane divided in bins that are 0.2 dex wide in LogM,,
and 0.2 dex wide in LogSFR, where each bin is color-coded as a function of the
average B/T ratio, as indicated by the color bar on the right. Here and trough
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Figure 3.3: Distributions of the disk inclination angle in the S11 catalogue in different bins
of B/Ts, indicated by different colours: 0.0<B/T<0.1 in black, 0.1<B/T<0.2
in gray, 0.2<B/T<0.3 in blue, 0.3<B/T<0.4 in green, 0.4<B/T<0.5 in orange,
0.5<B/T<0.6 in magenta, and 0.6<B/T<0.7 in purple. The disk inclination angles
for galaxies with B/T>0.5 is clearly biased by the presence of the luminous bulge,
and hence not reliable.

the chapter, we make use of the B/T ratio computed from the r image. In Figure
3.1, the MS is indicated by the solid black line, and its equation is taken from
R&P15. It is clear that star forming galaxies are on average disk-dominated, with
an increase of the average B/T value on MS at higher stellar mass. It is evident
that galaxies with SFRs up to ~ 1 dex below the MS have B/T values that are,
on average, smaller than 0.5. Galaxies with the lowest SFRs have, on average,
higher B/Ts, due to the presence of a mixed population of red spirals and red
ellipticals in the passive region on the LogSFR - LogM, plane (M17).

We continue our analysis with the comparison of the disk inclination angle from
the S11 catalogue, ig11, and the inclination angle given by the minor-to-major axis
ratio (b/a) of the single Sérsic index n = 1 model that fits the surface brightness
distribution of a galaxy, as from the SDSS pipelines (i5/, = arccos(b/a)). This
is done in two bins of B/T ratio, to access the reliability of the disk inclination
angle in S11. In particular, we divide our sample in galaxies with B/T < 0.3 (left
panel of Figure 3.2), and 0.3 < B/T < 0.5 (right panel), to check trends with
morphology. The contours in both panels of Figure encircle the areas where
the 68% and 95% of the population are found. The magenta solid line marks the
1-to-1 relation, while the blue points are the median ¢/, in intervals of 10° in 7g1;.
The errorbars in the y-direction are given from the standard deviation of the iy,
distribution in each bin, while the median of the errors in 7577 in each 10° wide bin
give the error bar extension in the x-direction. As expected, for disk dominated
galaxies the correlation between ¢g1; and 4/, is consistent with the 1-to-1 relation
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and the scatter is very small. This means that the GIM2D code is perfectly able
to retrieve reliable disk inclination angles, also when a small bulge is present. For
ts11 < 20° there is a flattening to a value of ~ 20° of the disk inclination angle
given from the axis ratio. For galaxies with a larger bulge component, 0.3 < B/T
< 0.5, the correlation is still consistent with a 1-to-1 relation, but the scatter is
larger and the slope slightly smaller than 1. For galaxies with 7g1; > 50°, the disk
inclination angle 7/, is always smaller than ig1, and the difference increases for
increasing inclination. It is straightforward to understand that this behaviour is
the consequence of the fact that a single n = 1 Sérsic model is not anymore a
good approximation of the surface brightness profile in this range of B/Ts. Es-
pecially in the case of nearly edge-on galaxies, even if the disk axis ratio is small
(and hence the disk highly inclined), the presence of a luminous spherical bulge
in the centre will result in an increase of the axis ratio that comes out from a
single Sérsic fit.

The analysis shown in Figure tells us that the disk inclination angle of the
S11 catalogue is extremely reliable at low B/T values, but we further tested it as
a function of morphology. A perfect tool would retrieve the same distribution of
disks inclination angles, independently on how dominant the bulge component is.
The left panel of figure |3.3| shows the distributions of the disk inclination angle
ig11 for different subsamples of galaxies, defined by their B/T ratio, as indicated
by different colours. For B/T < 0.4 the distributions are similar, with a peak
between 50 and 70 degrees. For galaxies with 0.4 < B/T < 0.5, the distribution
is broader, but the peak is still between 50 and 70 degrees. The distribution of
disk inclination angles drastically changes when considering galaxies with more
dominant bulges: the peak moves between 30 and 40 degrees, due to the presence
of a massive, luminous bulge. This behaviour can be the result of a trend of the
GIM2D code, well discussed in S11, of finding spurious disks in bulge-dominated
galaxies. Hence, we repeated the same analysis of the distribution of disk in-
clination angles as a function of the galaxy B/T, just considering galaxies for
which the statistical F-test confirms the need of a double component model to
fit the galaxy surface brightness profile. This is done, as suggested by S11, by
considering only galaxies with Ppg < 0.32, and it is shown in the right panel of
Fig. 3.3l We first notice that the peak in the igy; distribution for galaxies with
B/T<0.1 slightly shifts between 40° and 50°; this is because when we restrict the
sample to galaxies with Ppg < 0.32 we exclude all the pure disks that do not
host a bulge, that have a peak in ig1; between 60° and 70°. For galaxies with 0.1
< B/T < 0.4 and Ppgs < 0.32, the distributions of igy; are very similar to the
distributions shown in the left panel. When 0.4 < B/T < 0.5, the distribution is
broader and the peak is found at slightly larger angles than for smaller B/Ts. The
distributions become nearly flat between 30° and 70°, with a peak between 70°
and 80° for galaxies with B/T > 0.5. This could be interpreted as the fact that
it is easier for the code to retrieve the presence of the disk in a bulge dominated
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Figure 3.4: The LogSFR - LogM, plane color coded by the fraction of galaxies for which the
SFR was derived from the Ha flux, as opposed from D4000, as indicated by the color
bar at the bottom. The black solid line is the MS computed by R&P15. A fraction
always larger of 70% of MS galaxies has SFR from Ha. The fraction decreases when
moving from the MS towards its lower envelop, but it is always larger than ~ 50%
for the galaxies we focus on in this work.

galaxy when the disk is nearly edge-on.

This tests tell us that the code is able to retrieve meaningful disk inclination
angles up to B/T ~ 0.5 for the whole sample of galaxies. When a galaxy is
strongly bulge dominated, the code tends to find spurious disks and to give them
low inclination angles, most likely due to the fact that the axis ratio is controlled
by the intrinsic shape of the spheroidal bulge.

We conclude that the disk inclination angle in S11 gives us the possibilities to
study the disk inclination effects also on those galaxies that have a certain, non
dominant (B/T < 0.5) bulge component, giving us a more realistic estimate of
the angle with respect to the disk inclination angle from the axis ratio obtain
from a single Sérsic model fit. Those galaxies dominate the star forming and
green valley regions of the LogSFR - LogM, plane, the region we are interested
in this work.
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Figure 3.5: The SFR vs. stellar mass plane of galaxies with 0.02 < z < 0.2 and B/T< 0.5,
color-coded by the average disk inclination angle (¢) in the bin. The bins are 0.2
dex wide in Log(SFR) and 0.2 dex wide in Log(M, ), and each bin host a minimum
number of 20 galaxies (as in Figure. The disk inclination angles are taken from
the Simard et al. (2011) catalogue. The black solid line is the MS relation computed
by Renzini & Peng (2015). The disk inclination angle is not randomly distributed in
the plane, as expected if there would be no biases in the determination of the SFRs.
On average, galaxies in the lower envelope of the MS relation are characterised by
more inclined disks.

3.2.3 The final catalogue

In this work we consider only galaxies with Petrosian extinction-corrected mag-
nitude Mmpetro, corr < 17.77, which is the completeness limit of the Main Galaxy
spectroscopic sample, 0.02 < z < 0.2. We excluded active galactic nuclei (AGNs)
from the sample, since SFR rate estimates could be affected by AGN emission
lines. To do so, we consider only objects whose spectra are classified as galazy,
excluding galaxies with SUBCLASS of AGN; these criteria led to the exclusion of
~ 4% of sources which otherwise would have fulfilled the other selection criteria.
Also, we focus our analysis on galaxies that have 8.5 < Log(M,/Mg)< 11.25.
The SDSS DR7 galaxies that satisfy all those criteria are ~ 520,000. Given the
tests on the reliability of the disk inclination angle as measured in S11 and of
the distribution of the B/T ratio in the LogSFR - LogM, plane, we focus mainly
on the ~ 320,000 galaxies with B/T < 0.5. However, we will briefly mention
also how the derived SFRs correlate with the axis ratio of bulge-dominated (B/T
> 0.5) galaxies.
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3.3 Inclination effects on the SFR - M, relation

To correct for incompleteness at low stellar masses, we applied the V/V},,, cor-
rection, where V., is the maximum volume at which a galaxy with a given Ha
flux would still be detected with S/N > 3. We underline here that this correction,
based on He, is valid only for galaxies whose SFR comes from the Ha flux. This
is a good approximation since the SFR comes from Ha for the large fraction of
low stellar mass galaxies for which incompleteness needs to be taken into account.
Figure [3.4] shows the fraction of galaxies in our sample with SFR from Hea, as a
function of their position in the LogSFR - LogM, plane. This fraction is always
very large on the MS, with average values always above 70%. For galaxies with
M, < 10M this fraction is ~ 100% on the MS and its upper envelope , while
it decreases to 50% at ~ 1 dex below the MS. Hence we can safely say that the
incompleteness correction accounts for the majority of galaxies in the region of
the LogSFR - LogM, plane in which we are interested. At higher stellar masses,
the fraction of star forming galaxies with SFR from Ha decreases on the MS,
and more rapidly when moving from the MS to its lower envelop, but here the
spectroscopic completeness is high, hence the correction is not needed. It is nev-
ertheless important to underline that the SFR from D4000 should be less affected
by dust extinction than SFR from Ha. The systematic change along the MS in
the fraction of SFRs derived from Ha (or D4000) may introduce a bias in e.g.,
the derived slope of the MS or in the population of the green valley, an aspect we
do not investigate further in the present paper.

3.3 Inclination effects on the SFR - M, relation

If we had a perfect tool to derive the SFR of galaxies the results should be inde-
pendent on their aspect with respect to the observer. In practice, however, our
tools are not perfect. Edge-on galaxies are obviously more affected by reddening
and extinction than face-on ones and reddening corrections are therefore more
uncertain. In addition, self-extinction is not the only disk-inclination dependant
effect that can result in a biased SFR estimate. In fact, for galaxies that have
intermediate morphology, the inclination of the disk translates on the portion of
the disk that enters the fiber, as we will discuss later. For example, a face-on
galaxy with B/T ~ 0.5 at low redshift, will have a fiber SFR that is substantially
given by the bulge, and hence it is likely to be extremely low. On the contrary,
when observing the same galaxy when the disk is edge-on, the fiber SFR will also
have the contribution of the disk, even if it might be underestimated due to its
internal extinction. To obtain the total SFR of a galaxy, a substantial aperture
correction is applied, which relies on simplifying assumptions that may introduce
errors and biases.

Here we want to study the effects of disk inclination on the determination of the
galaxy SFR and, as a consequence, on the slope, shape and dispersion of the MS
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Figure 3.6: Total SFR distributions in bin of stellar mass (different columns, increasing from
left to right) and in bins of disk inclination angle (different rows, increasing from top
to bottom), for galaxies with B/T<0.5. The bottom row shows the whole galaxy
sample, i.e. 0° <4 < 90°. The right part of the SF distribution has been fitted with
a gaussian (in red), and the best fit mean and dispersion values are written in each
panel in red. In each panel, also the fraction of galaxies is shown. The green lines
mark the position of the mean value of the best-fit gaussian. The number in each
panel is the percentage of galaxies in that bin of disk inclination angle and total
stellar mass. For a given stellar mass bin, the peak of the SF distribution shifts at
lower SFR values with increasing disk inclination angle, and the dispersion of the
distribution increases.

of SF galaxies. We start our analysis by showing how the disk inclination angle
varies along the LogSFR - LogM, plane for the galaxies in our sample. Results
are shown in Figure where each bin in stellar mass and SFR has been colour-
coded as a function of the average value of the disk inclination angle, 511, in
each bin. The black solid line is the MS of R&P15. It is clear that the highest
average disk inclination angles run parallel to the MS, but offset by about 0.5
dex. Galaxies that are above the MS are characterised by lower average disk
inclination angles. For SFRs ~1 dex below the MS, the average inclination angle
is between ~ 45° — 55° i.e. in the range of the most probable disk inclination.
The behaviour of the disk inclination angle in the LogSFR - LogM, plane clearly
reveals the presence of biases in the estimate of the SFRs.

To further investigate the dependence of the SFR estimate on the disk inclination
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angle, we plot in Figure the distribution of the SFR in different bins of stellar
mass (0.25 dex wide), increasing from left to right, and in different bins of disk
inclination angle (from top to bottom, as indicated), for galaxies with B/T <
0.5. The entire sample (0° < ¢ < 90°) is illustrated in the bottom row. All the
panels show the classical bimodal distribution for SF and for quenched galaxies,
with the quenched peak becoming progressively more prominent with increasing
mass. The star-forming peaks have been fitted with a gaussian that is shown in
red, and the resulting mean (u) and dispersion (o) values are reported in each
panel together with the fraction of galaxies in each bin. We fit only the right part
of the SF distribution, to avoid a shift of the mean due to the likely presence of
quenching galaxies in the green valley. We can identify different effects of the
inclination. For each stellar mass bin, the peak of the SFR distribution moves
to lower values with increasing inclination angle. This difference in the peak
position between lowest and highest disk inclination bins is ~ 0.2 dex for galaxies
with Log(M,/Mg)< 10.25, and it increases with increasing stellar mass, up to
~ 0.4 dex for the most massive galaxies. Also, for a fixed stellar mass bin the
dispersion of the star-forming gaussian increases with increasing disk inclination
angle. This effect is relatively small (up to 0.1 dex in the most massive galaxies).
A consequence of the shift to lower values of the SF peak is the progressive partial
filling of the green valley, which almost disappears for the most massive, nearly
edge-on galaxies. When considering the whole sample, irrespective of inclination,
the distributions closely resembles those for the most probable disk inclination,
i.e. ~ 50° For the most massive galaxies, Log(M,/Mg)> 10.5, a change in the
relative strength of the two peaks in the SFR distribution, the quenched and star
forming ones, is also noticeable. With the disk inclination angle increasing from
0° to 90°, the peak of passive galaxies becomes less prominent, in favour of a
more significant SF peak. More massive MS galaxies are, on average, more bulge
dominated, hence the fiber samples different portions of the disk depending on
the disk inclination angle. For nearly face-on galaxies the fiber may sample just
the passive bulge and the whole galaxy is assigned a low SFR. With increasing
disk inclination angle, the portion of the disk that enters the fiber increases, so
the galaxy is recognized as star-forming and assigned a high SFR. This is further
discussed in Section 4.1.

As discussed in Section a key step in determining the SFR of a galaxy is
the aperture correction, hence we now check whether the shift in the SF peak
is present also when considering the fiber values, i.e., the SFR measured within
the portion of the galaxy sampled by the fiber, without applying the aperture
correction. Figure[3.7, analogues to Figure|3.6, shows the results. We can identify
two different behaviours of the fiber SFR with disk inclination, depending on the
stellar mass.

e Galaxies with M, < 10'%%M. The trend reverses with respect to the one
in Figure[3.6} the peak of the SF distribution shifts to slightly higher values
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Figure 3.7: Same as in Fig. but considering the fiber SFR, not aperture-corrected.

for increasing disk inclination angle, whereas it shifts to slightly lower values
in Figure [3.0]

Galaxies with M, > 10%2M,. We notice that the fiber SF peaks at lower
SFR values for nearly face-on disks (¢ < 30°) than for higher disk inclina-
tion angles (30° < ¢ < 70°). This is because the bulge component of MS
galaxies becomes more prominent for increasing stellar masses (see Figure
, and hence the fiber SFR of a galaxy with a face-on disk is affected by
the passive bulge component. This is confirmed by the fact that, for the
most massive galaxies with disk inclination angle between 0° and 30°, the
passive peak is more predominant in the fiber SFR distribution (Figure
than in total SFR distribution (Figure . EI For increasing disk inclina-
tion angles (i > 70°), the SF peak shifts to smaller values (~ 0.2 dex), and
is more predominant than for lower disk inclination angles. We infer that
since a larger portion of the disk enters the fiber, a larger number of galaxies
is identified as star-forming, but the dust correction results in an underes-
timate of the SFR. In fact, morphology alone can not account for this as
dust correction shifts the fiber SF peak to lower values (quantitatively less
pronounced), even for nearly edge-on pure-disk massive galaxies.

20n the contrary, for nearly face-on galaxies with lower stellar masses, the shape of the SFR
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distribution does not change when considering the total SFR instead of the fiber value,
because these galaxies are either pure disks or have very low B/T values.
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Figure 3.8: Total SFR distributions in bin of stellar mass and disk inclination angle (igi1)
analogues to Figure but for galaxies with 0.5<B/T<0.9 and Ppgs <0.32 (to
exclude spurious disks from the subsample of bulge-dominated galaxies).

The varying trends in the position of the fiber SFR peak as a function of disk
inclination, for galaxies with different stellar masses, can be attributed to their
dust content. As shown in Brinchmann et al. (2004), with increasing stellar mass
galaxies have a higher dust content, hence the trend of self absorption with disk
inclination is more important for more massive galaxies.

For completeness, we repeated the same analysis for the bulge-dominated galaxies,
with 0.5 < B/T < 0.9. We know that the S11 catalogue is affected by the presence
of spurious disks in bulge-dominated galaxies, and that those disks are given, on
average, lower inclination angles. For this reason, we restrict the sample for
this qualitatively analysis only to galaxies that have a secure disk-component,
ie. Ppg < 0.32. Figure [3.§ shows the total SFR histograms in mass and axis
ratio bins, analogues to Figure [3.6] but now for bulge-dominated galaxies. Not
unexpectedly, the quenched peak is dominant in virtually all bins, including the
low mass ones, contrary to Figure[3.6|where passive galaxies are almost completely
absent in the low-mass bins. We can observe, especially for more massive galaxies,
a progressive filling of the green valley region with increasing disk inclination.
This progressive filling is due to the shift at lower values of the peak of the SF
gaussian, that at high disk inclinations and stellar masses it is not distinguishable
anymore from the tail of the passive gaussian.
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Figure 3.9: Fiber B/T (B/T fiper) as a function of the disk inclination angle (ig11) for galaxies
with total stellar mass in the range 10.75 < Log(M,/Mg) < 11.0. Different colours
mark galaxies in certain ranges of B/T, as indicated in the legend of the figure.
There is a weak trend of decreasing B/T ;b with increasing disk inclination angle,
as expected since the fraction of disk light entering the fiber is an increasing function
of the disk inclination.

3.4 Discussion

3.4.1 Interpretation of the inclination effects

Figure [3.6] illustrates the two major inclination effects, which grow more promi-
nent with increasing stellar mass: with increasing disk inclination- (1) the SF
peak shifts to lower SFRs, and (2) the strength of the SF peak increases relative
to the peak of quenched galaxies. We believe that they reflect two inclination-
dependant effects that have a role in determining the total SFR of a galaxy and
are dependent on the stellar mass of the galaxy. The first effect is independent
of morphology and is related to dust obscuration. For more inclined galaxies as
photons have to travel longer distances within the disk itself before reaching the
observer, an increasing fraction of the Ha and Hf fluxes gets absorbed within the
plane of the galaxy along the line of sight. As discussed in the previous section,
from Fig. [3.7] we can distinguish two different ranges of stellar mass where the
trends in the position of the fiber SFR peak with increasing disk inclinations are
opposite to each other. For low mass galaxies, M, < 101%“2°M,, the peak of the
SF gaussian gradually shifts to larger values when going from face-on to edge-on
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disks. This implies that the shift at lower values of the total SF peak seen for low
mass galaxies in Fig. [3.0]is actually caused by the aperture correction. At larger
stellar masses, the aperture correction acts together with the dust content of the
galaxy resulting in a shift of ~ 0.15 — 0.20 dex towards lower values of the total
SF peak for a galaxy going from a nearly face-on disk to a nearly edge on disk.

The second effect is dependant on galaxy morphology and it is more evident for
more massive galaxies, since MS massive galaxies are characterised by larger B/T
values than MS counterparts at lower stellar mass. In particular, as we discussed
earlier, we believe that this effect is due to a trend, with disk inclination, of the
bulge and disk fractions that are sampled by the fibers. To show this effect, we
make use of the fiber B/T ratio, B/T e, that is given in the S11 catalogue. As
for the total B/T, we use here the B/T ;e computed from the r—band. In Fig.
, B/T fiper is shown as a function of the disk inclination angle, ig1;, for galaxies
in different bins of total B/T (in different colours) and stellar mass in the range
10107510 M. As expected, there is a weak trend of decreasing B/T fiper as the
disk inclination increases, due to a larger fraction of the disk entering the fiber.
This effect is small as the total B/T is fixed and the decrease in B/T fjpe, with
increasing ig1; is steeper for galaxies with larger B/T. The slope also varies with
stellar mass, and it is steeper for more massive galaxies than for lower mass ones.
This is because at fixed B/T the bulge component in more massive galaxies is
characterised by a larger radius than the bulge of a lower mass galaxy, hence
the variations with disk inclination within the fiber are stronger. In massive,
face-on star-forming galaxies the 3” fibers sample —in most cases— just the bulge
of the galaxies. Since most bulges are quenched most fibers sample just the
quenched part of the galaxies. Apparently, in such cases the aperture correction
is not sufficient to properly include the full SFR of the disk. However, as the
inclination increases, an increasing fraction of the SF disk enters the fiber, the
galaxy is recognised as SF and the aperture correction goes some way towards
including the SFR of the disk. Still, quite possibly not all of it, as we know that
the aperture correction and dust content are responsible, in massive galaxies, of
a shift of ~ 0.15 — 0.20 dex towards lower values of the total SF peak. The shift
of ~ 0.4 dex in the position of the SF peak in the most massive edge-on galaxies
indicates that the actual SFR is on average underestimated by a factor ~ 2.5 for
these galaxies, a quite significant effect.

Overall, this extreme inclination effect is relevant for only a small fraction of
galaxies, say ~ 25 — 30% of the whole sample, and especially confined to the
most massive galaxies. Therefore, by and large the bulk of the population is
reasonably well accounted for. But minorities count for some interesting issue, as
discussed next.
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Figure 3.10: The SFR-~-M, plane and the MS relation for galaxies that have different disk in-
clination angles. Each bin has been color-coded as a function of the number of
galaxies divided by the average V,,,, value in the bin. The dotted black line is
the MS for all galaxies in our final catalogue, i.e. for galaxies with disk inclination
angles 0° < ¢ < 90°. The MS relations are obtained from a linear regression of the
mean values of the gaussian fit to the high side of the SFR distributions, as shown
in Figure (red gaussians). The same applies to the dispersion values, shown as
vertical bars. The MS fit for the total sample, irrespective of inclination, is shown
in black.

3.4.2 Effects on the Main Sequence

Figure [3.10] shows the LogSFR - LogM, plane where each bin in LogSFR and
LogM, has been colour coded as a function of the space density in that bin,
computed as the ratio of the number of galaxies and the average V.., and it is
indicated by the greyscale. The best fit MS relations, i.e., LogSFR = m Log(M, )+
¢, computed in different bins of disk inclination angle, are shown in Figure [3.10
with different colours. In each stellar mass bin, the MS value and dispersion
are the values written in red in each panel of Figure 3.6, and are the peak and
dispersion of the gaussian curve obtained from the fit to the right part of the SF
distribution of SFR (gaussians are shown in red in Figure [3.6). The slope and
intercept of the MS relation in each disk inclination angle interval are obtained
from a linear regression using the MS values in each stellar mass bin, covering
the range (10%% — 10'1% Mg). The resulting LogSFR - LogM, relation for the
whole sample of SF galaxies (black dotted line in Figure has a slope of
m = 0.72 + 0.02 and an intercept of -7.12. If we limit the stellar mass range to
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1085—109 M), hence avoiding the most massive bin, for the whole galaxy sample
we obtain m = 0.76 + 0.02, that is the slope found by Renzini & Peng (2015).
For the subsample of galaxies characterised by nearly face-on disks (i < 30°;
in blue in Figure we obtain a slope m = 0.74 + 0.02, with ¢ = —7.31.
Galaxies with disk inclination angle between 30° < i < 50° (in green) have a
slope of m = 0.73 +0.02 and ¢ = —7.17, while for disk inclination angle between
and 50° < ¢ < 70° (in yellow) the slope is smaller and the intercept is larger:
m = 0.68 £ 0.03, ¢ = —6.76. Finally, for nearly edge-on disks, (i > 70°; in
magenta in Figure the slope is flatter, m = 0.56 + 0.03, and the intercept
larger, ¢ = —5.73. Hence, the MS becomes progressively flatter and the intercept
increases when considering galaxies with increasingly inclined disks. In addition
to the change of slope and intercept of the MS for different disk inclination angles,
another effect that seems clear from Figure is that the lower envelope of the
MS relation and the green valley region seem to be contaminated by galaxies with
highly inclined disks. We analyze this effect in the next section.

3.4.3 Contaminating the Green Valley

The shift to lower SFRs of the SF peak of massive galaxies with increasing incli-
nation has an adverse effect on efforts of identifying really quenching galaxies,
i.e., galaxies that have left the main sequence, their SFR is dropping, and are
destined to join the graveyard of quenched galaxies. Even if the total number
of high inclination galaxies is relatively small, within the green valley they may
even outnumber the truly quenching galaxies.

To quantify the contamination of high-inclined disks in the green valley, we plot,
for each stellar mass bin, the fraction of galaxies with disk inclination ¢ > 70°,
fis700, as a function of the LogSFR distance from the MS, A,;s. Here, the MS
values are the ones obtained for the total population of galaxies, regardless of the
disk inclination. Aj;s has been computed in bins that are 0.2 dex wide, and it is
negative for galaxies above the MS, positive for galaxies below the MS. Results
are shown in Figure : the left panel shows galaxies with B/T < 0.3, while
in the right panel galaxies with 0.3 < B/T < 0.5 are shown, to underline trends
with morphology. Each stellar mass bin is indicated by a different colour.

There is a strong increase of the fraction of nearly edge-on galaxies, fi~70o, when
moving from the upper envelope of the MS towards its lower envelop. For disk
galaxies with M, < 10'™Mg, fis70o computed 0.8 dex below the MS is 4 times
larger than f;~70- at 0.6 dex above the MS. For more massive disk galaxies, the
peak value of fijs7go is smaller, ~ 35% for M, < 101%™~ 1ON_ and ~ 27% for
M, < 1097250\ In fact, the SFR of the most massive galaxies is derived
mainly from the D4000 break as soon as we move below the MS. As shown in
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Figure 3.11: Fraction of galaxies with disk inclination angle ig;; > 70° as a function of the
distance from the MS of star forming galaxies. In the left panel the subsample
of galaxies with B/T<0.3 is shown, while the right panel shows galaxies with
0.3<B/T<0.5. The distance from the MS is computed in bins of 0.2 dex, and it is
negative for galaxies above the MS, positive for galaxies below the MS. Different
colours mark different stellar mass bins. There is a strong trend of increasing
fraction of nearly edge-on galaxies when moving at fixed stellar mass from 0.8 dex
above the MS, towards lower SFR, up to 0.8 dex below the MS. This trend is
stronger for the lowest B/T galaxies.

Figure 3.11, for M, > 10'%8M_, the fraction of galaxies that have SFR from Ha
is ~70% on the MS, and quickly drops to ~ 20% at ~0.8 dex below the MS. Since
the SFR from D4000 is less affected by reddening as it is derived from a break of
the continuum, the increase of f;~70o from the upper to the lower envelop of the
MS is milder for the most massive galaxies. The increase in f;~7g is less steep for
galaxies with 0.3<B/T<0.5 (right panel in Figure , where f;~70o computed
at 0.8 dex below the MS is a factor from 2 to 3 larger than above MS, and it shows
less variation as a function of stellar mass. We believe that the different increase
in fi~700 for galaxies with different morphology could be caused by two effects:
1) the disk inclination angle in nearly edge-on disks might be underestimated by
S11 for galaxies with 0.4 < B/T < 0.5, that mainly populate the lower envelop
of the MS, and 2) the increase in the fraction of SFR from D4000 when moving
from the MS towards its lower envelop is stronger for intermediate B/T galaxies
than for disk-dominated galaxies.

It is indeed clear that, at any stellar mass, the fraction of galaxies with highly
inclined disks increases when moving from the upper MS envelope toward the
lower MS envelope and the green valley region. This rises two important points:
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1) there is a fraction highly inclined disks intruders in the green valley that should
be removed if the goal is to identify galaxies in which the quenching is ongoing,
and 2) the scatter of the MS seems to be dependent on the disk inclination angle,
and hence the relation could be tighter when correcting for the inclination effect.

3.4.4 Conclusions

We have used the spectroscopic catalogue of SDSS DR7 and the bulge-disk de-
composition of Simard et al. (2011) to study the effects of disk inclination on
the MS of star-forming galaxies and the contamination of highly inclined disks
in the green valley region. The main findings of this work can be summarized as
follows:

e The peak of the total SFR distribution of star-forming galaxies shifts to
lower values with increasing disk inclination angles. Such a shift amounts
to ~ 0.2 dex for Log(M,/Mg) < 10.25, and increases to ~ 0.4 dex for more
massive galaxies. The dispersion of the best-fit gaussian to the SF peak
slightly increases with increasing disk inclination angles, but this is a small
effect (at most ~ 0.1 dex in o).

e When considering the fiber SFR, in less massive galaxies we observe an
opposite trend than the one that characterises the total SFR with increasing
disk inclination angle. This implies that, for low stellar masses, the shift of
0.2 dex towards lower SFR in the total SF peak is caused by the aperture
correction applied in Brinchmann et al. (2004). For more massive galaxies,
we observe an average shift of the SF peak of 0.2 dex towards lower SFR
values when considering nearly edge-on disks as compared to galaxies with
30° < ¢ < 70°. For galaxies with nearly face-on disks, the peak of the
SFR distribution of star forming galaxies is found at lower values than for
galaxies with 30° < ¢ < 70°. This shift to lower fiber SFR values in massive
galaxies with nearly face-on disks is due to the presence of a massive non-
star-forming bulge in the the SDSS fiber.

e The relative strength of the SF and passive peaks of the SFR distributions
is a function of inclination, particularly at high stellar masses, with the
SF' peak growing more prominent with increasing inclination. This effect
reflects a change in the morphology of MS galaxies, that at high stellar
masses are characterised by an increase of the bulge component. For a
galaxy at a given stellar mass and B/T, the relative fractions of disk and
bulge within the fiber are a function on the disk inclination, with the bulge
fraction that decreases for increasing disk inclination angle.

e The shift in the SFR peak with increasing inclination is the result of the
combination of the different effects explained above. At low stellar masses,
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MS galaxies are mostly pure disks, and the shift is attributed to the aper-
ture correction that is applied to compute the total SFR from the fiber SFR.
At larger stellar masses the dust content of galaxies increases and the final
shift of the SF peak in nearly edge on disks is the result of: 1) extinction
correction to the SFR being systematically underestimated in high inclina-
tion galaxies, 2) aperture correction, and 3) increase of the B/T ratio in
MS galaxies.

e For the subsample of nearly edge-on galaxies, the MS relation is significantly
flatter than for the total sample, with a slope of m = 0.56 + 0.02, with
respect to the m = 0.74 4+ 0.02 for the whole sample. Also the intercept
significantly differs, going from -7.31 (whole sample) to -5.37 (nearly edge-
on).

e The fraction of galaxies with disk inclination angle ¢ > 70° is a strong
function of the position in the LogSFR - LogM, plane with respect to the
MS. In fact, the fraction of disk dominated galaxies with ¢ > 70° increases
by a factor of ~ 4 at all stellar masses when moving from 0.8 dex above
the MS to 0.8 below it. When considering more bulge dominated galaxies
(0.3 < B/T < 0.5), the effect is still important, but the fraction of galaxies
with highly inclined disks changes by a factor of ~ 3 from the upper to the
lower envelope of the MS.

Galaxies characterised by highly inclined disks are likely to be strongly obscured,
hence their SFR estimates are more uncertain. Masters et al.| (2010) and Sodré Jr
et al.| (2013) conclude that significant amounts of dust are present in inclined spi-
rals, and that edge-on disks are the reddest objects in the local Universe. Know-
ing that, many recent works which focus on the study of quenching mechanism
of galaxies based on a colour selection of the galaxy samples tend to remove
inclined disks to avoid their obscuration problem (Tojeiro et al., [2013; Willett
et al., 2015). |Schawinski et al.| (2014) show that the effect of inclination is small,
and that the green valley is not appreciably depopulated after correcting for dust
extinction. Still, Schawinski et al. (2014) did not consider green valley galaxies
with intermediate morphology, which are the relative majority in the morpholog-
ical classification of Galaxy Zoo. In principle, the green valley region can provide
information on the nature and duration of the process that causes the transition
of a galaxy from the blue cloud to the red sequence or, in other terms, from the
MS to the passive region of the LogSFR - LogM, plane. For this reason, a careful
estimate of the galaxy population of the green valley cannot proceed without
taking the disk inclination into account, as we have shown that a large fraction
of highly inclined disks tend to fill the green valley and lie in the lower envelope
of the MS relation.
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4 Spatial distribution of stellar
mass and star formation activity
at higher redshift

This chapter collects the work I have been doing in the past year and not yet
published, based on the collaboration with Professor Pascal Oesch and with Paola
Popesso, Erica Nelson, Anna Cibinel and Mireia Montes.

4.1 Introduction

In Chapter 2 the contribution of the star formation activity to the total star
formation rate of a galaxy was investigated in depth for a sample of local SDSS
galaxies at z < 0.1. The aim was to understand what drives galaxies above or
below the Main Sequence. As a natural next step, we carry out a similar analysis
for galaxies up to redshift z ~ 1, to motivate a coherent picture of the change
in the star formation activity of galaxies during the last 8 billion years of our
Universe’s evolution.

From the theoretical point of view, Tacchella et al. (2015b) propose that episodes
of compaction and gravitational instabilities could drive gas towards the centre
of galaxies. This would lead to the creation of a blue, star forming, central com-
ponent. Following that, AGN feedback and gas consumption would then quench
the central star formation episode, leaving a quenched, red bulge. A sequence
of compaction-quenching episodes could move galaxies above and below the MS
and along it and explain the observed scatter. Thus it became clear that in order
to understand the evolution of the star formation activity and thereby the migra-
tion of galaxies across the MS, it is mandatory to obtain observational data that
can spatially resolve galactic structure (Allen et al., [2006; |Abramson et al., [2014;
Morselli et al., 2017)). At low redshift, |Spindler et al. (2017) found that galax-
ies classified as AGN/LI(N)ER typically have centrally-suppressed sSFR, profiles,
possibly indicating a relation between central quenching and AGN activity. They
also found that suppression of sSFR, both central and at outer radii, happens
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in galaxies that are more bulge-dominated than typical star forming ones, fur-
ther suggesting that morphological quenching might be a key contributor to the
overall quenching mechanism. |Lin et al. (2017) concluded that SF has to be
first suppressed in the bulge due to depletion of cold gas, and subsequently in to
disk (an inside — out mechanism). In addition, they argue that AGN feedback
is responsible for the lack of cold gas in the central regions of galaxies. Using
MaNGA data, Belfiore et al.| (2017) argue that a slow quenching process must
result in the suppression of the star formation activity at all radii, and not only
in the central regions, as they find that green valley galaxies have typically non
star forming bulges and lower star formation in the disk. Contrary to what has
been said thus far, based on their analysis of the Manga data |Goddard et al.
(2017) found that early type galaxies are characterised by slightly positive age
gradients, hence favouring a outside-in evolution of star formation in galaxies.
At larger redshifts, Nelson et al.| (2016)) use H, stacked profiles and find that
H, above (below) the MS is enhanced (suppressed) at all radii, suggesting a sce-
nario where the physical processes driving the change in star formation activity
are independent of the host galaxy mass and act throughout the galactic disk in
a coherent manner. Inside — out quenching was instead used by Morishita &
I[chikawa, (2016)), [Tacchella et al.| (2015a)), [Tacchella et al.| (2016)), and [Tacchella
et al. (2017)) to explain trends of sSFR, colours, and dust, observed in real and
simulated galaxies in the redshift range 1-7. The exact nature of quenching is yet
not understood, and this work is partly aimed at elucidating the issue.

In this study, we exploit the combination of 3DHST (a near-infrared spectroscopic
survey with the Hubble Space Telescope) photometric data with the deepest UV
observation to date (see Sec. collected in the central part of the GOODS
fields with the UVIS camera onboard HST as part of the HDUV survey (Oesch
et al., submitted), to understand how the spatial distribution of mass and star
formation activity changes as a function of the integrate M, and SFR.

4.2 Data

This work was carried out using galaxies located in the the central parts of the
GOODS fields (Giavalisco et al. 2004)), that overlaps with the Hubble Deep UV
survey (HDUV, PIL: P. Oesch), representing the deepest and high resolution UV
data to date. The HDUV is a legacy imaging program carried out with the
WEFC3/UVIS camera onboard HST that with a total of 132 orbits allows to get
very deep images (27.5-28 mag) with the F275W and F336W filters, over a wide
area of ~100 arcmin? and with high spatial resolution (<0.1”). More details on
the survey strategy can be obtained from Oesch et al. (submitted), while the
survey coverage of the GOODS fields is shown in Fig. Also available in the
central parts of the GOODS fields are: 1) the photometric and spectroscopic
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GOODS-N

*

s~/ HDUV Survey Layout

Figure 4.1: The HDUV survey covers most of the CANDELS-DEEP region. The GOODS-
South region (left panel) is be covered by 5 pointings, while the GOODS-North
region (right panel) with 8 pointings. [From Oesch et al. (submitted)]

observations taken as part of the 3SDHST survey with HST/WFC3 and ACS; 2)
the deepest far-IR data to date, obtained combining observations of the GOODS
fields taken with PACS (Photodetector Array Camera and Spectrometer) as part
of the PACS Evolutionary Probe survey (PEP) with the GOODS-Herschel key
programmes (Lutz et al., 2011; Elbaz et al. 2011; Magnelli et al., 2013). The
IR data allow an accurate determination of IR luminosity (L;g), and as a result
the obscured SFR of dusty high redshift star forming galaxies. Together with the
other available imaging data in the central parts of the GOODS fields, it is thus
possible to construct SEDs over a large wavelength range.

4.2.1 Redshifts, Stellar Masses, SFRs and structural
parameters

Redshift and stellar masses come from the public releases of 3D-HST data prod-
ucts, in particular from the catalogue of W14. In W14, the best available redshift
is used for the computation of the stellar masses, rank ordered spectroscopic,
grism or photometric (Momcheva & Team, 2016)). Stellar masses are obtained
from fitting the 0.3-8um SED range with the FAST code (Kriek et al. 2009) us-
ing the Bruzual & Charlot| (2003) stellar population synthesis models, a Chabrier
IMF, solar metallicities, a (Calzetti et al.|(2000)) dust attenuation law and
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a exponentially declining star formation history (the same procedure followed
by Skelton et al. 2014, with the difference that only photometric redshifts were
used). SFRs are considered as the sum of the UV unobscured and the IR ob-
scured contributions. For sources that are in the GOODS-H catalogue of M13, the
SFR;g is computed through the Kennicutt relation (Robert C Kennicutt} [1998)
from L;g. The total L;g, covering the range 8-1000um, was estimated by fitting
the flux densities at 70, 100 and 160 pm when available with the SED templates
of Elbaz et al.| (2011). For details on the procedure, see |Ziparo et al. (2013)).
For sources that are not in the GOODS-H catalogue (mainly galaxies with low
SFRs, located in the lower envelop of the MS, and passive galaxies) SFR g comes
from W14. Briefly, W14 derived a photometric catalogue of Spitzer/MIPS 24um
sources from the images and weight maps using the approach described in |Skel-
ton et al.| (2014). The 24pm flux density is then used to estimate L;g through a
luminosity-independent conversion, that was demonstrated to recover L;g in good
median agreement with Herschel-PACS estimates (Wuyts et al.| [2011a). The UV
contribution to the SFRs is also taken from W14, and it was estimated from the
2800A luminosity, following the work of Bell et al.| (2005). We underline here
that for all the sources with L;r the SFR is given by SFR = SFR;r + SFRyy.
For galaxies with 1 < S/N < 3 at 24um, W14 provides an upper limit of L;p,
and thus of SFR;g. For sources undetected in 24um the SFR is purely based on
the UV contribution, and thus it is a lower limit.

4.2.2 Final Sample

For this work we focus on a mass and redshift limited sample with LogM, > 9.5
Mg and 0.2 < z < 1.2. In the area common between HDUV and GOODS-H
(~100 arcmin?) 820 galaxies in Whitaker et al.| (2014, W14 hereafter) satisfy the
afore mentioned criteria in M, and z. In this range of redshift and stellar masses,
95% completeness is confidently reached, as shown in W14, Muzzin et al.| (2013))
and Tal et al.| (2013). For this subsample, 65% of redshifts are spectroscopic,
and the remaining are grism ones. As the aim of this work is to spatially map
the SFR in galaxies, AGN contribution to the UV emission represents a source
of contamination. For this reason, we removed X ray selected AGN by cross
matching our sample with the X-ray selected AGN catalogue of (Shao et al.|
2010, for GOODS-N) and (Brusa et al. 2010, for GOODS-S). This results in the
omission of ~ 5% of the sources. We then cross-correlated the W14 subsample
of our interest with the M13 catalogue to get L;g from Herschel/PACS where
possible, and found 55% of galaxies with counterparts in M13. Finally, 30% of
the remaining sources have S/N < 1 at 24um and hence have SFR estimated only
from the UV, while for the rest both IR and UV contribution are considered.
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4.2.3 Main Sequence definition

The aim of this work is to characterise the scatter around the MS as a function
of the spatial distribution of the star formation activity within galaxies. Thus,
we need to locate the MS at each redshift and define the position of each galaxy
with respect to it. We use the MS of Karim et al.| (2011, K11 hereafter), where
SFR was computed from 1.4GHz emission, considering a |Chabrier| (2003) IMF,
Bruzual & Charlot| (2003)) models, and |Calzetti et al. (2000) extinction curve. The
K11 MS was chosen as it covers the redshift range 0.2 < z < 1.2 in small redshift
steps of 0.2 and has been computed using a relatively wide range in stellar masses
(~2dex) that also includes low mass galaxies. While the former point is key in
getting the right normalisation of the MS at each redshift, the latter is important
to avoid possible biases due to the flattening of the MS. The MS flattening, still
highly debated in literature (e.g. Erfanianfar 2016, Whitaker 2014), if present
would induce a bias in a selection of galaxies based on a MS computed only with
massive sources.

Using the K11 definition of the MS at each redshift bin, we compute the distance
of each galaxy from the relation at the galaxy’s redshift. Fig. shows the
distribution of galaxies in the final sample on the A,s - LogM, plane, where
Aps = LogSFRgy - LogSFRyg. The colours indicate different SFRs used to
compute Ajsg, as explained in the previous section. Herschel detected galaxies
(blue) mainly populate the upper envelop of the MS. MIPS-only detected galaxies
(grey) mainly populate the lower envelop of the MS, especially at low masses.
MIPS upper limits with 1 < S/N < 3 (orange) populate the valley and quiescent
region ~ 1 dex below the MS. Galaxies undetected in MIPS (maroon), that only
have the UV contribution to the SFR, are mainly found at distances larger that
1 dex below the MS.

We define six subsamples of galaxies based on their distance from the MS, chosen
to have enough statistics and, at the same time, to take into account the average
scatter of the MS (~0.2 - 0.3 dex). All galaxies with Ay;s > 0.6 constitute the
starburst (SB) sample, indicated with the blue shaded region. Galaxies in the
upper envelop of the MS, with 0.2 < Ay < 0.6, make up the SUB1 sample
(light blue area in Fig. . The MS sample is comprised of galaxies that have
—0.2 < Ays < 0.2 (gray area in Fig. . The lower envelop on the MS is divided
in the SUB1 and SUB 2 samples, that include galaxies with —0.6 < Ajp;s < —0.2
(light pink area in Fig. , and —1.0 < Ays < —0.6 (orange area in Fig. ,
respectively. Finally, all galaxies with Ayg < —1.0 form the quiescent (QUIE)
sample marked by the shaded red colour. We note that due to the small area
covered by the HDUV survey, the number of real starbursts (usually defined in
literature as galaxies with Ayrg > 1.0) is limited. Tab. shows the number of
galaxies in each bin of mass, redshift, and distance from the MS.
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Table 4.1: Number of galaxies in each bin of distance from the MS, stellar mass, and redshift.

Log(M,/Mg) Log(M,/Mg) Log(M,/Mg)

Sample 9.5:10.0 10.0:10.5 10.5:11.0
high z low-z high z low-z highz low-z
QUIE 21 9 29 21 34 12
SUB2 16 6 19 8 25 8
SUB1 56 16 11 5 13 4
MS 106 29 34 14 19 7
SUP1 55 44 46 23 12 6
SB 8 12 10 8 1 2
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Figure 4.2: Distribution of galaxies in the Ay - LogM, plane. The shaded regions mark the
bins defined accordingly to the distance from the MS, and will be used from now
on in this work.

4.2.4 Maps creation

In recent years, several studies exploited resolved maps of galaxy properties (mass,
SFR, age) to study galaxies and their evolution (e.g. Welikala et al., 2008} Zibetti,
2009; Wijesinghe et al. [2010; (Guo et al., 2012} Lang et al., [2014). A similar
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Figure 4.3: Comparison between the stellar mass obtained from SED fitting in the work of W14,
and the stellar mass computed as sum of the value in each pixel of the stellar mass
maps created for this work, also from SED fitting. The red line is the 1-to-1 relation.

approach has been employed in this work, and we will now describe our map
creation process (further details can be found in |Cibinel et al., [2015)). As a first
step, we extracted pixel-by-pixel fluxes within an elliptical aperture equal to the
galaxy H-band semi-major axis and fitted them with stellar population models.
To overcome the problem of relatively low flux in individual pixels, we applied the
ADAPTSMOQOTH code of Zibetti (2009)) to the galaxy images in all the available
filters. When, for a given pixel, the S/N is lower than a given threshold, the code
replaces that value with an average of the values over a lager circular area. As
explained in Cibinel et al. (2015), an advantage of using ADAPTSMOOTH is
the facility to smooth images in different filters on the same scale length, a step
necessary to obtain self-consistent SEDs. We ran the code on stacked images of
all ACS and WCF3 stamps (to ensure that smoothing is applied on those pixels
where the majority of the bands reach a low S/N while preserving the structural
variations in the different filters) by requiring a minimum S/N = 5 and stopped
the algorithm when the averaging area reached the maximum radius of 5 pixels.
The smoothing pattern obtained as output was then then applied to all available
bands (we tested that our results are not affected by a different choice of the
smoothing kernel).

The pixel-by-pixel SED maps that were obtained were then fitted with Lephare
(Arnouts et al., |1999; [I[lbert et al., |2006) using the [Bruzual & Charlot| (2003)
synthetic spectral library with a Chabrier (2003) IMF and a delayed exponential
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Figure 4.4: Example of a stellar mass (upper left), SFR (upper right), UV luminosity, not
corrected for dust (bottom left), and E(B-V) maps (bottom right) for a galaxy in
GOODS-N.

star formation history (¢ oc (t/72)exp(—t/7)). For the SED fitting we applied
the following constrains: the typical timescale 7 was chosen to vary between 0.01
and 10 Gyr in 22 steps and template ages were selected between 100 Myr and
the age of the Universe at the given redshift. We applied a Calzetti et al. (2000)
extinction law, with E(B-V) varying between 0 and 0.9 mag and allowing for
three values of metallicity Z (Z = Z¢, Z = 0.2 Zo, Z = 04 Zg). As result of
the fitting procedure, we obtain median maps (of stellar mass, SFR, age, UV
luminosity and extinction), where the value of each pixel is given by the median
of the full probability distribution function from all templates, and a best-fit map
(i.e., minimum x?). In the following analysis, we make use of the median maps,
but results do not change when using the best-fit maps instead.

The SED-fitting procedure allows us to obtain the median maps of SFR, E(B-V)
and mass-to-light ratio (M/L). We use the M /L maps to obtain the stellar mass
maps, by multiplying the H-band flux in each pixel of the H-band images with
the best-fit M/L value. This is done to include the sky-noise contribution in the
mass maps, needed to obtain a better fit of the 2D mass using GALFIT (see
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Sec. [4.2.5). To check the trustability of this procedure, in Fig. we show a
comparison between the total stellar mass computed as sum of the values in each
pixel of the mass map obtained from the H-band image, and the stellar mass in

the W14 catalogue. The two estimates are in good agreement, with a scatter of
~0.15 dex.

Finally, the UV luminosity maps are constructed from interpolation to the ob-
served photometry, and they can be non-dust corrected, or corrected for dust
using the UV beta slope - Ayy relation (Meurer et al. [1999; Overzier et al.|
2011), where the UV beta slope is obtained from a linear fit to the best-fit SED
model. Fig. shows the stellar mass, SFR, UV luminosity and E(B-V) maps
for a galaxy in GOODS-S.

4.2.5 Structural parameters from GALFIT

We use GALFIT (Peng, 2010) to fit the 2D stellar mass maps of each galaxy in
the sample and obtain its structural parameters. Structural properties of galax-
ies in GOODS-S and GOODS-N have already been studied as part of the work
of van der Wel et al. (2012, vdW12 hereafter). The authors used GALFIT to
derived structural parameters by fitting the cutouts of each galaxy in different
filters (HI60W, J125W and, when available, Y105W) with a single Sérsic pro-
file. 55% of the galaxies in our sample have unreliable fits results in vdW12.
Thus, we recompute the structural parameters of the galaxies in our sample as
our stellar mass maps are computed with SED fitting on a larger number of fil-
ters. In our fitting procedure, the total stellar mass is constrained to vary by
+0.5 dex with respect to the mass obtained as sum of the values in each pixel
of the stellar mass maps. The stellar mass maps are fitted using a single Sérsic
model. Our fits are reliable for the ~ 98% of the sample, while only ~ 2% of
fits retrieve unreliable estimates of the parameters. Fig. shows a comparison
of the structural parameters obtained from GALFIT in this work and in vdW12.
The panels show: the position angle (PA, top-left panel), the axis ratio (g, top-
right panel), the effective radii (r.ss, bottom-left panel) and the Sérsic index (n,
bottom-right panel), respectively. Galaxies that have reliable fits in vdW12 are
marked in black, while the green symbols refer to the ones with reliable fits in this
work (but not in vdW12). Finally, galaxies with suspicious fits in both works are
shown in magenta (as the final parameters are not within the input ranges), while
the blue line is the 1-to-1 relation. We notice that, as expected, there is good
agreement between the two studies, even when broader constrains are given for
each parameter. Galaxies for which the GALFIT fit is unreliable in both works
constitute a very small fraction (less than 1%); in vdW12 they have n = 8 and
large axis ratios, while in this work are found to have very small axes ratios and
a broader distribution of n.
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Figure 4.5: Comparison between the structural parameters obtained from a single Sérsic com-
ponent GALFIT 2D fitting technique in this work and in the one of van der Wel et
al. (2012). From left to right: position angle, axis ratio, effective radii in arcsec, and
Sérsic index. In all four panels, the black symbols indicate galaxies that in vdW12
have reliable fits, while green ones mark galaxies with trustable fits in this work,
but not in vdW12. Finally, galaxies that in both works have unreliable structural
parameters from GALFIT are indicated in magenta. The blue line is the 1-to-1
relation.
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4.2.6 Radial profiles creation

The 1D azimuthally averaged profiles of stellar mass, SFR, sSFR and UV luminos-
ity of each galaxy are created from the 2D maps using the structural parameters
obtained with GALFIT. First, a gaussian kernel is applied to the mass map to
find the position of the peak, that we take as centre of the galaxy. Then, con-
centric ellipses are drawn on the 2D map of the analysed quantity (e.g. SFR or
sSFR), where the major axis inclination depends on the galaxy position angle,
together with the axis ratio used to define the ellipses. We build two types of
radial profile: 1) the one normalised for the effective radii of each galaxy, where
re comes from the GALFIT fitting procedures; and 2) the physical one, where
the radius is given in kpc. While the first method allows us to take care of the
intrinsic distribution of r, with redshift (as galaxies at larger redshifts are more
compact), it suffers from the large uncertainties in the estimate of r.. On the
other hand the second approach applied on a large redshift range, inevitably suf-
fers from physical variation in the size of galaxies at different redshifts. Thus,
in the analysis, we split the sample in two redshift bins: [0.2:0.7] (low-z sample)
and [0.7:1.2] (high-z sample).

The median profile for a given mass and redshift bin is just the arithmetic median
of all the profiles at a certain distance from the centre, while the error is computed
via bootstrapping. We truncate the median profile at the radius that contains 50%
of the galaxies of the given subsample. In the specific case of the mass profiles,
each profile has been normalised to the total mass obtained by integrating the
profile before computing the median, to take into account small variations of the
median stellar mass in a given mass bin, and hence avoid biases in the analysis.
The observed trends do not vary when considering the average profiles instead of
the median ones. To check the consistency of the profile procedure, we compare
the mass obtained as sum of the values in each pixels of the map, and the total
mass obtained from the integration of the radial profiles. The two are in very
good agreement.

4.3 Results

4.3.1 SFR, M,, and sSFR profiles

In Fig. 4.6, we show the median SFR (first raw), M, (second raw), and sSFR
(third raw) profiles in the different bins of distance from the MS and stellar mass
for the low-z subsample. The profiles are computed as a function of the physical
distance from the center in kpc. The three columns of Fig. represent three

stellar mass bins: 9.5 < Log(M,/Mg) < 10.0, 10.0 < Log(M,/My) < 10.5, and
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Figure 4.6: median SFR (first raw), stellar mass (second raw), and sSFR (third raw) surface
densities as a function of distance from the centre (in kpc) for galaxies in the redshift
range [0.2:0.7]. The three columns indicate galaxies with different stellar masses:
9.5<Log(M,/Mg)<10.0 in the first, 10.0<Log(M,/Mg)<10.5 in the second, and
10.5<Log(M, /M )<11.0 in the third column, respectively. Different colours mark
different bins of distance from the MS, as defined in Fig. In the second raw, the
average Sérsic indexes of galaxies in the 6 bins are written at the top of the panel,
with colours corresponding to the bins.

10.5 < Log(M,/My) < 11.0, respectively. In all panels, the colours correspond
to galaxies at different distances from the MS: from passive (red) to MS galaxies
(grey) and upper MS galaxies (blue), as defined in Fig. [1.2] For galaxies with
9.5 < Log(M,/Mg) < 10,the SFR profile of QUIE and SUB2 galaxies is almost
flat at every radii, while the SFR profiles of SUB1, MS, SUP1, and SB galaxies
increases towards the inner radii. For larger stellar masses, the increase of SFR in
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Figure 4.7: median SFR (first raw), stellar mass (second raw), and sSFR (third raw) surface
densities as a function of distance from the centre (in R/R.) for galaxies in the
redshift range [0.2:0.7]. The three columns indicate galaxies with different stel-
lar masses: 9.5<Log(M,/Mg)<10.0 in the first, 10.0<Log(M,./Mg)<10.5 in the
second, and 10.5<Log(M,/Mg)<11.0 in the third column, respectively. Different
colours mark different bins of distance from the MS, as defined in Fig. In the
second raw, the average Sérsic indexes of galaxies in the 6 bins are written at the
top of the panel, with colours corresponding to the bins.

the central part is more enhanced for galaxies at higher SFR, with SB showing the
largest SFR surface density in the inner ~ 5 kpc. At R < 5 kpc, the difference
between the SFR profiles of QUIE and SB galaxies with Log(M,/Mg) > 10
reaches 3 orders of magnitudes. At larger radii (r > 5 kpc) the SFR surface density
decreases significantly in SB, SUP1 and MS galaxies, reaching values comparable
with the SUB1/2 and QUIE subsamples, that on contrary are characterised by a
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Figure 4.8: Same as Fig but for galaxies in the redshift range [0.7:1.2].

dip in the SFR distribution at small radii.

The second row of Fig. [4.6| shows the stellar mass profiles of galaxies. We recall
here that each single profile has been normalised for the total stellar mass obtained
integrating the profile, to account for differences in M, within the 0.5 dex bin,
before the computation of the median profile. As expected, passive galaxies
are always less extended and more concentrated with respect to MS galaxies.
MS galaxies become more extended with increasing stellar mass and their mass
distribution seems to become more enhanced at the centre, consistent with the
idea of the build-up of the bulge component in MS galaxies with increasing stellar
masses. Galaxies located above the MS are more extended than MS counterparts,
and show no central enhancement of their stellar mass distribution. The third
row of Fig. shows the sSFR profiles of galaxies. At large radii, r > 5 kpc,
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Figure 4.9: Same as Fig@ but for galaxies in the redshift range [0.7:1.2].

the median sSFR profile does not show significant differences for the subsamples
of galaxies located at various distances from the MS; galaxies with the largest
SFR (SB) and QUIE ones have the same sSFR surface density, or they differ
of < 0.5 dex. At small radii, r < 5 kpc, the sSFR profiles depend dramatically
on the distance from the MS. The sSFR profiles of galaxies below the MS are
characterised by a decrease which is proportional to the distance from the MS,
with QUIE galaxies showing the largest decline. MS and SUP1 galaxies are
characterised by a small decline of sSFR in the inner radii, while SB galaxies
have flat or enhanced sSFR profile in the innermost 5kpc.

The trends observed in Fig. 1.6 in which the surface densities are shown as a
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function of the physical distance from the centre (in kpc) are also observed in
Fig. [4.7) where we the surface densities are shown as a function of the distance
from the centre, normalised by the galaxies’ effective radii. At r < 2R, the SFR
and sSFR surface densities of the most star forming galaxies (SB) and of galaxies
below the MS (SUB1 & 2) differ up to 2 orders of magnitude, and the difference
increases when considering QUIE instead of SUB galaxies. On the contrary, at r
> 2R, the median profiles of SFR and sSFR do not show significant differences
among the different subsamples.

Figures and show the median SFR, stellar mass, and SFR profiles of
galaxies in the high-z sample, computed as a function of the physical distance
from the centre in kpc or normalised by R., respectively. No significant evolution
within the two redshift bin is observed, as the trends in the high-z sample are
very similar to the low-z one. The only difference concerns the SFR profile of
SB galaxies (notice that we do not have SB galaxies in the most massive bin).
While in the low-z sample the SB SFR profile is the one characterised by the
largest SFR surface density at small radii, in the high-z one the SFR profile of
SB galaxies is consistent with the one of SUB1 and MS galaxies.

To further study the mass distribution in galaxies above/below the MS, both in
the low and high redshift sample, we show in Fig{d.10] the distribution of the av-
erage Sérsic index n as a function of the distance from the MS, Ajy;s. The Sérsic
index used here is the one that was obtained as output of the GALFIT fitting
procedure explained in Sec. [£.2.5] The errorbars in this analysis have been com-
puted via bootstrapping. We observe, as discussed qualitatively when analysing
the stellar mass profiles, a quasi-monotonic decrease of n with increasing Ajsg in
each stellar mass and redshift bin: galaxies below the MS are more concentrated
than galaxies located on the MS or above it. Galaxies on the MS become more
concentrated with increasing stellar mass, transforming from pure disks struc-
tures to bulge+disk ones. Also for galaxies below the MS the n increases with
increasing stellar mass. No increase in n is observed in galaxies above the MS
with respect to MS counterparts at fixed stellar mass.

4.3.2 Stacked maps

From what has been discussed thus far, the central part of a galaxy seems to be
the key in determining its location in the LogSFR-LogM, plane. Nevertheless, the
sSFR and SFR surface density profiles from which these conclusions are drawn
come from SED fitting, which is very sensitive to dust and, in general is the least
stable method to derive SFRs. For this reason, we decided to further investigate
the distribution of dust and UV luminosity (corrected and not-corrected for dust).
Fig. 4.11| shows the stacked maps of SFR, stellar mass, sSFR, not-corrected UV
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Figure 4.10: Sérsic index, obtained from the GALFIT fit, as a function of distance from the MS,
Aprg, for the low and high redshift samples (left and right panels, respectively).
The three stellar mass bins are represented with different colours.

luminosity, dust-corrected UV luminosity and E(B-V). The stacked maps have
been built by excluding galaxies with ¢ < 0.4 and 0.01” < re < 0.8”. These cuts
avoid biases due to highly inclined galaxies, or to extremely compact or extremely
extended galaxies that are not representative of the galaxy population in the bins.
We focus is on the range 0.04 < z < 0.7 and 9.5 < Log(M, /Mg)< 10.0 so as to
ensure the best statistics while trying to limit the width of the redshift range, as
intrinsic differences in the shape of galaxies at different cosmic times can bias the
results.

The SFR maps show a monotonic increase of the SFR in the centre of galaxies
when moving towards larger integrated SFRs. We underline here that even if
the star formation activity is taking place in clumps in individual galaxies, the
stacking procedure produces a "smooth” distribution of SFR in the disk. In the
SB bin, the distribution of SFR (as well as other properties) looks more disturbed,
as the number of galaxies in this bin is lower. Nevertheless, the increase of SFR
in the central part is visible. The mass distribution clearly shows that galaxies
below the MS, in the quiescent region of the LogSFR-LogM, plane, are more
concentrated than MS and upper MS galaxies, reflecting the trends in Sérsic
index observed both in the low-z and high-z sample (Fig. As discussed
above, galaxies above the MS are more extended than MS counterparts. sSFR
maps enhance the trends visible in the SFR maps. Below the MS we can clearly
see that star formation activity is taking place only in the outskirts of galaxies.
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Figure 4.11: From top to bottom: stacked maps of SFR, stellar mass, sSFR, uncorrected Ly,
dust corrected Ly, and E(B-V) of galaxies with axis ratio ¢ > 0.4, 0.4 < z < 0.7,
and 9.5 <Log(M,/Mg)< 10.0. The six columns are the six bins of distance from
the MS.
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The position of the clumps of star formation obtained as a result of stacking
analysis are irrelevant to the study. However, note that the holes (or the lack of
star formation) seen in the central part is a common feature of all the galaxies
in the QUI, SUB2, and SUB1 samples. The sSFR in the centre increases in the
central part of the galaxy going from the quiescent bins towards the MS, but it
is interesting to observe that also in the MS the sSFR in the outskirts is larger
than the one in the inner part of the galaxy. Above the MS, the distribution
is smoother in the SUP1 sample. In the SB sample, the distribution reveals an
increase of sSFR in the central part of the galaxy, as well as other clumps of SF
in the outskirts. The UV luminosity maps also show a trend of increasing Ly
in the centre with increasing integrated SFR, even without dust correction. The
distribution is smooth for QUIE galaxies and progressively peaks in the central
part of galaxies when moving towards larger integrated SFRs. Correcting for
dust reveals a clumpy distribution of UV luminosity in the outskirts of galaxies
in the QUIE and SUB2 samples, and further unveils the presence of a central
depression of UV luminosity not visible when dust correction is not taken into
account. When dust correction is applied the UV luminosity in the central part
of SB galaxies becomes more peaked than for SUP1 and MS galaxies. Finally,
the trends seen in dust distribution are analogous to the ones seen for the SFR.
A central hole in E(B — V) is visible in the stacked maps of QUIE and SUB2
galaxies, while for the remaining bins the distribution peaks at the centre, and
the peak value increases with increasing integrated SFR.

The analysis of the stacked maps of galaxy properties presented in Fig.
shows that the radial trends observed in SFR and sSFR are reliable against dust
correction. We will discuss the possible scenarios arising from such trends in the
next section.

4.4 Discussion

In this work we have presented the spatially resolved properties of galaxies in the
central region of the GOODS fields up to z = 1.2. Studies of resolved properties of
galaxies gained importance in the past years, thanks to the increased availability
of data at high spatial resolution. We now discuss how our results compare
others in literature, as well as the emerging picture on how galaxies move in the
LogSFR-LogM, plane.

4.4.1 SFR and sSFR profiles at low redshift

The SFR and sSFR profiles of galaxies in the low-z sample suggest a fundamental
role of the star formation activity in the central part of galaxies in determining

105
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the location of a galaxy around the MS and thus in the LogSFR-LogM, plane.
Galaxies with the largest integrated SF'Rs are also the ones with the largest SFR
and sSFR surface densities in the inner 5 kpc. On the other hand, at any stellar
mass galaxies on and below the MS are characterised by a central depression
of sSFR. In the outskirts, differences between the SFR surface density of star
forming and passive galaxies are more significant in the smallest stellar mass
bin, while for more massive galaxies it reaches a maximum value of ~ 0.5 dex.
Hence, we can conclude that there is also suppression of star formation in the
outskirts for those galaxies that have strongly suppressed star formation in the
centre, even if the magnitude of the two is different: ~0.5 dex in the outskirts,
and up to 3 dex in the inner part. Spindler et al. (2017)) analyse the distribution
of star formation activity in MaNGA galaxies and its dependence on integrated
mass, structure, and environment. They propose the existence of two classes
of galaxies, namely Centrally Suppressed and Unsuppressed, defined as galaxies
that have sSFR in their disk at least 10 times larger than the core, and galaxies
with flat sSSFR profiles respectively. They find that there is a strong dependence
of the classification of galaxies as Centrally Suppressed and Unsuppressed on
stellar mass. This is consistent with our finding of more pronounced decrease
of sSFR in the inner part of galaxies with increasing stellar mass. Centrally
Suppressed galaxies have up to ~ 0.5 dex suppression in their sSFR at larger
radii compared to Unsuppressed galaxies, which is also the maximum difference
seen in the sSFR values at r > 5 kpc for star forming and quiescent galaxies.
Finally, when studying the dependence of central suppression of star formation
on galaxy morphology they conclude that it is strongly related to the presence
of a bulge, in agreement with our findings of increased Sérsic index in galaxies
with the deepest central depression in their sSFR profiles. Belfiore et al. (2017),
analysing the Ha equivalent width profiles of MaNGA galaxies, found that the
typical sSFR profile of MS galaxies is flat at LogM, < 10.5 Mg, while the sSFR
of more massive MS galaxies shows a decrease in the central region. This result
is partially in disagreement with our findings for the low-z sample, as we observe
that the sSFR profiles of MS galaxies is always smaller in the central 5 kpc than
at larger radii even if the difference is only up to 0.5 dex. This discrepancy is
most likely due to different selection criteria for MS galaxies in the two works.
In fact, in Belfiore et al. (2017) MS galaxies are not distinguishable from upper
MS galaxies and SB, where the profile might show an enhancement according to
our results. As a consequence, the median profile is flat and shows a decrease at
inner radii only at larger stellar masses, when the depression in the SFR profile of
MS galaxies becomes more significant. Our median SFR profiles as a function of
galaxies’ distance from the MS are compatible with the ones reported by |Ellison
et al| (2017). In both studies, galaxies above the MS are characterised by a
considerable enhancement of SFR surface density in the central regions, while
passive galaxies show a depression in their SFR profiles in the inner part. The
result of centrally-suppressed SFR profile in passive galaxies is also in agreement
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with the study of |Delgado et al| (2013) where they analysed CALIFA galaxies
to study dependency of the SFR profile on morphological classification. They
find that SFR profiles of disk-like galaxies increase towards the centre, while S0
galaxies and ellipticals have suppressed profiles particularly at the centre. This is
compatible with our observations as galaxies whose SFR profile is suppressed at
the centre also exhibit Sérsic indexes comparable to bulge+disk systems, or pure
spheroidal morphologies.

We can compare the trends seen in the SFR profiles with photometric results
at low redshift, extracted from SDSS galaxies. In Morselli et al. (2017) the
authors studied the colour of bulges and disks as a function of the location of a
galaxy in the LogSFR-LogM, plane, and found that galaxies in the upper envelope
of the MS are not only more bulge-dominated than MS counterparts, but that
their bulge is also significantly bluer. This is in agreement with an increase of
the central SFR surface density when moving from the MS towards its upper
envelope. Nevertheless, while in Morselli et al. (2017) bulges were found to be
already "red and dead” on the MS, hence implying the reddening of the disk to
be responsible of moving a galaxy towards the passive region, in this work the
SEFR surface density of the central region decreases more significantly than in the
outskirts. Further work needs to be done in order to understand the interplay
between bulge and disk in moving a galaxy in the passive region, especially in the
local Universe where morphological classification of galaxies with intermediate
bulge+disk morphology is more reliable.

4.4.2 SFR and sSFR profiles at high redshift

As we discussed above, no evolution is seen between the low-z and high-z samples.
The only significant difference between the two samples is related to SB galaxies.
In fact, while at low-z the SFR and sSFR profiles of SB galaxies show a central
enhancement compared to galaxies at lower integrated SFRs, at high-z the the
profiles of SB and SUP1 are consistent. This is most likely due to a larger
amount of dust expected at higher redshifts, especially in galaxies with the largest
SFRs, resulting in uncertain dust correction estimates. Below the MS, galaxies
in the SUP2 and QUIE subsamples show significantly flatter SFRs than their MS
counterparts, or are characterised by a central depression as seen in the low-z
case. The central suppression/enhancement seen in the SFR and sSFR profiles in
this work is in disagreement with the coherent star formation picture of Nelson
et al. (2016), where the authors presented the average surface brightness profiles
of H, and stellar continuum emission for 3SDHST galaxies in the redshift range
[0.7:1.5]. They find that above the MS the H, profile is enhanced at all radii,
while below the MS, it is suppressed at all radii. On the contrary, our findings
point towards a key role of the inner region (< 5 kpc) in placing a galaxy below
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the MS. As discussed previously, more caution needs to be taken for galaxies in
the upper envelope of the MS, but there are hints suggesting that the difference
between the SFR and sSFR surface densities of SUB1 and MS galaxies is larger
at small radii than in the outskirts, as seen at lower redshifts. The SFR surface
density in the outskirts of galaxies above the MS is enhanced with respect to MS
galaxies only in the smallest stellar mass bin, while it is comparable or smaller in
the other stellar mass bins. One possible explanation for the significant difference
in the results of work and Nelson et al. (2016)) lies in the selection of MS, below
MS and above MS galaxies. In fact, in the work of Nelson et al.|(2016]) galaxies
above the MS are selected as the ones located in the region at 0.4 - 1.2 dex above
the relation, but the bulk of the sample is located at a maximum distance of 0.6
dex from the MS. On the other hand, galaxies below the MS have been selected
to be at a distance between -0.4 and -0.8 from the MS, but again due to the
gaussian nature of the relation, the bulk of the population lies within -0.4 and
-0.6 dex from the MS. Thus, the stacked H, profile below the MS is dominated
by galaxies that are close to the MS sample, that according to our results as well
do not show a significant decrease of the SFR in the inner part. On the other
hand, in comparison to the work of |[Nelson et al.| (2016]) the smaller statistics of
this work (as we focus on the inner part of the GOODS fields), translates to a
smaller number of galaxies located ~1 dex above the MS that are intrinsically
rare. These objects might be the ones with a different distribution of SFR surface
density, causing the enhancement of SFR at large radii.

Other recent works investigating the spatial distribution of SFR in galaxies are
based on small samples for which high spatial resolution data is available. Tac-
chella et al.| (2015¢) studied H, derived SFR profiles in 22 galaxies at z ~ 2
(resolution ~ 1 kpc) and observed that the profiles averaged in stellar mass bins
do not change with stellar mass (and are consistent with a disk-like profile). We
also do not observe significant changes in the SFR profiles of MS galaxies at dif-
ferent stellar masses. More recently, Tacchella et al.| (2017) studies dust and UV
profiles for 10 galaxies at z ~ 2 and found centrally suppressed sSFR profiles only
in the most massive bin (M, > 10"M,), while a flat sSFR profile is observed at
M, > 10"M,. In our sample, central suppression is always visible in the sSFR
profiles of galaxies in the high-z sample, but the suppression becomes more sig-
nificant at increasing stellar masses. In the same work, the authors also argue
that galaxies above the MS have sSFR characterised by a central enhancement,
in agreement with what is suggested by the trends in our profiles.

4.4.3 Stellar mass distribution across - along the MS

While our work on the sSFR and SFR profiles is in clear agreement with previous
results, the trends in stellar mass distribution across the MS and for galaxies
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with the largest SFRs present a challenge. In Morselli et al.| (2017) we study the
the structure of z ~ 0 SDSS galaxies using the B/T decomposition of Simard
et al.| (2011) and find that the MS of star-forming galaxies corresponds to the
minimum of the B/T distribution at each stellar mass; in other words, galaxies
in the upper envelop of the MS are characterised by a larger B/T with respect
to MS counterparts. The result, while in agreement with the original work of
Wuyts et al.| (2011a), does not comply with the findings of this work where an
opposite trend of decreasing Sérsic index is observed when moving from the MS
towards its upper envelope. We propose two possible explanations behind this
discrepancy. Firstly, the light profile (on which the morphological classification
of Morselli et al.| (2017) and Wuyts et al.| (2011a)) are based) of galaxies above the
MS is more concentrated than the mass profile (from which the Sérsic indexes
of this work were computed). Secondly, since we employ the small inner region
of the GOODS sample, we are missing real starburst galaxies located more than
one dex above the MS. These galaxies that we miss in our current sample could
be pure spheroidals (Almaini et al., 2017)), the inclusion of which would increase
the average Sérsic index of galaxies above the MS.

On the other hand, the morphological trend of increasing Sérsic index along the
MS is confirmed by different works in recent literature, both at low (Bluck et al.,
2014; Morselli et al., |2017) and high (Lang et al. 2014) redshift. Such trends,
together with the more pronounced decrease of the sSFR of MS galaxies with
increasing stellar mass, indicate that galaxies grow their bulge component while
moving along the MS, and that star formation in massive MS galaxies takes place
only in the disk, while the bulges remain passive.

4.4.4 Moving galaxies across the MS and implications on
quenching mechanism

The shapes of the observed SFR and sSFR profiles are compatible with the
compaction-depletion scenario of Tacchella et al. (2015b), based on the VELA
simulations (Ceverino et al., 2014). These studies propose a scenario where star
forming galaxies migrate across the MS due to the successive episodes of gas in-
flow and star formation ongoing in the central part. Here, cold gas flowing to the
inner region of galaxies causes an overall compaction of the system, which in turn
leads to a phase of high star formation activity. Following this, central depletion
of gas due to star formation forces a galaxy below the MS. As a result, sSSFR pro-
files of galaxies are expected to be centrally enhanced (suppressed) above (below)
the MS, which is in good agreement with our findings.

The shape of the SFR and sSFR profiles is also a powerful tool to obtain infor-
mation on the nature of the quenching mechanism. The coherent star formation
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picture presented in Nelson et al. (2016]) was used to conclude that the suppres-
sion of star formation at all radii, observed for galaxies below the MS, must be
related to a quenching mechanism that acts not only in the central part of galax-
ies but also troughout the disk. The central suppression observed in the sSFR
profiles of galaxies below the MS is compatible with the so-called inside — out
quenching mechanism, where the star formation halts first in the innermost radii
and then in the outer regions of the disk, implying that disks are still forming
stars when the central part of a galaxy is dominated by a passive bulge. Such a
quenching mechanism has been advocated frequently in recent studies. Morishital
& Ichikawa (2016) used HST/WFC3 and ACS observations to study UV rest
frame colours of Milky Way progenitors in 0.5 < z < 3. Despite the uncertainties
in using UV colours as SFR tracers, they find that quenching must first occur
in the central region, followed by the outskirts. [Tacchella et al.| (2015a) employ
the centrally-suppressed sSFR profiles of massive MS galaxies to conclude that
quenching must proceed in an inside — out fashion, with timescales ranging from
1 billion years in the central regions to a few billion years at larger radii. In |Tac-
chella et al.| (2016) the authors used cosmological simulations to extract a sample
of 26 galaxies at 1 < z < 7 and found that the onset of gas depletion occurs in
the central 1 kpc and follows a phase of wet compaction and SFR peaked in the
centre. The quenching hence also proceeds inside — out, implying that when the
central region is passive star formation is still ongoing in an outer ring. A small
sample of 10 star forming galaxies at z ~ 2, observed as part of a SINS/zC-SINF
AQO program, is used in Tacchella et al. (2017) to study dust and UV profiles.
They find that only massive galaxies (M, > 101Mg) show sSFR profiles that
are suppressed in the centre with respect to the outskirts and hence must be
experiencing inside — out quenching. More work needs to be done in order to
understand the main driver behind the suppression of the central star formation.

4.4.5 Summary

In this work, we study the spatially resolved properties of galaxies located in the
central parts of the GOODS fields. We summarise our main findings as follows:

e the sSFR profiles of galaxies in the redshift range 0.2 < z < 1.2 is centrally
enhanced above the MS and centrally suppressed below the MS, with qui-
escent galaxies characterised by the deepest suppression. The sSFR in the
outer region does not show systematic trends of enhancement or suppression
above or below the MS.

e the Sérsic index of MS galaxies increases with increasing stellar mass, in-
dicating that bulges are growing when galaxies are still on the relation.
Galaxies are also more bulge-dominated in the lower envelop of the MS,
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while galaxies in the upper envelop are more extended and have Sérsic in-
dexes that are always smaller than or comparable to their MS counterparts.

These findings suggest that galaxies above the MS could be in a evolutionary
phase where cold gas is available in the central region, possibly due to minor
mergers or disk instabilities, but no compaction has still taken place. Further-
more, our work indicates that inside — out quenching is indeed taking place, as
star formation is centrally-suppressed in galaxies below the MS, but still occurs
in the outer regions. Follow up studies are warranted in order to: 1) increase the
statistics, especially above the MS so as to cover the area at ~1 dex from the
relation, and 2) investigate the spatial distribution of cold gas so as to under-
stand the reasons behind the growth of the bulge observed below the MS, e.g.
the stabilisation of the disk against further collapse vs. removal of cold gas due
to AGN activity.
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In this thesis, we have studied the scatter around the MS as a function of the
spatial distribution of the star formation activity within galaxies. In the lo-
cal Universe, this was done by exploiting the bulge-disk decomposition of SDSS
galaxies and using the color of the individual components as a tracer of their
star formation activity. In the redshift range 0.2 < z < 1.2 this was achieved
by studying the SFR and sSFR distribution within galaxies. Both approaches
suggest a fundamental role of the star formation activity in the central part of
galaxies in determining the location of a galaxy around the MS and, generally
speaking, in the LogSFR - LogM, plane. The photometric study of SDSS galax-
ies published in Morselli et al. (2017) and presented in Chapter 2 suggests that
the individual star formation activity of a galaxy’s components define its location
around the MS. The upper envelope of the MS is populated by galaxies that are
more bulge-dominated than MS counterparts, and with blue or extremely dusty
bulges. Galaxies with blue disks but red and dead bulges are found on the MS
relation, while structures with red disks and red bulges are found below the MS.
These trends seem to indicate that a process responsible for the reddening of the
disk component must be in place and responsible for moving galaxies from the
relation to the passive region. The photometric trends are in agreement with the
recent results of Ellison et al. (2017), based on MaNGA galaxies, who report
that galaxies above the MS are characterised by an enhancement of SFR surface
density in the central regions, while passive galaxies show a depression in their
SFR profiles in the inner part, and a less significant difference at larger radii.

The study on the SFR and sSFR profiles shown in Chapter 4 confirms the im-
portance of the SFR activity of the inner radii in setting the position of a galaxy
with respect to the MS. In particular, we found that central star formation activ-
ity is enhanced above the MS, suppressed below the MS, and heavily suppressed
in the passive region, while star formation activity in the outskirts varies by a
small amount compared to the inner part. Our results are in good agreement
with recent studies based on spatially resolved observations of galaxies, both at
low and at high redshift. The more pronounced decrease observed in the sSFR in
the inner part of galaxies with increasing stellar mass is also observed in [Spindler
et al| (2017), a study based on MaNGA galaxies. The authors also find that
galaxies with centrally-suppressed sSFR profiles show a difference of 0.5 dex in
the sSFR at outer radii with respect to galaxies with flat inner sSFR profiles, also
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in compliance with our findings. The central suppression of the sSFR profile in
MS galaxies is also found when studying the Ha profile of MS massive galaxies
(Belfiore et al., 2017).

While at low redshift a coherent picture is emerging, where the SFR of the inner
part plays a major role in determining the MS scatter, at larger redshifts the
situation is less clear. Our results are not in agreement with the work of Nelson
et al. (2016), where they find that above the MS the H, profile is enhanced at
all radii, while below the MS, it is suppressed at all radii, in a so-called coherent
star formation picture. Other works in literature agree with our findings on
the enhancement /suppression of the star formation activity above/below the MS
Tacchella et al.| (2015¢, 2017). Thus more works needs to be done in order to
understand the typical SFR profiles of galaxies above and below the MS at z ~ 1.

The shapes of the observed SFR and sSFR profiles are compatible with the
compaction-depletion scenario of Tacchella et al. (2015b), based on the VELA
cosmological zoom-in hydrodynamical simulations (Ceverino et al., 2014). These
studies together present a paradigm where star forming galaxies oscillate above
and below the MS depending on the interplay between gas inflow and star for-
mation that occurs in the central part. In this scenario, the flow of cold gas in
the inner region of galaxies could be enabled by minor mergers or violent disc
instabilities, thus causing an overall compaction of the system. The compaction
phase leads to high star formation activity in the central region of galaxies, and
in turn leads results in bulge growth for galaxies above the MS. Gas exhaustion
in the central region would then shift a galaxy below the MS. In this scenario,
sSFR profiles are expected to be centrally enhanced (suppressed) for galaxies
above (below) the MS, in agreement with our findings. Also in agreement with
this scenario is the progressive bulge growth of galaxies along the MS that is
found both at low and at high redshift, which is presented in this thesis as well
as reported by other studies in literature (Bluck et al. 2014, Lang et al. 2014,
Morselli et al. 2017). That said, the scenario concerning the mass distribution
across the MS is unclear. While in local galaxies, at every stellar mass, we see an
increase of the bulge dominance in galaxies above and below the MS with respect
to MS counterparts, such trends do not characterise the stellar mass profiles of
galaxies at z > 0.2. Further work needs to be done in order to understand the
origin of the discrepancy between our results and contrasting claims in literature
(e.g. Wuyts et al., 2011). Such a study would unravel a coherent picture of the
mass distribution in the most actively star forming galaxies.

We also discussed the implications of our findings on the quenching mechanism.
The analysis of the bulge and disk colours above/below the MS revealed that a
characteristic feature of galaxies located below the MS is the reddening of the
disk component. When studying correlations between the colour of the disk and
quantities used as proxy for different quenching mechanisms (BH mass, B/T, and
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Figure 5.1: Stellar mass map (left panel), SED-based SFR map (central panel) and OII flux
map (right panel) of a galaxy in the sample described in Chapter 4.

DMH mass) we found that the two quantities that have the largest correlation
coefficients are the BH mass and the B/T, but the large scatter reveals that none
of the quantities alone plays a prominent role in determining the passivity of a
galaxy. Nevertheless, the presence of the bulge seems to be a necessary condition
for passivity, as bulge-less passive galaxies constitute a non-significant tail of
the quiescent population. The analysis of the SFR and sSFR profiles instead
revealed that the passivity of the disk component is not the main characteristic
of quiescent galaxies at z > 0.2. The fundamental role of the inner part in
placing a galaxy in the LogSFR - LogM, plane can be interpreted as a result of
the so-called inside — out quenching mechanism, where the star formation halts
first in the innermost radii and then in the outer regions of the disk, implying
that disks are still forming stars when the central part of a galaxy is dominated
by a massive bulge (e.g. Tacchella et al., 2016; Morishita & Ichikawa 2016;
Tacchella et al. 2016; Tacchella et al. 2017). Galaxies located below the MS and
in the quiescent region are more bulge-dominated than MS counterparts and,
at the same time, are characterised by centrally-suppressed sSFR profiles. This
indicates that a possible relation is in place between the mechanism responsible
for the growth of the bulge and for halting the star formation. Further work
needs to be done in order to understand the reason for bulge growth, e.g. disk
stabilisation against instabilities preventing cold gas from collapsing and forming
new stars (as expected in the morphological quenching scenario), vs. internal
processes related to bulge growth like AGN feedback. Studies of the distribution
of cold gas in galaxies above and below the MS will play a key role in obtaining
a clearer picture of quenching.

This work serves as a motivation for future studies to further investigate the link
between the morphology of galaxies and their star formation activity, with special
focus on the scatter of the MS relation. I have already commenced work in this
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5 Conclusions

direction at the time of writing this the thesis, as summarised below.

e Analysis of the distribution of dust in local galaxies in the MaNGA and
CALIFA survey: to help understand the inter-dependancy between SFR
and dust in inclined galaxies.

e Analysis of OII distribution as a proxy of SFR in galaxies observed with
MUSE (Bacon et al.,; 2004): to validate our results obtained using SED-
based SFRs, as shown in Fig. |5.1]

In addition, a comparison between the photometric bulge-disk decomposition
and the one based on spatially resolved kinematics (from MaNGA, CALIFA or
SAMI) will be essential in determining the reliability of decomposition codes
based on photometry. Finally, studies of the distribution of molecular gas in
galaxies (carried out, for example, with ALMA) are essential to further constrain
the scatter of the MS and its relation to galaxy morphology.
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