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ABSTRACT

One of the key open questions of galaxy evolution is to understand when, how and
where the star formation ceases (the so called star formation quenching). It is well
known that galaxies have pronounced bimodal distributions of their main prop-
erties, and that they are segregated into the two populations of blue star-forming
(spiral and irregular) and red passive (elliptical and lenticular) galaxies. There is
a general consensus on a scenario in which blue/star-forming galaxies quench their
star formation transforming into red passive systems. However, the processes which
drive this change in galaxy properties and structure are still unclear. The main goal
of this Thesis work is twofold. On the one hand, we aim at defining new methods to
select galaxies that are in the critical phase of quenching, or that have recently (e.g.
within 0.5 Gyr) terminated their star formation. On the other hand, the final goal
is to study the physical properties of the selected galaxies in order to investigate the
origin of the quenching, place constraints on how and where (within the galaxies)
star formation terminates and understand the possible evolutionary links with the
population of E/SO galaxies. Our main results can be summarised as follows:

1. In Citro et al. (2017), we proved that [O111] /Ha ratio is a very sensitive tracer
of the ongoing quenching as it drops by a factor ~ 10 within ~ 10 Myr from the
quenching, assuming a sharp interruption of the star formation, and even for a
smoother and slower star formation decline (i.e. an exponential declining star
formation history with e-folding time 7 = 200 Myr) the [O111]/Ha decreases
by a factor ~ 2 within ~ 80 Myr from the quenching.

2. Detecting galaxies when their star-formation is being quenched is crucial to
understand the mechanisms driving their evolution. We identify for the first
time a sample of quenching galaxies selected just after the interruption of their
star formation by exploiting the [O 111] A5007 /Ha ratio and searching for galax-
ies with undetected [O 111]. Using a sample of ~ 174000 star-forming galaxies
extracted from the SDSS-DRS8 at 0.04 < z < 0.21, we identify the ~ 300
quenching galaxy best candidates with low [O 111] /He, out of ~ 26 000 galaxies
without [O111] emission. They have masses between 10%7 and 10'%8 M, con-
sistently with the corresponding growth of the quiescent population at these
redshifts. Their main properties (i.e. star-formation rate, colours and metallic-
ities) are comparable to those of the star-forming population, coherently with
the hypothesis of recent quenching, but preferably reside in higher-density en-
vironments.

Most candidates have morphologies similar to star-forming galaxies, suggest-
ing that no morphological transformation has occurred yet. From a survival
analysis we find a low fraction of candidates (~ 0.58% of the star-forming
population), leading to a short quenching timescale of ¢ ~ 50 Myr and an
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e-folding time for the quenching history of 7 ~ 90 Myr, and their upper limits
of tg < 0.76 Gyr and 7¢ <1.5 Gyr, assuming as quenching galaxies 50% of
objects without [O111] (~ 7.5%).

Our results are compatible with a ‘rapid’ quenching scenario of satellites
galaxies due to the final phase of strangulation or ram-pressure stripping.
This approach represents a robust alternative to methods used so far to select
quenched galaxies (e.g. colours, specific star-formation rate, or post-starburst
spectra). These results have been published in Quai et al. (2018, MNRAS, 478,
3335).

. In chapter 4, we extend our method to IFU data from the SDSS-IV MaNGA

survey, data release 14 (Bundy et al., 2015; Blanton et al., 2017; Abolfathi et al.,
2018) in order to derive spatial information about the quenching process
within the selected galaxies. To this aim, we analyse 12 SDSS-IV MaNGA
galaxies that show regions with low [O III]/Ha compatible with a recent
quenching of the star formation. We compare the properties of these 12
galaxies with those of a control sample of 10 MaNGA galaxies with ongoing
star formation at same stellar mass, redshift and gas-phase metallicity range.
The quenching regions are located between 0.5 and 1.1 effective radii from the
centre. This result is supported by their average radial profile of the ionisation
parameter, that reaches a minimum at the same radii, while that of the
star-forming sample shows an almost flat trend. Moreover, the average radial
profile of the star formation rate surface density of our sample is lower than
that of the control sample, at any radii, suggesting a sharp decline in their
star-formation rate. Finally, the radial profile of gas-phase metallicity of the
two samples have a similar slope and normalisation, therefore, our results
cannot be ascribed to a difference in the intrinsic properties of the analaysed
galaxies. These results are being presented in a paper (Quai et al.) submitted to
MNRAS.

. In chapter 5, we analyse galaxies in an advanced quenching phase, whose star

formation was quenched less than 1 Gyr ago. To this purpose, we search for
galaxies with strong Balmer absorption lines (Ho with equivalent width > 4—5
A, in particular) because these lines are strongest for stellar populations domi-
nated by A-type stars with ages between 300 Myr and 1 Gyr after the interrup-
tion of the star-formation. In the literature, these systems have been called Ho-
strong galaxies, and they differ from the classical post-starburst galaxies for the
presence of emission lines in their optical spectra. It has been found that their
number density decreases with redshift (e.g. Le Borgne et al., 2006; Wild et al.,
2009). In this work we will exploit very deep MUSE spectra (>10 hours of ex-
posure time) to study the recent star formation activity, and cessation thereof,
in low mass galaxies (i.e. log(M/Mg) < 10.2) at 0.3 < z < 1.24. We selected
about 115 Hé-strong galaxies from a parent sample of about 400 galaxies in the
MUSE Hubble Ultra Deep Field (MHUDF Bacon et al., 2017) and we estimated
their mass function in three redshift bins by using the 1/Vmax technique, also
taking into account a correction due to the effects of the radial variation in
the large-scale structure. The results are in agreement with the redshift evolu-
tion of more massive Hi-strong galaxies. At fixed mass, the number density



of Hé-strong with log(M/Mg) S 10 increases from redshift z~ 1.1 to z~ 0.8
and then, it decreases weakly around z ~ 0.45. This behaviour is in contrast
with the trend of Hj-strong in the recent Eagle cosmological simulation, that
predicts a decrement in the number density of low mass Hd-strong from high
redshift towards the local Universe. The final steps of this work are ongoing
and consist of the general interpretation of the results to understand how these
low-mass galaxies evolve (e.g. passive evolution, bursty SFH, etc.). The results
will be presented in a paper (Quai et al. in preparation).
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1. INTRODUCTION

1.1 Galaxy formation and evolution in the cosmological con-
text

This PhD Thesis is devoted to giving a contribution to our understanding of when
and how the star formation ceases in galaxies, the so-called quenching of the star
formation (or quenching). In chapter 2 we illustrate a comprehensive introduction
to the quenching. Before diving into this fundamental open question in galaxy evo-
lution, in this Chapter, we frame galaxies in the cosmological context in which they
formed and evolve and we provide a useful overview of the main observational and
general properties of the star-forming galaxies representing the precursors of the
quenching phase.

1.2 The standard ACDM model of cosmology

Modern cosmology is rooted in a spatially homogeneous and isotropic Universe on
large scales (the cosmological principle), and in the theory of General Relativity, that
predicts the structure of space-time according to the mass distribution in the Uni-
verse. This theoretical basement and the observational efforts in the last decades,
have led to the current standard cosmological model, referred to as ACDM (A cold
dark matter), in which a flat (Euclidean), expanding Universe is dominated by the
dark energy (referred to as the cosmological constant A) for about 75% and by a cold
(non-relativistic) dark matter for ~ 21%. Only the remaining 4% is due to baryons!
that constitute the visible Universe. Despite dark matter accounts for about 85% of
the entire mass in the Universe, its nature is still elusive, due to its inability to interact
electromagnetically. However, the existence of dark matter is supported by several
observational results, such as evidence of galactic rotation curves that remain flat at
large radii (e.g. Roberts and Rots, 1973; Rubin, Ford, and Thonnard, 1978; Rubin,
Ford, and Thonnard, 1980), the high dynamic mass in cluster of galaxies and gravi-
tational lensing of background galaxies (Zwicky, 1933). Dark energy, that takes the
form of a constant vacuum energy density, is instead responsible for the accelerated
expansion of the Universe, as revealed by the distances of standard candles Type Ia
supernovae up to z ~ 1.5 — 2 (e.g. Riess et al., 1998; Perlmutter et al., 1999).

!Cosmologists refer to baryons as all the particles in the Standard Model of atomic physics that
interacts electromagnetically, including electrons and the other leptons. In other word, baryons are the
components of the ordinary matter that forms galaxies, stars, men, etc.
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FIGURE 1.1: Top: the map of the anisotropies of the Cosmic microwave back-

ground (CMB) with the highest angular resolution so far, as observed by Planck

mission. Image credit: ESA and the Planck Collaboration. Bottom: the local large-

scale structure (LSS) from the SDSS 3-dimensional map of the distribution of galax-

ies. Earth is at the centre, and each point represents a galaxy, that is coloured ac-

cording to its average stellar population age: redder implies older ages. Image
credit: M. Blanton and SDSS.
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In this scenario, the primordial seeds of structures observed in the local Universe
are Gaussian-distributed adiabatic fluctuations with an almost scale-invariant spec-
trum. The most accepted theory predicts that these energy density perturbations
may arise from quantum processes in the early phases of the Universe, during an
exponential expansion (called inflation) driven by the vacuum energy (Guth, 1981;
Guth, Kaiser, and Nomura, 2014). The discovery of the cosmic microwave back-
ground (CMB) by Penzias and Wilson (1965), a snapshot of the Universe about
380.000 years after the Big Bang (corresponding to a redshift z ~ 1100), playes a
primary role in constraining the fundamental of the standard cosmology. Tempera-
ture anisotropies and polarisation (see Figure 1.1) in the CMB represent one of the
most powerful probes of cosmology and early-Universe evolution, because they are
due to primordial signatures of the fluctuations that grew up to form all the struc-
tures that we see today (e.g. Smoot, Gorenstein, and Muller, 1977; Smoot et al., 1992;
Bennett et al., 2003; Hinshaw et al., 2003; Spergel et al., 2003; Planck Collaboration
et al., 2014; Planck Collaboration et al., 2018). On the other hand, the complexity of
the spatial density distribution of structures on scales larger than that of a galaxy
(the so-called large-scale structure, LSS) depends both on cosmological parameters
(e.g. dark matter and dark energy densities) and on the physics of galaxy formation
and evolution. Therefore, the analysis of the LSS helps in placing tight constraints
on the theoretical stage of the growth of initial energy density fluctuations of the
early Universe via gravitational instability. At present, the largest survey of galax-
ies is the Sloan Digital Sky Survey (SDSS York et al., 2000), a map that covers about
12000 degrees of the sky in the local Universe (z ~ 0.2) with position and distances
of a million of galaxies. The SDSS and other similar surveys (e.g. 2dFGRS, Colless
et al.,, 2001) reveal a LSS with galaxies distributed following a Swiss cheese pattern
(see Figure 1.1), where huge voids of 10 — 100 Mpc in diameter (containing a few,
or no galaxies) are surrounded by low-density filaments which, in turn, intersect in
high-density clusters (containing thousands of galaxies) or in smaller groups (con-
taining up to a dozen of galaxies). Another step forward in this direction will be
done in the coming five years with the new surveys generation such as ESA-Euclid,
NASA-WFIRST, DESI, 4MOST and LSST, among many others. These missions are
aimed at mapping the LSS and the evolution of cosmic structures out to redshift z
~ 2 (or about 10 billion years in look-back time).

1.3 Structure formation in the ACDM context

The formation of galaxies represents one of the main open questions. As mentioned
earlier, observations suggest that galaxies reside in extended halos of dark matte.
Dark matter, for instance, is thought to be responsible to keep flat the rotation curves
of spiral galaxies at distances at which there are no stars and gas anymore. Accord-
ing to the cosmological framework, these halos result from the linear growth of the
density fluctuations that follows the early expansion of the Universe. When the per-
turbations reach a critical density, they decouple from the expansion and collapse
to form virialised dark matter halos. These halos continue to grow hierarchically,
both in mass and size, by accreting material from the surrounding medium or by
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the coalescence (merging) with other halos (bottom-up growth scenario). In this sce-
nario, baryons are bound to follow the collapsing collision-less dark matter halos.
This inward motion generates shocks in the collisional baryons which are heated to
the virial temperature of host halos. Later, if cooling is inefficient (slow cooling),
the baryonic gas can settle into a quasi-hydrostatic equilibrium in the potential well
of the dark matter halo (White and Rees, 1978). When the cooling gas accumulates
enough to be supported by self-gravitation it can collapse catastrophically, increas-
ing the density and temperature and reducing the cooling time and forming clouds
of cold gas. The gas clouds may then fragment into small cool clumps of neutral
atomic and molecular gas that may form the first generation of stars in galaxies. It
must be clear, however, that galaxy formation is far from being completely under-
stood. For instance, White and Rees (1978) already pointed out the role of negative
stellar feedback, predicted by Larson (1974), to explain the low efficiency of galaxies
formation. Several processes involve baryonic physics in the formation and evolu-
tion of galaxies, including but not limited to (i) the AGN formation, accretion and
feedbacks, (ii) the rate and mechanism of cosmological gas accretion, (iii) the inter-
play between star formation and rate of supernovae which, in turn, is related to the
problem of the universality of the initial mass function that rules the initial distribu-
tion of stellar masses. Understanding these various mechanisms and their coaction
is one of the most important and difficult issues in the global comprehension of the
formation and evolution of galaxies.

1.4 The inside-out growth scenario for disc galaxies

The Thesis project deals with galaxy quenching of the star formation. It is therefore
important to provide a general description of star-forming galaxies.

The formation of galaxy discs within the bottom up growth scenario was proposed
by Fall and Efstathiou (1980). In a hierarchical evolution of the primordial fluctu-
ations, the angular momentum in disc galaxies is produced by cosmological tidal
torques acting at early times (Peebles, 1969). Therefore, Fall and Efstathiou (1980)
predicted that starting from these initial conditions, disc galaxies formed from col-
lapsing gas in extended massive halos (or coronae).

The theory of cosmological tidal torques (Peebles, 1969), predicts also that mean spe-
cific angular momentum of galaxies (i.e. angular momentum per unit mass) must
increase with time. This results lead to a scenario for the evolution of disc galaxies in
which the outskirts should form later than the inner part, by acquiring gas at higher
angular momenta from the surrounding corona (the so-called inside-out growth Lar-
son, 1976). Inside-out growth is also predicted by hydrodynamical simulations (e.g.
Pichon et al., 2011; Stewart et al., 2013) and it is supported by chemical evolution
models (e.g. Boissier and Prantzos, 1999; Chiappini, Matteucci, and Romano, 2001).

This scenario is in agreement with numbers of observational evidences (e.g. Prantzos
and Boissier, 2000; Gogarten et al., 2010; Spindler et al., 2018). Indeed, a natural con-
sequence of inside-out growth is that central regions of galactic discs are, on average,
older and more metal-rich than the outskirts (e.g. Zaritsky, Kennicutt, and Huchra,
1994; Rosales-Ortega et al., 2011; Sdnchez-Blazquez et al., 2014; Gonzélez Delgado
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et al., 2014b; Gonzalez Delgado et al., 2015; Gonzélez Delgado et al., 2016; Goddard
et al., 2017b; Goddard et al., 2017a). These observational results showed even more
intriguing aspects when it turned out that almost every isolated galaxy in the local
universe exhibits similar strong negative radial profiles of oxygen abundance (e.g.
Vila-Costas and Edmunds, 1992; Zaritsky, Kennicutt, and Huchra, 1994; Sanchez et
al., 2012; Sanchez et al., 2014; Carton et al., 2015; Carton et al., 2018). Moreover, once
negative gradients are normalized to the effective radius (r.), they systematically
show similar slopes (—0.12 dex/r.) (Boissier and Prantzos, 1999; Boissier and Prant-
zos, 2000; Sanchez et al., 2014; Ho et al., 2015). Discs show, in addition, remarkably
dust-corrected colour gradients (e.g. de Jong and Lacey, 2000; Mufioz-Mateos et al.,
2007; Wang et al., 2011), with outskirts becoming bluer with increasing galactocen-
tric distance and this behaviour is observed also in the Milky Way disc (Portinari
and Chiosi, 1999). This almost ubiquitous behaviour can be explained by a common
evolution of gas, chemical history and stars (Ho et al., 2015), bearing in mind that
without a continuous replenishing of fresh gas, galaxies would have fuel to sustain at
most ~ 1 Gyr of star formation (Tacconi et al., 2013). In other words, the star-forming
galaxies need for a systematic supply of new gas and, together with evidence that
inside-out growth is still active in outer part of most local star-forming galaxies (e.g.
Wang et al., 2011; Mufioz-Mateos et al., 2011; Pezzulli et al., 2015), it suggests that
galactic halos are still providing high angular momentum gas to assemble the out-
skirts of galaxies. Bouché et al. (e.g. 2010) model predicts a co-evolution of accre-
tion rate from surrounding halo, star formation and outflows (see also Lilly et al.,
2013; Peng and Maiolino, 2014). However, starting from the evidence that hot coro-
nae must rotate more slowly than the disc (i.e. pressure gradients provide support
against gravity) Pezzulli and Fraternali (2016) discussed that a misalignment be-
tween disc and halo velocity implies a systematic radial gas flow towards the inner
parts of galaxies. Taking into account this effect and disentangling it from the contri-
bution of inside-out growth in their models, these flows show a strong impact on the
structural and chemical evolution of galaxies, naturally creating strong steep abun-
dance gradient. Those models predict, for instance, that 70 — 80% of disc velocity is
required to match observations in a galaxy like Milky Way.

1.5 Main scaling relations of star-forming galaxies

In this section, we present an overview (not exhaustive) of the main scaling relation
of star-forming galaxies, which represent the obvious precursors of the quenching
galaxies.

Our understanding of the formation and evolution of galaxies is hampered by the
complexity of baryon cycle in the interstellar medium. Direct observations of gas
flows would give constraints on the dynamics of the accretion process in
star-forming galaxies, however, they are very challenging to observe and indirect
methods are therefore necessary to study the whole history of galaxies.
Fundamental indirect tracer, such as the gas-phase metallicity, the stellar mass and
the star-formation rate (SFR), can help to unravel this evolution. It has been
suggested that galaxies grow in a regulated fashion which maintains an
equilibrium between cosmological accretion rate, star formation, gas-phase
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metallicity and outflow rate (e.g. Erb, 2008; Bouché et al., 2010; Peeples and
Shankar, 2011; Davé, Finlator, and Oppenheimer, 2012; Lilly et al., 2013; Peng and
Maiolino, 2014). In the previous section, we have already mentioned how chemical
evolution history can support an inside-out growth scenario. In the following, we
focus on other fundamental relation that can help in building a comprehensive
global picture in galaxy evolution.

1.5.1 The Schmidt-Kennicutt law

To push forward our understanding of galaxy evolution is needed a solid under-
standing of the link between the star formation activity and the physical condition
(both dynamical and chemical) of the interstellar medium (ISM) that fuels the SFR.
To this topic are related all the others evolutionary studies, with implications for the
gas cycle and chemical enrichment, kinematics and dynamic of gas and stars, assem-
bly of stellar mass and evolution of stellar populations and star formation quenching
among other crucial subjects. Schmidt (1959) was the first to argue that there should
be a scaling relation between gas density (pgas) and star formation rate density (psgr)
and introduced a power law relation of the form

€SF
PSFR = 7— X Pgas, (1.1)

tsF

in which the coefficient egr is the efficiency at which gas is converted into stars over
the time scale ¢ and it is related to the micro-physics of conversion gas content into
stars (e.g. Cen and Ostriker, 1992). Different assumptions on this efficiency lead to
significant variation of equation (1.1). The most common choice is to opt for ts = t¢;,
where tg is the free-fall time, defined as ¢4 = /37/32Gp. In this case, esp = e
assumes the meaning of a star formation efficiency (SFE) per free-fall time and the
(1.1) becomes psr X pga-

Since most observations of external galaxies can only measure two-dimensional pro-
jected observables, integrated along the line of sight, in literature is commonly used
the version of (1.1) in terms of surface densities?, that was proposed in the seminal
work of Kennicutt (1998b):

ESFR =Ax EN (12)

gas’

that is known as the Kennicutt law or Schmidt-Kennicutt (SK) law . The term g5
comprehends both atomic (Xpr) and molecular (Xp,) hydrogen and the precise form
of 1.2 changes with different chosen assumptions for deriving ¥,s from the observ-
ables. In Figure 1.2 is shown an updated version of the global SK relation in local
galaxies (z < 0.3), in which different symbols represents individual galaxies from
different dataset (see legend in the figure). A constant X(CO) factor (i.e. the con-
version factor from CO luminosity to Hy mass, with no correction for helium) of
2.3 x 10 em™2 (K km s~ !)~! is applied. A strong correlation is clearly present,
with a slope N = 1.4 — 1.5 (Kennicutt, 1998b). However, three distinctly different
regimes can be observed (see vertical lines in Figure 1.2): (i) a low-density regime

?Bacchini et al. (in preparation) are investigating a tridimensional version of the SK relation.
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FIGURE 1.2: The relation between Xgpr and total (atomic + molecular) gas sur-
face densities Yg,s. The diagonal dotted lines and all other plot parameters are the
same as in Figure 4. Superimposed as black dots are data from measurements in
individual apertures in M51 (Kennicutt et al., 2007). Data points from radial pro-
files from M51 (Schuster et al., 2007), NGC4736, and NGC5055 (Wong and Blitz,
2002) and from NGC 6946 (Crosthwaite and Turner, 2007) are shown as black filled
circles. Furthermore, are shown disk-averaged measurements from 61 normal spi-
ral galaxies (filled gray stars) and 36 starburst galaxies (triangles) from K98. The
black filled diamonds show global measurements from 20 low surface brightness
galaxies (Wyder et al., 2009). Data from other authors were adjusted to match the
assumptions on the underlying IMF, X(CO) and galaxy inclinations. One finds
good qualitative agreement between our data and the measurements from other
studies despite a variety of applied SFR tracers. From Bigiel et al. (2008) and Ken-
nicutt and Evans (2012).

at 10 Mg, pc~?2, with gas dominated by HI and without a clear correlation with the
SFR density (typically dwarf galaxies), (ii) an intermediate regime characterised by
a tight correlation (normal star-forming galaxies) and (iii) a higher-density regime
at Ygas > 100 Mg pc‘z, with a slightly shift above the normal star-forming relation
(typically starburst systems). Most normal galaxies follow a tight relation with a dis-
persion of about £0.30 dex, that is considerably higher than what can be attributed
to observational uncertainties, which suggests that much of the dispersion is phys-
ical. The SK relation is strongly affected by the assumptions made about the choice
of X(CO). Different studies showed that high-redshift starburst systems, for which a
typical Milky Way X(CO) was applied, tend to follow the local SK relation. Instead,
if a lower X(CO) factor is applied (as suggested by many independent analyses of
X(CO), e.g. Leroy et al., 2013), the SK relation of these starbursts is shifted above the
local relation, forming a parallel relation (e.g. Bouché et al., 2007; Daddi et al., 2010;
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FIGURE 1.3: The SFR-stellar mass relation for star-forming SDSS galaxies in low-
density environments D1 (left) and high-density environments D4 (right). The
three coloured straight lines represent the fitted relation for all galaxies (black),
and for those in D1 and D4 (green and red, respectively) From Peng et al. (2010) .

Genzel et al., 2010).

1.5.2 The star formation rate-mass relation

The star formation in galaxies is tightly correlated to the stellar mass (e.g. Brinch-
mann et al., 2004) and many authors described, almost simultaneously, a linear re-
lation which connects the SFR of star-forming galaxies with their stellar mass (e.g.
Daddi et al., 2007; Elbaz et al., 2007; Noeske et al., 2007b, see Figure 1.3). Noeske
et al. (2007b) defined this relation the main sequence (MS) of the star-forming galax-
ies, though there is no evidence of precise tracks along which galaxies move in a
SFR-Mass plane.

The existence of this SFR-Mass relation is linked to the physical processes regulating
galaxy formation and evolution (Dutton, van den Bosch, and Dekel, 2010; Hopkins
et al., 2010; Leitner, 2012). The correlation has been firmly established from the local
to the earliest Universe out to z ~ 7 (e.g. Brinchmann et al., 2004; Noeske et al., 2007b;
Elbaz et al., 2007; Daddi et al., 2007; Pannella et al., 2009; Stark et al., 2009; Magdis
et al.,, 2010; Gonzélez et al., 2010; Peng et al., 2010; Rodighiero et al., 2010; Oliver
et al., 2010; Karim et al., 2011; Papovich et al., 2011; Lee et al., 2012; Reddy et al.,
2012; Whitaker et al., 2012; Salmon et al., 2015). A strong correlation between SFR
and stellar mass throughout the cosmic epochs and its tightness (e.g. 0.25 — 0.3 dex
Noeske et al., 2007b; Rodighiero et al., 2011; Sargent et al., 2012; Whitaker et al., 2012)
imply a high degree of homogeneity suggesting that some kind of self-regulation
mechanism may be at work among the most of star-forming galaxies (e.g. Noeske
et al., 2007b; Bouché et al., 2010; Peng et al., 2010; Leitner, 2012; Behroozi, Wechsler,
and Conroy, 2013). The few outliers in the SFR-Mass relation are shifted above the
MS, showing higher SFRs with respect to normal star-forming of similar mass and,
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for this reason, are called starburst systems. These galaxies are linked to a highly
efficient mode of the star-formation, that is triggered by major mergers (Rodighiero
et al., 2011). However, they account for only about the 2% of mass-selected star-
forming galaxies, suggesting that major mergers are not the main mechanism for
forming stars in star-forming galaxies.

It is common to express the relation in terms of SFR per unit galaxy mass, or specific-
SFR (sSFR). The inverse of the sSFR is proportional to the timescale with which a
galaxy assemblies its stellar content® and thus it is useful to characterise the star
formation history of a galaxy. Using sSFR, the SFR-Mass relation is parametrised as:

log(sSFR) [yr '] = a x log(M/M,,) + 3. (1.3)

The slope « is negative, with the sSFR clearly decreasing towards the more massive
galaxies. The slope slightly varies in different studies between ~ —0.4, —0.2 due to
effects of different sampling (e.g. Stringer et al., 2011; Salmi et al., 2012) and observa-
tional (e.g. extinction correction to SFR indicator; Wuyts et al., 2011) biases and it is
still unclear if the slope changes with redshift (e.g. Pannella et al., 2009; Rodighiero
et al., 2010; Karim et al., 2011, Whitaker et al., 2012; Rodighiero et al., 2014). A
negative slope suggests that the downsizing scenario (see section 1.6) should be re-
sponsible for the evolution of star-forming galaxies, where low massive galaxies are
forming a high fraction of their stellar content today, while the more massive ones
must have formed their stars much earlier. Instead, it is observed an evolution of
the normalisation 3 in equation (1.3) over cosmic time: in the distant universe galax-
ies were more active in building their stellar content relative to today (e.g. Madau
et al., 1996). For a given mass, the SFR is stayed roughly constant from z ~ 7 to z
~ 2 (Gonzélez et al., 2010; Karim et al., 2011) when the cosmic-SFR density peaks
(Wilkins, Trentham, and Hopkins, 2008; Madau and Dickinson, 2014) and then it is
decreased by a factor of about 30 from z~ 2 to z= 0 (Daddi et al. 2007). The elevated
rates of star formation observed in the early Universe can be explained by a larger
reservoir of cold gas in galaxies that was continuously replenished by higher accre-
tion rate (Bouché et al., 2010). The rapid decline of the normalization from z ~ 2 to
now, instead, is mostly due to gas exhaustion (e.g. Noeske et al., 2007a; Daddi et al.,
2007; Magdis et al., 2012; Tacconi et al., 2013).

An overview on the sSFR-Mass evolution is given in Sargent et al. (2014) in which
they collected the results of several studies from z = 0 out to z ~ 7 to show the red-
shift dependence of the sSFR of star-forming galaxies with stellar mass. In Figure 1.4
is reported their study for two different stellar scales: M.,/M, ~ 5 x 10 and 5 x 10%°.
From the direct comparison of the two trends, they obtained a slope o ~ —0.2 for the
relation 1.3. Moreover, it appears clear the steep rise of sSFR in star-forming galaxies
out to z ~ 3. At z > 4 samples do not contain enough high-mass galaxies to probe
their evolution, while the sSFR of galaxies with M./Mg = 5 x 10? flattens or in-
creases slowly. Moreover, also the lower normalisation of the two sSFR in the more

3The sSFR scales directly with the parameter b (the stellar birthrate), defined as the ratio between
the current and the average SFR in the past: b = SFR/ < SFR >. Since / < SFR >=M. /to, with M. the
stellar mass of the galaxy and to ~ 10'? yr the age of the Universe. Hence b = SSFR x to.
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FIGURE 1.4: Redshift dependence of the sSFR of star-forming galaxies with stellar
mass M, /Mg ~ 5x10° (top) and 5x 10'° (bottom) draw from a collection of recent
results (see legend. Measurements derived based on image-stacking are indicated
with open symbols and error bars denote the uncertainty on the sSFR-average
rather than the sSFR-scatter in the population. Solid /dashed black lines (the best-
fit evolution of the sSFR) and associated 2o limits; light gray lines indicate the sSFR
evolution in the other stellar mass bins, for comparison; dot-dashed line represents
the evolution according to (1+z)?-%. From Sargent et al. (2014).

massive mass bin, that indicates a shorter birthrate, suggests a downsizing scenario
(see section 1.6) for the assembly of the stellar content.

Recently, it emerged that the MS tends to bend at stellar masses larger than
log(M/Mg) > 10.5 requiring to be fitted by a double power law, one for the highest
masses and the other one for lower masses. A suggested possibility for the
flattening of the high-mass tail of the MS is that galaxies above the turnover mass
have gradually reduced the star formation efficiency and are experiencing a slow
quenching of the star formation due, for example, to the growth of bulges (e.g.
Salmon et al., 2015; Lee et al., 2015; Schreiber et al., 2015).

1.5.3 The mass-metallicity relation

It is well known that star-forming galaxies present a strong correlation between gas-
phase metallicity and stellar mass (M-Z relation, Lequeux et al., 1979), being massive
galaxies more metal-rich. A similar relation has been also found for the stellar metal-
licity (e.g. Gallazzi et al., 2005; Mendel et al., 2009; Gonzalez Delgado et al., 2014a),
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FIGURE 1.5: Relation between gas-phase oxygen abundance and stellar mass for

a sample of star-forming galaxies in the SDSS. The large black filled diamonds

represent the median in bins of 0.1 dex in mass that includes at least 100 data

points. The solid lines are the contours that enclose 68% and 95% of the data. The

red line shows a polynomial fit to the data. The inset plot shows the residuals of
the fit. From Tremonti et al. (2004).

but with a larger scatter at low-masses. Using a large sample of local (z ~ 0.1)
star-forming galaxies extracted from the Sloan Digital Sky Survey (SDSS), Tremonti
et al. (2004) found that this correlation spans over about three orders of magnitude
in stellar mass and a factor of 10 in gas-phase oxygen abundance and it shows a
small dispersion (~ 0.1 dex), though it presents a clear flattening above ~ 1010-5
Mg (see Figure 1.5). Kewley and Ellison (2008) found that this bending depends on
the aperture covering fraction. Moreover, they argued that the M-Z relation can vary
significantly when different metallicity calibrations are used, thus requiring the need
to compare different works only when similar metallicity calibrations are assumed
(see also Foster et al., 2012). The M-Z correlation has been confirmed also at higher
redshift, where it shows a clear evolution. At redshifts 0.4 < z < 1 the evolution
have been confirmed by several groups (Lara-Lépez et al., 2009a; Lara-Lépez et al.,
2009b; Savaglio et al., 2005; Kobulnicky and Kewley, 2004; Mouhcine et al., 2006;
Rodrigues et al., 2008), though Carollo and Lilly (2001) did not find significative dif-
ferences between a sample of galaxies at 0.5 < z < 0.7 and a local one. However,
other studies at higher redshift have confirmed clear evidences of the evolution up
to z~ 4 (e.g. Savaglio et al., 2005; Erb et al., 2006; Maiolino et al., 2008; Mannucci
et al.,, 2009; Henry et al., 2013; Maier et al., 2014; Maier et al., 2015; Salim et al., 2015)
and even at 3 < z < 5 Laskar, Berger, and Chary (2011) have found an offset of the
relation towards lower metallicities.

With the advent of integral field spectroscopy, it became possible to investigate the
spatially resolved M-Z relation. Moran et al. (2012) and Rosales-Ortega et al. (2012),
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independently found a correlation between the local stellar mass density and the
metallicity, as a scaled version of the total M-Z relation. This result suggests that
the M-Z relation is stable when using single aperture spectroscopic (and the obvious
inconvenient of aperture effects) or spatially resolved data (e.g. Sanchez et al., 2014;
Sanchez et al., 2017).

Several mechanisms have been proposed to explain the origins of the M-Z relation,
including: (i) higher capability of massive galaxies (i.e. deeper potential well) to
retain enriched gas ejected by stellar feedback, or in other words that outflows are
more effective at expelling rich-gas from less massive galaxies (e.g. Larson, 1974;
Edmunds, 1990; Tremonti et al., 2004; Kobayashi, Springel, and White, 2007; Scan-
napieco et al., 2008; Spitoni et al., 2010); (ii) the accretion of pristine gas by inflows
from the inter-galactic medium and the coaction with outflows of enriched gas (e.g.
Finlator and Davé, 2008; Davé et al., 2010; Mannucci et al., 2010); (iii) an IMF that
varies with galaxy mass (e.g. Képpen, Weidner, and Kroupa, 2007; Wilkins, Tren-
tham, and Hopkins, 2008; Spitoni et al., 2010; Gunawardhana et al., 2011; Ferreras
et al., 2012); (iv) the downsizing (e.g. Maier et al., 2006; Brooks et al., 2007; Maiolino
et al., 2008; Mouhcine et al., 2008; Calura et al., 2009; Vale Asari et al., 2009; Zahid,
Kewley, and Bresolin, 2011), or a combination of them. The downsizing scenario
(see section 1.6) naturally leads to an M-Z relation: a lower a-elements abundance
ratio in less massive local galaxies suggests that they are forming slowly over longer
timescales (e.g. Cowie et al., 1996; Kodama et al., 2004; Thomas et al., 2010). More-
over, Nagao, Maiolino, and Grazian (2008) found that the evolution of the M-Z re-
lation is stronger in less massive galaxies, because more massive galaxies assemble
their stars and consequently reach their final chemical state earlier than less massive
ones. This is also in agreement with Garnett (2002) who suggested that less massive
galaxies have higher gas fractions than more massive ones, and therefore they are
still converting gas into stars. Moreover, Rodrigues et al. (2012) showed that gas
fraction increases with redshift, leading to a natural evolution of the M-Z relation in
a downsizing scenario. On the other hand, other studies (e.g. Erb et al., 2006; Erb,
2008; Mannucci et al., 2009) suggest that a high gas fraction (and its relation with
chemical evolution) in high redshift galaxies indicates the infall of pristine gas as the
dominant mechanism for the M-Z relation (e.g. Agertz, Teyssier, and Moore, 2009;
Bournaud and Elmegreen, 2009; Brooks et al., 2009; Dekel et al., 2009). Moreover,
the evidence of positive metallicity gradients in disc galaxies at z~ 3.5 can be also
explained by accretion of low-metallicity gas.

1.5.4 The Fundamental metallicity relation

Metallicity in galaxies is, at a basic level, the result of the action of (i) inflows, that
dilute the ISM with almost pristine low-metallicity gas, (ii) star formation, that is
fuelled by the in-falling gas and that generates an increment of the metallicity and
(iii) outflows, that eject metals produced by supernovae (i.e. a product of the star
formation). Therefore, a relation between metallicity and SFR is expected to exist.
Mannucci et al. (2010) have reported a secondary correlation of the M-Z relation
with the SFR in SDSS local galaxies: the so-called fundamental metallicity relation
(FMR). The FMR is an anti-correlation of metallicity with the SFR, i.e at a fixed stellar
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FIGURE 1.6: The surface generates by the FMR (Mannucci et al., 2010) in the plane
M.,, SER and gas-phase metallicity. Circles without error bars are the median val-
ues of the metallicity of local SDSS galaxies in bins of M, and SFR, colour-coded
with SFR. The dispersion of single galaxies around this surface is about 0.05 dex.
The black dots show a second-order fit to these SDSS data, extrapolated towards
higher SFR. Square dots with error bars are the median values of high-redshift
galaxies. Labels show the corresponding redshifts. The projection in the lower
left-hand panel shows that most high-redshift data fall in the same surface de-
fined by low-redshift data. emphasising the absence of a redshift evolution for
the FMR. The projection in the lower right-hand panel suggests that the origin of
the observed evolution in metallicity up to z = 2.5 can be due to the progressively
increasing SFR. From Mannucci et al. (2010).
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mass, galaxies with higher SFR have lower gas-phase metallicity, though the effect is
more pronounced in less massive galaxies, while in massive galaxies the metallicity
does not depend on SFR (see Figure 1.6). Ellison et al. (2008) had already found
a weak dependence of metallicity on specific-SFR and also Lara-Lépez et al. (2010)
presented a relation almost identical (just with a different functional form) to the
FMR.

Mannucci et al. (2010) found also that the FMR does not show any evolution up
to z ~ 2.5, suggesting that the same physical process drives galaxy evolution on a
long interval of cosmic time. On the contrary, more recent studies (e.g. Cullen et al.,
2014; Maier et al., 2014; Zahid et al., 2014) argued that FMR evolves towards higher
redshift, since galaxies at z ~ 2 does not lie on the local FMR relation.

However, the FMR is not without tension, with an intense debate over its origin
or existence. For example, Andrews and Martini (2013) found a discrepancy with
the result of Mannucci et al. (2010), arguing that the secondary correlation does not
change towards higher masses and Yates, Kauffmann, and Guo (2012) found that
in massive galaxies the metallicity increases towards increasing SFR. Other authors
observed that a secondary dependence on SFR could be spurious, and plausibly due
to selection effects (e.g. Juneau et al., 2014) or to systematic errors in metallicities
estimation (e.g. Yates, Kauffmann, and Guo, 2012) or to bias introduced by the fiber
aperture covering (e.g. Sanchez et al., 2013; Sdnchez et al., 2017).

1.6 The downsizing scenario

Since the late nineties, it started to emerge a discrepancy between the stellar as-
sembly history of galaxies traced by observations and the hierarchical assembly of
structures predicted by cosmology. Empirically, there are several proofs suggesting
that more massive galaxies have formed their stellar content earlier and on shorter
timescales than less massive ones (see Figure 1.7). Typically, one refers to this sce-
nario as Downsizing (Cowie et al., 1996). Among the evidences, the most compelling
ones are that more massive galaxies: (i) host older stellar populations than lower
mass galaxies, both in high-density (e.g. Nelan et al., 2005; Thomas et al., 2005;
Thomas et al., 2010) and in low-density environments (e.g. Trager et al., 2000; Heav-
ens et al., 2004; Gallazzi et al., 2005; Panter et al., 2007; Thomas et al., 2010); (ii) are
more metal rich (see subsection 1.5.3), (iii) have (in the case of early-types galax-
ies) enhanced [«/Fe] ratio (e.g. Carollo, Danziger, and Buson, 1993; Davies, Sadler,
and Peletier, 1993; Trager et al., 2000; Kuntschner et al., 2001; Bernardi et al., 2006;
Thomas et al., 2010) indicating a shorter timescale of the star formation that leads to
high rates of Type II Supernovae explosions of massive stars, thus an enhanced pro-
duction of a-elements (archeological downsizing Thomas et al., 2010); (iv) have (in the
case of star-forming galaxies) lower specific-SFR, implying that they were forming
the most of their stars earlier and at higher rates (see subsection 1.5.2).
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FIGURE 1.7: Specific-SFR as a function of look-back time for early-type galaxies of
various masses (see labels).The grey hatched curves indicate the range of possible
variation in the formation time-scales that are allowed within the intrinsic scatter
of the [a/Fe] ratios derived. These star formation histories are meant to sketch the
typical formation history averaged over the entire galaxy population (at a given
mass), while real star formation histories of individual objects are expected to be
more irregular. No dependence on environmental density is found. From Thomas
et al. (2010).

Moreover, the high-mass end of the stellar mass function* (SMF) and the correspond-
ing high-luminosity end of the luminosity function (LF) evolve more slowly than the
low-mass end(see Figure 1.8), indicating that massive galaxies were assembled ear-
lier than less massive ones (e.g. Drory et al., 2004; Drory et al., 2005; Cimatti, Daddi,
and Renzini, 2006; Borch et al., 2006; Bundy et al., 2006; Fontana et al., 2006; Con-
selice et al., 2007; Pozzetti et al., 2007; Pérez-Gonzélez et al., 2008; Pozzetti et al.,
2010; Ilbert et al., 2010; Ilbert et al., 2013).

At a first order, this behaviour can be considered ‘antihierarchical. The ACDM the-
ory may nevertheless be reconciled with the observational downsizing if the epoch
of stellar assembly within a galaxy does not coincide with the epoch of the galaxy as-
sembly (Baugh, Cole, and Frenk, 1996; Kauffmann, 1996). However, several authors
(Cimatti, Daddi, and Renzini, 2006; Fontana et al., 2006; Fontanot et al., 2006; Cira-
suolo and Dunlop, 2008) argued that downsizing can be extended to the mass assem-
bly in galaxies, representing a challenge for hierarchical galaxy formation models.

“The stellar mass function (SMF) and the luminosity function (LF) represent the number density of
galaxies within a mass and luminosity bin, respectively. From comparison of SMF (or LF) at different
epochs it is possible to infer statistically the evolution of galaxy populations.
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FIGURE 1.8: Galaxy stellar mass function up to z = 4 for the star-forming popu-
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the bottom sub-panel shows the percentage of quiescent galaxies as a function of

stellar mass in the same redshift bins. It clearly appears that the high-mass end of

quiescent galaxies does not evolve with redshift, while low-massive galaxies are

continuously rising the low-mass end profile from z ~ 4 to z ~ 0.2. From Ilbert
et al. (2013).
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2. A NEW APPROACH TO SELECT
GALAXIES JUST AFTER THE
QUENCHING OF STAR FORMATION

2.1 The quenching of the star-formation

Since the pioneering work of Hubble (Hubble, 1926), galaxies have been divided
into two broad populations: blue star-forming spirals (late-type galaxies) and red
ellipticals and lenticulars (early-type galaxies) with weak or absent star formation.
The advent of massive surveys, such as the Sloan Digital Sky Survey (SDSS, York
et al., 2000; Strauss et al., 2002), provided very large samples of all galaxy types and
allowed to study their general properties with unprecedented statistics.

At low redshifts (z ~ 0.1), galaxies show a bimodal distribution of their colours
(Strateva et al., 2001; Blanton et al., 2003; Hogg et al., 2003; Balogh et al., 2004; Baldry
et al.,, 2004) and structural properties (Kauffmann et al., 2003; Bell et al., 2012). In
a colour-magnitude (CMD) diagram or in a colour-mass diagram, early-type and
bulge-dominated galaxies occupy a tight ‘red sequence’. Instead, late-type, disk-
dominated systems are spread in the so-called ‘blue cloud’ region. At higher red-
shifts, this bimodality has been clearly observed up to at least z ~ 2 (e.g. Willmer et
al., 2006; Cucciati et al., 2006; Cirasuolo et al., 2007; Cassata et al., 2008; Kriek et al.,
2008; Williams et al., 2009; Brammer et al., 2009; Muzzin et al., 2013). The increase of
the number density and the stellar mass growth of the red population from z ~ 1 —2
to the present (e.g. Bell et al., 2004; Blanton, 2006; Bundy et al., 2006; Faber et al., 2007;
Mortlock et al., 2011; Ilbert et al., 2013; Moustakas et al., 2013) suggests that a frac-
tion of blue galaxies migrates from the blue cloud to the red sequence, together with
a transformation of their morphologies and the suppression of the star formation
(quenching) (e.g. Pozzetti et al., 2010; Peng et al., 2010). An interesting possibility is
that both galaxy bimodality and the growth of the red population with cosmic time
are due to a migration of the disk-dominated galaxies from the blue cloud to the
red sequence when they experience the interruption (quenching) of the star forma-
tion while, at the same time, there is a continued assembly of massive (near L*), red
spheroidal galaxies through dry merging along the red sequence (Faber et al., 2007;
Ilbert et al., 2013). It is also thought that these transitional scenarios depend on the
environment where galaxies are located (e.g. Goto et al., 2003; Balogh et al., 2004;
Peng et al., 2010).

Interestingly, the CMD region between the blue and the red populations is under-
populated (e.g. Balogh et al., 2004). In particular, the distribution of optical colours,
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at fixed magnitude, can be fitted by the sum of two separate Gaussian distributions
(Baldry et al., 2004), without the need for an intermediate galaxy population. This
suggests that the transition timescale from star-forming to passive galaxies must be
rather short (e.g. Martin et al., 2007; Mendez et al., 2011; Mendel et al., 2013; Salim,
2014). By considering also ultraviolet data, it has been possible to better explore the
CMD at z ~ 0.1 thanks to colours more sensitive to young stellar populations (life-
times < 100 Myr) with respect to the standard optical CMD (Wyder et al., 2007; Mar-
tin et al., 2007; Salim et al., 2007; Schiminovich et al., 2007). This showed that there is
an excess of galaxies in a wide region between the red sequence and the blue cloud
that is not easily explained with a simple superposition of the two populations. This
intermediate region has been named ’green valley” and it should be populated by
galaxies just in the process of interrupting their star formation (quenching).

The physical origin of the star formation quenching is still unclear, and many mech-
anisms have been proposed (see Somerville and Davé, 2015). The most appealing
options include (i) the radiative and mechanical processes due to AGN activity (e.g.
Fabian, 2012), (ii) the quenching due to the gravitational energy of cosmological gas
accretion delivered to the inner-halo hot gas by cold flows via ram-pressure drag
and local shocks (gravitational quenching, Dekel and Birnboim, 2008), (iii) the sup-
pression of star formation when a disk becomes stable against fragmentation to
bound clumps without requiring gas consumption, the removal or termination of
gas supply (morphological quenching, Martig et al., 2009), and (iv) the processes due
to the interaction between the galaxy gas with the intracluster medium in high den-
sity environments (environmental or satellite quenching, Gunn and Gott, 1972; Larson,
Tinsley, and Caldwell, 1980; Moore et al., 1998; Balogh, Navarro, and Morris, 2000;
Bekki, 2009; Peng et al., 2010; Peng et al., 2012). The quenching processes are also
termed internal or environmental depending on whether they are originated within
a galaxy or if they are triggered by the influence of the environment (e.g. the intr-
acluster medium). These processes are not mutually exclusive, and they could in
principle take place together on different timescales. For instance, the environmen-
tal quenching (e.g. gas stripping) is expected to be dominant only in dense groups
and clusters. The internal AGN feedback and gravitational heating quenching are
thought to be limited to halos with masses higher than 10'2 M, whereas morpho-
logical quenching can play an important role also in less massive halos and in field
galaxies.

Despite the importance and necessity of quenching, the actual identification of
galaxies where the suppression of the star formation is taking place remains very
challenging. Several approaches have been exploited so far to find galaxies in the
quenching phase. In particular, most studies focused on galaxies migrating from
the blue cloud to the red sequence. For instance, green valley galaxies show varied
morphologies (Schawinski et al., 2010), with a predominance of bulge-dominated
disk shapes (Salim, 2014). Furthermore, there is a consensus in interpreting the
decreasing of the specific Star Formation Rate (sSFR) with redder colours (e.g.
Salim et al., 2007; Salim et al., 2009; Schawinski et al., 2014) as an indicator of recent
quenching or rapid decrease of the star formation. However, Schawinski et al., 2014
argue that, despite the lower sSFR, the green valley is constituted by a
superposition of two populations that share the same intermediate optical colours:
the green tail of the blue late-type galaxies with no sign of rapid transition towards
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the red sequence (quenching timescale of several Gyr) and a small population of
blue early-type galaxies which are quickly transiting across the green valley
(timescale ~ 1 Gyr) as a result of major mergers of late-type galaxies. The
connection between quenching, red sequence and mergers has been investigated by
studying the so called post-starburst (E+A or K+A) galaxies. These galaxies have
morphological disturbances associated with gas-rich mergers and are
spectroscopically characterized by strong Balmer absorptions (i.e. dominated by A
type stars), although they do not show emission lines due to ongoing
star-formation (e.g. Quintero et al.,, 2004; Goto, 2005; Poggianti et al., 2004;
Poggianti et al., 2008). The strong Balmer absorption of post-starburst galaxies
suggest that their star formation terminated 0.5-1 Gyr ago. Other interesting cases
are represented by early-type galaxies with recently quenched blue stellar
populations, or where star formation is occurring at low level and likely going to
terminate soon (e.g. Thomas et al., 2010; Kaviraj, 2010; McIntosh et al., 2014). Some
recent results suggest that quenching may also occur with longer timescales during
the inside-out evolution of disks and the formation of massive bulges via secular
evolution (e.g. Tacchella et al., 2015; Belfiore et al., 2017b), or through the so called
strangulation process (Peng, Maiolino, and Cochrane, 2015). In addition to normal
galaxies, many studies have been focused on systems hosting AGN activity in
order to understand whether the released radiative and/or mechanical energy is
sufficient to suppress star formation (e.g. Fabian, 2012). Several results indicate that
AGN feedback can indeed play a key role in the rapid quenching of star formation
(e.g. Smethurst et al., 2016; Baron et al., 2017) and references therein). In the case of
massive galaxies, the indirect evidence of a past rapid quenching (< 0.5 Gyr) of the
star formation is also provided by the super-solar [a/Fe] and the star formation
histories (SFHs) derived for the massive early-type galaxies (e.g. Thomas et al.,
2010; McIntosh et al., 2014; Conroy and van Dokkum, 2016; Citro et al., 2016).

To summarise, the results obtained so far identified galaxies some time after (e.g.
post starbursts) or before (e.g. AGN hosts) the quenching of the star formation. Star-
forming galaxies during the quenching phase have not been securely identified. In
this Thesis work, we present a new method aimed at selecting galaxies when their
star formation is being quenched. Our search is based on the use of emission line
ratios between lines requiring high- (i.e. [O111] A5007, hereafter [O111]) and lower-
(mainly Ha) energetic photons. The theoretical basis and modelling of the method
have been presented in Citro, Pozzetti, Quai et al., 2017; Montly Notices of the Royal
Astronomical Society, Volume 469, Issue 3, p3108-3124 (hereafter C17). We apply this
new approach at low redshift (0.04<z<0.2) within the SDSS main galaxy sample (see
chapter 3).

2.2 A new approach to the quenching of the star formation

The novel approach proposed in C17 is based upon a straightforward fundamental
principle. After a few Myr from the interruption of star formation, the shortest-lived
(i.e. most massive) O stars and their hard UV photons rapidly disappear, and this
causes a fast decrease of the luminosity of lines requiring high-energetic photons.
However, emission lines with lower ionisation should be observable as long as late
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FIGURE 2.1: Scheme of the spectral evolution just after the quenching (from Quai

et al. (2018)). By assuming a sharp quenching model by C17 the delay between

phase (1) and (2) is ~10 Myr and become ~100 Myr by assuming a smoother and

slower star formation decline (with a smoother exponential decline of the star-
formation with e-folding time 7 = 200 Myr).

O and early B stars are still present before they abandon the main sequence (see
Figure 2.1). Consequently, quenching galaxy candidates can be selected based on
the high-to-low ionisation emission line ratios.

2.3 HIlregions

Being responsible for most of the optical emission lines in star-forming galaxies spec-
tra, although they are mainly constituted by hydrogen, the HII regions spectra re-
flect the evolution of stellar populations and gas in galaxies. Therefore, they contain
a wealth of information also about dramatic phenomena like the interruption of the
star-formation.

A stellar type O8 V (19 M), with a surface temperature of about 35.000 K, emits
~ 32% of its radiation at hv > 13.6 eV (wavelength shorter than 912 A). These
photons can ionise a substantial fraction of the surrounding inter-stellar medium,
creating an almost spherical ionised region (Stromgrén Sphere). The photoionised
gas surrounding massive O- or B- stars is referred to as an H1I region. These regions
have typical dimension of a few pc and they have lifetimes of about 3 — 10 Myr (i.e.
the lifetime of the ionising stars). Hydrogen in HII regions is rapidly thermalised
by collisions with electrons and heavy ions, thus its distribution can be described by
a Maxwellian (see Dopita et al., 2015) with temperatures in the range 7000 - 20.000
K (depending on the metallicity of the gas and the temperature of the exciting star).
The physics within the Stromgrén Sphere is basically governed by photo-ionisation
equilibrium in a thermal balance condition. The photo-ionisation equilibrium in a
H 11 region is supported by recombination events. Assuming the simplified case of
a pure-hydrogen nebula, if an electron of kinetic energy E recombines into an ex-
cited level nl of the hydrogen atom, it will emit a photon of energy hv = E + AE,
where AE represents the binding energy of an electron in level nl. Therefore, when
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recombination takes place directly to the ground state (1 = 1), the resulting Lyman
photon will have sufficient energy to ionise hydrogen. This photon will travel only
a short distance before being re-absorbed by a close neutral hydrogen atom, with
creation of a hydrogen ion. However, this is true only in an extreme limit, called
Case B (Baker and Menzel, 1938; Osterbrock, 1989): the nebula is optically thick to
radiation more energetic than 13.6 eV, therefore, ionising photons emitted during
recombination to the ground level are immediately reabsorbed, creating another ion
and free electron by photo-ionisation, leaving no net effect on the overall ionisation
balance. This process will cyclically repeat until a decay takes the atom to an ener-
getic level higher than 1, that will leave the photon free to escape from the nebula.
Case B! is an excellent approximation of H1I regions, where there is plenty of neu-
tral hydrogen and photons with hr > 13.6 have a very small probability of escaping
from the nebula. Real nebulae, however, contain helium and metals. In the optical
domain, heavy elements undergo forbidden transitions of a few eV, mostly due to
collisional recombination, that cannot be re-absorbed within the nebula and leave,
producing prominent emission lines (e.g. [O 11] AA3726-29, [O 111] A\4959-5007, [N 11]
AN6548-84 and S11AN6717-31) in the spectra. This effect, in presence of high metal-
licity regime and at typical nebular temperature, dominates the cooling rate and it
lowers the nebular temperature. Finally, the effect of dust cannot be neglected. Dust
grains heavily compromise the ionisation radiation field, because they can absorbe
a substantial amount of the radiation with hv > 13.6 eV, redistributing the photons
at longer wavelengths.

2.4 Citro et al. (2017) models of the quenching phase

In order to investigate the behaviour of the proposed emission line ratios during the
quenching phase, C17 simulated star-forming regions until their quiescent phase.
Here we describe the main ingredients of these photo-ionisation models. They con-
sidered a star-forming region as formed by a central source of energy, with a given
spectral energy distribution (SED) and intensity, surrounded by a spherical cloud
and simulated its final spectrum by means of the photo-ionisation code CLOUDY
(Version 13.03 Ferland et al., 1998; Ferland et al., 2013), adopting a plane-parallel ge-
ometry (i.e. the simplest geometry allowed by the code), in which the thickness of
the photoionised nebula is very small compared to the distance to the photoionising
source.

A fundamental parameter that helps to parametrize the starting ionization state of a
H 11 region at the inner shell of the nebula is the adimensional ionisation parameter
U, which is defined as the ratio between the mean intensity of the radiation field
and the density of the ionized gas. In the plane parallel case, U can be written as
Tielens (2010), U = Fy/npc, where ny is the hydrogen number density of the pho-
toionised gas, c is the speed of light and Fj is the flux of the UV ionising photons

'The opposite extreme limit is the so-called Case-A, in which the nebula is optically-thin to ionising
radiation. Therefore, a ionising photons emitted during the recombination to the ground level escapes,
contributing to cooling the nebula and to the observed spectrum.



Chapter 2. A new approach to select galaxies just after the quenching of star

22 formation

(A < 912 A) striking the photoionised cloud. Fy is proportional to the number of UV
hydrogen ionising photons Q(H), which in turns depends on the stellar metallicity,
the stellar mass, the star-formation rate, the age and the initial mass function (IMF)
of the ionising central source. For instance, higher masses, higher star formation
rates (SFRs), younger ages, top-heavy IMFs or lower metallicities, which all imply
an higher number of massive stars, lead Q(H) to increase. Moreover, Fy depends
on the proximity of the central stars to the photoionised nebula. When a galaxy
quenches its star formation, Q(H) declines due to the aging and the softening of the
SED. As a consequence, Fy decreases and so does the ionization parameter.

C17 assumed a sharp quenching of the star formation as extreme case. This is in
agreement with recent studies arguing that quenching processes occurring on 100 -
200 Myr time-scales can be modelled by a sudden interruption of the star formation
(e.g. Schawinski et al., 2014; Ciesla et al., 2016; Schaefer et al., 2017). Then, we will
illustrate the C17 results obtained if a more realistic, smoother but still short decline
of the star formation is adopted.

The shape of the ionising source is simulated by means of different stellar synthetic
spectra, such as the Leitherer et al. (1999) (Starburst99) and Bruzual and Charlot
(2003) (BC03) models. The adopted Starburst99 synthetic spectra are simple stellar
populations (SSPs) with a fixed mass of M = 10 Mg, metallicities Z = 0.004, 0.008,
0.02, 0.04 and a Salpeter IMF (with mjo,, = 1 and myp = 100 Mg). They are com-
puted using Lejeune — Schmutz stellar atmospheres (Lejeune, Cuisinier, and Buser,
1997; Schmutz, Leitherer, and Gruenwald, 1992) and Geneva-HIGH 1994 evolution-
ary tracks (Meynet et al., 1994; Leitherer et al., 1999). This set of ingredients is in
agreement with the ones generally used in the literature (e.g. Levesque, Kewley, and
Larson, 2010; Kewley et al., 2001; Dopita et al., 2006). For BC03 synthetic spectra,
C17 adopt SSPs with metallicities Z = 0.004, 0.008, 0.02, 0.04. In particular, since
the default BC03 highest metallicity is Z = 0.05, C17 interpolate the metallicities to
create BC03 models with Z = 0.04, in order to be consistent with the Starburst99 re-
sults. These models are normalized to M = 1 Mg and assume a Chabrier IMF with
Miow = 0.1 and myp = 100 Me.

C17 parametrized the intensity of the ionising source by means of the ionization pa-
rameter. They adopted two different kind of models, which account for the decrease
of the ionization parameter and the decline of the number of ionising photons due
to the quenching process:

1. Fixed-age models. To fit with the majority of the literature studies (e.g. Dopita
et al., 2006; Levesque, Kewley, and Larson, 2010; Kashino et al., 2017), C17 as-
sumed the central source to be an SSP with a given metallicity (Z = 0.004, 0.008,
0.02, 0.04) and a fixed age of 0.01 Myr. Moreover, they adopted a grid of de-
creasing ionization parameters in order to simulate different ionization levels.
They assumed a grid of fixed-age ionization parameters log(U)q going from
—3.6 to —2.5 with steps of 0.1 dex, to be consistent with the observations of un-
resolved star-forming H1I regions (log(U) lowsim — 2.3, see Yeh and Matzner,
2012), local H11 regions (—3.2 <log(U) < —2.9, see Dopita et al., 2000) and star-
forming galaxies (see Moustakas, Kennicutt, and Tremonti, 2006; Moustakas et
al., 2010). In these models, given a metallicity, the shape of the ionising source
is fixed, regardless of the ionization parameter, and models with the lowest
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log(U)o can describe star-forming regions, but with very low densities of ion-
ising photons.

2. Evolving-age models. C17 also built models which take account of the shape
variation of the ionising SED as a function of time after star formation is
stopped. The UV ionising flux decreases as a function of time, with harder
energies disappearing first, due to the sudden disappearance of the most
massive O stars able to produce them. This behaviour is also visible in
Figure 2.2, which shows the time evolution of the number of ionising photons
below different energy thresholds (i.e. the ones relative to the emission lines
studied in this Chapter: H and O, 13.6 eV; O™, 35 eV and Ne™ ™, 41 eV) and
for different metallicities. The number of ionising photons decreases with
time, and its decline is more pronounced for harder energies and higher
metallicities. Moreover, the effect of the increased metallicity is more visible at
the harder energies, which are more absorbed due to the larger stellar
opacities. To account for the softening of the UV ionising spectrum as a
function of time after the SF quenching, in these models C17 simulated the
central ionising source using an SSP with given metallicity (Z = 0.004, 0.008,
0.02, 0.04) and age going from 0.01 to 10 Myr. In particular, the youngest SSP
of 0.01 Myr is taken as representative of a still star-forming region (this kind
of assumption is often used in literature, e.g. Kewley et al., 2001; Dopita et al.,
2006; Levesque, Kewley, and Larson, 2010), while older SSPs are used to
describe the epochs subsequent to the star formation quenching. The still
star-forming region can have a ionization state described by one of the
fixed-age ionization parameters log(U)y defined before, which then evolves
with time according to the Q(H) time evolution (Rigby and Rieke, 2004, see).
Since Q(H) decreases after the SF quenching, the ionization parameter is
expected to get lower as a function of time. For this reason, each model with a
given age will be characterized by an evolving-age ionization parameter
log(U);.

For the ionized nebula, C17 adopted an hydrogen density nyy = 100 cm ™3, which is
in agreement with the typical densities in observed star-forming regions (Dopita et
al., 2000; Kewley et al., 2001; Dopita et al., 2006), and the solar chemical composition
by Asplund, Grevesse, and Sauval (2005). In particular, C17 match the metallicity
of the ionised nebula with the metallicity of the ionising stellar population. For
non-solar metallicities, they linearly rescaled the abundance of each element, except
for He, C and N, for which they assumed the metallicity dependences reported in
Dopita et al. (2006). Depletion factors are fixed at the same values regardless of
metallicity (e.g. Dopita et al., 2006; Nakajima and Ouchi, 2014). This implies that the
dust-to-metal ratio is fixed regardless of metallicity, and that the dust-to-gas ratio is
proportional to metallicity (e.g. Issa, MacLaren, and Wolfendale, 1990; Lisenfeld and
Ferrara, 1998; Draine et al., 2007). To account for the presence of dust, C17 adopted
the default ISM grain distribution implemented in CLOUDY. However, they always
used the intrinsic fluxes provided by the CLOUDY code for all the analysed emission
lines, i.e. those that not require any correction for the dust extinction. Finally, since
the emission lines they are interested in require very high gas kinetic temperature
(i.e. T > 20,000 K) to be produced, they interrupted the calculation at the point in
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(2017)

which the kinetic temperature of the gas has fallen down to T ~ 4.000 K, since at this
temperature not even the hydrogen can be ionized.

The reliability of C17 models was verified by a comparison with data and literature.
About test of comparison with other predictions available in the literature see Citro
et al. (2017). Here, we focus on the test for the capabilities of their models in repro-
ducing properties of true galaxies. C17 performed the comparison with data using
the Baldwin, Phillips & Terlevich diagram (BPT Baldwin, Phillips, and Terlevich,
1981), which is generally adopted to distinguish star-forming from AGN ionization
sources (Kauffmann et al., 2003; Stasiriska et al., 2006). To verify the consistency of
their models with real data, C17 used a sample of ~ 174.000 star-forming galax-
ies extracted from the Sloan Digital Sky Survey Data Release 8 (see chapter 3, for
details), classified as star-forming on the basis of the BPT diagram itself, using the
definition by Kauffmann et al. (2003). As illustrated in Figure 2.3, models are able
to reproduce the bulk of the data distribution in the BPT star-forming branch, with
galaxies spanning the entire range of ionisation parameters and metallicities consid-
ered in the study.

2.5 Quenching diagnostic

The behaviour of individual emission lines is reflected in the two emission line ratios
considered in our study, as illustrated in Figure 2.4. In particular, both [O111]/Ha
and [Ne111] /[O 11] decrease with increasing age and metallicity, at each log(U)q. For
both emission line ratios, the decline is more pronounced at higher metallicities,
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FIGURE 2.3: Comparison between C17 models and observations. Dark grey
points are galaxies extracted from the SDSS DR8 with S/N(Hw) > 5, S/N(Hp5)
> 3 and S/N(IN11]), S/N([O111]) > 2, while light grey points are galaxies with
S/N([O111]) < 2. The superimposed grid is our set of fixed-age models with dif-
ferent metallicities (Z = 0.004 blue; Z = 0.008 cyan; Z = 0.02 green; Z = 0.04 red)
and different log(U), (going from —3.6 to —2.5 with steps of 0.1 dex from bottom
to top). Black curves mark the levels log(U)g = —3.6,—3,—2.5, from bottom to top,
as indicated. From Citro et al. (2017)

since for a given age, more metallic massive stars have softer UV spectra. Indeed, at
log(U)o = —3 and at the lowest Z, [O111]/Ha and [Ne111]/[O11] decrease by ~ 0.1
dex and ~ 0.2 dex within ~ 2 Myr from the SF quenching respectively, while at
the highest Z they drop by ~ 1.3 dex and ~ 1 dex, within the same time interval.
However, regardless of metallicity, the two emission line ratios are characterized by
a decline by a factor about 10 within ~ 10 Myr from the epoch of the SF quenching.
Although fixed-age models assume a fixed shape for the SED of the ionizing source,
the ones which are characterized by the lowest log(U)g can in some sense describe
star-forming regions that are quenching their SE, since low ionisation parameters are
related to low numbers of ionizing photons and then to low levels of star formation.
For this reason, it can be interesting to investigate the behaviour of the emission line
ratios under analysis as a function of both log(U), and log(U);. Figure 2.5 illustrates
the case of [O111]/Ha. For Z=0.02, a decline by a factor about 10 of this ratio cor-
responds to a decrease in log(U); by 0.1 dex (starting from an initial log(U)y = -3),
within a time interval of ~ 2 Myr, while a decrease by ~ 1 dex in log(U)q can produce
the same effect. Therefore, the decline of [O111]/Ha is more rapid for evolving-age
models than for fixed-age ones. This is due to the fact that the former include the
additional effect of the UV softening as a function of time.

The instantaneous star formation quenching modelled so far can be considered an
extreme case, which allows to better show the strength of C17 approach to probe star
formation quenching on very short time-scales. Now we show how the behaviour
of [O1I]/Ha and [Ne111]/[O11] changes if different SFHs and if a more realistic and
smoother SFHs are assumed. In particular, using Starburst99 models, C17 analysed
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FIGURE 2.5: [O111]/He as a function of log(U)o and log(U);. Grey curves connect
models with the same log(U)0, for the three log(U), = -3.6,-3,-2.5 and different
metallicity (Z = 0.004 blue; Z = 0.008 cyan; Z = 0.02 green; Z = 0.04 red), while
black curves connect models with the same metallicity. For Z = 0.02, evolving-age
models for SSP (light green empty circles), truncated (dark green empty circles)
and the exponentially declining (dark green filled circles) SFHs are shown, for an
initial log(U)p = -3. The emission line ratio evolution is illustrated with a time step
of 1 Myr within the first 10 Myr after quenching, about 20 Myr from 10 to 100 Myr
after quenching, and 100 Myr even further. For the exponentially declining SFH,
gold small stars mark the values of the emission line ratios corresponding to 10,
80, and 200 Myr after the SF quenching, from the highest to the lowest value of
[O11]/Ha. From Citro et al. (2017)
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FIGURE 2.6: [O111]/Ha and [Ne 111] /[O 11] emission line ratios as a function of time
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the exponentially declining (green curve) SFHs are shown up to ~ 800 Myr from
the time of quenching (indicated as tquench)- From Citro et al. (2017)

the case of a truncated SFH, with SFR = 1 Mg, yr~! up to 200 Myr and zero at older
ages, and the case of a smoother decline described by an exponentially declining SFR
(i.e. SFR / e-t/7 ), with 7 = 200 Myr, since this is the SFH shape generally assumed
to describe local star-forming galaxies (e.g. Bell and de Jong, 2001). For the truncated
SFH, a SFR = 1 Mg, yr~! is chosen to match the typical SFRs of SDSS star-forming
galaxies (Brinchmann et al., 2004; Whitaker et al., 2014) at stellar masses comparable
with the ones of the C17 sample. For the exponentially declining SFH, models are
normalized to 10° M. Moreover, C17 do not consider very high values of 7 > 200
Myr, since in this case the SFH would extend at much larger times, incompatible
with the assumption that galaxies are quenching their star formation. Furthermore,
larger 7’s have been demonstrated to produce galaxies which never leave the blue
cloud (e.g. Schawinski et al., 2014). Figure 2.6 shows the time evolution of [O111] /Ha
and [Ne111]/[O11] for the three assumed SFHs, starting from the time of quenching.
For the truncated SFH stopping at 200 Myt, the two emission line ratios drop by a
factor ~ 10 within about 2 Myr from the beginning of the quenching and by more
than a factor ~ 1000 within about 10 Myr from the quenching of the SE, similarly to
the SSP case. In the case of an exponentially declining SFR, instead, they decrease
following the decline of the SFR. In particular, C17 find that the star-forming re-
gion takes about 80 Myr to become quiescent, reaching a specific star-formation rate
(sSFR) ~ 10 — 11 yr—! (which is typical of quiescent galaxies) and, within this time
interval, both [O111]/Ha and [Nel11]/[O11] decrease by a factor ~ 2. This decline
corresponds to a decrease in log(U); by only ~ 0.2 dex, as illustrated in Figure 2.5,
implying that, when smoother SFHs are considered, log(U); has a smoother decline.
Moreover, ~ 500 Myr are necessary for the two emission line ratios to decline by a
factor about 10. It is interesting to note that the value of the two emission line ratios
at the age at which the star formation stops (200 Myr for the truncated and ~ 10 Myr
for the exponentially declining SFH) is lower by a factor ~ 2 for more complex SFHs
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FIGURE 2.7: [O111]/Ha (top) and [Ne 111] /[O 11] (bottom) as a function of time, for

log(U)o = —3, and different metallicities (Z = 0.004, blue; Z = 0.008, cyan; Z = 0.02,

green; Z = 0.04, red). In each panel, the black dotted line marks the initial value of
the emission line ratios for Z = 0.04. From Citro et al. (2017)

than for a 0.01 Myr SSP with the same log(U)y = —3. Therefore, if an ionizing stellar
population forms stars continuously on a longer time interval, its SED at the time of
quenching is softer than the SED of a stellar population which forms all its stars into
a single burst. This can be due to the accumulation of long lived stars contributing
mostly to the flux at longer wavelengths. All these trends confirm that the decline of
[O111]/He and [Ne 111] /[O 11] takes place regardless of the shape of the assumed SFH
and that very low values of these emission line ratios are expected whether galaxies
have abruptly quenched their SF or they have gradually reached low levels of SF.

2.6 The degeneracy between ionisation and metallicity

High metallicity in the photosphere of massive stars heavily affects the UV ionising
radiation, due to an increasing opacity. The resulting effect is that, without addi-
tional criteria, the ionising SEDs of a high metallicity population or low-ionisation
level is indistinguishable from a SED with a lower metallicity and a lower ion-
ization level (ionisation-metallicity degeneracy). Figure 2.7 shows the impact of
the ionisation-metallicity degeneracy on [O111]/Ha and [Ne111]/[O11] ratios. For
log(U)y = —3, the same value of the two ratios can be reproduced by different com-
bination of metallicity and young star-forming regions with high metallicity can
produce the same outcome as old star-forming regions with low metallicity. The
degeneracy between ionisation and metallicity makes this approach less trivial, and
additional criteria must be used to identify the most reliable sample of quenching
galaxies. In chapter 3 we expose our method to mitigate the ionisation-metallicity
degeneracy and the extraction and characterisation of the most reliable quenching
galaxy candidates from a SDSS sample.
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3. CATCHING GALAXIES IN THE ACT OF
QUENCHING STAR FORMATION

In this chapter, we present the definition of the parent sample, the methods applied
to mitigate the ionisation- metallicity degeneracy, the extraction of the most reliable
quenching galaxy (QG hereafter) candidates, and the general properties of the se-
lected sample.

3.1 The sample selection

3.1.1 The parent sample

Our sample is selected from the Sloan Digital Sky Survey Data Release 8! (SDSS-
DRS, Aihara et al., 2011), adopting the following criteria:

(i) keyword ‘class” = "GALAXY’;
(ii) redshift range 0.04 <z <0.21;
(iii) keyword 'LEGACY_TARGET1" = 64

The first criterion is clearly used to avoid stars and quasars. The second one is
adopted to minimise the biases due to the fixed aperture of SDSS spectroscopy. We
identify systems where star formation is being quenched globally across the entire
size of the galaxy. In order to ensure that the properties of the galaxy fraction mea-
sured inside the fibre aperture are reasonably representative of the global values,
Kewley, Jansen, and Geller, 2005 found that the fibre should cover at least the 20
per cent of the observed Byg isophote light of the galaxy. For SDSS, this fraction cor-
responds roughly to a redshift cut z > 0.04. Furthermore, we set an upper limit of
z < 0.21, beyond which the number of objects rapidly decreases and do not signifi-
cantly contributes to the sample statistic.

The third criterion ensures a homogeneous selection focusing on the Main Galaxy
Sample (see Strauss et al., 2002, for details), therefore avoiding mixing galaxies with
different selection criteria.

With the application of these three criteria, our total sample is constituted by 513596
galaxies. This sample is called parent sample hereafter, and includes all galaxy types

'The data were downloaded from the CAS database, which contains catalogs of SDSS objects
(https://skyserver.sdss.org/CasJobs/)
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(from passive systems to star-forming objects) as well as Type 2 AGNs. In order
to avoid the spectral contamination due to sky lines residuals, we exclude ~ 62400
objects for which the centroids of the main emission lines (i.e. [O1I] A3727 - here-
after [O11], HB,[O111], Hoe and [N 11] A6584 - hereafter [N 11]) are overlapped with the
strongest sky lines.

The spectral line measurements and physical parameters of the selected galaxies are
obtained from the database of the Max Planck Institute for Astrophysics and the
John Hopkins University (MPA-JHU measurements?). In particular, we retrieve the
following quantities:

o Emission lines flux. The fluxes are measured with the technique described in
Tremonti et al. (2004), which is based on the subtraction of the (Bruzual and
Charlot, 2003, BC03) best-fitting population model of the stellar continuum,
followed by a simultaneous fit of the nebular emission lines with a Gaussian
profile.

o Uncertainty in emission lines fluxes. We use the updated uncertainties provided
by Juneau et al., 2014, which are obtained comparing statistically the emission
line measurements of the duplicate observations of the same galaxies.

e Stellar mass. The stellar masses are estimated through SED fitting to the SDSS
ugriz galaxy photometry, using a Bayesian approach to a BCO3 model grid. The
magnitudes are corrected for the contribution of the nebular emission lines as-
suming that these contributions to the broad-band magnitudes u,g,7,i,z are the
same inside and outside the 3" fibre of the SDSS spectrograph. The obtained
estimates are referred to the region sampled by the fibre. To obtain the total
stellar mass, the MPA-JHU group corrected the stellar masses with a factor ob-
tained by the difference between fibre magnitudes and total magnitudes. For
this work, we assume the fotal stellar masses corresponding to the median of
their Bayesian probability distribution function.

o Rest-frame absolute magnitude. The rest-frame absolute magnitudes are derived
from the ugriz broad-band photometry, and corrected for the AB magnitude
system.

o Nebular Oxygen abundance. Nebular oxygen abundance are estimated using a
Bayesian approach, adopting the Charlot and Longhetti, 2001 models as dis-
cussed in Tremonti et al. (2004) and Brinchmann et al., 2004. The estimates of
oxygen abundances are expressed in 12 + log(O/H) values, and were derived
only when the signal-to-noise ratio S/N in Ha, H3, [O11I] and [N 11] is > 3. In
this work, we consider the 12 + log(O/H) value corresponding to the median
of the Bayesian probability distribution function.

e EW(Ha). We adopt the rest-frame equivalent widths estimated by the SDSS
pipeline with a continuum corrected for emission lines.

e D,4000. We use the D,4000 (Balogh et al., 1999) corrected for emission lines
contamination.

2see http://wwwmpa.mpa-garching.mpg.de/SDSS/.
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o Galaxy size and light concentration. The size is represented by the radius enclos-
ing the 50 percent of the r-band Petrosian flux (R50). The light concentration
is defined as C=R90/R50, where R90 is the radius containing the 90 percent of
the r-band Petrosian flux.

In addition to these quantities, we also collect information about the galaxy envi-
ronment by cross-matching our sample with the catalog provided by Tempel et al.,
2014, that contains environmental information relative to SDSS-DR10° and we found
a match for about the 87% of galaxies in our sample. In particular, we use the en-
vironmental density they provide for each galaxy (penv, hereafter), which represents
an estimate of the overdensity with respect to the mean galaxy density within a
scale of 1 h™! Mpc centered on each galaxy. Furthermore, we use their Richness
and Brightness Rank, that are defined, respectively, as the number of members of the
group/cluster the galaxy belongs to, and the luminosity rank of the galaxy within
the group/cluster.

Finally, we analyze the SDSS morphological probability distribution of the galaxies
provided by Huertas-Company et al., 2011%, which is built by associating a proba-
bility to each galaxy of belonging to one of four morphological classes (Scd, Sab, SO,
E).

3.1.2 The Ha emission subsample

As anticipated in the Section 2, our aim is to identify galaxies in the critical phase
when the star formation is being suppressed. In the case of an instantaneous quench-
ing (see Figure 2.1), this translates in searching for star-forming galaxies where high-
ionisation lines (e.g. [O111]) are suppressed due to the disappearance of the most
massive O stars, whereas Balmer emission lines are still present because their lumi-
nosity decrease more slowly due to photo-ionisation from lower mass (longer lived)
OB stars.

For these reasons, we select a subsample of galaxies with Ha emission considering
the following criteria:

(i) EW(Ha) and EW(Hp3) < 0, in order to select galaxies with Balmer emission
lines.

(ii) S/N(Ha) > 5. For the SDSS this corresponds to objects with Ha fluxes above
~1.1x 10" % ergs™! cm™2.

(iii) S/N(HpB) > 3, to be able to properly correct for dust extinction using the
Ha/Hp ratio. With this criterion, we exclude ~ 6% of galaxies, and the
corresponding limiting flux is >~ 3.2 x 1077 erg s~! cm~2.

By construction, the Ha sample includes galaxies with S/N(Ha) > 5; however, the
other emission lines can have a lower S/N. When a line flux has S/N < 2, we assign

’The catalogue is available at http: //cosmodb.to.ee
*We downloaded the SDSS morphological probability distribution of the galaxies together with the
Tempel et al., 2014 catalogue.
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FIGURE 3.1: The BPT diagram of the Hoa subsample. In the left panel we show
the diagram for the galaxies whose all the BPT emission lines are detected (i.e.
S/N > 5 for Ha, S/N > 3 for HS and S/N > 2 for [O111] and [N11]). The red
solid line is taken from Kauffmann et al., 2003, while the black dashed line was
determined theoretically by Kewley et al., 2001. The blue dots represent the SE-
Alldet galaxies, while the gray ones the AGNs. In the right panel we show the BPT
diagram for galaxies with upper limit in [O111] line (i.e. galaxies with S/N([O111])
< 2). The green dots represent those galaxies that, despite their upper limit, satisfy
the Kauffmann et al., 2003 criterion for star-forming galaxies, while the gray ones
represent objects for which we cannot be sure about their actual condition.

an upper limit to the flux defined as:
F <2 x of;. (3.1)

In the case of [O111], which is the most important signature of quenching in our
study, this upper limit corresponds to F < 2.2 x 10717 erg s7! em™

The full Ho emission sample contains 244362 objects. Clearly, this sample includes a
heterogeneous ensemble of galaxies where emission lines are powered by different
ionisation processes (star-forming, type 2 AGNs, LINERs, etc.).

3.1.3 The subsample of star-forming galaxies

Since we are interested in purely star-forming systems, we cleaned the Ha sample
from contaminating galaxies. In order to separate the star-forming population from
objects hosting AGN activity, we use the diagnostic diagram of Baldwin, Phillips,
and Terlevich (1981, hereafter BPT).

Figure 3.1 shows the BPT diagram of our sample. We remind that the emission lines
involved in this diagram are close enough in wavelength that the correction for dust
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TABLE 3.1: Numbers and median redshift of galaxies in the different subsamples.

Sample Subsample Number median z

SF-Ha 174056 0.08
SE-Alldet 148145 0.08
SF-[O1ifJundet 25911 0.12

no-Ha 201527 0.12
Total 375583 0.10

extinction is negligible. We adopt the Kauffmann et al., 2003 criterion® to reject type
2 AGNs, LINERs and composite objects from the Ha sample. For galaxies, where
all lines are detected, the star-forming population can be easily isolated, while for
galaxies where [O111] is undetected (i.e. S/N[O111] < 2), we select only those galaxies
whose upper limits of [O 111] flux lie below the Kauffmann et al., 2003 relation. With
this approach, we exclude 62125 AGNs and LINERs, and obtain the final subsample
of 174056 star-forming galaxies.

Then, we divide this sample into two subsamples:

SF-Alldet (148145 galaxies). These are star-forming (SF) galaxies where all the main
emission lines (Hg, [O 111], Ha and [N II]) are significantly detected. We, there-
fore, reject all the objects with S/N([N11]) < 2 (i.e. 241 objects).

SF-[O 111] undetected (25911 galaxies). These galaxies differ from the previous ones
for their [O111], that in this case is undetected (i.e. S/N < 2).

In order to compare the SF galaxies with the other galaxy types, we also select a
complementary subsample of galaxies without Ho emission from the parent sample
(subsection 3.1.1). Hereafter, the extracted sample is called no-Ha subsample, and
includes 201527 galaxies with S/N(Ha) < 5. Table 3.1 summarizes the number
of galaxies in the different subsamples, while Figure 3.2 shows some of the main
parameter distributions of the subsamples (i.e. redshift, masses and color excess).

3.1.4 The correction for dust extinction

Since all the SF-Alldet and SF-[O 111Jundet galaxies have Hj with S/N>3, we correct
their emission line fluxes for dust attenuation based on the Ha/Hf ratio, adopt-
ing the Calzetti et al., 2000 attenuation law. The colour excess E(B-V) is derived
assuming the Case B recombination and a Balmer decrement Ha/HpS = 2.86 (typ-
ical of H II regions with electron temperature T = 10* K and electron density
ne ~ 10? — 10*cm~3, Osterbrock, 1989) For galaxies with Ha/Hj3 <2.86 (2072 galax-
ies, ~ 1%), i.e. with a negative colour excess, between ~ —0.2 < E(B-V) < 0, we
decide to set E(B-V) = 0. The E(B-V) distribution is shown in Figure 3.2.

5 Their criterion is defined as log([O111]/HB) < 0.61/{log(IN11]/He) — 0.05} + 1.3.



34

Chapter 3. Catching galaxies in the act of quenching star formation

103

B SF-Alldet.
B SF-[OlllJundet.

0.050 0.075 0.100 0.125 0.150 0.175 0.200
Redshift

103_

= 102_

10!

10°
85 90 95 100 105 11.0 115

Log(M/M )

103

= 102

10!

100

0.2 0.4 0.6 0.8
E(B-V)

FIGURE 3.2: Main distributions of the three main subsamples: SF-Alldet in blue,
SE-[O1T]undet in green and no-Ha in red: redshift (left panel), masses (central)
and color excess E(B-V) (right).
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3.1.5 The estimate of star formation rate

After correcting the emission lines for dust extinction, we derive the star formation
rates (SFRs) for the star-forming galaxies. The SFR is derived using the Ha lumi-
nosity and adopting the Kennicutt (1998a) conversion factor for Kroupa, 2001 initial
mass function (IMF):

SFR = L(Ha) /1028 [Moyr™] (3.2)

In order to obtain the total SFRs, we correct the fibre SFRs for aperture effects. Fol-
lowing Gilbank et al., 2010 and Hopkins et al., 2003 we apply an aperture correction
A based on the ratio of the u-band Petrosian flux (which is a good approximation to
the total flux) to the u-band flux measured within the fibre:

— 10704 (ugib—tot) (3.3)

This method provides results which are in good agreement with the measurements
of Brinchmann et al., 2004 obtained with a more complex approach (Salim et al.,
2007).

3.2 Finding the quenching galaxies

3.2.1 The general approach

In this analysis, we decide to follow the approach discussed in C17 to select galaxies
in the phase when the quenching of their star formation takes place. In particular,
C17 showed how the ratio of high-ionisation (e.g. [O11I] and [Ne II1] A3869 - here-
after [NeI11]) to low-ionisation (e.g. Balmer lines) lines can be used to identify galax-
ies as close as possible to the time when the star formation starts to cease. Here,
we explore in particular the dust corrected [O 111]/Ha ratio (see subsection 3.1.4) to
select quenching galaxies. This ratio is highly sensitive to the ionisation parameter
U and hence to the star formation evolutionary phase. In particular, higher values
of U correspond to higher ionisation and star-formation levels (for a more exten-
sive discussion, seeC17). However, [O111]/Ha is also dependent on the metallicity
Z of the ionising stellar population, in the sense that low [O111]/Ha values can be
reproduced with both low U or high Z (i.e. ionisation-metallicity degeneracy, Z-U
hereafter). In order to find QG candidates, it is therefore necessary to mitigate this
degeneracy. To address this issue, we devise two independent methods that are de-
scribed in the following sections.
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FIGURE 3.3: [O111]/Ha vs. [N11]/[O11] diagram. The colour of the dots shows
the metallicity estimate 12+log(O/H) by Brinchmann et al., 2004 and the color-
ful line represents the dispersion at 30 of the [N11]/[O11] for a given value of
12+log(O/H). The red curve represents the median of the relation. Superimposed
in gray is reported a grid of zero-ages C17 models with different metallicities and
ionisation parameters, while in black are shown the evolutive tracks by C17 (cir-
cles for Z = 0.004, triangle for Z = 0.008, square for Z = Z = 0.02, pentagon for
Z = 0.04), where the size of the symbol is reported in time-step of 1 Myr with
decreasing sizes.

3.2.2 Method A

To mitigate the Z-U degeneracy, we firstly need to find an estimator for the metallic-
ity independent of [O 111]. Following C17, we exploit the [N 11]/[O11] ratio as metal-
licity indicator, as suggested e.g. by Nagao, Maiolino, and Marconi, 2006. Figure 3.3
shows the dust corrected [O111]/Ha vs. [N11]/[O11] diagram as a function of the
metallicity 12+log(O/H). In this analysis we discard 7712 objects with [O1I] unde-
tected (i.e. S/N [O11] < 2).

Figure 3.3 clearly shows a very good correlation between [N 11]/[O 11] and metallic-
ity, with the advantage of having an almost orthogonal dependence between metal-
licity and log U with respect to the BPT diagram, as confirmed also by the C17 mod-
els shown in the figure. This allows to reduce the Z-U degeneracy, since, at fixed
[N 11]/[O11], the spread of the distribution in [O 111]/Ha mainly reflects a difference
in the ionisation status. For comparison, we also show the dispersion at 30 of the
[N11]/[O11] at a given 12+log(O/H). In this diagram, therefore, at each [N 11]/[O11]
(i.e. at fixed metallicity) galaxies with [O111]/Hoa lower than the 30 dispersion due
to metallicity can be considered as galaxies approaching the quenching, having an
intrinsic lower ionisation parameter.

The QG population should represent a population that separates from the SF se-
quence and starts transiting to the quenched phase. To isolate this extreme popu-
lation, we analyse the SE-Alldet distribution of [O111]/He in slices of [N 11]/[O11],
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searching for an excess of objects (using a Gaussian distribution as reference) with
extremely low [O111]/Ha values (i.e. lowest ionisation levels, see Figure 3.4). A
similar approach was used to select starburst galaxies above the main sequence
(Rodighiero et al., 2011). We focus in particular on the half part of the Gaussian
distribution below the median, not considering the part above since it is dominated
by ongoing SF, and could be biased by starburst systems and by a residual contami-
nation of AGNSs.

In detail, we proceed as follows:
e We divide the distribution in bins of width A[N11]/[O11]~ 0.12 dex.

e In each bin of [N 11]/[O 11], we estimate the median and the 16th percentile, and
describe the distribution of SF-Alldet galaxies with an half-Gaussian whose
mean and standard deviation (o) are fixed to the median and the 16th per-
centile of the distribution. The typical value of ¢ is ~ 0.14 dex.

e We compare the 30 value of the Gaussian distribution with the 0.15th per-
centile, which corresponds to the 30 value in the case of a Gaussian distribu-
tion.

e When the median—3c value is higher than the 0.15th percentile, i.e. there is
a positive detection of a deviation with respect to a Gaussian distribution, we
identify our quenching galaxies as the excess beyond 30 with respect to the
half-Gaussian (as shown in the upper panel of Figure 3.4).

Following this approach, we find an excess of galaxies in the tail of the distribution in
all bins with [N 11]/[O11] < —0.33 (corresponding to 12+log(O/H)< 9). Above this
threshold, instead, the limiting flux of our sample approaches [O11I]/Ha ~ —1.5,
not allowing to detect candidates beyond the 30 value, as also shown in the bottom
panel of Figure 3.4.

To provide a less discrete description of the data, we generalise our method de-
riving the running median, the 16th percentile (representing also the o of the half-
Gaussian), the 0.15th percentile and the median—3¢ for our SF-Alldet sample in the
[O11]/Ha vs. [N11]/[O11] plane. We fit these relations with a third-order polyno-
mial®, and, to be more conservative, we define our QGs as the SE-[O I1IJundet galax-
ies lying below the median—3c polynomial of SF-Alldet population. This threshold
is always below the dispersion in [N11]/[O11] at 30 due to the metallicity (see Fig-
ure 3.5) and this suggests that the low [O111]/Ha values are not related with the
metallicity.

To further clean our sample, we discard also the 10 candidates that have [NeIII]
detected, since it is a high-ionisation line and its presence is incompatible with the
star-formation quenching (seeC17).

With this approach, we find 192 QG candidates (hereafter QG-A). Figure 3.5 shows
the [O111]/Ha vs. [N11]/[O 11] diagram, together with the selected QGs.

*Defined z = [N 11]/[O11]) and y = [O111]/Ha, the polynomials are: y(median) = —1.09 — 0.11z +
1.392% + 0.6722, y(16 perc.) = —1.22 — 0.09z + 1.48z2 4 0.762> and y(0.15 perc) = —1.47 — 0.21z +
1.0422 4+ 0.53z>.
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FIGURE 3.4: Distribution of [O 111] /He in bins of [N 11] /[O 11]. For illustrative pur-
poses, we show only two bins, namely —0.7 < [N11]/[O11] < —0.58 and —0.2 <
[N11]/[O11] < —0.08. The blue and gray histograms represent the distributions
of the SF-Alldet galaxies respectively below and above the median, and the ver-
tical lines are the median (solid line), the 16th percentile (dotted line) and 0.15th
percentile (dashed line) of the distribution. The red solid line shows the Gaussian
distribution obtained setting as mean and ¢ the median and the 16th percentile
of the didtribuition reepectivelyv and the piirnle vertical line renrecente the corre-
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FIGURE 3.5: [O111]/Ha vs. [N11]/[O11] diagram. In blue are shown the SF-Alldet
galaxies. The continue black curve represents the median of the relation, while
the dotted and the dashed ones represent the 16th and the 0.15th percentiles, re-
spectively. The dashed red curve represents the dispersion at 30 of the relation.
The superimposed colorful line represents the dispersion at 3¢ of the [N 11]/[O11]
for a given value of 12+log(O/H) (as in Figure 3.3). In green, instead, are shown
the SF-[OI1lTJundet galaxies (i.e. upper limit in [O111]). Bigger dots represent the
QG-A (magenta) and the QG-B (cyan). The empty symbols represent the values
estimated on the stacked spectra of SF-Alldet (blue circle), SF-[O IITJundet (green
triangle), QGs-A (purple star) and QGs-B (blue star) samples.
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FIGURE 3.6: Left panel: 12+log(O/H) vs [N11]/[O1] relation. The black curve

represents the median of the relation, while the red curve represents the median

+10, where o is the dispersion of the distribution. Right panel: 12+log(O/H) vs.

[O111]/[N11] relation. The black curve represents the median of the relation, while
the red curve represents the median-3o.

A possible issue with this method is that it is based on emission lines that are quite
separated in wavelength, and therefore could be affected by inappropriate correc-
tion for dust extinction. To test the impact of the extinction law on [O111]/Ha and
[N 11]/[O11], we consider also the Seaton, 1979 extinction law instead of the Calzetti
et al., 2000 one, finding a difference in the ratios at most of 0.1%, and therefore not
affecting strongly our selection.

We also explore an alternative diagnostic diagram, considering the [O111]/HS vs.
[N1]/[S11], discarding the redshift ranges in which the measurement of [S11] dou-
blet could be biased by strong sky lines. The [N 11]/[S11] ratio has metallicity sensi-
tivity similar to the one of [N11]/[O11], and [O111] /HS is very similar to [O 111] /He,
with the drawback of Hf being weaker than Ha. This diagram has the advantage
that the pairs of lines involved are close enough that it is possible to neglect the ef-
fect of dust extinction. Following the same procedure described above, we select
144 quenching candidates. However, since [S1I] is intrinsically weaker than [O11],
the S/N([S11]) distribution of these candidates peaks at S/N ~ 2 and, consequently,
their identification is more uncertain. We, therefore, decide not to consider them in
the following.

3.2.3 Method B

An alternative method to mitigate the Z-U degeneracy is to select galaxies for which
[O111] is weaker than the minimum flux expected for the maximum metallicity. In
this way, we can safely assume that the observed value of [O111]/Ha is unlikely to
be due to high-metallicity. To investigate this possibility we proceed as follow:

7[S11] (i.e. [STI]A6720) represents the sum of [SII]A6717 and [S11]A6731 fluxes.



3.2. Finding the quenching galaxies 41

e We derive a metallicity estimate (Z) for each galaxy in our sample. We ex-
ploit the 12+log(O/H) vs. [N 11]/[O 11] relation suggested by Nagao, Maiolino,
and Marconi, 2006 (see Figure 3.6), estimating the running median and the
corresponding dispersion oz for the SF-Alldet sample. We therefore asso-
ciate to each galaxy the median 12+log(O/H) corresponding to the observed
[N11]/[O11]® as metallicity value.

e We estimate the maximum metallicity (Znax) of each galaxy, as:
Zmax = 2L+ 0z, (34)

where Z and oz are the median and the dispersion associated to this relation
(with oz ~ 0.13 dex); since the dispersion would be higher than the typical
metallicity errors, hence, Zn.x represents a statistical significant estimate for
the maximum metallicity.

e In addition, we estimate the minimum expected [O 111] flux for any given Zax.
To do that, we consider another relation between metallicity and emission lines
that includes [O111]. In particular, we adopt [O111]/[N11] as a function of Z
(Nagao, Maiolino, and Marconi, 2006) (see Figure 3.6). This relation allows to
estimate the minimum expected [O111] /[N II] for any given Znax:

[O111] /[N 1] i, = [O111]/[N 11] — 3010 1m11/[N 1] (3.5)

where o[0 j/[n 1) i the dispersion of the [O 111] /[N 11] vs. 12+]log(O/H) relation
(the typical dispersion is o[o /N1 =~ 0.18 dex).

e We identify as quenching candidates those galaxies with a [O111] /[N 11] lower
than [OII]/[N1]min. For these galaxies, the low observed values of
[O11]/[N11] are unlikely due to their metallicity. Finally, as in method A, we
discard 11 galaxies with detected [Ne I11], since it can be a sign of ongoing star
formation.

In this way, we select 308 ‘method B” quenching candidates (hereafter QG-B), that
are shown in Figure 3.7.

3.24 Comparing the two methods

In this section, we explore the differences and the complementarities between the
two methods.

We first notice that there are 120 QGs in common between the two methods. In the
[O11]/Ha vs. [N11]/[O11] diagram (i.e. the plane described in subsection 3.2.2, see
Figure 3.5) there is a good agreement between Methods B and A: the bulk of QGs-B
are located below (~ 40%) or close to the 30 curve that is the threshold criterion to
select QGs-A. We also show the location of QGs-A candidates in the diagram used

8Note that we evaluate the expected metallicity also for galaxies with [O11I] undetected, while
Tremonti et al. (2004) derived metallicity only for galaxies with all emission lines detected (i.e. with
the original S/N > 3).
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to select QGs-B (Figure 3.7). Also in this case there is a good agreement between the
two samples, with QGs-A located below (~ 60%) or just above the threshold crite-
rion, having slightly higher upper limits for the observed [O111]/[N11]. We could
obtain a better agreement just slightly relaxing the thresholds adopted in the two
methods. For example, if we adopt 2.5¢ as thresholds instead of 3 for both methods,
we obtain that about 60% and 70% of QGs-B are identified also as QGs-A and vice
versa. More conservative choices guarantee, however, to obtain more solid results
and higher purity at the cost of a lower overlap. Moreover, the residual discrep-
ancy is due to an intrinsic difference between the two methods, that leads to se-
lect quenching candidates with different but complementary characteristics. In Fig-
ure 3.8 we show the BPT diagram with the candidates selected from the two meth-
ods. The bulk of QGs-A are distributed in the lower envelope of the BPT diagram
atlog([O111]/Hp) < 0 and log([N11]/Ha) < —0.3, while QGs-B are complementary
located in a region at higher [N 11]/Ho values (log([N11]/Ha) > —0.5).

3.3 The properties of quenching galaxies

In this section we analyse the properties of the QGs in order to identify or to con-
strain plausible quenching mechanism.

In Table 3.3 we report the median, the 16th and 84th percentiles of the distribution
of the main properties of our QGs, compared with those of the three control samples
defined in Section 3.1.3: SF-Alldet, SF-[O 11IJundet and no-Ha. We first notice that
the median and the range in redshift of QGs candidates are similar to that of star
forming galaxies (SF-Alldet). On the contrary, SF-[O1I1lJundet and no-Ha sample
cover different redshifts ranges.

3.3.1 Spectral properties

We first inspect the spectra of our QG candidates. In order to increase their S/N, in
particular around [O111] and [Ne I1I] to confirm their low ionisation status, we stack
their spectra. Figure 3.9 shows the median stacked spectrum of QGs-A and QGs-
B. As a comparison, we show also the spectra of two control samples, stacking all
galaxies from SF-Alldet and SF-[OIlTJundet samples, respectively, in the same mass
and redshift range of QGs. The [O11], Ha and Hf lines (i.e. low-ionisation lines)
are the strongest emission lines, while [O111] and [NeI11], which are high-ionisation
emission lines, are very weak in both QGs stacked spectra despite the increased S/N
(see the zoom of the stacked spectra in the wavelength range around the [O 111] and
the HS lines).

Furthermore, in order to measure high-to-low ionisation emission line ratio and con-
firm the low ionisation level of our QGs, we derive the dust-corrected stacked spec-
trum, correcting the individual spectra for the dust extinction’ before stacking them

9We derive it from the Ha./HS flux ratio using the Calzetti et al., 2000 extinction law, the same that
we have adopted for the dust correction of the emission lines.
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and SF-Alldet galaxies. The gray shaded area represents the dispersion of the

stacked spectra. The percentiles of the redshift distributions of galaxies in each
stacked spectrum are listed in Table 3.3.
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TABLE 3.2: Main emission lines ratios measured on stacked spectra of QGs-A,
QGs-B, SF-[O 111]undet and SE-Alldet samples.

Property QGs-A QGs-B [O111]und. SFE-Alldet

[O111]/He —1.254+0.04 —1.344+£0.04 —1.19 £ 0.02 —0.92 4+£0.04
[N1]/[O11] —0.23 £0.02 —0.29 £ 0.02 —0.16 £ 0.02 —0.29 £ 0.02
log([O111]/Hp) —-0.79+0.04 —-0.88+0.04 —-0.73+0.03 —0.47+0.02
log([N11]/Hcv) —0.48 +0.02 —0.42 +£0.02 —0.44 +£0.02 —0.44 £ 0.04
log([OmI]/[N11]) —0.77+£0.03 —-0.92+0.03 —0.754+0.02 —0.49+£0.02
D,4000 1.23 £0.01 1.25 £ 0.01 1.34 +£0.01 1.23 £0.01

EW,¢(Ha) [A] —18.62+0.09 —18.19+0.07 —-12.30+£0.01 —21.38+0.01

together (see Figure 3.10). Also in this case we confirm the weakness of [O11I] (and
of other high-ionisation emission lines, such as [Ne11I]) in both QGs stacked spec-
tra. We, further, note that in QGs spectra the stellar continuum is blue, suggesting
a still young mean stellar population, consistent with a recent quenching of the star
formation (see C17 for discussion on the expected colors of QGs).

We run the Gandalf code (Sarzi et al., 2006; Cappellari and Emsellem, 2004) on the
dust-corrected stacked spectra. We fit the continuum with the stellar population
synthesis models of Bruzual and Charlot (2003), used also by Tremonti et al. (2004),
and measure the main emission lines and spectral properties on the stacked spectra.
We list them in Table 3.2 and show them in Figures 3.5, 3.7, 3.8 and 3.11.

From this analysis, we find evident Ha emission in QGs stacked spectra, although
slightly weaker than in the star-forming, and given that the samples have similar me-

dian redshift, we find that LL((;S& = 0.82 £ 0.07, while LL(HO‘w = 0.91 £0.08.
SF-Alldet (Ho)sp-Andet
Further, we measure, in particular, the [O111]/Ha and [N 11]/[O11] ratios of the me-
dian stacked spectra (see Table 3.2), obtaining values consistent with the low ioni-
sation level of our QG candidates and far below the control sample of star-forming
galaxies. We note, instead, that the [O111]/Ha value measured on the SF-[O 111Jundet
stacked spectrum is intermediate between SF and QG candidates, suggesting that
also SF-[O111]Jundet galaxies have a lower ionisation state with respect to the star-
forming population, but not as extreme as QG candidates. In Figures 3.5, 3.7 and
3.8 we show the ratios measured on stacked spectra. In particular, from Figures 3.5
and 3.7 we confirm that the ratios measured on stacked spectra of QGs are consis-
tent with both our selection criteria and a low-ionisation state, while the ratios for
star-forming galaxies lie consistently on their median relations, compatible with on-
going star formation (see Figure 3.3 and C17). Finally, we note that the ratios for
SF-[O111]undet lie only slightly above our selection criteria, suggesting a lower ion-
isation level with respect to SF galaxies. This also indicates that also amongst these
galaxies there are good QG candidates. In this case, the limiting flux of the survey
does not allow to pre-select individual QG candidates from single spectra, and to
separate them from a residual contamination of SF galaxies. From this analysis, we
also confirm that QGs-A have slightly higher [O111]/Ha and [O 1] /[N 11] values,
and slightly lower [N 11]/[O11] and [N 11]/Ha values compared to QGs-B, suggest-
ing a lower value for their metallicity, consistently with, on average, lower masses
(see subsection 3.3.2). We further note that the [N 11]/[O 11] ratios of our QGs are in
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FIGURE 3.11: The D;4000 as a function of the EW(Ha). The layout is the same of
Figure 3.7.

both cases similar to those of the SF-Alldet sample, suggesting that our QGs have
metallicities similar to the ones of the SF galaxies parent sample.

D,4000 vs EW(Ha)

In this subsection we analyse two spectral features of QGs. The rest-frame equiva-
lent width EW(Ha), that represents an excellent indicator of the presence of young
stellar populations (e.g. Levesque and Leitherer, 2013) and of the specific SFR (sSFR),
and the break at 4000 A rest-frame, that provides an estimate of the age and metal-
licity of underlying stellar populations (e.g. Moresco et al., 2012). Using them jointly
allows to qualitatively evaluate the connection between the newborn stars and the
mean stellar population of the galaxy.
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FIGURE 3.12: (a) The rest-frame (u-r) colour - mass diagram. The colours are not

corrected for the dust extinction. (b) The same diagram with colours corrected for

the dust extinction. We represent the SF-alldet subsample with small blue dots,

the SF-[O11TJundet subsample with small green dots and the control sample of

galaxies with no-Ha emission with small red dots. We use magenta squares for

QGs-A and cyan circles for QGs-B. The two dark green straight lines represent the
edge of the green valley defined by Schawinski et al., 2014.

In Figure 3.11 we show the relation between the D,4000 and log([EW(Ha)|). Some
interesting trends emerge from it. As expected, there is a strong anti-correlation
between these quantities and a clear separation of the no-Ha galaxies from the SF
ones. Furthermore, we note that the SF-[O 1IT]Jundet sample is shifted toward higher
D,,4000 and lower log|EW(Ha)| with respect to the distributions of the SF-Alldet
sample. This suggests that the SF-[O I1TJundet galaxies are characterized, on aver-
age, by older stellar populations than the SF-Alldet ones. Finally, we find that both
QGs-A and -B lie in a region between the bulk of SF-Alldet and the SF-[O I1TJundet.
Interestingly, a few QGs show an intermediate EW(Ha) but very low D,4000, that
could be a fingerprint of recent star-formation quenching. We confirm these dif-
ferences by the measurements from the stacked spectra, i.e. the values of D,4000
and log([JEW(Ha)|) of QGs-A and -B are intermediate between SF-Alldet and no-Ha
sample (see values reported in Table 3.3 and Figure 3.11). The different distribution
of these populations in both D,,4000 and EW(Hc) is also confirmed by Kolmogorov-
Smirnov tests (hereafter KS) at high significance level.

This analysis suggests that our QG candidates have stellar populations which are
intermediate between SF and already quenched galaxies, confirming that they are
interrupting their SE.
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3.3.2 QGs in the colour-mass diagram

Figure 3.12 (a) shows the rest-frame, dust-uncorrected colour (u-r) as a function of
stellar mass. Our SF-alldet sample forms the well-known blue cloud, while the com-
plementary sample of no-Ha emission sample shapes the red sequence. The SF-
[O11]undet sample overlaps with the blue cloud in the intermediate region between
the two sequences. The QGs-A are mainly located in the blue cloud region at colours
1.5 S (u-r) < 2.1, while only a few of them have redder colours, near or in the lower
part of the red sequence. We verify that the red colours of these QGs are due to
a strong dust extinction (see following discussion and Figure 3.13). The colours of
QGs-B have instead a larger spread (1.6 < (u-r) < 2.4), with a median value red-
der than the SF-Alldet sample and QGs-A, but still blue. Their colour distribution
presents also a significant tail reaching the red sequence (15.9% of the sample has
colours (u-r) > 2.4). As for QGs-A, we verify that these red candidates are reddened
by dust extinction (see Figure 3.13).

In Figure 3.13 we show the observed (u-r) colour as a function of the E(B-V) derived
from the Ha/Hp ratio, in order to analyse the contribution of the dust extinction to
the colour distribution. Obviously, the no-Ha control sample is not included, since
its galaxies have S/N(Ha) and S/N(H/) lower than 3. There is a clear correlation
between colour and E(B-V), also in QGs samples, with the reddest galaxies having
the highest values of E(B-V). About 16% of QGs-A show E(B-V) higher than 0.6,
while the same percentage of QGs-B have even higher dust extinction, showing E(B-
V)> 0.7. As anticipated, the QGs with the reddest colours are those with the highest
E(B-V) values, which confirm that their intrinsic colours are still blue, as expected
from their recent quenching phase (see also the discussion inC17).

In order to better distinguish the dust-reddened quenching candidates from the
intrinsic red ones, we exploit the Holden et al., 2012 rest-frame dust-uncorrected
colour-colour plane (u-r) vs (r-z), showing the results in Figure 3.14. Only a few can-
didates are located in the region of pure passive red galaxies, whose boundaries are
defined by Holden et al., 2012. On the contrary, the other red candidates are actually
reddened by the dust extinction.

Finally, Figure 3.12 (b) shows the colour-mass diagram with the (u-r) corrected for
the dust extinction. In particular, we adopt the attenuation law of Calzetti et al., 2000,
with the stellar continuum colour excess Es(B-V) = 0.44 E(B-V). As already shown,
we confirm that none of our QG candidates has intrinsic red colours and only a few
of them lie in the green valley region defined by Schawinski et al., 2014. However,
although they are mainly in the blue cloud, their colour distributions are different
from that of SF-Alldet, showing a peak at (u-r) ~ 1.3 and on average redder colors
(see Figure 3.12 (b)). This is also confirmed by the KS test at a significance level a =
0.05.

We stress here that most of our QG candidates would not be selected using dust-
corrected green colours, i.e. they do not lie within the so called “Green Valley”,
which separate star-forming galaxies from quiescent passive ones.

From our analysis we find that the mass distribution of QGs-A is spread (i.e. 16th-
84th percentiles) over the range 9.8 < log(M/Mg) < 10.6, being comparable with
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that of SF-Alldet galaxies (9.7 < log(M/Mg) < 10.7), however, QGs-A are slightly
less massive than the global SE-[O I1IJundet sample (10.1 < log(M/Mg) < 10.9). The
masses of QGs-B are in the range ~ 10 < log(M/Mg) <~ 10.8, i.e. they are more
massive than those derived by method A. This evidences are also confirmed by the
KS test at a significance level o = 0.05, verifying that the masses of QGs-A and SF-
Alldet are drawn from the same distribution (i.e. p-value = 0.052) , differently from
that of QGs-B. Moreover, both the QGs masses have distributions which are different
from that of [O 1lIJundet. Furthermore, we note that no QG candidates have masses
lower than log(M/Mg) <~ 9.5 for both methods (A and B). This suggest that, as
expected in a downsizing scenario, quenching has not started yet for the low-mass
galaxies. This is supported also by the lack of a population of low-mass red galaxies
among our no-Ha sample in the red sequence.

3.3.3 Star formation rates

Figure 3.15 shows the SFR-mass plane of our samples. As described in subsec-
tion 3.1.1, the SFR is estimated from the dust-corrected Ha luminosity. For the no-
Ha sample, instead, the SFR are derived from a multi-band photometric fitting. We
stress, however, that for the QG candidates these SFRs estimates should be con-
sidered as upper limits to their current SFR, due to their past SFR preceding the
quenching. Indeed, even when the O stars die, the longer-lived B stars have suffi-
cient photons harder than 912 A to ionise hydrogen, explaining their Ha emission.
In this case their Ho emission can be considered as an upper limit to their current
SFR. As expected, our SF-Alldet sample forms the well known SF main sequence!’
(MS), while the SE-[O111]Jundet sample lies just below it, but it is well separated and
above the no-Ha sample of low-SFR/passive galaxies. We find that both QGs-A and
-B show high SFRs, with only few of them having very low SFRs, compatible with
them being already passive. The QGs-A sample has SFR in the range 0.6 < SFR
[Mg yr‘l} < 11.5, with a distribution similar to that of the SE-Alldet galaxiesn(see
Table 3.3), but above the SF-[O1IITJundet galaxies. These evidences are confirmed
by KS tests with a significance level « = 0.05. Instead, the KS tests show that the
SFR distribution of QGs-B and SF-Alldet are different. This result arises also from
the 16th-84th percentiles of the distribution (see Table 3.3), where the SFR of QGs-B
are slightly shifted towards higher SFR than those of the SF-Alldet population. This
effect is mainly due to the higher average mass for QGs-B sample.

From this analysis we also stress that most of our QG candidates would not be se-
lected as intermediate between SF and passive quiescent ones from the SFR-mass
plane.

'"The straight-line representing the SF-Alldet MS is log(SFR) = 0.79 x log(M/ M,) - 7.74.
NThe straight-lines representing the QGs MS are log(SFR) = 1.10 x log(M/M ®) —10.93 and log(SFR)
=1.04 x log(M/M_)) — 10.36, respectively for QGs-A and -B.
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TABLE 3.3: Fundamental properties of the QGs, compared against three control
samples: SF-Alldet, SF- [O 11TJundet (the subsample in which the candidates are se-
lected) and no-Ha. For each parameter we report the 50th (16th, 84th) percentiles
of its distribution.

Property QGs-A QGs-B SE-[O11]undet SE-Alldet no-Ha

N. 192 308 25911 148145 201527
redshift 0.08 (0.05, 0.11) 0.08 (0.06, 0.13) 0.12 (0.07, 0.16) 0.08 (0.05, 0.13) 0.12 (0.08, 0.16)
log(M/Mg) 10.1 (9.7, 10.6) 10.4 (10.1, 10.8) 10.6 (10.1, 10.9) 10.2 (9.7,10.7) 10.9 (104, 11.2)
(u-r), obs. 1.73 (1.53,2.10) 1.88 (1.61, 2.40) 1.93 (1.69, 2.27) 1.68 (1.38,2.05)  2.57(2.37,2.75)
E(B-V) 0.40 ( 0.26, 0.59) 0.45 ( 0.30, 0.68) 0.34(0.19,0.51) 0.31(0.17,0.46) /

SFR [Mg, yr—!] 0.33 (0.08,1.63) 0.78 (0.22,2.88) 0.38(0.09,1.31) 0.47(0.12,1.75) 0.03 (0.01, 0.08)
log(sSFR) [yr—!] -10.6 (-11.0,-10.3) -10.5(-10.8,-10.2) -11.0(-11.4,-10.6) -10.5(-10.9,-10.1) -12.4(-12.7,-11.9)
C(R90/R50) 2.20(2.01,2.53) 2.28(2.05,2.62) 2.19(1.97,255)  2.27(2.04,2.60) 2.86(252,3.13)
D,,4000 1.31 (1.25,1.41) 1.34 (1.27,1.45) 1.43 (1.33,1.55) 1.30 (1.20, 1.42) 1.84 (1.70,1.95)

EW,¢(Ha) [A]

-16.9 (-24.4, -11.6)

-18.1 (-26.1, -12.0)

-10.1 (-15.3, -6.5)

-21.2 (-37.8, -11.8)

0.8 (-2.1,-0.2)
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TABLE 3.4: The 50th (16th, 84th) percentiles of the morphological probability dis-
tribution of QGs-A and QGs-B, compared against three control samples: SE-Alldet,
SF-[O11T]undet (the subsample in which the QGs are selected) and no-Ho.

P(Scd) P(Sab) P(S0) P(E)
QGs-A 0.35 (0.13,0.70) 0.30 (0.17,0.60) 0.04 (0.01,0.14) 0.01 (0.00,0.03)
QGs-B. 0.25 (0.12,0.65) 0.35 (0.18,0.65) 0.05 (0.02,0.22) 0.01 (0.01,0.04)
SF-Alldet 0.33 (0.14,0.65) 0.35 (0.19,0.61) 0.06 (0.03,0.20) 0.01 (0.01,0.04)
SE-[Omrundet 0.27 (0.07,0.66) 0.34 (0.15,0.67) 0.04 (0.01,0.14) 0.01 (0.00,0.03)
no-Ha 0.06 (0.03,0.23) 0.13 (0.04,0.58) 0.19 (0.09,0.61) 0.05 (0.01,0.72)

3.3.4 Morphology

In this section we analyse the morphologies of our quenching candidates. The fa-
vorite scenario for the transformation of star forming galaxies into passive ones sug-
gests both the migration from the blue cloud to the red sequence and the morpho-
logical transformation from disks to spheroids (e.g. Faber et al., 2007; Tacchella et al.,
2015). It is still unclear if this transformation occurs during the migration or via dry
merging, when a galaxy has already reached the red sequence. Our QGs samples,
catching the galaxies in an early phase after SF quenching, are therefore crucial to
address this open question.

In Table 3.4 we report the 16th-50th-84th percentiles of the morphological probabil-
ity distribution of the four morphological classes (Scd, Sab, SO, E) for our subsam-
ples. In Figure 3.16 we further show the distribution built assigning to each galaxy
the morphological class with the highest probability. SF-Alldet and SF-[O 111Jundet
galaxies have the same distribution: roughly 50% of SF objects are late Scd galaxies,
while 40% of them are Sab and less than 10% are SO. On the contrary, the no-Ha
sample shows a different distribution, in which the early type classes are more com-
mon then the late type ones. For comparison, the bulk of QGs-A are Scd (~ 60%),
while 35% are Sab. Also QGs-B are disk galaxies with a similar probability of being
disk dominated Scd galaxies or bulge dominated Sab disk galaxies. Only ~ 7% of
QGs-A and ~ 10% of QGs-B are instead SO or E galaxies. Therefore, we conclude
that our candidates have the same morphology classes as the SF galaxies. Therefore,
our analysis suggests that no morphological transformation has yet occurred in the
early phase after the quenching of the SE.

We further analyse the concentration-redshift relation, shown in Figure 3.17. The
concentration is defined as C=R90/R50, where R90 and R50 are the radii containing
90 and 50 per cent of the Petrosian flux in r-band. This parameter is strongly linked
to the morphology of the galaxies, and there is general consensus that C=2.6 is the
threshold concentration dividing early type galaxies from the other types (e.g. Strat-
eva et al., 2001). This value is, indeed, confirmed by the crossing point between the
C distributions of our SF and no-Ha samples. The bulk of QGs have C < 2.6, but
some of them (~ 12% of QGs-A and ~ 17% of QGs-B) have higher concentrations.
This suggests that they could be quenching galaxies which have experienced mor-
phological transformation during the transition from blue cloud to red sequence.
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FIGURE 3.16: Distribution of no-Ha (red), SF-Alldet (blue), SF-[O1irlundet
(green), QGs-A (magenta) and QGs-B (cyan) in 4 morphological types (Scd, Sab,
S0 and E).
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TABLE 3.5: The environment of the quenching candidates with methods A and B
compared against three control samples: SE-Alldet, SF-[O I11TJundet (the subsample
in which the candidates are selected) and no-Ha. The column Global lists the ratio
between the number of objects in common with the Tempel et al., 2014 sample
over the total number in each sub-sample.

Global low-D interm-D high-D
(Penv. < 22.45)  (22.45 < peny, < 62.87)  (peny. > 62.87)
QGs-A 158/192 272+ 4.7% 31.7+5.1% 41.1 +6.1%
QGs-B 258/308 22.5 + 3.3% 34.1 £4.2% 43.4 +4.9%
SE-Alldet 130651/148145 33.3+0.2% 33.3+0.2% 33.34+0.2%
SF-[O1mJundet  22667/25911 13.3 +£0.3% 29.1 £ 0.4% 57.6 £0.6%
no-Hao 174741/201527 8.6 +0.1% 22.4 4+ 0.1% 69.0 +0.3%

3.3.5 Environment

In this section, we examine the environment of our sample of QGs. Studying the lo-
cal environment of a galaxy is crucial to disentangle between several known mech-
anisms able to remove the cool gas needed for star formation.

Figure 3.18 shows the ‘environmental density’ of galaxies peny normalised at a
smoothing radius of 1 h™! Mpc (see subsection 3.1.1), as a function of stellar mass.
It is possible to note a general trend, but with a wide spread, in which the highest
stellar mass of the galaxies increases for increasing density and this behavior is true
also for our QGs. We note, in particular, that at the highest densities there are QGs
with a large mass spread, while low density environments are populated only by
galaxies and QGs with stellar mass lower than ~ 10'%°Mg,. Viceversa, galaxies and
QGs with the highest masses reside only in high density environments.

We divide the sample into three environmental classes, separated at peny = 22.45
and peny = 62.87, respectively, which are defined basing on the tertiles of the peny
distribution of the parent SF-Alldet population. We define low-D’ those galaxies
belonging to the first tertile; “interm-D’ those in the second tertile and "high-D’ those
galaxies belonging to the third tertile. We compare the environment of the QG can-
didates against that of the parent SF population, finding a hint of a lack of QGs in
low-D environment and an excess in high-D environment, at high significance level
(~ 30) only for QGs-B (see Figure 3.19). Indeed, a KS test confirms this behavior at
a significance level a=0.05 only for QGs-B, while QG-A and SF-Alldet populations
appear to have a compatible peny.

In Table 3.5 we compare also the fraction in the three different environments of the
QG candidates against other two reference samples of no-Ha and SF-[O11IJundet
galaxies. As it is possible to note, SF-Olllundet galaxies are even more extreme than
QGs-B, given that the 57.6 £0.6% of them in the high-D tertile, and reside at each
mass in environments which are intermediate between SF and no-Ha galaxies.

We also analyse the Richness (R) and the ‘Brightness Rank” (hereafter BR) to eval-
uate whether the candidates are either the dominant/brightest galaxies or satellites
within their group /cluster. BR ranges from the values of the group/cluster richness
R to 1. In particular, BR=richness and BR=1 indicate that the considered galaxy is
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FIGURE 3.18: Normalised environmental density of galaxies peny (smoothing
scales of 1 h=! Mpc) vs. stellar mass. The two dashed lines (at peny = 22.45 and
Penv = 62.87, respectively) divide the SF-Alldet peny distribution into three tertiles.



60

Chapter 3. Catching galaxies in the act of quenching star formation

Fraction

0.7r

no Ha

SF-Alldet
SF-[OlllJundet
QGs-A
QGs-B

0.6

0.0
low-D

interm-D high-D
Environment types

FIGURE 3.19: Distribution of no-Ha (red), SF-Alldet (blue), SF-[O1ir]lundet
(green), QGs-A (magenta) and QGs-B (cyan) in 3 environment types (i.e. low-D,

interm-D, high-D).
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and peny = 62.87, respectively) divide the SF-Alldet peny distribution into three
tertiles.
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the faintest or the brightest (and thus the most massive) in its group/cluster, respec-
tively. We define as "central” a galaxy whose brightness rank is equal to 1.

Figure 3.20 shows peny as a function of BR of the galaxies in their own environment.
We find (see Figure 3.20) that the bulk of QGs in high-D enviroments are satellites
(76.9% and 63.4%, respectively for QGs-A and -B), with percentages higher than
those of the parent SF-Alldet population (57.3%) and of the SF-Olllundet population
(46.1%). Finally, almost all (> 90%) galaxies belonging to groups/clusters including
more than 30 members (R > 30) are in high-D environment and all the QGs in these
extreme dense environments (i.e. 5.70 +1.95% of QGs-A and 4.65 4 1.37% of QGs-B)
are satellites.

Therefore, we conclude that our QGs are preferentially satellite galaxies within
groups of medium and high density, showing an excess in high density
environments compared to SF galaxies.

3.4 Discussion

3.41 Quenching timescale

In this section, we use the fraction of our selected QGs to estimate the timescale
of the star-formation quenching, as suggested by C17. We define tg as the time
elapsed from when the candidate was a typical star forming galaxy to the moment
in which it is observed. For QGs-A, this happens when our tracer of the ionisation
parameter (i.e. [O111]/Ha) becomes 30 lower (i.e. about 0.4 dex) than the median
of the [O111]/Ha distribution of SF galaxies. For QGs-B this occurs instead when
[O111]/[N11] becomes 30 lower than the [O111] /[N 1I] expected from its estimated
metallicities.

Firstly, we derive the fraction of the QGs-A and QGs-B as the number of QGs over
the number (i.e. 174000) of star-forming galaxies (SF-Alldet plus SE-[O111]Jundet).
We obtain a fraction of 0.11% and 0.18%, for the QGs-A and QG-B, respectively. To
obtain the observed quenching timescale of our QGs, following C17, we multiply
this fraction (Fipgs) by the typical lifetime of a star-forming galaxy, that could be
represented by the doubling mass time tqoupling (i-€. the time needed to a galaxy for
doubling its stellar mass (~ 1/sSFR; e.g.) Guzman et al., 1997; Madau and Dickinson,
2014):

1
tQ = FQGS X tdoubling = FQGS X ssﬁ (36)

Following the empirical relations by Karim et al., 2011, we derive the quantity
1/sSFR, which amounts to ~ 8.8 and ~ 10 Gyr for QGs-A and -B, respectively
(assuming a median mass log(M/Mg) =~ 10.1 and 10.4 for -A and -B, respectively).
Then we obtain tqg ~ 9.7 — 18 Myr. This tq is a lower limit because of the several
conservative assumptions taken into account for the selection of the candidates and
because the flux limit of the survey allows to select only the most extreme
candidates.
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We derive also an upper limit to tg by assuming that about 50% of SF-[OI1TJundet
population (i.e. ~ 13000 galaxies) is in a low ionisation state. This is supported by
the fact that the [O 111]/Ha ratio in their median stacked spectrum (see Figure 3.5) is
1o below the median value of SF galaxies (therefore at least 50% of SF-[O1IIJundet
are above 1o value of SF galaxies, i.e. are consistent to be star-forming galaxies).
In this case, the observed fraction of SF-[O1lJundet is ~ 7.5% and, with a median
log(M/Mg) ~ 10.6 (i.e. 1/sSFR ~ 10.1 Gyr, following Karim et al., 2011), the tq is
~ 0.76 Gyr, compatible with galaxies which are experiencing a smoother and slower
quenching.

Finally, we perform a survival analysis (ASURYV, i.e. Kaplan-Meier estimator) of the
distribution of [O111]/Ha in slices of [N 11]/[O11]. We find that 938 (i.e. a fraction
of 0.58%) among [OIlIJundet galaxies are re-distributed below 3¢ (i.e. the thresh-
olds for QGs-A), representing therefore the global fraction of QGs-A and leading to
a quenching timescale of 5 ~ 50 Myr. This time fq should represents a good statis-
tical measurement of the true quenching timescale for the adopted threshold. With
the same ASURYV analysis we confirm the consistency of the assumption that about
50% of [O1T]Jundet galaxies are re-distributed below 1o, accordingly to the value
obtained from the median stacked spectra.

We, therefore, convert these values of tgs in an e-folding time 7q for the star forma-
tion quenching history. Adopting the C17 models, we derive the relation between
the time needed by the [O111/Ha] ratio to decrease by 0.42 dex and 7. We find that
our lower limit timescales are compatible with an exponential 79 ~ 18 — 34 Myr
for -A and -B respectively. Instead, from a linear extrapolation at tg ~ 0.76 Gyr we
obtain a 7q ~ 1.5 Gyr for the upper limit timescale. Finally, from g we obtain an
estimate of 79 ~ 90 Myr.

In summary, from the fraction of our QGs candidates, we derive a broad range of
quenching timescales of 10 Myr < tgp < 0.76 Gyr, and a statistically estimate of
tq ~ 50 Myr for QGs-A. These values correspond to a range for the e-folding time
scale of the star formation quenching history of 18 Myr < 79 < 1.5 Gyr and an
estimate of 7g ~ 90 Myr.

3.4.2 Quenching mechanisms

Our sample of QG candidates is fundamental to get insights on the physical mech-
anisms driving the quenching of their SE. From our sample, we find a relatively
rapid timescale for quenching (from few Myr to at most 1.5 Gyr) acting in galaxies
with log(M/Mg) > 9.5, being preferentially satellites in intermediate to high-density
environments, and having their morphology almost unaffected. A smaller fraction
(~ 25%) of our QGs is, however, also in low-density environments, and likely iso-
lated. Only a small fraction (12 — 17%) of them have already a compact morphology
consistent with a morphological transformation. Therefore, different mechanisms
should have driven their quenching, in particular in isolated and in high-D environ-
ments, and in different evolutionary epochs.

In general, the SFR in the inner star-forming regions of main-sequence galaxies is
thought to be fueled through a continuous replenishment of low-metallicity and
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relatively low-angular momentum gas from the surrounding hot corona (Pezzulli
and Fraternali, 2016), regulated via stellar feedback (e.g. galactic fountain accretion
Shapiro and Field, 1976; Fraternali and Binney, 2006) until a quenching mechanism
shall act to break the process. Recently, Armillotta, Fraternali, and Marinacci, 2016
found that the efficiency of fountain-driven condensation is strictly dependent on
the coronae temperature. In coronae with temperatures higher than 4 x 10° K the
process is highly inefficient. Hence, isolated QG candidates which are more massive
than the Milky Way could have lost the ability to cool coronae gas and, after the
consumption of their gas reservoir, they could start to quench the star-formation. In-
stead, in isolated QGs less massive than the Milky Way, strong stellar feedback (i.e.
SN and strong stellar wind) may have inhibited the accretion of cold gas from the
corona (Veilleux, Cecil, and Bland-Hawthorn, 2005; Sokotowska et al., 2016) .

In denser environments there are several quenching mechanisms which can affect
our satellite QGs. However, the most likely process should leave the morphology
almost unaffected. In dense environment, in which the velocity of galaxies may be
sufficiently high, the ram pressure could remove cold gas from the reservoir of the
satellite galaxies (e.g. Gunn and Gott, 1972; Quilis, Moore, and Bower, 2000; Pog-
gianti et al., 2004). This 'ram pressure stripping’ results in a quenching of the star-
formation, with a relatively short timescale (~ 200 Myr - > 1 Gyr, e.g. Steinhauser,
Schindler, and Springel, 2016). However, there is general consensus that ’strangu-
lation” (or 'starvation’) is the dominant quenching mechanism in satellite galaxies
(e.g. Treu et al., 2003; van den Bosch et al., 2008; Peng, Maiolino, and Cochrane,
2015). When the corona of a galaxy interacts hydro-dynamically with the hot and
dense intra-cluster medium of a larger halo, its hot and diffuse gas could be stripped
(e.g. Larson, Tinsley, and Caldwell, 1980; Balogh, Navarro, and Morris, 2000). This
effect leads to a suppression of the accretion onto the disk, thus resulting in a grad-
ual decline of the SFR until the exhaustion of the gas reservoir of the galaxy. Peng,
Maiolino, and Cochrane, 2015 claimed that the primary quenching mechanism for
galaxies is the strangulation. They derive the quenching timescale due to this mech-
anism as the gas depletion time needed to explain the differences in metallicity be-
tween the star-forming population and the quiescent one, finding that models of 4
Gyr are the most suitable for this task (see also Maier et al., 2016). We compare this
timescale with the estimate of the time (tp) needed by a galaxy to decrease its sSSFR
from typical main sequence values (i.e. ~ —10 in log-scale for log(M/Mg) ~ 10.4,
e.g. Karim et al., 2011) to the typical sSFR of the passive population. (i.e. ~ —11 in
log scale, e.g. Pozzetti et al., 2010; Ilbert et al., 2013). For the e-folding time 7q we
derive a lower limit timescale tp of ~ 40 — 80 Myr and an upper limit of ~ 3.5 Gyr.

Recently, it is gaining consensus a scenario (i.e. 'Delayed then rapid” quenching
Wetzel et al., 2013; Fossati et al., 2017) in which the quenching of satellites in dense
environments has been proposed to be divided into two phases: a relatively long
period (“the delay time”) in which the star-formation does not differ strongly from
the main-sequence values (2-4 Gyr after first infall), followed by a phase in which the
SFR drops rapidly (“the fading time”) with an exponential fading with an e-folding
time of 0.2 — 0.8 Gyr (lower for more massive galaxies) that is independent on host
halo mass.
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About 70% and 80% of QGs-A and -B reside in high- and intermediate- density envi-
ronments and the vast majority of them are satellites. Hence, the derived 7q for our
QGs allow to perform a direct comparison with the quenching timescales in Wetzel
etal., 2013. Although the range derived for 7q is quite broad, we can at least confirm
that our timescales are compatible with theirs.

We can also make a further comparison with the Wetzel et al., 2013 predictions by
using the median L(Ha) of the stacked spectra (see subsection 3.3.1) as a proxy of
the median SFR, and comparing them to the value of the SF galaxy sample (0.8 for
QGs-A and 0.9 for QGs-B). Assuming that, after the start of the quenching, the SFR
of a star-forming galaxy decreases to the value of SFRqgs(tg), we can estimate the
exponential e-folding time, deriving 7q ~ 50 — 190 Myr for the median QGs-A and
-B spectra, that are closer to those found by Wetzel et al., 2013.

It is also interesting to limit the discussion to the central quenching galaxies. There
is consensus that the quenching is slower for central galaxies (e.g. Hahn, Tinker, and
Wetzel, 2017). Focusing on central galaxies in high density environment we found a
lower limit tg of 8.8 — 20 Myr respectively for central QGs-A and -B and an upper
limit tg ~ 1.4 Gyr. These timescales are compatible with lower limit exponential
e-folding 7q of 16 — 38 Myr and an upper limit 7q ~ 2.8 Gyr. Following an approach
similar to that of Wetzel et al., 2013, Hahn, Tinker, and Wetzel, 2017 found that cen-
tral galaxies quench the star formation with an e-folding time between 0.5 and 1.5
Gyr (lower for massive galaxies) and also in this case we are compatible with their
result.

There is general consensus that environmental mechanisms take longer time (2 — 3
Gyr, (e.g. Balogh, Navarro, and Morris, 2000; Wang et al., 2007) to start to affect
the SER of satellites. Hence, this should be the most probably scenario also for our
satellites before the starting of the quenching. Moreover, we found that our quench-
ing timescales are compatible with an exponential decrement like that of Wetzel et
al., 2013, although without an overwhelming. We can conclude that the proper-
ties of our QG candidates can be preferentially explained by a 'Delayed then rapid’
quenching of satellites galaxies, due to the final phase of an environmental quench-
ing mechanism(s).

Strangulation, ram-pressure stripping and harassment (e.g. Farouki and Shapiro,
1981) are the most important mechanisms that act on satellites leading to the quench-
ing of their star formation. Since we can safely exclude from a visual inspection that
any of our candidates are experimenting harassment, the natural conclusion for our
QGs that reside in high- and intermediate- density environment is that strangula-
tion and ram-pressure stripping should play a primary role in the halt of the star-
formation. However, different mechanisms can also work together to quench the
star-formation in galaxies. Moreover, even if our methods are not sensitive to AGN
feedback (e.g. De Lucia et al., 2006; Fabian, 2012; Cimatti et al., 2013; Cicone et al.,
2014) as quenching mechanism, due to our a priori exclusion of AGNs, we cannot
exclude that an early AGN phase could be responsable and could have quenched
our QGs. In this case, the AGN phase should have finished before the quenching
of the star formation. On the other end, it is important to remind that other au-
thors predict the formation of ETGs without invoking the AGN feedback (e.g. Naab,
Khochfar, and Burkert, 2006; Johansson, Naab, and Ostriker, 2012).
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Finally, we stress that our QGs still have a ionised-gas phase, as witnessed by their
Ho emission, even if weaker than in the parent sample of star forming galaxies, sug-
gesting that gas depletion is indeed on going. In the future, after the disappearance
of late-B stars and the consequently disappearance of hard-UV photons, this gas
could be cooled down being available for a new phase of star formation. However,
if we are witnessing a minimum in the SFH of our quenching candidates, we should
observe QGs at all masses, also lower than 10%°M, (i.e. the less massive QG in our
sample). To confirm the final passive fate of our QGs, connected to the presence or
absence of residual gas and, at the same times explaining the observed Ha emission,
more observations are needed and in particular we need to study the cold gas phase
distribution from ALMA observations (see, for instance, Decarli et al., 2016; Lin et
al., 2017).

3.5 Summary

In this work, we analyse a sample of ~ 174000 SDSS-DR8 star-forming galaxies at
0.04 < z < 0.21 to provide for the first time a sample of quenching galaxy (QGs)
candidates selected just after the interruption of their star formation.

We follow the approach introduced by C17 to select QG candidates on the basis of
emission line flux ratios of higher-to-lower ionisation lines (i.e. [O111]/Ha) which
are sensitive to the ionisation level. The main issue of this approach is that the
[O111]/Ha ratio is affected by a ionisation-metallicity degeneracy.

In order to mitigate this degeneracy we set up two different methods:

e Method A: following C17, we exploit the plane [O11I]/Ha vs. [N11]/[O11] to
select galaxies with the lowest [O111]/Ha values for a given metallicity (i.e.
using [N 11]/[O11] as metallicity indicator). By analysing the statistical distri-
bution of our samples, we identify an excess of galaxies consistent with being a
population separated from the star-forming sample, having intrinsically lower
[O111]/Hea values, and hence lower ionisation levels. This method is demon-
strated to be stable against the choice of the dust attenuation law. We also
tested an alternative diagram involving [O111]/Hp vs. [N 11]/[S11], which has
the advantage of being less affected by dust extinction, although it involves
weaker lines.

e Method B: an alternative method to mitigate the metallicity degeneracy is to
select galaxies for which the [O111] flux is weaker than the minimum value
expected from their metallicity, exploiting the two relations [N11]/[O11] vs.
12+log(O/H) and 12+log(O/H) vs. [O111] /[N 11].

Applying these methods we select two samples of QG candidates and analyze their
main properties. Our results can be summarized as follows:

1. We select 192 candidates (QGs-A) and 308 candidates (QGs-B), using Method
A and B, respectively. There is an intersection of 120 QGs between them, and
the QGs out of the intersection are close to the threshold criterion of both meth-
ods. QGs-B show, on average, higher values of [N 11]/Ha and of [N 11]/[O11]
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compared to QGs-A, suggesting they have a statistically higher metallicity
than QGs-A.

2. The median stacked spectra, corrected for dust extinction, of QGs-A and QGs-
B have a blue stellar continuum, suggesting a young mean stellar population.
The analysis confirms a weak [O11I] emission and that also other high ionisa-
tion emission lines (such as [Ne I11]) are weak in both QGs stacked spectra, and
the [O 111]/Ha ratios are consistent with a low ionisation level. On the contrary,
[O11], He and Hp (i.e. low ionisation lines) are still strong and with an Ha flux
slightly weaker (~ 80%) than the one of star-forming galaxies.

3. We find that QGs have D,4000 and EW(Ha) values intermediate between SF
and already quenched galaxies, confirming that they have just stopped their
star formation and have a young/intermediate mean stellar population.

4. In the colour-mass diagram, the bulk of the QGs-A and QGs-B resides in the
blue cloud region, and only few of them (~ 3%) lie in the green valley region.
The QGs have masses log(M/Mg) > 9.5, comparable with those of the SF pop-
ulation, being the QGs-B, on average, more massive. This suggests that, as
expected in a downsizing scenario, star formation quenching has not started
yet for low-mass galaxies, consistently with a lack of low-mass red galaxies.
Their Ha emission, is compatible with a just quenched SFR of the order of 0.6
-10 Mg, yr~!, similar to that of the SF main sequence population, suggesting
the presence of residual ionised gas in our QGs. The emission from the median
stacked spectra is, however, weaker than in the SF population, suggesting that
the depletion of the gas has started.

5. The morphology and concentration index (C=R90/R50) of QGs are similar to
those of the star-forming population, suggesting that no morphological trans-
formation has occurred yet, in the early phase after the quenching of the star
formation. However, some of them have a concentration index higher than
the threshold that divides the early-type from the other galaxy types (ie. C
> 2.6) and they could have experienced morphological transformation during
the interruption of the star formation.

6. Compared to the parent SF population, we find an excess of QGs in high den-
sity environments (~ 42%), in particular for QGs-B. QGs in high density envi-
ronments are preferentially satellites (from ~ 60 to 80%). Approximatively 5%
of QGs are in groups/clusters which have more than 30 members, but no one
of them is the brightest galaxy in its environments.

7. From the fraction of QG candidates (~ 0.11 — 0.18% of the SF population) we
estimate the quenching timescales for these populations to be between 10 and
18 Myr. These values are compatible with the sharp quenching models by C17.
If we assume that at most 50% the entire SF-[O IlTJundet population (~ 7.5%)
is in a low ionisation state, as witnessed by the low but not extreme [O 111]/Ha
ratio in their stacked spectrum, we obtain an upper limit to the quenching
timescale of ~ 0.76 Gyr. In this case, the quenching timescale is compatible
with galaxies which are experiencing a more smoothed and slower quenching
(C17). We convert this range into a e-folding timescale for the SFR quenching
history, finding 18 Myr < 7q < 1.5 Gyr.
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8. From a survival analysis we find that 938 (~ 0.58%) among SF-[OIlIJundet
galaxies are consistent to be QGs candidates. We, therefore, derive a statistical
measurement of the quenching timescale g of ~ 50 Myr and 7g ~ 90 Myr.

This analysis, based on a new spectroscopic approach, leads to the identification of a
population of galaxy candidates selected right after the quenching. Most of our QGs
would not have been selected as an intermediate population using colour criteria, or
in the SFR-mass plane.

We conclude that these galaxies, that are quenching their star formation on a short
timescale (from few Myr to less than 1 Gyr), preferentially reside in intermediate-to
high-density environments, are satellites and have not morphologically transformed
into spheroidal red passive galaxies yet. All these properties could be explained by a
"Delayed then rapid’ (see Wetzel et al., 2013) quenching scenario in satellites galaxies,
due to the final phase of strangulation or ram pressure stripping.

However, to confirm the proposed scenario and the presence or absence of a reser-
voir of gas more observations are needed. For example, cold gas phase distribu-
tion could be derived from ALMA observations (e.g. Decarli et al., 2016; Lin et al.,
2017), while the spatial distribution of quenching can be analyzed using integral
tield unit (IFU) spectroscopic data to get insights about the inside-out scenario (e.g.
the MANGA public survey, Bundy et al., 2015; the SAMI galaxy survey, Green et al.,
2018; the MUSE-VLT data Bacon et al., 2010 and, in the future, WEAVE-IFU data,
Dalton et al., 2014).
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APPENDIX

3.A Fibre aperture effects

As mentioned in subsection 3.1.1, we select galaxies at z > 0.04, following the pre-
scription of Kewley, Jansen, and Geller, 2005, in order to avoid strong fibre aperture
effects on SFRs, extinction and metallicity. Indeed, we stress that our analysis is lim-
ited to the area of galaxies covered by the fibre. With the adopted cosmology, at z
= 0.04 and z = 0.21, the SDSS fibre radius (1.5 arcsec) corresponds to ~ 1.2 kpc and
~ 5.2 kpc, respectively. In Figure 3.A.1 we show the size-redshift relation for our
sample. The size is represented by the R50 radius. Roughly all the candidates have
R50 larger than the fibre radius. Therefore, we can analyse the quenching only in the
inner part of our QG candidates. In order to test whether we could extend our results
to the whole galaxy, we explore the impact of the aperture on the ionisation indica-
tor [O111]/Ha. Figure 3.A.2 shows the [O111]/Ha as a function of the fraction of
flux inside the fibre (u-band) with respect to the total u-band flux, (u-band Petrosian
flux, Strauss et al., 2002). There is no evident trend, with QGs candidates distributed
over the whole range, even at the lowest ionisation levels (log([O111]/Ha) < —1.3).
This test suggests that, in this redshift range, the fibre aperture does not affect signifi-
cantly our analysis, even if our results are clearly relative only to the region included
in the fibre.
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FIGURE 3.A.2: [O111]/Ha as a function of the ratio between the u-band flux inside
the fibre and total. The colour code is the same of Figure 3.7.
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4. SPATIALLY RESOLVED SIGNATURE OF
THE QUENCHING

Since the advent of integral field unit (IFU) spectroscopy era, galaxies can be stud-
ied with enough spatial resolution to allow analysis of physical properties even at
galactocentric distances larger than 2 effective radii. In this Chapter, we extend the
method devised in Q18 to select quenching galaxies in the SDSS main sample to IFU
data from the SDSS-IV MaNGA survey (Bundy et al., 2015; Blanton et al., 2017). Our
aim is to search for regions where quenching had started and, therefore, to derive
spatial information on the quenching process within galaxies.

We structure this Chaprer as follows: in section 4.1 we briefly recall the method
introduced in Quai et al. (2018) and we describe our MaNGA sample. We use sec-
tion 4.2 to focus on two cases illustrating the detailed procedure and analysis done
and then, in section 4.3 we present the general properties of the entire sample. Fi-
nally, in section 4.4 we discuss our results and we provide our concluding remarks.

4.1 The method and the sample

As shown by Citro et al. (2017, , see also Chapter 2), the [O111]/Ha emission lines
ratio rapidly reacts to the star formation quenching. However, this ratio is affected
by a significant degeneracy between ionisation and metallicity, because the [O111]
A5007 emission line can be depressed both by a reduction of ionising photons and
by high metallicity. From the analysis of a sample of ~174.000 star-forming galax-
ies at 0.04 < z < 0.21 extracted from the SDSS-DRS8 catalogue (Quai et al., 2018),
we devised a method aimed both at avoiding the degeneracy and selecting reliable
quenching galaxies candidates. It was found, indeed, that pairs of emission line ra-
tios nearly orthogonally dependent on ionisation (i.e. [O111]/Ha) and metallicity
(i.e. [N11]/[O11]) can strongly mitigate the degeneracy (see Q18 for further details).
Hence, in the [O111]/Ha vs [N 11]/[O11] plane they identified about 300 quenching
galaxy candidates satisfying the following criteria:

1. [O111] weak enough to be undetected inside the SDSS fibre (i.e. S/N([O111])
< 2),

2. [O111]/Ha ratios, at fixed [N 11]/[O11] (i.e. fixed gas-phase metallicity), lower
than the 3 x 1o value of the SDSS star-forming distribution (see Figure 4.1).
They represent a population of galaxies well segregated from the global sample
of galaxies with ongoing star-formation.
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FIGURE 4.1: The diagnostic [O111]/Ha vs [N1I]/[O11] diagram. The black curves
represent median, 1o and 3 x 1o limits of the SDSS star-forming galaxies sample
(see Quai et al., 2018), which are represented by grey dots. The cyan squared
dots below the 3 x 1o limits represent the SDSS quenching candidates selected in
Quai et al. (2018). The blue dots represent the SDSS galaxies that have a match
in MaNGA-DR14. The red pentagons represent the SDSS position of the MaNGA
galaxies analysed in this Chapter: full symbols for the galaxies with quenching
regions (QRG) and empty symbols for the star forming (SF) galaxies, as defined in
subsection 4.1.5. The arrows indicate the upper limits in [O 111]/Ha.

In order to derive spatial information on the quenching process within the galaxies,
we extend these criteria to MaNGA IFU observations by exploiting the [O111] /Ha vs
[N 11]/[O11] diagnostic of spatially resolved galaxies. To this aim, we cross-match the
~ 174.000 galaxies selected in the main SDSS survey (Q18) with the MaNGA data-
release 14 (Abolfathi et al., 2018), and we find 208 matches. However, none of ~ 300
SDSS quenching primary candidates selected in Quai et al. (2018) has been observed
with MaNGA. Nevertheless, we find matches with MaNGA data for 10 galaxies
with [O111] undetected (S/N([O111]) < 2) within the SDSS fibre, which should rep-
resent promising candidates of galaxies which could be in the very first phase of the
quenching. In fact, in Q18 we argued that about 50% of these objects (that they called
[O1IJundet galaxies) can be quenching galaxies, while the other ones should actu-
ally be normal star-forming galaxies with fainter emission lines. We discard MaNGA
1-245686 because it appears almost edge-on (i.e. a ratio b/a = 0.2) and we do not
further analyse also MaNGA 1-38802 because it is at a redshift considerably higher
(i.e. z = 0.11) than the other [OIIIJundet galaxies in the sample. The remaining 8
[O111]Jundet galaxies are located at redshift between 0.04 and 0.06 and have masses
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between 10%6 and 10'%® Mg. We decide to include as a control sample 12 SDSS
star-forming galaxies with similar mass and [N 11]/[O 11] range, which emission line
ratios lie, in the [O 111]/Ha vs [N 11] /[O 11] diagram, along the median SDSS sequence
of star-forming galaxies. The diagnostic diagram for the original Q18 sample and for
the MaNGA galaxies considered in this analysis is presented in Figure 4.1. Our aim
is to search for galaxies with regions that are quenching, using the same diagnostic
used in SDSS (see Quai et al., 2018), but applied to each resolved galaxy regions.

4.1.1 From MaNGA to pure-emission cube

Starting from the MaNGA datacubes processed by the data reduction pipeline (DRP,
Law et al., 2016), the final emission lines maps are obtained applying the following
spectral-fitting procedure, similar to that proposed by Belfiore et al., 2016:

1. Increasing the signal-to-noise of the continuum. To create a pure-emission dat-
acube, it is necessary to accurately subtract the stellar continuum from the
original datacube. At first, the noise is corrected for the effect of the spatially
correlated noise between adjacent spaxels, as discussed in Garcia-Benito et al.,
2015. Then, in order to increase the signal-to-noise ratio (S/N) of the contin-
uum and at the same time preserve the spatial resolution, spaxels which S/N
lower than 10 in the restframe 4740 — 4840 A range are binned together with a
Voronoi tessellation approach! (Cappellari and Copin, 2003). Spaxels with un-
detected continuum (i.e. S / N < 2) are not included in the binning, and they
are not further considered in our analysis. The size of the bins is not forced
to be larger than the typical MaNGA point spread function (PSE, ie. ~ 2.5
arcsec at FWHM, see Table 4.1), therefore, it is possible that adjacent bins are
statistically correlated.

2. Fitting the continuum. In the spatially binned spectra the emission-lines and
the strong sky-lines (i.e. O1A5577, NaDA5890,0 1A6300,0 1A\6364) are masked
within a window of 1400 km s~!. Then, the spectral continuum has been
fitted choosing among various simple stellar population models from MILES
(Vazdekis et al., 2012) using penalised pixel fitting? (pPXF, Cappellari and Em-
sellem, 2004) without taking into account dust extinction and using a set of
additive polynomials up to the 4th order to correct the continuum shape.

3. The pure-emission datacube. The best-fit continuum of each spatial bin is sub-
tracted from the single original spaxels composing the bins, and the resulting
data cube is composed by spaxels of pure-emission spectra.

!The Voronoi tessellation routine can be found at http://www-astro.physics.ox.ac.uk/
~mxc/software.

2pPXF code can be downloaded from http://www—astro.physics.ox.ac.uk/~mxc/
software.


http://www-astro.physics.ox.ac.uk/~mxc/software
http://www-astro.physics.ox.ac.uk/~mxc/software
http://www-astro.physics.ox.ac.uk/~mxc/software
http://www-astro.physics.ox.ac.uk/~mxc/software
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4.1.2 Emission-lines maps

In this sub-section, we describe the routine that we apply to pure-emission datacube
to obtain maps of individual emission-lines (i.e. Ha, HB, [O111] A5007, [O11] A\3726-
29, [N 11] A6584).

1. Increasing the signal-to-noise of nebular lines. Ha fluxes are measured in each
spaxel from the pure-emission datacube. In order to reach an S/N(Ha)> 5 we
perform a further Voronoi binning tessellation, not considering spaxels with
S/N(Ha)< 1, which are not further considered in our analysis. This procedure
allows studying nebular emission properties also in the outskirts of galaxies,
at the cost of slightly worsening the spatial resolution. We find that no spaxels
needs to be binned inside the effective radius of the analysed galaxies since
their S/N(Hc) is always higher than 5. Therefore, the original central spatial
resolution is preserved and dominated by the point spread function (PSF) of
MaNGA datacubes, which has a typical value of 2.5” at FWHM (i.e. an area
covered by almost 20 spaxels).

2. Fluxes and errors. In each spaxel, fluxes are measured by integrating the Gaus-
sian best fit to the lines Ha, Hg, [O111], [O 11] (we consider [O 11] = [O 1] A3726
+ [O11] A3729), [N 11] A6584 (hereafter [N 11]), and [S11] AA6717-6731. Errors on
the fluxes are obtained by the propagation of errors on a Gaussian amplitude
and standard deviation.

In our analysis, we need reliable measures of [N 1I] and [O 11]; hence the spaxels
with S/N < 2 in these lines are not considered either. Instead, since the finger-
print of the method is the weakness or lack of the [O 111] emission, spaxels with
S/N([O111]) < 2 are kept as upper-limit values with [O I1I] = 2 x ¢[O111], where
o[O111] is the error on the [O 111] flux.

4.1.3 The derived quantities from MaNGA data

The maps of Ha, Hg, [O111], [O11] and [N 11], which form the starting point of our
classification criteria (see subsection 4.1.4), are corrected for dust attenuation based
on the Ha/Hp ratio. In order to perform a proper correction for dust extinction,
spaxels with S/N(Hp) < 3 and S/N(Ha) < 5 are not further considered in the anal-
ysis. For the other spaxels, the colour excess E(B-V) is derived adopting the Calzetti
et al., 2000 attenuation law and assuming the Case B recombination and a Balmer
decrement Ho/Hp = 2.86 (typical of H I regions with electron temperature Te = 10*
K and electron density ne ~ 102 — 10* ecm—3, Osterbrock, 1989; Dopita and Suther-
land, 2003) . Negative values of E(B-V) between about —0.05 and < 0 (i.e. inverted
Balmer decrement, with ~ 2.7 < Ha/Hf < 2.86) are found in almost all galaxies
in our sample, with percentages between 2% and 14% of the spaxels (but the galaxy
1-352114 shows E(B-V)< 0 in ~ 52% of its spaxels). However, these values are still
compatible with case B, though at electron temperature between 10* and 2 x 10* K
(i.e. 2.74 < Ha/Hp < 2.86, Hummer and Storey, 1987). In these spaxels we set E(B-
V) = 0. Figure 4.2 shows the E(B-V) maps of MaNGA 1-43012 and 1-178443 which
represent case studies that we will extensively present in section 4.2.
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FIGURE 4.2: The E(B-V) maps of MaNGA 1-43012 (left) and MaNGA 1-178443

(right). Overlapped in magenta are the hexagonal shapes of the MaNGA IFU bun-

dles, while the black circles represent the R50. The 2.5” circle in the bottom-right
corner of the maps represent the typical PSF (FWHM) of MaNGA data.

The dust corrected fluxes are converted to luminosity surface density (erg s—!
kpc~2). Then, the SFR surface density (XSFR) is derived using the dust corrected
Hoa luminosity surface density and adopting the Kennicutt (1998a) conversion
factor for Kroupa, 2001 initial mass function (IMF):

YSFR =% (L(Ha)/10"2%) [Muyr'kpe 2. (4.1)

In order to obtain estimates of the ionisation parameter log U and gas-phase metal-
licity Z from the observables, in the [O111]/Ha vs [N 11]/[O11] plane, we compared
the observed values with a grid of theoretical values obtained with photo-ionisation
models by C17. To do this, we interpolate the original models with a denser grid in
which the theoretical Z spans from 0.004 to 0.04 with steps of 0.001 and log U from
—3.6 to —2.5 with steps of 0.01. When a spaxel lies in a region of the diagram that
is not covered by the models we assign the values of the closest knot on the grid.
This assumption has an impact in galactic regions with [N 11]/[O11] higher than 0,
for which the metallicity estimation of Z = 0.04 shall be regarded as a lower limit.

Redshifts and effective radii (R50, i.e. elliptical Petrosian 50% light radius in SDSS
r-band) are obtained from the NASA Sloan Atlas v1_0_1 (Blanton et al., 2011). Stel-
lar masses, total star-formation rates (SFR) are taken from the database of the Max
Planck Institute for Astrophysics and the John Hopkins University (MPA-JHU mea-
surements®) as in Quai et al. (2018). We use also the SDSS morphological probability
distribution of the galaxies provided by Huertas-Company et al. (2011), which is
built by associating a probability to each galaxy of belonging to one of four morpho-
logical classes (Scd, Sab, S0, E).

3see http://wwwmpa .mpa-garching.mpg.de/SDSS/.


http://wwwmpa.mpa- garching.mpg.de/SDSS/
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FIGURE 4.3: A summary of the 10 QRG galaxies in our sample. (a) The g-r-i im-
ages composite from SDSS. Each image covers a region of 17 x 17 arcsec? and in the
bottom-left corner of each image is reported the scale of 5 kpc. (b) The dust-corrected
[Om1]/Ha maps. The grey areas show regions with S/N([O11]) < 2. (c) The dust-
corrected [N11]/[O11] maps. (d) The [O111]/Ha vs [N 11]/[O11] diagnostic diagram for
the quenching. The spaxels are colour-coded according to their position on the plane:
red dots for those lying above the median curve, orange dots for them between the me-
dian and 1o, yellow dots for spaxels which lie between 1o and 3 x 1o and, finally, cyan
dots for spaxels below the 3 x 1o curve that, according with our classification criteria
described in the text, represent likely quenching regions. The triangles represent spax-
els with an upper limit in [O111]/Ha (i.e. spaxels with S/N([O111]) < 2). (e) The map
of the galaxies colour-coded according to the position of spaxels as in (d). In (a), (b), (c)
and (e) the overlapped-magenta hexagonal shapes the MaNGA IFU bundles, while the
white circle represents the R50. Finally, the 2.5” circle in the bottom-right corner of the
maps in (b), (c) and (e) represent the typical PSF (FWHM) of MaNGA data.
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FIGURE 4.5: A summary of the 8 SF galaxies in our sample. (a) The g-r-i images compos-
ite from SDSS. Each image covers a region of 17 x 17 arcsec? and in the bottom-left cor-
ner of each image is reported the scale of 5 kpc. (b) The dust-corrected [O 111] /Ho maps.
The grey areas show regions with S/N([O111]) < 2. (c) The dust-corrected [N 11]/[O11]
maps. (d) The [O111]/Ha vs [N11]/[O11] diagnostic diagram for the quenching. The
spaxels are colour-coded according to their position on the plane: red dots for those ly-
ing above the median curve, orange dots for them between the median and 1o , yellow
dots for spaxels which lie between 1o and 3 x 1o and, finally, cyan dots for spaxels be-
low the 3 x 1o curve. The triangles represent spaxels with an upper limit in [O 111] /Ha
(i.e. spaxels with S/N([O111]) < 2). (e) The map of the galaxies colour-coded accord-
ing to the position of spaxels as in (d). In (a), (b), (c) and (e) the overlapped-magenta
hexagonal shapes the MaNGA IFU bundles, while the white circle represents the R50.
Finally, the 2.5” circle in the bottom-right corner of the maps in (b), (c) and (e) represent
the typical PSF (FWHM) of MaNGA data.
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FIGURE 4.6: Continued.
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4.1.4 The classification scheme

In this subsection, we present the classification scheme applied to the 20 MaNGA
galaxies in our sample. We stress that none of the Quai et al. (2018) best candidates
from SDSS are in the MaNGA catalogue. Thus, we do not expect to find galaxies
in an advanced phase of quenching, but more likely galaxies which could have just
started it.

In Figure 4.3 and Figure 4.5 we show the main pieces of information needed to char-
acterise the sample, along with the g-r-i images from SDSS. Starting from the maps of
[O111]/Ha (i.e. our observable for the ionisation status) and [N 11]/[O11] (i.e. the ob-
servable for the metallicity) of each galaxy, we build the spatially resolved [O 111] /Ho
vs [N11]/[O 11] diagnostic diagram for the quenching. We classify the spaxels into 4
groups according to their position on the plane in relation to the SDSS distribution:
(i) spaxels lying above the median curve of the SDSS, which represent galaxy regions
whose ionisation status is compatible with ongoing star formation; (ii) spaxels be-
tween the median and the 1o limit of the SDSS distribution, regions characterised by
slightly lower ionisation, though still compatible with radiation due to star forma-
tion; (iii) spaxels between 1o and 3 x 1o SDSS limits, which are galactic regions in a
grey area between star formation and quenching; (iv) spaxels lying below the 3 x 1o
limit of the SDSS distribution are galaxy regions which are likely experiencing the
star formation quenching.

4.1.5 The sample of Galaxies with Quenching Regions and the sample of
Star-Forming galaxies

Once having classified all spaxels within each galaxy, we define as QRGs, i.e. Galax-
ies with Quenching Regions, those galaxies in our sample which have at least 1.5%
of their spaxels below the 3 x 1o curve, representing a conservative excess of spaxels
with respect to those expected below the 3 x 1o (i.e. ~ 0.13%) for a star-forming
galaxy. The QRGs will be further analysed as galaxies with regions potentially un-
dergoing the quenching. In particular, the already mentioned Figure 4.3 refers to the
10 QRGs galaxies which show such plausible quenching regions.

On the contrary, the other 10 galaxies, do not show any sign of quenching, with the
most of their spaxels lying above and along the median of the SDSS star-forming
galaxies relation, as shown in Figure 4.5). Hence, their behaviour in the [O111]/Ha
vs [N11]/[O11] diagram is perfectly coincident with that of a typical star-forming
galaxy. We will show in Figure 4.5 and in the on-line material that also their re-
solved BPT diagram confirms their star-forming nature. Hence, we can simply call
them star-forming galaxies (SFs) and in the follow we compare their properties (i.e.
parameter of ionisation log U, gas-phase metallicity Z, star formation rate densities
SSFR, etc.) with those of the QRGs ones.



TABLE 4.1: Main properties of our MaNGA QRGs and SFs samples. The blue lines

indicate two galaxies analysed in detail in the text.

sample MaNGA-ID z RA DEC logM/Mg) Mg sSFR R50 n(Sers.) b/a PSFrwum(G) Morph.
[mag] [yr~!'] [arcsec] [arcsec]

ORGs 1-379241 0.0405 119.3 527 9.7 -19.6  -105 3.1 1.3 0.5 2.45 Sab
1-491193  0.0405 1715 22.1 9.6 -19.3  -104 8.6 1.3 0.9 2.61 Scd
1-197045  0.0430 212.1 529 10.0 -19.5  -10.7 6.0 0.8 0.6 2.57 Sab
1-392691  0.0435 156.2 36.0 9.8 -19.8 99 6.4 1.3 0.8 2.46 Scd
1-36645 0.0440 405 -1.0 9.7 -19.0 97 6.6 1.5 0.8 2.85 /
1-149235 0.0464 169.3 51.0 10.2 -20.1 -10.1 3.1 1.3 0.7 241 Sab/Scd
1-338697  0.0499 115.0 43.0 10.2 -20.2  -10.0 6.7 1.0 0.9 3.09 Scd
1-373102 0.0511 23.7 30.6 10.2 -20.1 9.9 7.8 14 0.8 2.36 Scd
1-43012 0.0527 1129 38.3 10.5 -205  -10.5 6.2 1.1 0.8 2.46 Scd
1-91760 0.0660 240.0 54.8 10.8 -209  -10.2 6.4 0.8 0.9 2.45 Scd

<QRGs> 0.0478 10.0 -199 -10.2 6.1 1.2 0.8 2.57

SFs 1-258589  0.0405 186.7 44.9 9.7 -194  -10.0 6.7 1.6 0.9 2.67 /
1-351911  0.0420 122.0 51.8 9.7 -19.2 9.8 2.8 1.1 0.7 2.55 Scd
1-245054 0.0428 2125 53.6 9.9 -19.7 9.9 5.5 2.2 0.4 2.48 Sab
1-386695  0.0474 138.0 27.9 10.1 -20.1  -10.1 3.7 14 0.3 2.32 Sab
1-178443 0.0477 260.8 27.6 10.4 -20.5 9.9 3.2 2.3 0.5 2.46 Sab
1-276547  0.0487 163.5 444 10.2 206 -99 52 0.8 0.5 2.40 Scd
1-22383 0.0542 253.3 64.5 10.2 -20.7 9.6 3.0 15 0.9 2.52 /
1-351596  0.0554 118.6 49.8 10.4 -21.0  -10.1 53 0.9 0.5 2.52 Sab/Scd

<SFs> 0.0473 10.08 -202 -99 4.4 1.5 0.6 2.49

[4:]
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The main global properties of the QRGs and SFs are listed in Table 4.1. By construc-
tion, the two samples have a similar stellar mass and redshift range, with an average
(and also median) mass of 10'° M. and a mean redshift of z ~ 0.048. However,
we find that two SF galaxies (i.e. 1352114 and 1-197704) have a central [N 11]/[O11]
~ —0.6, that means ~ 2 dex lower than the lowest QRGs. Therefore, their gas-phase
metallicity is considerably lower than the metallicity range of the QRGs sample. We
exclude these two objects and in the following, we will further analyse the remaining
8 SFs galaxies. In Figure 4.1 we report the position in the [O111]/Ha vs [N 11]/[O11]
diagram of the SDSS measures of the galaxies in the two samples.

Both samples show, on average, a typical Sersic profile of disc galaxies (i.e. <hgersic >
1.2 — 1.4), and they show <b/a> (i.e. the ratio between the semi-axis of the galactic
plane) higher than 0.5 — 0.6. Instead, we find differences in the specific-SFR (sSFR)
and R50: the QRGs have, on average, lower sSFR and larger R50 than the SFs ones.

As mentioned earlier, we expect about 50% of the [O11IJundet SDSS galaxies to be
in quenching, and we find that 5 out to the 8 analysed [O 11IJundet galaxies belong
to the QRG sample, while the other ones are actually star-forming galaxies. The dis-
crepancy can be ascribed to an increased deepness of MaNGA data with respect to
the SDSS ones, resulting in [O 111] still weak, but measurable with a higher S/N. In-
stead, it is interesting that 5 out of the 12 galaxies originally selected as star-forming
are instead classified as QRG galaxies. Later, we will investigate the distribution
of the quenching regions within QRGs, however, we anticipate here that they are
mainly placed off-centre, explaining why the regions inside the SDSS fibre have been
classified as star-forming.

To summarise, according to the distribution of the spaxels on the [O111]/Ha vs
[N 11]/[O11] diagnostic diagram for the quenching, we obtain two MaNGA samples:

e QRGs: 10 galaxies that show regions (at least 1.5% of the total galaxy) satisfy-
ing our quenching criteria (i.e. lie below the 3 x 1o of the SDSS star-forming
distribution).

e SFs: 8 star-forming galaxies which have same redshifts, stellar masses and
gas-phase metallicity range of the QRGs.

In section 4.3, we will extensively analyse the global behaviours of the two samples
and we will compare their properties. In the next section, we will focus on the study
of two galaxies, one for each sample, with the purpose of providing the details of
the analysis that we have done on the galaxies in our sample.

4.2 RESULTS

We will discuss the general results of the two populations in section 4.3, and we will
present individual details of the objects in our samples in the online materials. With
the purpose of showing our research method, we present In the following the de-
tailed analysis of two objects: QRG 1-43012 representing an example of a QRG, and
SF 1-178443 among the galaxies in the SF sample. We choose SF 1-178443 because it
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has similar mass and redshift of QRG 1-43012, allowing a direct comparison of the
two systems, in terms, in particular, of ionisation parameter.
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FIGURE 4.1: Each row shows, from top to bottom (1) r-band images (2) luminosity
surface density maps of dust-corrected He, (3) luminosity surface density maps
of dust-corrected [O111], (4) dust corrected [O 111]/Ha maps and (5) dust corrected
[N11]/[O11] maps. Each column shows, from left to right (a) maps of QRG 1-
43012 and (b) maps of SF 1-178443. Spaxels coloured in grey represent regions
with S/N([O11])< 2). Overlapped in magenta are the hexagonal shapes of the
MaNGA IFU bundles, while the black circles represent the R50. The 2.5” circle
in the bottom-right corner of the maps represent the PSF (FWHM) of MaNGA
datacubes. The galaxies go over the edge of the IFU shape because of the effect of
the dithering, resulting in a coverage of a larger area of the sky.
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4.2.1 Emission lines maps

Figure 4.1 shows the r-band image, the logarithmic luminosity surface density maps
of Ho and [O111] and the maps of [O111]/Ha and [N 11]/[O11] for the two galaxies.
We find some differences, both structural and physical, between the two targets.
They differ in size, being the SF smaller by a factor of ~ 0.5 than the QRG one (i.e.
R50 ~ 3.7 kpc and ~ 7.0 kpc, respectively) despite they have similar masses (i.e.
log(M/Mg) = 10.48 and 10.35, respectively). The analysis of Figure 4.1 shows that:

e ORG 1-43012 has some spiral arms in r-band and, according with the mor-
phological probability distribution of the SDSS galaxies provided by Huertas-
Company et al. (2011), it can be classified as a Scd galaxy. Instead, it remains
difficult to see any significant spiral arm in the r-band image of SF 1-178443,
while it shows a prominent bulge (or pseudo-bulge) and it has been classified
as a Sab galaxy.

e The Ha emission is distributed not homogeneously in the QRG galaxy. It
shows clumps which reach a maximum intensity of ¥log L(Ha) ~ 39.3 erg
s~ kpc2, while in the SF the Ha is mostly concentrated and homogeneously
distributed in the region inside the effective radius, where the emission reaches
at values higher than Ylog L(Ha) 40 erg s~! kpc~2 and then degrades at lower
values toward the outskirts.

e The QRG galaxy has a globally weak emission in [O11I], that rarely exceeds
Ylog L([O111]) ~ 38.5 erg s~ kpc™2 and, as a result, the 12.6% of its spaxels
have an upper limit in [O 111] (i.e. S/N([O111])< 2). Instead, the [O 11I] emission
of the SF galaxy follows the pattern of the Ha though slightly weaker, as we
expected since arises from stellar ionising sources. In this case, only a few
spaxels (i.e. 0.4%) have S/N([O111]) < 2.

e The distribution of [O1II]/Hea ratio (i.e. our ionisation level indicator) in the
QRG galaxy (see Figure 4.1) does not show a uniform gradient from the centre
towards outer regions, but it reaches a minimum in an irregular annular region
between ~ 2 and ~ 5.5 kpc (i.e. between ~ 0.3 and ~ 0.9 R/R50) around the
centre of the galaxy and then increases towards more considerable distances.
Instead, in the case of the SF galaxy, the [O111]/Ha shows a typical gradient
with the [O111] /Ha that grows up from the centre towards the outskirts of the
galaxy.

e The distribution of [N11]/[O11] ratio (i.e. our metallicity indicator) shows in
both QRG and SF galaxies an opposite behaviour with respect to [O111]/Ha,
with values increasing towards the inner parts of the galaxies. This relation
between distributions of [O111]/Ha and [N 11]/[O11] in galaxies is in part due
to the well-known U-Z degeneracy between the ionisation parameter and gas
metallicity (see Citro et al., 2017; Quai et al., 2018).
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FIGURE 4.2: The resolved [O111]/Ha vs [N11]/[O11] diagram of QRG 1-43012
(left) and SF 1-178443 (right). Each round dot represents a spaxel in which the
S/N([O111]) > 2, while the square dots represent spaxels in which the S/N([O111])
< 2 and their [O11T]/Ho values are upper-limits. The colours of the dots change
according to the distance R/R50 of the spaxels from the centre of the galaxy. The
red curve represents the running median (continue) of the relation. Instead, the
black curves (polynomial of degree 4) represent the median (continue),1o (dotted)
and 3 x lo (dashed) of the distribution of SDSS star-forming galaxies (see Quai et
al., 2018). Superimposed is reported the grid of photo-ionisation models by Citro
et al. (2017), with the red straight lines representing different metallicities (i.e. Z =
{0.004,0.008, 0.02,0.04} from left to right) and the blue straight lines representing
different levels of the ionisation parameter U (i.e. from log U -2.3 in the top to -3.6
in the bottom).

4.2.2 The quenching diagnostic diagram
The [O 111]/Ha vs [N 11]/[O 11] diagram

In Figure 4.2 we show the [O11I]/Ha vs [N11]/[O11] diagram of the two galaxies
with the spaxels coloured according to their galactocentric distance and a grid of
ionisation models by Citro et al. (2017). The U-Z degeneracy is strongly mitigated,
with the gas-phase metallicity Z increasing with [N 11]/[O11] while the ionisation
parameter log U varying with [O111] /Ha at fixed metallicity. Results from Figure 4.2
suggests that a negative gradient of metallicity with radial distances is present in
both galaxies. However, in SF 1-178443 at fixed metallicity, the ionisation parameter
does not vary significantly while in QRG 1-43012 it shows a large spread revealing
differences in the ionising stellar populations in different regions of the galaxy. We
stress that in this plane, at fixed values of [N11]/[O11] (i.e. fixed metallicity), those
spaxels lying below the 3 x 1o limit curve of the relation obtained from the star-
forming population of SDSS represent regions compatible with the quenching. This
region corresponds roughly to a log U < —3.4. While in next sections we show in
more details the U and Z profiles for our targets, from Figure 4.2 is already evident
that the QRG galaxy, on average, is more metallic than the SF one. About 72% of
its spaxels have a super-solar metallicity (i.e. Z> 0.02), against 15.6% of the SF one.
Moreover, the spaxels of the QRG galaxy are spread across the entire plane covering
the entire scale of ionisation levels, from log U —2.4 to —3.6. About 1.6% of its spaxels
are in the quenching region below the 3 x 1o curve of the SDSS distribution, and
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FIGURE 4.3: The resolved [O111]/HB (not corrected for dust extinction) vs
[N11]/[O11] (corrected for dust extinction) diagram of QRG 1-43012. The dots
colour code is based on the position of each spaxel on the [O 111] /Ha vs [N 11] /[O 11]
diagram, and it is the same as in Figure 4.1. The cyan is representing quenching
regions, followed by the yellow for the galactic regions that lie between 3 x 1o
and 1o of the diagram, orange for those between 1o and the median and red for
regions of pure star-formation that are above the median of the diagram.

14% of the spaxels lie between 1o and 3 x lo. Instead, the 98% of the spaxels of
the SF galaxy are in the pure star-forming region, above the 1o curve of the SDSS
distribution and with log U higher than —3.2.

The impact of dust extinction on ionisation and metallicity indicators

As shown in Quai et al. (2018), we can mitigate the U-Z degeneracy using the re-
solved [O111]/Ha vs [N 11]/[O11] diagram. The wavelength separation between the
lines in the two ratios requires caution because of the not negligible effect of the dust
extinction. The classical approach of the Balmer decrement could be not perfectly
exact in recovering the intrinsic emission lines of an object deviating from the aver-
age star-forming galaxies. We could use other line ratios less sensitive to this effect.
For example, the [O111]/Hp ratio would have the same sensitivity to the ionisation
parameter of [O 111]/Ha with the advantages to be less affected by dust extinction.
To guarantee a high level of precision in the ratio measurement, we should impose
an S/N(Hp) > 5. However, this threshold would introduce a strong bias toward
high SFR, to the disadvantage of the quenching galaxies we want to select.

Therefore, to evaluate the impact of dust extinction, we tested an alternative
diagnostic diagram, with [O111]/Hf not corrected for dust extinction (in place of
dust-corrected [O 111]/Ha) vs dust-corrected [N 11]/[O11]. In Figure 4.3 is shown the
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[O11]/HpB vs [N11]/[O11] of QRG 1-43012. We find that the spaxels classified as
quenching regions according to their position in the [O11]/Ha vs [N11]/[O11]
diagram (i.e. the spaxels lying below the 3 x 1o of the SDSS relation, see Figure 4.3)
remain those showing the lowest [O111]/H/j values at fixed [N11]/[O11]. We find
the same result also in the other QRGs (see the online materials), hence we can state
that our classification and results do not depend on the dust correction.

We note that also that the [O 111] /[O 1I] ratio is sensitive to the ionisation status. How-
ever, it is known to be also rather sensitive to the gas-phase metallicity (e.g. Nagao,
Maiolino, and Marconi, 2006), and it would be less effective to mitigate the U-Z
degeneracy. The line ratio between [NeIII] A3869 and [O11] ([Ne111]/[O11]) is less
affected by dust-extinction than [O111]/Ha and it is sensitive to the ionisation level
of a star-forming galaxy. However, the [NeI11] line is usually faint to be detected at
high S/N. We achieve to measure this line only in the central region of some galaxies
in our SF sample. At larger wavelength, the line ratio [S111]/[S1I] between the lines
[S111] AA9060 — 9532 and the doublet [S1I] AA6726 — 6731 is another ionisation tracer.
The [Ne111] lines are measurable in MaNGA data up to redshift z~ 0.08, however,
at the redshifts of our targets these lines end up in a spectral region dominated by
a series of OH skylines. To perform the continuum fit with pPXF, we cut the orig-
inal spectra at A7200A. We try, therefore, to measure the [S111] lines by fitting the
stellar continuum with a straight line but we found not reliable, faint and irregular
residuals challenging to be interpreted as actual emission lines.

Similar remarks can be done about the metallicity indicator. We could, in principle,
use different couples of emission lines closer in wavelength than [N1I] and [O11],
whose ratio is sensitive to the gas-phase metallicity. For example, [N 11]/[S1I] ratio
shows a similar sensitivity to the metallicity as [N11]/[O11]. However, the doublet
[S11] AXN6717 — 6731 is considerably fainter than the [O11] AA3726 — 3729 one and the
cutin S/N with [N 11]/[S 11] would end up in excluding wider galactic area than with
[N 11]/[O11]. However, the test of the equivalence between [O111] /H/5 not corrected
for dust extinction and [O111]/Ha allows to safely use [N1I]/[O11] as metallicity
indicator.

Summarising, we can conclude that the [O111]/Ha vs [N 11] /[O 11] diagram is robust
against the Balmer decrement approach for correcting dust extinction and that these
line ratios are the most suitable for mitigating the U-Z degeneracy.

The maps of the quenching regions

In Figure 4.4 we show the resolved maps of the [O111]/Ha vs [N 11]/[O11] diagram
for the two galaxies. For QRG 1-43012 the quenching regions are mainly located in
an annulus around the centre of the galaxy, and they cover an effective quenching
area of ~ 7.1 kpc?, that becomes an extended quenching area of ~ 67 kpc? if we
consider the spaxels that lie between 1o and 3 x 1o as regions in which the quenching
could be started. They are distributed around the proper quenching regions, and it
is likely that the quenching is propagating in their direction.

Figure 4.5 shows the resolved diagnostic diagram of Baldwin, Phillips, and Terlevich
(1981, herafter BPT) for QRG 1-43012 in which appears that the quenching regions
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FIGURE 4.4: The contours of the resolved [O111]/Ha vs [N 11]/[O11] diagram are
superimposed to the G images (in false colours) of QRG 1-43012 (left) and SF 1-
178443 (right). The contours colour code is based on the position of each spaxel on
the diagram, and it is the same as in Figure 4.1. The cyan is representing quenching
regions, followed by the yellow for the galactic regions that lie between 3 x 1o and
1o of the diagram, orange for those between 1o and the median and red for regions
of pure star-formation that are above the median of the diagram. In the bottom-
left corner is reported the scale of 5 kpc. Overlapped are the hexagonal shapes of
the MaNGA IFU bundles, while the circles represent the R50. The 2.5” circle in the
bottom-right corner of the maps represent the PSF (FWHM) of MaNGA datacubes.

are compatible with emission due to stellar ionisation, therefore, we can safely ex-
clude the presence of an AGN. It should be noted that some spaxels, mostly located
at the edge of the galaxy, lie above (but close) the BPT curve of Kauffmann that sep-
arates the region where the ionisation is due to star formation and that dominated
by AGNs and LINERs systems. These spaxels are observed in almost all the galaxies
analysed (see the on-line material) and their behaviour is due to the uncertainties
in [O1I]/Ha. The emission lines, indeed, become weaker towards the outskirts of
galaxies, increasing the uncertainties of the emission line ratio measures. For exam-
ple, the typical S/N([O111]/Hc) within R50 of QRG 1-43012 is between 4 and 25,
while it drops below 1.5 above ~ 1.6 R50.

4.2.3 Radial profiles

In this section, we extend the analysis of the two galaxies by investigating the radial
profiles of the main quantities used in this work. We compute no projection of the
galactic plane, and we normalise the distance to the elliptical R50, that we consider
as a circular radius. Figure 4.6 shows the radial profiles of the colour excess E(B-V)
and the observables [O111] /Ha and [N 11]/[O11], the radial profiles of the parameters
log U and gas-phase Z and that of the star formation rate density. Our findings can
be briefly summarised as following:

e The E(B-V) radial profile of QRG 1-43012 is quite scattered between 0 < E(B-V)
< 0.4 at any radius. The spaxels marked as quenching regions show interme-
diate values of colour excess. The profile of SF 1-178443 is less scattered and it
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FIGURE 4.5: Top: the resolved BPT diagram of QRG 1-43012 (left) and of SF 1-
178443 (right). Each round dot represents a spaxel in which the S/N([O111]) > 2,
while the square dots represent spaxels in which the S/N([O111]) < 2 and their
[O11]/Ha values are upper-limits. The colours of the dots change according to
the distance R/R50 of the spaxels from the centre of the galaxy. The black curve is
from Kauffmann et al., 2003. Bottom: map of the resolved BPT of the two galaxies.
Spaxels with ionisation dominated by star-formation (below the Kauffmann et al.,
2003 curve) are represented in red, while those whose the ionisation is dominated
by AGN radiation are represented in blue. Overlapped is the hexagonal shape of
the MaNGA IFU bundle, while the circle represents the R50. The 2.5" circle in the
bottom-right corner of the maps represent the PSF (FWHM) of MaNGA datacubes.

shows an almost flat median.

e As mentioned in the previous sections, the profile of [O111]/Ha (i.e. ionisa-
tion level profile) for QRG 1-43012 shows a central peak, then it decreases
until it reaches a minimum log([O111]/Ha) ~ —1.2 £ 0.2 between ~ 0.3 <
R/R50 <~ 0.75 that is followed by a steep increment towards larger radii.
This minimum corresponds to the region in which are concentrated almost
all the spaxels compatible with quenching (see also Figure 4.4). Instead, SF
1-178443 shows a more homogeneous behaviour with a positive gradient in
the [O111]/Ha profile, which is steeper at small radii, while it grows slowly
at larger radii. Moreover, the [O111]/Ha values are higher than those of QRG
1-43012 at any radius.
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FIGURE 4.6: Radial profiles of QRG 1-43012 (left) and of SF 1-178443 (right): (a) E(B-
V), (b) [O111]/Hey, (c) [N11]/[O11], (d) log U, (e) gas-phase Z, (f) XSFR. The black
curves represent the median of the relations in bins of width 0.1R/R50 , while
the blue ones represent the 16-84™ percentile of the relations. Each round dot
represents a spaxel in which the S/N([O111]) > 2, while the square dots represent
spaxels in which the S/N([O111]) < 2 and their [O11T1]/Ha values are upper-limits.
The dots colour code is the same as in Figure 4.4, and it is based on the position of
each spaxel on the [O111]/Ha vs [N 11]/[O11] diagram (Figure 4.1 and Figure 4.2).
The cyan is representing quenching regions, followed by the yellow for the galactic
regions that lie between 3 x 1o and 1o of the diagram, orange for those between
lo and the median and red for regions of pure star-formation that are above the
median of the diagram.



92

Chapter 4. Spatially resolved signature of the quenching

o The profile of [N 11]/[O11] follows a complementary pattern, with the peak de-

centred set near 0.25 effective radius. The relation is tight in the centre’s prox-
imity, with a 1o scatter of about 0.1 dex, but becomes higher than 0.2 at radii
larger than R50. This galaxy shows lower [N1I]/[O11] values, that suggests
lower metallicity than QRG 1-43012 at any radius, with a maximum value in

the centre that decreases rapidly approximately at R50, then it becomes almost
flat.

The log U profile of QRG 1-43012 confirms the trend of the observable
[O111]/Ha, though with a larger spread. It shows a peak in the centre of the
galaxy that is followed by a decrement, which reaches the minimum log U
= —3.2 £ 0.1 between 0.5 and 0.75 R50 in correspondence of the [O111]/Ha
minimum. At larger radii the profile increases again, though the spaxels are
scattered through all the available ionisation levels between log U —2.5 and
—3.5. This find suggests that the minimum in the observable [O 111] /Ha radial
profile is due to a minimum in the ionisation level and not to the effect of the
metallicity. Instead, the SF 1-178443 trend of log U with radius is almost flat
up to 1.75 R50, with log U ~ —3.1, suggesting that this star-forming galaxy is
homogeneous in ionisation level, with spaxels less scattered than those of the
QRG galaxy and only a handful of them have log U lower than —3.2.

The gas-phase metallicity radial profile of QRG 1-43012 can be adequately
studied only at radii larger than 0.5 R50. In fact, at closer distances, the metal-
licity estimate is fixed at the maximum value of Z = 0.04 (i.e. the highest
metallicity in Citro et al. (2017) models), and it represents a lower limit of the
actual metallicity in the inner part of the galaxy. At such high metallicity, a
secondary nucleosynthesis origin of the nitrogen could explain this behaviour.
In these circumstances, indeed, the [N 11]/[O11] ratio (i.e. a tracer of the N/O
ratio) overestimates the oxygen abundances (i.e. O/H ratio), leading to higher
values of gas-phase metallicity. However, the galaxy QRG 1-91760 (see the on-
line materials) shows characteristics similar to those of QRG 1-43012, though
having, on average, a lower [N 11]/[O11] (i.e. lower gas-phase metallicity). Its Z
radial profile increases from the center of the galaxy and it reaches a maximum
value around 0.3 R50 (see the online materials). This trend suggests a similar
behaviour for the true Z radial profile for QRG 1-43012. At radii larger than
0.5R50 the Z profile decreases following the classical negative gradient, though
showing a large spread (e.g. at R50 the metallicity is Z = 0.029 & 0.007). The Z
radial profile of SF 1-178443 shows a negative gradient up to 1.25 R50; then it
becomes almost flat. In this galaxy, the gas-phase metallicity is lower than that
of the QRG one at any radius, and it shows a smaller spread.

The log XSFR radial profiles of the two galaxies are different, with QRG 1-
43012 having XSFR values lower than those of SF 1-178443 at any radius. Its
radial profile shows a weak negative gradient between log ¥SFR ~ —2 in the
center to 3 £ 0.4 at 2 R50. It can also be seen a relative minimum around 0.3
R50 but less evident than that of the [O111]/Ha profile. Instead, the ¥SFR
radial profile of SF 1-178443 shows a negative gradient with a steeper slope
until ~ 1.25 R50 with values between ~ —1.2 and —2.3 £ 0.4, then the profile
becomes almost flat.
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To summarise, the two galaxies show different characteristics, both concerning
ionised phase and gas-phase metallicity and also regarding different distributions
of the star-formation rate surface density across the galactic plane.

4.3 A comparison between QRGs and SFs

In the previous section we gave details about the method we applied to each galaxy
in our QRG and SF samples. In this section, we present the general results concern-
ing the analyses of the behaviour of the two samples. We stress that the two sam-
ples are in the same redshift range and they have same stellar masses and central
gas-phase metallicity, therefore, we can directly compare their properties. We focus
on the [O11T]/Ha vs [N11]/[O 11] diagram, and on the average radial profiles of the
quantities we showed in the previous section (i.e. E(B-V), [O111]/He, [N11]/[O11],
log U, gas-phase Z, XSFR).

4.3.1 The average [O 111]/Ha vs [N 11]/[O 11]

Figure 4.1 shows the average curves of QRG and SF galaxies in the resolved
[O11]/Ha vs [N11]/[O11] diagram. The QRG curve is compatible with the trend of
the median distribution of the Quai et al. (2018) SDSS sample, though at
log(IN11]/[O11]) values lower than about —0.6 it deviates showing lower
[O111]/Ha values at fixed [N 11]/[O11]. The two sample share a very similar slope,
though they differ in normalisation being the average curve of SF sample above the
QRG one of about 0.15 dex at any [N 11]/[O 11] value. The lower panel of Figure 4.1
shows the difference in [O 111] /He, as a function of [N 11]/[O 11], between QRGs and
SF galaxies. We average the differences and we define the significance to be the
distance of this mean in units of o, where ¢ is the error in the average. We find a
< Alog([O111]/Ha)>Nmj/jom= —0.12 & 0.01 dex with a significance over 100 level
(see Table 4.1). The result does not change if we analyse the median of the
difference in place of the weighted average.

4.3.2 The average E(B-V) radial profile

Figure 4.2 shows the average radial profiles of the colour excess E(B-V) of the two
samples. The SFs have higher extinction at any radius, with increasing values to-
ward the centre. Figure 4.2 shows also the difference in E(B-V) as a function of
R/R50, between QRG and SF galaxies. We average the differences and we estimate
the significance as the distance of the mean in units of o, where o is the error in the
average. We find that the difference between QRGs and SFs is confirmed at a sig-
nificance of about 50 level (see Table 4.1). This result does not change by using the
median in place of the weighted average.
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FIGURE 4.1: The average [O111]/Ha vs [N 11]/[O 11] diagram for the QRG and SF
samples. Top: the number N of galaxies that contribute to the average. Centre:
The magenta curve represents the mean curve of the QRG galaxies, that we obtain
by averaging their means; the magenta shaded area shows the error of the average
(i.e. Omean/ V'N). The cyan curve shows the mean curve of the SF sample. The black
curves represent median, 1o and 3 x 1o limit of the SDSS star-forming galaxies
sample (see Quali et al., 2018). Bottom: the grey curve represents the differences in
[O111]/He, as a function of [N11]/[O11], between QRGs and SF galaxies and the
grey shaded area shows the propagated errors. The red shaded area represents
the weighted mean of these differences averaged over the [N 11]/[O11] range (see

Table 4.1).
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colour code is the same as in Figure 4.1. The upper panels of the two plots show the

number N of galaxies that contribute to the average. The grey curve

in the lower

panel of the two plots represents the differences in log U and Z, respectively, as a
function of R/R50, between QRGs and SF galaxies. The red shaded area represents

the mean of these differences averaged over R/R50 (see Table 4.1).

We exclude

from the significance analysis the trends at galactocentric distances larger than 1.6

R50 due to the exiguous number of objects in our samples that extend

at this radii.

4.3.3 The average radial profiles of [O 111]/Ha and [N 11]/[O 11] ratios

In Figure 4.3 we show the average radial profiles of [O1I]/Ha and [N11]/[O11]
ratios. At any radius, the SF sample shows, on average, higher [O111]/Ha and a
slightly lower [N11]/[O11] values than the QRG population, though this one has

more significant errors. In the same way as in [O1l]/Ha as

a function of

[N11]/[O11], we study the significance of the differences in [O1I]/Ha and
[N11]/[O11] as a function of R/R50, between QRGs and SFs. We find a significance
difference in [O111]/Ha at a level of about 50 and a weak significance difference in

[N11]/[O11] at a level slightly lower than < 3o (see Table 4.1). This
change if we use the median in place of the weighted average.

result does not
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FIGURE 4.3: The average radial profiles of [O111]/Ha (top) and [N 11]/[O11] (bot-
tom) for QRG and SF samples. The layout of the figure is the same as in Figure 4.1.

4.3.4 The average log U radial profile

Figure 4.4 shows the radial profiles of the ionisation parameter log U for the two
samples. The average log U radial profile of SF galaxies increases very slowly from
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log U ~ —3.2 in the centre, toward ~ —3.1 in the outskirts. The trend of QRG galax-
ies, instead, has a maximum of log U ~ —3.2 in the centre, then it decreases to a
minimum log U ~ —3.3 around 0.5 R50 before rising again to log U ~ —3.1 towards
the outskirts. Figure 4.4 show the difference in log U as a function of R/R50, between
QRGs and SF galaxies. In the inner part there is no evidence of difference between
the two samples, while it is strong between 0.3 and 1.2 R/R50, and hence the average
difference is confirmed at a high significance of about 5.50 level (see Table 4.1).
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FIGURE 4.4: The average radial profiles of log U for QRG and SF samples. The
layout of the figure is the same as in Figure 4.1.

4.3.5 The average gas-phase metallicity radial profile

The gas-phase metallicity radial profiles (see Figure 4.5) of the two samples have a
similar slope and normalisation. We fit with a straight line the average radial profile
at galactocentric distances larger than 0.5 R50 (as suggested in Belfiore et al., 2017a,
to avoid smearing effects due to the MaNGA PSF in the inner part of galaxies) and
smaller than 1.6 R50. We obtain a slope of ~ —0.009/R50 for QRGs, though the
average profile of the QRG galaxies shows a larger error than that of SF ones*. In
this case, the difference between the sample is rejected (significance level < 30).
This result confirm that the two samples have a similar gas phase metallicity.

*If we convert the gas-phase metallicity in terms of 12+log(OH) (i.e. 12+log(OH) = log(Z/Zs) +
8.69, with Zo = 0.02), we will obtain a slope of ~ —0.15dex/R50 for QRGs.
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FIGURE 4.5: The average radial profiles of the gas-phase metallicity Z for QRG
and SF samples. The layout of the figure is the same as in Figure 4.1. The two
dotted lines represent the linear fit of the radial profiles between 0.5 and 1.6 R50.

4.3.6 The average Y SFR radial profile

From the analysis of the average radial profiles of the SFR surface density (log XSFR)
of the two samples (see Figure 4.6) arises that, on average, in the central regions of
the galaxies the SF galaxies show higher SFR density than the QRG ones, with a
difference of about 0.4 dex, in log-scale, though showing an error of about 0.2 dex.
The average profile of QRG galaxies has a central value of log XSFR of about —2
and a slow decline towards large radii up to log XSFR ~ —2.5 at 1.5R50. The lower
panel of Figure 4.6 shows the difference in log ¥SFR as a function of R/R50, between
QRGs and SF galaxies. As expected, the difference is larger at small galactocentric
distances and it become negligible in the outskirts. In the same way, as for the other
parameters, we average the differences, and we define the significance as the dis-
tance of this mean in units of o, where ¢ is the error in the average. We find strong
differences in XSFR between the two samples, with a significance at about 8¢ level
(see Table 4.1).
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TABLE 4.1: Median, mean, mean error and significance (expressed in units of o) of
the differences in the listed quantities between QRGs and SF galaxies.

median mean error #o

<E(B-V)>R/R5Q -0.05 -0.05 0.01 5.2
<Alog([O IH]/HO[)>[NH]/[O 1] -0.08 -0.1 0.01 10.7
<Alog([O 111] /Ha)>R /rs0 01  -01 002 52
<A10g([N H]/[O H])>R/R50 0.05 0.04 0.02 1.8
<Alog(U)>g /rs0 006 -006 001 55
<A Z>R/rs0 0.001 0.001 00007 1.4
<Alog(ZSFR)>R /rs0 04 04 005 79
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FIGURE 4.6: The SFR surface density (log 3SFR) radial profile for QRG and SF
samples. The layout of the figure is the same as in Figure 4.1.

Stochasticity on the initial mass function

Lee et al., 2009 showed that assuming a Salpeter IMF, a conservative level of SFR of
1.4 x 1073 Mg yr~! (i.e. log SFR = —2.8) is required to sustain the ability of robustly
populate the entire IMF. Otherwise, the massive end of the IMF could result in a
certain amount depleted, with the number of the most massive stars regulated by
stochasticity. Therefore, for values of log SFR < —3 and fixed metallicity emerges a
degeneracy between low [O 11I] flux due to incomplete sampling of the massive end
of the IMF and the quenching of the star-formation. It is important to note that these
kinds of studies regard the total SFR through the galaxy, especially dwarf ones. In
our sample, the lowest total log SFR from SDSS data is —0.79 M, yr—* (i.e. MaNGA
1-352114), however, with MaNGA we measure SFR on small scales (i.e. about a
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squared kpc per spaxel) and we can study the impact of stochasticity on the spaxels
of our galaxies. In QRG 1-43012 (i.e. the galaxy analysed in previews sections) the
vast majority of the spaxels show log ¥SFR < —2 (see Figure 4.6) but only a small
amount of 8% have log ¥SFR < —3 Mg, yr—! kpc™2. We observe a similar situation
in the other QRG galaxies (see Figure 4.6 and online materials).

Paalvast and Brinchmann, 2017 widely studied the impact of the stochastic sampling
of the mass function on the production of lines requiring high energetic photons (i.e.
[O111]) relative to that of the Balmer ones. All of their stochastic models predict a
significant increase of the scatter of [O 111] /HJ ratios with decreasing of the SFR with
respect to the typical BPT values, while at higher SFR the models well reproduce
the BPT locus of the SDSS star-forming galaxies. For log SFR < —3, the lack of
massive stars extends the scatter of [O111]/Hf for solar metallicity from the BPT
locus to values of log([O111]/Hp) lower than —4 (i.e. ~ —4.5 using the [O111]/Ha
ratio, alternatively), but also for log SFR —2 the scatter is considerably larger than
that expected for a fully populated IME. Moreover, the effect becomes more relevant
with increasing metallicity.

In order to evaluate the impact of the stochasticity on our sample, we study galac-
tic regions within our galaxies showing the lowest SFR values and super-solar gas
phase metallicity. This combination of parameters maximises the effect in Paalvast
and Brinchmann (2017) models. To this aim, we gathered in a bin all the spaxels with
—3 <log ¥SFR < —2.5 and super-solar metallicity (i.e. 0 <[N11]/[O11] < 0.2) and we
analyse the distribution of their [O111]/Ha. By definition, for effect of the stochastic-
ity, we should obtain a wide distribution that covers the scatter due to the imperfect
IMF sampling. We analyse an extreme conservative case in which all the spaxels
showing an upper limit in [O 11I] (i.e. spaxels with S/N([O111])< 2, about 22% of the
spaxels in the bin) are considered with [O111]/Ha = —4., as if all of them are the
lowest outcome of the stochasticity models of Paalvast and Brinchmann, 2017. In
Figure 4.7 we show the [O111]/Ha distribution together with its cumulative curve.
Even in this conservative situation, the distribution is mostly (> 77%) comprised at
log([O111]/Ha)values higher than about —1.5 with a small scatter. Therefore, we can
exclude the stochasticity on the IMF as the prime process that leads to the low ioni-
sation values observed in our galaxies. Moreover, in a galaxy with recent quenching
is likely that low [O 111] /Ha values are due both to stochasticity on the IMF sampling
and to the death of the massive stars and the degeneracy between the two effects is
less relevant.

4.3.7 The spatial distribution of the quenching

In this section, we focus on the QRG galaxies with the aim to analyse the spatial
distribution and extension of their plausible quenching regions. None of the QRGs
shows extended regions compatible with our quenching criteria, instead they have
groups of small regions (2 — 5 members each), with extension between 2 and 4 kpc?,
that are smaller than the PSF of MaNGA (i.e. 2.5” of FWHM, or about 5 kpc2 at these
redshifts that corresponds to a percentage of the entire galaxies between ~ 1% and
~ 8%). However, these groups of plausible quenching regions are always intercon-
nected in more extended areas that are characterized by slightly higher ionisation
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FIGURE 4.7: (Top:) the [O111]/Ha distribution for the spaxels with —3 < log ¥SFR

< —2.5and 0 <[N1u]/[O11] < 0.2. The peak at [O111]/Ha = —4 represents the

limit point that we choose for spaxels showing S/N([O111])< 2. (Bottom:) the cu-
mulative curve of the distribution.

level and in the [O111]/Ha vs [N 11] /[O 1I] diagram lie in the region between 1o and
3 x 1o of the SDSS data (see Figure 4.1, and, for example the yellow area in Fig-
ure 4.4). Therefore, for effect of the PSF, it is likely that the actual size of the quench-
ing regions is broader than that observed and it is mixed with the adjacent areas. In
Figure 4.8 is shown the total size of the likely quenching regions (i.e. the sum of the
size of these regions) as a function of their average distance (R/R50) from the galac-
tic centre of the QRG galaxies. Only 2 out to 14 galaxies have significant quenching
areas. They are QRG 1-38802, with an area of about 47 1<pc2 and QRG 1-91760, with
an area of about 20 kpc?. The other 10 galaxies have smaller sizes, between ~ 1.5
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FIGURE 4.8: The total size of the likely quenching regions as a function of their

average distance (R/R50) from the galactic centre of the QRG galaxies. In the top

panel we consider only the regions that satisfied our quenching criteria, while

in the bottom panel we consider the area comprising the plausible quenching re-

gions and the less extreme adjacent areas. The symbols represent different galax-

ies, while the colour represents the percentage of spaxels in the area with respect
to the whole spaxels of the galaxy.

and 10 kpc?, or between ~ 1.1% and ~ 10% in percentage of the entire galaxies. The
spaxels belonging to these regions represent a percentage between ~ 0.5 and ~ 10
of the total amount of spaxels in the galaxies. Moreover, all of them are located, on
average, between 0.5 and 1 R50 and no one of the galaxies have quenching regions
in their inner part (closer than 0.5 R50).

It is interesting to consider, as an upper limit of the total size of the quenching dis-
tribution in these galaxies, the broader areas obtained by summing the dimension of
quenching regions together with that of their adjacent less extreme areas. The result
is shown in Figure 4.8. In this case, 12 out to 14 galaxies have sizes larger than 30
kpc?, with percentages between ~ 15 and 47% of all the spaxels. Even taking into
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account this broader area, the average distance from the centre of the galaxies re-
mains between about 0.5 and 1.1 R50, confirming that no one of our galaxies have
plausible quenching regions in the inner part.

4.4 Discussion

In previous sections, we discuss the general characteristics of the QRG and SF galax-
ies concerning metallicity, ionisation status, color excess E(B-V) and SFR. We recall
that the two samples have the same stellar masses. central gas-phase metallicity
(from the SDSS measures) and they are in the same redshift range.

We find that:

e despite the average gas-phase metallicity radial profile of QRG galaxies is
slightly higher than that of SF ones at any radius, the difference between the
two profiles is not significant. This result confirms that statistically, the two
samples have a similar gas-phase metallicity.

e The average ionisation parameter log U radial profile of QRGs reaches a mini-
mum between 0.5 and 0.8 effective radii, while that of the star-forming sample
shows a slow increase of log U towards the outskirts of the galaxies. We con-
tirm this difference at a high significance level.

e The average radial profile of the star formation rate surface density of QRGs is
lower than that of the sample of SFs, at any radii, suggesting a sharp decline in
their star-formation rate. The difference is larger approaching small radii. As
expected, this trend is similar to that of the colour excess E(B-V). We confirm
these differences between the QRGs and the SFs at a high significance level.

Additional details that can help to shed light on this behaviour may be obtained
from the analysis of individual galaxies . In section 4.2, we find that the radial pro-
files of log U (i.e. ionisation level) and XSFR of QRG 1-43012 have a minimum in
an annular region around the centre of the galaxy and a corresponding maximum in
the radial profile of the gas-phase metallicity. Moreover, QRG 1-91760 shows a very
similar pattern, with a vast annular region around the galactic centre with a low-
ionisation level compatible with recent quenching. Other two QRGs (i.e. 1-491193
and 1-392691) show a similar pattern, though less clear than QRG 1-43012 and 1-
91760. Besides, we also studied the distribution and size of the quenching regions
in QRGs. They are located between 0.5 and 1.1 effective radii from the centre and
occupy a total area between ~ 10 and ~ 140 kpc? (i.e. between ~ 15% and ~ 45% of
the total galactic area®). It is interesting to note that none of these quenching regions
is found in the inner part of our QRGs, despite the low level of the SFRs measured.

A strong star formation activity concentrated in an annular region of classical ring
galaxies can explain the peak of the metallicity. An axial penetration of compact ob-
jects close to its centre (Lynds and Toomre, 1976; Higdon, 1995; Mapelli and Mayer,

SWhen we refer to the total galactic area, we mean the total area of all the spaxels covering a galaxy.
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2012) may cause such rings of SFR around the centre of spiral galaxies. These kinds
of encounters bring additional gravitational force that generates annular propaga-
tion of the ISM (e.g. Figures 5-6 in Lynds and Toomre, 1976) that is compressed
triggering an intense star formation activity. A possible interpretation of the results
regarding the QRGs, is that in these galaxies a quenching wave is presumably propa-
gating from the inner region towards the outskirts because of the entire consumption
of the available gas in intense episodes of star formation and we are witnessing the
quenching phase on an annular region around the galactic centre. However, none
of the galaxies in our sample that show a ring profile have evidence of recent in-
teraction in their morphology (see Figure 4.3) and our results are more likely to be
ascribed to the effect of a secular evolution of these galaxies (e.g. Kormendy and
Kennicutt, 2004). Several simulations (e.g. Prendergast, 1983; Sellwood and Wilkin-
son, 1993; Regan and Teuben, 2003) show that in the inner regions of barred galaxies
the gas flows toward the centre and the gas is often concentrated near the Lindblad
resonance because of the dynamical interaction with the potential of the bar. There,
the gas feeds intense episodes of star formation. However, we see neither bars nor
rings of stars in the images of our galaxies. Nevertheless, even if the star formation
is mostly in the ring, hardly ever it leads to form a ring of long-lived stars (e.g. Ko-
rmendy and Kennicutt, 2004). Moreover, near-infrared images show that bars are
hidden in approximately two-thirds of spiral galaxies, despite their appearance in
optical wavelengths (e.g. Block and Wainscoat, 1991; Eskridge et al., 2002; Block et
al., 2001; Laurikainen and Salo, 2002; Kormendy and Kennicutt, 2004).

The star formation is supported by a continuous replenishment of fresh gas from
the corona. Uninterrupted radial flows of gas towards the centre end up in the an-
nular region for effect of the bar where the gas is converted into stars at high rates.
The metallicity peak we observe in the annular regions around the galactic centre
of QRGs is compatible with high SFR typically associated with rings. However, we
find that there is a depletion of the Ha luminosity and a minimum of the parameter
of ionisation.

If a mechanism could be able to interrupt the radial flow of gas toward the centre
or the replenishment of gas from the hot halo, the star formation would continue
by burning the remaining gas in the galaxy’s reservoir. Tacconi et al. (2013) found
that this reservoir can sustain the star formation for less than a Gyr before a typical
star-forming galaxy runs out of gas. In these circumstances, at regimes of intense
star formation, the region of the ring should be the first to consume the fuel and to
interrupt the star formation. Therefore, it plausible that we are witnessing the very
early phase of the quenching in our QRGs. Then, the quenching would propagate
from the annular region, reaching soon the close inner part of the galaxies.

We stress that we do not expect to find galaxies in advanced quenching phase among
the QRGs because they are not as extreme as the quenching candidates by Quai et
al. (2018), which should provide decisive clues on the early phase of the quench-
ing. Another crucial question that needs to be addressed is whether the regions
that satisfied our quenching criterion are actual quenching regions in a permanent
quenching phase which is propagating throughout the centre and the outskirts of
the galaxy or if they are the marks of a minimum in the star formation history of the
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galaxy. In a future perspective, maps of the distribution of the cold gas would help
to disentangle between the two possibilities.

4.5 Summary

In this Chapter, we present a spatially resolved study of 10 MaNGA galaxies (ex-
tracted from SDSS-IV MaNGA DR14, Bundy et al., 2015; Abolfathi et al., 2018) which
show regions compatible with a recent quenching of the star formation (QRGs).
These quenching regions are those satisfying the criteria devised in Quai et al. (2018),
that we presented in the previous sections. The aim of this work is to derive spatial
information about the quenching process within galaxies.

The detailed analysis of the QRGs reveals that in 4 of them the quenching regions
are located in an ring around the centre, in correspondence of a minimum in the
ionisation parameter log U radial profile. This behaviour can be ascribed to the
effect of a secular evolution of these galaxies (e.g. Kormendy and Kennicutt, 2004),
in which we observe the quenching in an annular region in which a past intense
star formation activity was propagating radially from the inner part towards the
outskirts of the galaxies.

We compare the properties of these 11 QRGs with those of a control sample of 10
MaNGA star-forming galaxies. The quenching regions in QRGs are located between
0.5 and 1.1 effective radii from the centre, suggesting that in these galaxies a quench-
ing wave is presumably propagating from the central region towards the outskirts
and we see the quenching phase on an annular region. This result is supported by
their average radial profile of the ionisation parameter, that reaches a minimum at
the same radii, while the average radial profile of the star-forming sample shows an
almost flat trend. Moreover, the radial profile of the gas-phase metallicity of QRGs
suggests that they have a higher metallicity than the star-forming ones at any ra-
dius, as expected from more evolved systems. Finally, the average radial profile of
the star formation rate surface density of our QRGs is lower than that of the SFs, at
any radii, suggesting a drop in their star-formation rate. All these difference between
the QRGs and the SFs are confirmed at a high significance level.
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APPENDIX

4.A Other QRG targets

In this section we collect the main plots (i.e. emission line maps, [O111]/Ha vs
[N11]/[O11] diagram, BPT diagram and the radial profiles of the main character-
istics) of each galaxy belonging to the QRG sub-sample.

4.B Other SF targets

In this section we collect the main plots (i.e. emission line maps, [O11I]/Ha vs
[N11]/[O11] diagram, BPT diagram and the radial profiles of the main character-
istics) of each galaxy belonging to the SF sub-sample.
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FIGURE 4.A.1: QRG 1-379241. (a) the g-r-i image composite from SDSS. (b) the
E(B-V) maps. (c1) the luminosity surface density maps of dust-corrected Ha with
S/N([O111]) > 2 and (c2) with upper limit in [O111] (S/N([O111]) < 2). (d1) the
luminosity surface density maps of dust-corrected [O111] with S/N([O111]) > 2
and (d2) with upper limit in [O111] (S/N([O111]) < 2). (el) the dust-corrected
[O11]/Ha map of spaxels with S/N([O111]) > 2 and (e2) with upper limit in
[Om] (S/N([O111]) < 2). (f1) the dust-corrected [N 11]/[O1I] map of spaxels with
S/N([O111]) > 2 and (f2) with upper limit in [O11T] (S/N([O11]) < 2). The pan-
els (gl), (g2) and (g3) show the [O1I]/Ha vs [N11]/[O11] diagram with spaxels
coloured according to the distance R/R50, ionisation level log U and gas-phase
metallicity Z, respectively. The panels (hl), (h2), (h3), (h4) and (h5) show ra-
dial profiles of [O111]/He, [N11]/[O11], log U, Z and star-formation rate surface
density ¥SFR, respectively and the colour code is the same as in ??. (il) map of
the resolved [O11]/Ha vs [N11]/[O11] diagram and (i2) contours of the resolved
[O11]/Ha vs [N11]/[O11] diagram superimposed to the G image as in Figure 4.4
(11) the resolved BPT diagram with spaxels coloured according to R/R50 and (12)
the resolved BPT map, as in Figure 4.5. The magenta hexagons overlapped in the
maps represent the MaNGA IFU bundles, while the black circles represent the R50.
The 2.5” circle in the bottom-right corner of the maps represent the PSF (FWHM)
of MaNGA datacubes.
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4.B. Other SF targets 123

15 {1276547 ®)

/] A\
E,; \\ .! y “s
\

s\ |1 /]

o s 05 0 5 5 3 10

15 [r276507 @ g 1 @ {° 1. ) W @ W
T T\ e I VT T\ e I T e l T \e I
/ 503

Bz Ses

ol s SN e

ZARS
\4/

PN L
T \LJ/@ SN N

T TR S S RS S T TR T S I [ T T T S Y [ TR T T S Y

02 02
@ ey 2 @)
/T ol e / Teammvo | Moo /T Toamyuom| [itoo

R 1A VN
‘ \ \Q/

(VST S NL [ [/ o N 1/ o

15 -10 -5 0 5 0 15 - 15 <10 -5 0 H 0 15 15 <10 -5 o H 10 15
N mn 7 0.040
91) -26
- 2 . .
o -04. -28 -04 0030
5 -0
g .
£ . omsd
EI 0, b
— et soss g
s o H H
F-10{ - 3008 ~ o020 E
e — medan 505 . H
I g 105055 AN) .
0 == 30'5DSS N
el - sniom -=2 o5 el L amgonns=2 \§§ L, o smome-:
v SIN(O M) <2 \‘ v SIN([OW) <2 tanad
16 s | "
7 O T Ty R R R T S EPRS NI T TR e
log([N Y0 Ny 00 log([N 11}/10 1)) -36 log([N /0 1))

10 o
10] . smiomy>=2
-1 | - smiom 2
arcsec arcsec Tog(IN 1)
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5. THE EVOLUTION OF LOW MASS
HO-STRONG GALAXIES IN THE
MUSE-HUDF

In this chapter, we present preliminary results regarding the analysis of a population
of post-starburst galaxies, which are systems in an advanced phase of quenching due
to a sharp interruption of the star formation occurred < 1 Gyr ago. This work at-
tempts to link the evolution of these galaxies with the properties of local early-type
galaxies. Post-starburst galaxies are identifiable by strong Balmer absorption lines
in their optical spectra. The equivalent width (EW) of absorption in Hé is usually
chosen to estimate stellar ages because it is less contaminated by nebular emission
lines than Ha and HB. The EW(HJ) strongly increases during a few 10° yr after a
sharp quenching, reaching a maximum value of about 10A when A-type stars domi-
nate the population (e.g. Couch and Sharples, 1987), and later, it gradually decreases
continuously. This trend implies that such values of EW(HJ) can be measured only
in galaxies whose star formation ceased suddenly between 300 and < 1 Gyr ago.

Classical post-starburst systems are the so-called K+A galaxies. They have spec-
tra compatible with passive evolution (no sign of emission lines), and they have
disturbed morphology typically associated merging (e.g. Quintero et al., 2004; Pog-
gianti et al., 2004; Balogh et al., 2011; Muzzin et al., 2012; Mok et al., 2013; Wu et al,,
2014; Wild et al., 2016). However, there exists a population of galaxies that differs
from K+A because of the presence of emission lines in their spectra (i.e. usually
strong [O 11]A3726-29 emissions) and are called Ho-strong galaxies (e.g. Le Borgne et
al., 2006; Wild et al., 2009). The emission lines in Hi-strong galaxies are often linked
to narrow-line AGNs or LINERs emissions (Yan et al., 2006; Wild et al., 2007; Wild
etal., 2009; Wu et al., 2014; Lemaux et al., 2017).

The majority of these works have focused on massive galaxies. The availability of
the MUSE integral field unit spectrograph on the Very Large Telescope (VLT) has
opened up the possibility to assemble significant samples of galaxies without a pre-
ceding selection based on broad-band photometry. This improvement has provided
a few key gains relative to multi-slit or multi-fibre spectroscopic survey: the ability
to obtain spectra of galaxies with a much higher spatial density, a nearly star forma-
tion rate limited sample of galaxies and hence also relatively low mass galaxies, and,
for the brighter galaxies, resolved spectroscopy. In this chapter, we will exploit these
advances by using very deep MUSE spectra (>10 hours of exposure time typically)
to study low mass Hé-strong galaxies at ~ 0.3 <z< 1.24.



126 Chapter 5. The evolution of low mass hd-strong galaxies in the muse-hudf

5.1 Data

The Multi Unit Spectroscopic Explorer (MUSE Bacon et al., 2010), is an integral field
unit (IFU) on the ESO Very Large Telescope (VLT) Yepun (UT4). In Wide Field Mode
it has a large FoV (1’ x 1), a wide wavelength coverage (4650-9300 A) and a relatively
high spectral resolution (R ~ 3000). The MUSE instrument was initially designed
for deep spectroscopic observations; however it can be used to observe a variety of
objects, including H II regions, globular clusters, local galaxies and quasars. Thanks
to an angular resolution of 0.3 — 0.4 arcsec and a spatial sampling of 0.2 x 0.2 arcsec?
, MUSE can observe dense fields without making any target pre-selection.

For this study, we analyse spectra of galaxies extracted from the MUSE Hubble Ultra
Deep (HUDF) survey (Bacon et al., 2017), that consists of a mosaic of nine pointings
(=~ 3’ x 3') in the original Hubble Ultra Deep Field (HUDF) region with a long inte-
gration time of approximately ten hours.

One major success of MUSE is that it allows blind identifications of previously un-
known sources by searching for emission lines directly in the data cube (Bacon et
al., 2015). This provided about an order of magnitude improvement in spectroscop-
ically confirmed redshifts in the HUDF, with 1338 high-quality redshifts obtained
from MUSE data in this sky region (see Inami et al., 2017).

Spectra in this survey are extracted using a mask region that is built from the MUSE
white light image. Then, a simple unweighted sum of the flux in the mask region
is used as the spectrum of each galaxy. The spectral features of the galaxies are
measured using the software platefit (Tremonti et al., 2004), while the stellar masses
are obtained from spectral energy distribution (SED) fitting using the FAST (Fitting
and Assessment of Synthetic Templates) algorithm (Kriek et al., 2009) with a Bruzual
and Charlot (2003) library and the Chabrier (2003) IMF (see Paalvast et al., 2018, for
details). The Lick index Hoa is well suited to probe stellar populations dominated
by A stars in the optical domain (Worthey and Ottaviani, 1997). We measure Hop
on the stellar continuum obtained subtracting the strong nebular emission lines (i.e.
[O11] A3727, HS, Hp, [O111] A5007, Hey, [N 1I] A6584) from the MUSE spectra. The
uncertainties on Hia are computed following Cardiel et al. (1998).

In this paper, we start the analysis from the 403 galaxies with secure redshift (i.e.
parameter zconf > 1) in the range 0.288 < z < 1.235, that represents the maximum
interval over which it is possible to measure Hés and both D,4000 and [O11] emis-
sion in MUSE data. In the following, we exclude 91 objects (that leaves 312 galax-
ies): (i) 9 galaxies without measures of mass or with dlog(M/Mg) > 1 dex, where
dlog(M/M) is the uncertainty 16"-84t percentile of the galaxy mass; (ii) 18 galax-
ies at redshift 0.826 < z < 0.883, and 64 galaxies at redshift 1.073 < z < 1.145, whose
Ho falls in the spectral region of two strong sky lines (i.e. A\7605 — 7615A and
AA8625 — 867OA). Moreover, since the definition of the Lick index might be a source
of systematic errors, we define a criterion of reliability of the measures of Hja based
on the averaged signal-to-noise (S/N) of the stellar continuum in the spectral re-
gions of the rest-frame blue and red band-passes of Hoa (i.e. 4042.85 — 4081.00A
and 4129.75 — 4165.25A, respectively). Therefore, we further restrict the analysis to
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the resulting 119 galaxies (i.e. ~ 38%) which have S/N(Hda) > 3 in the stellar con-
tinuum, and that form our hd sample. We want to highlight that in the selection
criteria of the Hj sample we do not include a limit that defines a Hé-strong popula-
tion. This choice gives us the possibility to study the properties of galaxies showing
different values of H. We divide the Ho sample into three redshift bins, covering
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FIGURE 5.1: Top: the distribution of redshift of the 312 galaxies in the sample (in
grey). Different colours represent the distribution of the 119 galaxies in the Hd
sample (i.e. S/N of the continuum in the spectral region of H¢ larger than 3) for
the three redshift bins: blue for galaxies between 0.288 <z< 0.6, green for galaxies
between 0.6 <z< 0.9 and red for them between 0.9 <z< 1.235. The hatched stripes
show the intervals of redshift in which the Hd falls in the spectral regions of two
strong sky lines. Bottom: distribution of stellar masses for the three redshift bins.

dz~ 0.3 each (i.e. 0.288 <z < 0.6,0.6 <z < 0.9 and 0.9 <z < 1.235). In Figure 5.1
we show the redshift and mass distributions of the sample, and we list them in Ta-
ble 5.1. The redshift distribution is not homogeneous, and it shows spikes, such as
the one at z~ 0.66 in the intermediate redshift bin, that contains 22 objects.

Figure 5.2 shows an example of a typical spectrum of galaxies in our Hé sample.
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TABLE 5.1: Redshift and mass distributions of the galaxies in our catalogue and
the defined Hé sample. The distributions are expressed in terms of percentiles
(16", median, 84™). The first row lists the global distributions.

Sample z bin N ob;. z log(M/Mg)
16-50-84 16-50-84
All 0288 <z<1.23 312 0.531-0.701-1.016  7.7-8.6-9.4

Hé sample 0.288 <z <1.235 119  0.458-0.669-0.993 8.6-9.3-10.2
0.288 <z < 0.6 28 0.337-0.429-0.524  8.3-8.8-9.7

0.6 <z<09 60 0.620-0.667-0.746  8.7-9.2-10.2
09<z<1.235 31 0.959-0.998-1.070  9.0-9.5-10.6
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FIGURE 5.2: The rest-frame spectrum of MUSE-HUDF 871 and a zoom of the
wavelength region between [O11] and Hé.
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5.2 The stellar mass function of Hj-strong galaxies

For the stellar mass function (SMF) estimates, we use the Vinax (Schmidt, 1968) tech-
nique. In this section, we describe the derivation of Vax for galaxies in our sample.

The SMF is defined as the number of Hi-strong galaxies per unit volume per unit
stellar mass, and has the following general form:

PllogM/Mo)] = (5.1)

Al gM Q szmax

where, Viax represents the maximum volume out to which the i-th Hj-strong would
be visible to and still be part of the survey, A log M is the stellar mass bin width and
2 represents the solid angle of the survey.

5.2.1 The V. determination

The MUSE-HDUF survey is obtained from a blind search of star-forming galaxies.
That makes it difficult to estimate a reasonable selection function. For each i-th Hé-
strong galaxy in our sample, we measure its V; max as:

Vi,max = min[Vi,max, Hoa Vi,zlim]a (52)

where V; max is the minimum between the maximum volumes that the i-th galaxy
would have, given the S/N limit chosen for the stellar continuum in the Hdos spectral
region, and the volume of the survey in the considered range of redshift. Since
we divide the sample into 3 redshift bins, the limits in which compute the V; ;.
will be the bounds (z; and z) of the redshift bin the i-th galaxy belongs to. The
Vi max, Hs,» instead, is the volume at which we can measure a reliable Hés. We adopt
a criterion of reliability of S/Nys, > 3, where S/Np;, represents the signal-to-noise
of the stellar continuum in the region of Hia. In the next section we illustrate the
procedure to measure S/Ny;, as a function of the redshift and we will adopt it to

estimate V; max, Hs, in subsection 5.2.3.

5.2.2 The signal-to-noise of Hdix

Here, we present our procedure to define the S/N of Hi as a function of the redshift
(5/NHns, (2)). If we image to radially shift a source from the observed position (zyps)
to a new one placed at any redshift z=z;, the S/Nys, will, therefore, vary for the
combination of two effects:

1. the flux of the source will be attenuated or amplified, depending on whether
the source is moved to a z;, further or closer than z,s. The variation of the flux,
as a function of rest-frame wavelengths A and z; will change as:

1 + Zobs . (dL(Zobs)>2

F()‘,Zk’) = F()‘,Zobs) ’ 1+ 7 dL(Zk)

(5.3)
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The latter term is the ratio between the luminosity distance (dy.(z)) of the source
at the two redshifts.

2. The spectrum of the source at z; will fall in a different region of the noise
spectrum with respect to that at z,ps. The noise spectrum o(\) associated to
observation is intrinsic, and it does not change if we shift the observed source
radially along the line of the sight. However, for effect of the redshift, the
source moved to z; will end up in a different wavelength region of the noise
spectrum. To take into account this effect, we can define:

d(Azg) = o(A- (1 +z)), (54)

that is the noise at wavelength A - (1 + zj).

We define the S/N of the continuum in the Héa region (S/Nws, (z5)) as the ratio,
measured at the Hia centroid, between the linear stellar continuum and the noise.

The linear stellar continuum is defined as the straight line between two bandpasses
of Ho A

A — A A=A
_ . (z;,) - , 55
S()\,Zk> Sb(Zk) )\r — >\b + S (Zk) /\r — )\b ( )
with:
1 b2 1 Ir2
Sp(zk) = - > F(Nzi),  Silzk) = ~ > Fz), (5.6)
j=b1 " j=n

where ny, and n, are the number of pixels covering the blue and red bandpasses of

Hd, respectively!, while X, = m, and \; = %, where (\p,, Ap,) and (A,

Ar,) are the limits of the blue and red bandpasse of Hix, respectively.

Similarly, we can obtain a pseudo-noise:

A—A . A=

=N - : 5.7
N(A, zk) = Np(zk) W + N (z) . (5.7)
where N, and N represent the averaged noise in the two bandpasses:
1 & 1 &
Np(z) = e > 6(Nzk),  Ni(zp) = ~ D (N zi), (5.8)
j=b1 T j=r

which are measured after 5 iterations of a sigma clipping procedure on the noise
distribution, with a cut-off of noise values out of 20. Finally, we can write the
S/Nys, (z) as:

SN Zk) | \—4101.74
) _410L7A 59
S/Nns, (zk) N(A, z&) [\ 410174 w

Tn general, fractions of pixels must be considered in the borders of the bandpasses
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5.2.3 The Vi,max, Hoéa

We can estimate the function (5.9) for each z; € [z1, z2], where z; and z, are the
bounds of the redshift bin of the galaxy. In Figure 5.1, we show three examples of
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FIGURE 5.1: The S/Ny;s, as a function of the redshift, for three galaxies in the red-
shift bins: 0.288 < z < 0.6 (top), 0.6 < z < 0.9 (centre), 0.9 < z < 1.235 (bottom).
The blue dashed line indicates the redshift at which the galaxy is observed; the
solid blue line represents the maximum redshift at which the S/N of the contin-
uum is higher than 3. The grey area represents the volume with S/Nys, < 3, while
the red bands are volumes of the survey in which the Hé, (the central and the two
bandpasses) falls in the spectral regions of strong sky lines (see section 5.1), and
they are not taken into account for the measure of the maximum volume.
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S/Nys, (z) of galaxies in each redshift bins. In the figure, we also report the red-
shift regions in which the Hd falls in the wavelength range of strong sky lines (see
section 5.1). These regions must be subtracted from the maximum volume of the
galaxies. Hence, the maximum volume that the i-th galaxy would have, given the
S/N of its stellar continuum in the Hés spectral region is:

Vimax,Hiy = Y _ Vi(z|S/Nhs, (2) > 3) = Y Vi(z|S/Npy, (2) > 3). (5.10)
sky line

5.3 Large-scale structure correction for V,

The large-scale structure shows high density variability (see the redshift distribu-
tion of our sample in Figure 5.1). In a survey covering a small sky area, this effect
is usually strong, and it must be corrected to obtain the SMF. Baldry et al. (2006)
proposed a modification to the 1/Vna.x method that takes into account the density
variation in the large-scale structure (see also Mahtessian, 2011; Baldry et al., 2012;
Gunawardhana et al., 2015). We follow their approach defining, for each i-th galaxy,
a maximum volume weighted by density:

V,i,max = fV,i X Vi,maXa (5-11)

where fy; represents the relative volume that the i-th galaxy in a particular environ-
ment could be observed over the redshift range given by Vimax (z1 <z < Zmax). In
other words, it represents the number density of galaxies with z < zpyax relative to
the number density covering the entire redshift bin, and can be parametrised as:

P(Z1§ Zmax,i)

p(z1;22) (12)

tvi =

We note that p(zi; z2) should be the number density of a volume-limited sample
between redshifts z; and z, (Baldry et al., 2006). As we mentioned earlier, we do
not have a volume-limited sample, however the criterion of S/Ngs, > 3 can be
considered as a good approximation because the signal-to-noise of the stellar con-
tinuum strictly correlated with the magnitude of the galaxies (and mass). Figure 5.2
shows the relations between the corrected maximum volume (from equation (5.11))
and both the maximum redshift and the uncorrected maximum redshift (from equa-
tion (5.11)) for galaxies in the HJ sample showing Hés > 4.5 A. As expected, the
radial density correction becomes progressively more important towards galaxies
with zmax lower than z; (i.e. the right bound of the redshift bin). In fact, by defini-
tion fy(z) — 1for Zmax — Zo.

5.4 The stellar mass function

In this section we present the resulting stellar mass functions obtained from equa-
tion (5.1). Figure 5.1 shows the number densities obtained for three different thresh-
old adopted to define a Ho-strong galaxy : Hép > 4 A, > 4.5 Aand > 5 A, whit
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FIGURE 5.1: Top: The distribution of S/Nps, in redshift for all the 312 galaxies

between 0.288 > z < 1.235 colour coded according with the stellar masses. The

119 galaxies in the Hé sample are, by definition, those above S/Nys, = 3. The

coloured boxes show the distributions of the three redshift bins. Bottom: For each
redshift bin, we derive the relative volume fy(z) (see text).

uncertainties estimated as Poissonian errors of the maximum volume density cor-
rected within each mass bin (see also Table 5.1 for details). We show the resulting
mass functions with and without density corrections on the maximum volumes. The
density correction fy is stronger for low mass galaxies, because they typically show
stellar continuum with S/N lower than that of more massive galaxies. Therefore,
they have lower zyax and, consequently, larger fy (see equation Figure 5.1). A more
massive galaxy has, instead, more chances to have zmax =22 (i.e. the highest bound
of the considered redshift bin) and, by definition fy tends to the unit for zmax —22
(see equation (5.12)). We find that the adopted threshold does not change the result
significantly. Instead, we find a considerable difference between the number densi-
ties obtained in the highest redshift bin concerning the other two at lower redshift.
In other words, the number density of Hi-strong galaxies of given mass increases
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significantly from redshift ~ 1.1 to ~ 0.8.
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FIGURE 5.1: The stellar mass function of Hd-strong galaxies in our sample,

for three different thresholds for Hé-strong definition: Hés > 4 A(top), > 4.5
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number densities of different mass bins at each redshift bin are linked with a solid
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TABLE 5.1: The mass function values (both not-corrected and corrected for the
radial density) for the three redshift bins. We list the results for three different
thresholds for Hé-strong definition: His = 4,4.5 and 5 A. Column 4 lists the num-

ber of objects in the mass bins reported in column 3.

Hoa [z1, z2] mass +=Amass N. obj. P do D (V'max) dO(V'max)

[A] [log(M/Mg)] [Mpc® dex™!]  [Mpc? dex ] [Mpc® dex '] [Mpc? dex!]
4.0 [0.288-0.6] 8.7+05 14 0.0086 0.0027 0.0068 0.0020
9.7+ 0.5 10 0.0035 0.0011 0.0035 0.0011
[0.6-0.9] 8.3+ 04 9 0.0059 0.0027 0.0039 0.0015
92+04 21 0.0063 0.0014 0.0060 0.0013
10.0 £ 0.4 16 0.0045 0.0011 0.0045 0.0011
[0.9-1.235] 9.2+ 0.6 15 0.0030 0.0009 0.0023 0.0006
10.3 +£0.6 8 0.0010 0.0004 0.0010 0.0004
45 [0.288-0.6] 8.7+05 14 0.0086 0.0027 0.0068 0.0020
92+0.5 8 0.0028 0.0010 0.0028 0.0010
[0.6-0.9] 8.3+03 6 0.0064 0.0035 0.0039 0.0020
8.9+0.3 17 0.0077 0.0020 0.0070 0.0017
954+0.3 10 0.0042 0.0014 0.0040 0.0013
10.2 £0.3 10 0.0038 0.0012 0.0038 0.0012
[0.9-1.235] 924+0.6 15 0.0030 0.0009 0.0023 0.0006
10.3 £ 0.6 8 0.0010 0.0004 0.0010 0.0004
5.0 [0.288-0.6] 8.6 04 12 0.0099 0.0033 0.0077 0.0024
94404 8 0.0035 0.0012 0.0036 0.0013
[0.6-0.9] 83+03 6 0.0064 0.0035 0.0039 0.0020
89+03 16 0.0073 0.0019 0.0066 0.0017
95+0.3 10 0.0042 0.0014 0.0040 0.0013
102+ 0.3 8 0.0030 0.0011 0.0031 0.0011
[0.9-1.235] 924+0.6 13 0.0028 0.0009 0.0021 0.0006
10.3 £ 0.6 7 0.0009 0.0003 0.0009 0.0004

uonouny SSew Ie[[93s oYl ¥’

el
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This result are in agreement with those regarding more massive galaxies obtained
in previous works. For instance, in Figure 5.2 we report a plot from the work of
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FIGURE 5.2: Evolution of the number and mass densities of massive galaxies and
massive Ho-strong (Hoa > 4.0 A) galaxies. All these measurements concern only
galaxies more massive than log(M/Mg) = 10.2 . Densities at low redshift were
taken from Blanton et al. (2003; from SDSS data, crosses) and Cole et al. (2001; from
2dF data, squares) and corrected for the same IMF and cosmology. Mass densities
from Glazebrook et al. (2004) are shown in the bottom panel for reference with a
solid black line; the corresponding number densities are shown in the top panel.
The high-redshift (GDDS) and low-redshift (SDSS) samples used in this study are
linked with dashed lines. From Le Borgne et al. (2006).

Le Borgne et al. (2006), in which it is shown the evolution of the number density of
Hé-strong galaxies more massive than 1012 M. In their work the number density
of massive Hé-strong galaxies show a trend similar to that obtained in our study
in a similar redshift range. If we compare our number density of Hé-strong (with
threshold Hos > 4A) more massive than log(M/Mg) ~ 10 against that obtained by
Le Borgne et al. (2006), we find a good agreement: log(®)~ —3 vs log(®)~ —3.2
[Mpc—3 dex™!]. A perfect match is not expected: we have a smaller number of mas-
sive objects in our sample than that of Le Borgne et al. (2006). For example, the
considered mass bin contains 8 Hd-strong galaxies with log(M/My) in the range
10.3 £ 0.6, against the 25 massive Hd-strong in their sample. Moreover, also the red-
shift range is similar but not equal. Finally, it is interesting to note that Le Borgne
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et al. (2006) also studied the evolution of the fraction of massive Hd-strong with re-
spect to the global population of massive galaxies, founding that it decreases from
redshift ~ 1.1 towards the local Universe. One of our next steps will be to study
the fraction of low mass Hé-strong galaxies in our sample at different redshifts, to
understand if their evolution follows that of the more massive ones.

5.5 Summury and future perspectives

In this chapter, we present the analyse of galaxies in an advanced quenching phase
(between 300 Myr and < 1 Gyr after the quenching). To this aim, we search for
Hoé-strong galaxies, which are systems with the optical spectra dominated by strong
Balmer absorption lines (e.g. H¢§ with equivalent width > 4 — 5 A). These lines
are strongest for stellar populations dominated by A-type stars, revealing that the
formation of O- and early B-type stars have ceased suddenly (fast quenching of
the star formation) about 300 — 700 Myr ago. In this work, we exploit very deep
MUSE spectra(>10 hours of exposure time) to study low mass Hi-strong galaxies
(i.e. log(M/Mg) < 10.2) at 0.3 < z < 1.24. We select about 115 Hi-strong galaxies
from a parent sample of about 400 galaxies in the MUSE Hubble Ultra Deep Field
(MHUDF Bacon et al., 2017) and we estimated their mass function in three redshift
bins by using the 1/Vmax technique, also taking into account a correction due to
the effects of the density variation in the large-scale structure. The results are in
agreement with the redshift evolution of more massive Ho-strong galaxies. At fixed
mass, the number density of Hé-strong with log(M/Mg) < 10 increases from red-
shift z~ 1.1 to z~ 0.8 and then, it decreases weakly around z ~ 0.45.

The next steps will regard a study of the evolution of the fraction of low mass galax-
ies with respect to the global population of galaxies less massive than 10'° M.
Moreover, we currently measure the number density of the low mass Hé-strong in
the SDSS DR7 sample, in order to follow the evolution of these systems from redshift
~ 1.2 to the local Universe.

We are also taking advantages from the recent Eagle cosmological simulation. We
measure the Lick index Hia on simulated spectra, which are obtained from the SFHs
of the Eagle galaxies (see Trayford et al., 2017). The preliminary results are in dis-
agreement with our findings. It seems, indeed, that Eagle predicts a decrement of
the number density of low mass Hé-strong from high redshift towards the local Uni-
verse.

The final steps of this work are ongoing and consist of the general interpretation of
the results to understand how these low-mass galaxies evolve (e.g. passive evolu-
tion, bursty SFH, etc.).
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CONCLUSIONS AND FUTURE
PROSPECTS

The main goal of this Thesis work is twofold. On the one hand, we aim at defin-
ing new methods to select galaxies that are in the critical phase of quenching, or
that have recently (e.g. within 0.5 Gyr) terminated their star formation. On the
other hand, the final goal is to study the physical properties of the selected galaxies
in order to investigate the origin of the quenching, place constraints on how and
where (within the galaxies) star formation terminates and understand the possible
evolutionary links with the population of E/S0O galaxies. Our main results can be
summarised as follows:

1. As we show in chapter 2, C17 proved that [O 11I]/Ha ratio is a very sensitive
tracer of the ongoing quenching as it drops by a factor ~ 10 within ~ 10 Myr
from the quenching, assuming a sharp interruption of the star formation, and
even for a smoother and slower star formation decline (i.e. an exponential de-
clining star formation history with e-folding time 7 = 200 Myr) the [O 111]/Ha
decreases by a factor ~ 2 within ~ 80 Myr from the quenching.

2. In chapter 3 we devised a spectroscopic method aimed at finding galaxies just
after the interruption of the star formation. Our approach represents a novel
criterion complementary to the methods used so far to select quenched galax-
ies usually based on colours and specific star-formation rate. Our approach
aims at finding galaxies where the lack of hard UV photons indicates the inter-
ruption of the star formation. When star formation ceases, O stars are the first
to disappear, and emission lines requiring energetic photons (e.g. [O 111] A5007,
[Ne 111] A3869) rapidly fade away due to the softening of the UV radiation. In-
stead, the luminosity of lines requiring less energetic photons (e.g. Ha, H/3)
decreases more slowly due to the presence of B stars that still keep providing
softer UV photons (Osterbrock 1989). This method is affected by a significant
degeneracy between ionisation and metallicity (e.g. [O 111] A5007 emission can
also be depressed by high metallicity). However, we found that this problem
can be mitigated using pairs of emission line ratios orthogonally dependent
on ionisation (i.e.[O111]/Ha) and metallicity (i.e. [N11]/[O11]). Our method
was applied to a sub-sample ~26.000 galaxies with undetected [O III], selected
from a sample of ~174.000 star-forming galaxies at 0.04 < z < 0.21 extracted
from the SDSS-DR8. After a careful analysis, we identified a population of 300
quenching galaxies candidates (QGs), segregated from the main population
of star forming galaxies in the plane OIIl/Halpha vs. OII/NII, i.e. showing
[O111]/Ha ratios, at fixed [N 11]/[O11], which are too low to be explained by
metallicity effects.
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These selected galaxies are segregated from the global sample of galaxies with
ongoing star-formation, and have stellar masses between 10%7 M, and 10'%%
Mg, consistently with the mass range where the passive galaxy population
grows at these redshifts. Moreover, their star- formation rates, colours and
metallicities are comparable to those of the star-forming population, coher-
ently with the hypothesis of recent quenching. Most candidates have mor-
phologies similar to those of star-forming galaxies with the same stellar mass,
suggesting that no morphological transformation has occurred yet. However,
our galaxies are located preferentially in high-density environments, suggest-
ing that the quenching may be linked with the density field. We attempted
to estimate the quenching time-scale and obtained quite a wide range from
~90 Myr to ~1.5 Gyr depending on the assumed shape of the star formation
history. Our results are compatible with a rapid” quenching scenario of satel-
lites galaxies due to the final phase of strangulation or ram-pressure stripping.
This approach represents a robust alternative to methods used so far to select
quenched galaxies (e.g. colours, specific star-formation rate, or post-starburst
spectra).

. In chapter 4, we extended our method to IFU data from the SDSS-IV MaNGA

survey, data release 14 (Bundy et al., 2015; Blanton et al., 2017; Abolfathi et al.,
2018) in order to derive spatial information about the quenching process
within the selected galaxies. To this aim, we analyse 12 SDSS-IV MaNGA
galaxies that show regions with low [O III]/Ha compatible with a recent
quenching of the star formation. We compare the properties of these 12
galaxies with those of a control sample of 10 MaNGA galaxies with ongoing
star formation at same stellar mass, redshift and gas-phase metallicity range.
The quenching regions are located between 0.5 and 1.1 effective radii from the
centre. This result is supported by their average radial profile of the ionisation
parameter, that reaches a minimum at the same radii, while that of the
star-forming sample shows an almost flat trend. Moreover, the average radial
profile of the star formation rate surface density of our sample is lower than
that of the control sample, at any radii, suggesting a sharp decline in their
star-formation rate. Finally, the radial profile of gas-phase metallicity of the
two samples have a similar slope and normalisation, therefore, our results
cannot be ascribed to a difference in the intrinsic properties of the analaysed
galaxies. All these difference between the QRGs and the SFs are confirmed at
a high significance level. These results are being presented in a paper (Quai et
al.) submitted to MNRAS.

As a final step of this Thesis work, in chapter 5 we analysed galaxies in an ad-
vanced quenching phase, whose star formation was quenched less than 1 Gyr
ago. To this purpose, we searched for galaxies with strong Balmer absorption
lines (H§ with equivalent width > 4 — 5 A, in particular) because these lines
are strongest for stellar populations dominated by A-type stars with ages be-
tween 300 Myr and 1 Gyr after the interruption of the star-formation. In the
literature, these systems have been called Ho-strong galaxies, and they differ
from the classical post-starburst galaxies for the presence of emission lines in
their optical spectra. It has been found that their number density decreases
with redshift (e.g. Le Borgne et al., 2006; Wild et al., 2009). In this work we
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will exploit very deep MUSE spectra (>10 hours of exposure time) to study
the recent star formation activity, and cessation thereof, in low mass galaxies
(i.e. logM/Mgp) < 10.2) at 0.3 < z < 1.24. We selected about 115 Hé-strong
galaxies from a parent sample of about 400 galaxies in the MUSE Hubble Ultra
Deep Field (MHUDF Bacon et al., 2017) and we estimated their mass function
in three redshift bins by using the 1/Vmax technique, also taking into account
a correction due to the effects of the radial variation in the large-scale struc-
ture. The results are in agreement with the redshift evolution of more mas-
sive Ho-strong galaxies. At fixed mass, the number density of Hj-strong with
log(M/Mg) S 10 increases from redshift z~ 1.1 to z~ 0.8 and then, it decreases
weakly around z ~ 0.45. This behaviour is in contrast with the trend of Hé-
strong in the recent Eagle cosmological simulation, that predicts a decrement
in the number density of low mass Hd-strong from high redshift towards the
local Universe. The final steps of this work are ongoing and consist of the gen-
eral interpretation of the results to understand how these low-mass galaxies
evolve (e.g. passive evolution, bursty SFH, etc.). The results will be presented
in a paper (Quai et al. in preparation).

6.1 Future prospects

We are aimed at understanding the origin of the quenching through the analysis of
galaxies that currently undergo this phase. To achieve this goal we need to tackle
the following fundamental questions:

e where does the quenching start and how is it distributed inside the galaxies?
o Is it the gas sufficient to further sustain a new star-forming phase?
e Which physical mechanisms trigger and drive the quenching?

This Thesis work represents the start point to resolve the problem. The investigation
can be further developed as follows.

1. On one hand, optical spectra offer efficient diagnostics of the quenching, on
the other, a reservoir of cold-gas could ignite a further star-forming phase. As
a first step, we will focus on obtaining a clean sample of quenching galaxies.
In particular, we aim to disentangle between actual QGs in which the star for-
mation is ended and those that are experiencing a temporary minimum in the
star-formation history. At the same time, we derive spatial information on the
quenching process, confirming the nature of quenching galaxies.

To this aim, we will build a multi-wavelength sample of galaxies which both
satisfy our optical criteria of the quenching and show no hint of a reservoir of
cold gas. Catinella et al. (2018) showed that reservoirs of gas in star-forming
galaxies is dominated by atomic hydrogen. Therefore, we propose the anal-
ysis of VLA data of atomic-gas in galaxies satisfying our optical criteria of
the quenching, as a primary indication of a gas-depletion. Moreover, since
molecular-to-atomic hydrogen mass ratios weakly increase with stellar mass
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(Catinella et al. 2018) we propose also the analysis of high-resolution inte-
gral field spectroscopic unit (IFU) data of molecular gas (e.g. the rotational
transition line J=1-0 of ' CO at 2.6 mm, as a proxy for Hy). We will use data
from the Atacama Large Millimeter/submm Array (ALMA) and the NOrthern
Extended Millimeter Array (NOEMA). In the optical domain, we will extend
our method to optical integral field unit (IFU) data (e.g. VLI-MUSE, CALIFA,
MaNGA, SAMI), which offer the chance to study the spatial distribution of the
quenching and its propagation across the galaxy. IFU data are fundamental for
two reasons: (i) the spatial sampling and spatial resolution (e.g. MUSE sam-
ples 0.2 x 0.2 arcsec? with an angular resolution of ~0.35 arcsec at FWHM),
(ii) the sensitivity, which allows to measure faintest [O III] emission line with
a high S/N. In this way, we can confirm the lack of [O III] emission due to the
quenching.

In order to increase the opportunities to find useful data, another chance will
be to enlarge the sample of QGs by extending our method to other public op-
tical surveys at low redshift (e.g. GAMA, 2dFGRS, Millennium Galaxy Cata-
logue). Moreover, we can also apply to obtain observing time for some among
the most reliable QGs via proposals at the same facilities (e.g. ALMA, VLI-
MUESE, etc.).

. It is well known that the cosmic star formation rate density peaks approxi-

mately at z ~ 1.9 (i.e. ~ 3.5 Gyr after the Big Bang) and drops at lower redshifts
(Madau & Dickinson 2014). Therefore, the relative fraction of quenching galax-
ies at redshifts around the peak should be larger than in the local universe. An
exciting development of the project would be to extend our method to select
quenching galaxies from higher redshift surveys in order to achieve a more
comprehensive view of the quenching population. We propose to analyse data
from high-redshift public surveys such as zCOSMOS-Bright, the 3D-HST and
MUSE Hubble Ultra Deep Field. To this aims, will be essential to adapt our
method to reliable optical-UV emission lines that can be observed at these red-
shifts (see Citro et al. 2018). These samples will also be used as benchmarks for
future data with ESO-MOONS and JWST-NIRspec. We will also plan to anal-
yse ESO-KMOS spatially resolved spectra of some of these high-redshift QGs,
in order to compare the physical properties of local and higher redshift quench-
ing galaxies. This analysis will allow understanding if different mechanisms
are responsible for the interruption of the star-formation in different epochs.
Finally, KMOS data will allow to study the stellar population in high-redshift
quenching galaxies and to infer their evolutionary status from the stellar con-
tinuum and absorption lines (e.g. D4000 break, Lick-indices, etc.), in order to
understand if they can be considered as the progenitors of local evolute early-
type galaxies.

. Our sample of QGs is fundamental to shed light on the physical mechanisms

driving the quenching. In Chapter 2 of this Thesis and Quai et al. (2018),
we showed that most candidates have morphologies similar to those of star-
forming galaxies with the same stellar mass, suggesting that no morphologi-
cal transformation has occurred yet. However, our galaxies are located pref-
erentially in high-density environments, suggesting that the quenching may
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be linked with the density field. We will combine these results with those
achieved from spatial analysis of the cold- and ionised- phase of the QGs to
constraint the mechanisms driving the quenching.

Another way of exploring galaxies is through cosmological simulations. Cur-
rently, they still suffer from an insufficient spatial resolution on the scale of
single HII regions around massive stars. However, the pioneering work of
Kewley et al. (2013) has opened to the possibilities of post-process the cosmo-
logical simulations with physical models of nebular emission obtained from
photoionisation codes (i.e. CLOUDY - Ferland et al. 1998,2013 or MAPPINGS-
III - Groves et al. 2008). Therefore, we propose to apply our method to simu-
lated spectra of galaxies (e.g. Hirschmann et al. 2017 and Trayford et al. 2017)
to frame the quenching of the star-formation in the current cosmological sce-
nario.
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