The influence of environment on the star
formation properties of galaxies

Bruno Rodriguez del Pino

The University of

Nottingham

r

Thesis submitted to the University of Nottingham
for the degree of Doctor of Philosophy, February 2015



“Imagination will often carry us to worlds that never were, but without it we go
nowhere.”

— Carl Sagan
“Caminante, son tus huellas
el camino, y nada mds;
caminante, no hay camino:
se hace camino al andar.”
— Antonio Machado
Supervisors: Prof. Alfonso Aragén-Salamanca

Dr. Steven P. Bamford

External supervisor: Dr. Marc Balcells Comas

Examiners: Dr. Bianca Maria Poggianti
Prof. Frazer Pearce



Abstract

This thesis explores the properties of galaxies that reside in regions of high density
and the influence of the environment in their evolution. In particular, it aims to shed
more light on the understanding of how galaxies stop forming stars, becoming passive
objects, and the role played by environment in this process. The work presented here
includes the study of the properties of galaxies in clusters at two different stages of
their evolution: we first look at cluster galaxies that have recently stopped forming
stars, and then we investigate the influence of environment on galaxies while they are

still forming stars.

The first study is based on Integral Field Spectroscopic (IFS) observations of a sam-
ple of disk ‘k+a’ galaxies in a cluster at z ~ 0.3. The ‘k+a’ spectral feature im-
ply a recent suppression of star formation in the galaxies, and therefore the study of
their properties is crucial to understanding how the suppression happened. We study
the kinematics and spatial distributions of the different stellar populations inhabiting
these galaxies. We found that the last stars that were formed (i.e., younger stars) are
rotationally-supported and behave similar to the older stars. Moreover, the spatial
distribution of the young stars also resembles that of the older stellar populations, al-
though the young stars tend to be more concentrated towards the central regions of
the galaxies. These findings indicate that the process responsible for the suppression
of the star formation in the cluster disk galaxies had to be gentle, withouth perturb-
ing significantly the old stellar disks. However, a significant number of galaxies with
centrally-concentrated young populations were found to have close companions, there-
fore implying that galaxy-galaxy interactions might also contribute to the cessation of
the star formation. These results provide very valuable information on the putative

transformation of star-forming galaxies into passive SOs.
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We then move to the study of the star formation properties and nuclear activity in
galaxies in a multi-cluster system at z ~ 0.165. We employ Tuneable Filter observa-
tions to map the Ha and [N11] emission lines. We show the feasibility and advantages
of using these type of observations to map emission lines in a large number of objects
at a single redshift, and developed a procedure for the reduction and analysis of the
data. We find a large number of optical AGN that were not previously detected as X-
ray point sources. The probability that a galaxy hosts an AGN is not found to correlate
with environment. From the analysis of the integrated star formation properties of the
galaxies in the multi-cluster system we observe a significant number of galaxies with
suppressed star formation with respect to the field. Although stellar mass is the main
driver of the suppression of star formation, once its effect is removed, we find that
galaxies in the core regions have reduced specific star formation rates (SSFRs) with
respect to the infall regions. Moreover, the environment influences galaxies differently
depending on their stellar mass. Galaxies with low masses experience a change in mor-
phology (from irregulars and spirals to early-types) and colour (blue to red) as they fall
into regions of higher density. However, many massive spiral galaxies retain their disk
morphologies and the visibility of their spiral arms all the way to the core regions.
Before becoming passive, these galaxies experience a phase exhibiting red colours and
relatively high SSFRs. A significant fraction of the spiral galaxies with relatively high
masses go through this phase, which could represent the transition towards becoming

SOs.

We finish by presenting some interesting results on the spatial distribution of the
emission-line regions in the cluster galaxies. We develop a method to create emission-
line images, which successfully preserves the flux within the emission lines. Our
analysis on the concentrations and sizes of the star-forming regions shows that the
star-forming regions of cluster galaxies are generally more concentrated than the un-
derlying stellar populations. However, we find no differences in the spatial distribution
of the star formation between galaxies in the infall and in the core regions, but the star
formation is more concentrated than in the field galaxies studied in previous works.
These results imply that the process responsible for the concentration or truncation of
the star formation in the galaxies took place before entering the multi-cluster system

of our study.
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Chapter 1

Introduction

Many of us, probably all, have once raised our heads and looked at the sky, and won-
dered about what is hidden behind the dark canopy of blinking points that covers us at
night. The inherent human curiosity has driven us to go beyond any established ideas

and contemplate the understanding of the Universe as a whole.

The sky has always been a matter of interest for human beings. Records of the ear-
liest observations can be seen in architectonic monuments such as Stonehenge or the
Egyptian Pyramids, which were very likely related to the position of the Sun and other
stars in the sky. Ancient civilizations such as the Babylonians, Chinese, Egyptians,
and many others, left written records of their observations of the cycles of the Sun, the
Moon, stars and planets. However, far from being scientific, it was believed that the
astronomical events were related to the gods and the heavens, although the observa-
tions also allowed people to make accurate predictions on the seasons by identifying

the positions of the objects in the sky.

This divine vision of the sky was first defied by the Greeks, namely by Aristotle who,
contrary to his master Plato’s mystical view of the Universe, thought of the Universe
as something that could be understood. The first Greek philosopher and scientist con-
sidered as such was Thales of Miletus, who used the astronomical records left by the
Babylonians for the first time with a scientific purpose. The Greeks were therefore
the first ones to consider the possibility of understanding the world surrounding them

and the first ones to produce theories to explain the observations. Many years later, a
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Figure 1.1: Morphological classification of galaxies by Hubble, (1936)

crucial benchmark in the development of Astronomy was the advent of the telescope
and its first use to look at the sky by Galileo Galilei in 1609. His observations disman-
tled the long-established geocentric vision of the Universe in favour of an heliocentric
one which placed the Sun at the center. On the other hand, a century earlier, Giordano
Bruno already suggested the idea that some of the objects in the sky were not rotat-
ing around the Sun, and were actually stars which probably also had planets rotating
around them. The idea of the existence of other systems was expanded with the obser-
vation of extended objects in the sky that were called ‘nebulae’ because of their smooth
and ‘fuzzy’ appearance, although they were thought to be non-resolved stellar systems
residing in our galaxy. It was not until 1926 when Edwin Hubble, using the 100-inch
telescope at Mount Wilson, measured the distances to those nebulae and found out that
they were much further than the Milky Way and therefore they had to be extragalactic
objects. He performed these measurements by looking at Cepheid stars, a type of vari-
able star with a tight relation between their luminosity and their variability, as found

by Henrietta Leavitt in 1912.

Besides probing the extra-galactic origin of the nebulae, the unprecedented detail of
the observations allowed Hubble to establish the first classification of galaxies based
on their morphologies. This classification scheme, known as the Hubble Tuning Fork,
is shown in figure 1.1. Galaxies were split into ellipticals, with ellipsoidal shape and
little inner structure, and spirals, further divided into two parallel sequences according

to the presence of a bar, which were characterized by a disk with outstanding spiral
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arms. Elliptical galaxies were sorted by ellipticity, from high (E7) to low (E0O), whereas
spirals were sorted by the significance of the inner component or bulge and the opening
up of their arms. Another morphological type are the lenticulars or SO galaxies, which
in the Hubble diagram are found between ellipticals and spirals because they have a

prominent bulge and still retain a disk.

Initially, this diagram was not thought as an evolutionary sequence but a morpholog-
ical one, in which galaxies were sorted from low to high complexity. In this way,
Hubble referred to ellipticals and lenticulars as ‘early-type’ objects, due to their low
complexity structure, and to spirals as ‘late-type’ objects, with much more complex
appearance. Although the terms early and late have anything but a temporal meaning,
due to the relevance of the study carried out by Hubble, the terms ‘early’ and ‘late’

type are still widely used.

Another crucial discovery made at the beginning of the 20th century was that galaxies
have radial velocities with respect to us. These velocities were estimated by Vesto
Slipher in 1914 by measuring the shift of the spectral lines or redshift, produced by
the Doppler effect. A few years later, when Hubble measured the distances to those
objects, they were combined to the velocities by Hubble and Humason in 1929 to find
something that would revolutionize established ideas: the Universe was expanding!
Recent work has shown that the expansion of the Universe is actually accelerating
(Perlmutter et al., 1999; Schmidt et al., 1998; Riess et al., 1998) which is explained by

the presence of an still unknown component called Dark Energy or A.

1.1 Formation of the first structures

Our current view of the Universe is based on the Big Bang model. This model es-
tablishes that 13.8 Gyr ago the Universe was in a very hot and dense state, when its
expansion began. After the Big Bang, the temperature was so high that all the matter
was ionized. Eventually, the Universe cooled down enough to allow recombination
of electrons into atoms. When recombination was complete, the photons ceased to
scatter and they propagated freely through the Universe. It is only from that moment,

380,000 years after the Big Bang, when we are able to get information (radiation)
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Figure 1.2: Cosmic Microwave Background as seen by Planck. It shows the fluctuations in the
temperature between regions with different densities. Credits: ESA and the Planck Collaboration.

from the Universe, as these were the first photons that were not absorbed by atoms.
This first radiation can be seen in the Cosmic Microwave Background (CMB), a relic
of a sudden explosion of the Universe from its initial state, which was first observed
by Penzias and Wilson in 1962 and is one of the greatest successes of the Big Bang
model. From the CMB data we know that the Universe was very homogeneous at the
beginning. However, the tiny fluctuations in temperature corresponding to regions of

different density gave rise to the formation of the first structures in the Universe.

At this time, the growth of structure was dominated by dark matter, an invisible com-
ponent of the Universe that seems to interact only gravitationally and therefore does
not emit electromagnetic radiation. The existence of this invisible component was first
introduced by Zwicky (1933), and it was used to explain the rotation curves of spiral
galaxies by Rubin, Ford & Thonnard (1980), although it has also been used to explain
many other astrophysical observations. The current model assumes a non-relativistic,
Cold Dark Matter (CDM), that was introduced by Peebles (1982) to explain the ob-

served large-scale structure of the Universe.

Structural growth then proceeded hierarchically: small clumps of dark matter gathered
together assembling into larger ones. These big clumps or ‘halos’ also attracted bary-
onic matter (neutrons and protons), mainly in form of Hydrogen and Helium. Large

clouds of this molecular gas started to cool down, eventually segregating in smaller
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structures which would form the first stars. The radiation from these stars was the
first produced after that of the CMB and, together with other sources such as nuclear
activity in galaxies and decaying particles, was responsible for the reionization of the
neutral gas (Fan, Carilli & Keating, 2006). The first galaxies were then formed from

the stars and gas assembled by the haloes.

1.2 Evolution of galaxies

Following their formation, galaxies experience several internal and external processes
that shape their evolution. As a consequence, the properties of galaxies change through
cosmic time and therefore high-redshift galaxies are likely to be different from the ones
found in the local Universe. Globally, galaxies at redshift between 1.5 and 2.5 have
much higher star formation rates than local ones (Madau et al., 1996; Bouwens et al.,
2007), due to the large availability of gas to form new stars which decreases with
redshift (Papovich et al., 2011). As a consequence of the higher accretion rates and the
occurrence of mergers (Ownsworth et al., 2014), galaxies also experience an increase

in size, at least the most massive ones (Buitrago et al., 2008; van Dokkum et al., 2010).

1.2.1 Drivers of galaxy evolution

Besides the global dwindling of the star formation rate, there are two main agents that
can quench star formation in galaxies: environment and galaxy mass. Galaxies are
not randomly distributed in space, in fact the majority of them are part of groups and
clusters, and a small fraction live in isolation. This variety of environments seems
to shape the evolution of galaxies, affecting galaxy properties such as morphology,

colour, size and mass.

The relation between galaxy morphology and environment has been known for decades,
(Morgan, 1961; Abell, 1965; Dressler, 1980). As it can be seen in Figure 1.3, the
morphological fractions change as a function of projected density: the spiral fraction,
associated with rotationally-supported systems, dominates the low-density field but

its presence decreases dramatically towards high-density regions, which are mostly
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Figure 1.3: Morphology-density relation from Dressler (1980).

populated by pressure-supported ellipticals and SOs. However, a new version of the
morphology-density relation has been recently proposed by Cappellari et al. (2011) as
part of the ATLAS (3D) project, which is shown in Figure 1.4. Instead of only looking
at the morphology of the galaxies, they also consider the stellar kinematics, splitting
them into fast and slow rotators. They find that less than half of the galaxies morpho-
logically classified as ellipticals are actual slow rotators, which is a population that
only appears in the very dense regions. Although this relation is well established in
the local Universe, the fraction of the different morphological types populating galaxy
clusters has changed since redshift = ~ 0.5: while the fraction of ellipticals has re-
mained roughly constant, the fraction of spirals has decreased towards redshift z ~ 0,
and the SO fraction has increased, being two to three times more abundant today than

at z ~ 0.5 (Dressler et al., 1997; Fasano et al., 2000; Desai et al., 2007).

These findings point to a possible transformation of spiral galaxies into SOs, which is
supported by many studies (e.g., Larson, Tinsley & Caldwell, 1980; Bekki, Couch &
Shioya, 2002; Shioya et al., 2002; Aragén-Salamanca, Bedregal & Merrifield, 2006).
On one hand, spiral galaxies are mainly characterized by the presence of a star-forming
disk with prominent spiral arms and a central bulge. On the other hand, SO galaxies also

retain a disk, although hotter (Cortesi et al., 2013), no or very little star formation and
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Figure 1.4: Morphology-density relation for fast rotators (blue ellipses), slow rotators (red circles)
and spiral galaxies (green spirals) from Cappellari et al. (2011).

are more bulge dominated (Christlein & Zabludoff, 2004). Within this picture, blue,
star-forming spiral galaxies at intermediate redshift = ~ 0.5 start falling into high-
density regions such as groups and clusters, where they experience an environmental
quenching of their star formation, which cannot strongly affect their structure since
they retain their discs. Ultimately, they become the red, passive, SO population that

dominates the clusters at low redshift.

Environment also plays a role in the quenching of the star formation in galaxies. In
the local Universe, star-formation activity is strongly related with environment: the
fraction of star forming galaxies (Best, 2004; Balogh et al., 2004a) and the star for-
mation rates (Gémez et al., 2003; Kauffmann et al., 2004) decrease with local galaxy
density. At higher redshifts (z = 0.4 — 0.8), Poggianti et al. (2008) found that the
fraction of star-forming galaxies also decreases with density, whereas the current star
formation activity in star-forming galaxies does not change continuously with envi-
ronment. This change in the SFR-density relation might be connected with a possible
reversal at higher redshift (z ~ 1), at least from field to groups (Sobral et al., 2011).
The fraction of star-forming, blue galaxies in clusters has also been shown to increase

with redshift (Butcher & Oemler, 1978, 1984; Margoniner et al., 2001), known as the
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Butcher-Oemler effect, and these galaxies have been found to comprise mostly normal
late-type spirals (Couch et al., 1994; Dressler et al., 1994). When galaxies stop form-
ing stars they become redder as their stellar populations age, and therefore environment

also correlates with galaxy colours (Blanton et al., 2005; Bamford et al., 2009).

Together with environment, the other main driver of galaxy evolution is galaxy mass.
Galaxies with different stellar masses have different properties and also reside in dif-
ferent environments (Kauffmann ez al., 2004; Bamford ef al., 2009). The most massive
ones are generally red and passive, with early-type morphologies (ellipticals and SOs),
and tend to live in the highest-density regions; low-mass galaxies are generally blue,
star-forming, late-type galaxies and reside in low-density environments. Galaxy mass
seems to impose a threshold above which star formation is halted (Bundy et al., 2006)
and it also affects the rate at which galaxies form stars, producing what is known as
downsizing: more massive galaxies stop forming stars first and therefore become pas-
sive earlier than low mass ones (Bell ef al., 2005; Bundy, Ellis & Conselice, 2005). At
high halo masses, the star-formation quenching can also be produced by the establish-
ment of a virialized hot halo (e.g., Rees & Ostriker 1977), implying long cooling times.
Core cooling is further prevented by feedback from supernovae and active galactic nu-
clei (AGN; Booth & Schaye 2009, Newton & Kay 2013). In fact, the probability of a
galaxy to host an AGN seems to be related with environment: while low-luminosity
AGN do not show particular preference for any kind of environment (Martini et al.
2002, Miller et al. 2003, Martini et al. 2006), luminous AGN are preferentially found
in the field (Kauffmann et al. 2004) and groups (Popesso & Biviano 2006) rather than

in clusters.

There is ongoing debate about the relative role played by environment and galaxy
mass in shaping galaxy evolution, the ‘nature’ versus ‘nurture’ paradigm, i.e., whether
galaxies are more influenced by intrinsic properties such as their mass (‘nature’) or
by the environment where they reside (‘nurture’). However, it seems that both are
important drivers of the quenching process, and their effects can be separated up to z
~ 1 (Peng et al., 2010). A summary of the effects of mass and environment in the

quenching of star formation can be seen in Figure 1.5.

As a consequence of the mass and environmental quenching of the star formation,
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Figure 1.5: Separation of the effects of environment and stellar mass on the fraction of red galaxies
from Peng et al. (2010). The grey lines show the fraction of red galaxies as a function of density
and mass. The effects of environment are isolated at fixed stellar mass, and vice versa.

galaxies start to migrate from the blue cloud on to the red sequence of the colour-
magnitude diagram (Strateva et al., 2001). The red sequence, however, is not only
populated by passive objects, but also by late-type galaxies with low star formation
rates where the star-forming regions are enshrouded by dust and therefore have red
colours (van den Bergh, 1976; Bamford et al., 2009; Wolf et al., 2009). The low
number of galaxies found in the green valley (region in between the blue cloud and
the red sequence) implies that the transition from blue to red has to be quite rapid.
This idea is supported by the substantial change in the fractions of blue (star-forming)
and red (passive) galaxies as a function of environment, whereas the colours and Ha

equivalent widths of the star-forming fraction remain invariant (Balogh et al., 2004a,b;
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Figure 1.6: Schematic diagram showing the the radial range of action of the different environmen-
tal processes than can affect the star formation in galaxies. Solid and dashed lines correspond to
the two clusters studied by Moran et al. (2007).

Bamford et al., 2008). The morphological transition, on the other hand, requires longer
timescales, as there are galaxies with late-type morphologies that show red colours

(Kodama et al., 2004; Lane et al., 2007).

1.3 Environmental processes

The enviromental effects on galaxies causing the quenching of the star formation can
be driven by a wide range of mechanisms, which have different ranges of action, act on
different time-scales, and leave different imprints on the galaxies. A schematic view of
the radial range of action of the different processes explained in this section can be seen
in Figure 1.6. Their influence can affect both the stellar component and the gas in the
galaxies. Regarding the gas, the process can either sweep it away preventing further
star formation in the galaxy or compress it, triggering new episodes of star formation.
Here I describe the main environmental processes that can play a significant role in the

evolution of galaxies.
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1.3.1 Gravitational interactions

Galaxies in the Universe are under the influence of the gravitational fields of other
galaxies and larger structures such as groups and clusters. As a result, galaxies un-
dergo gravitational interactions that can provoke dramatic disturbances in their stellar
distributions (Toomre & Toomre, 1972; Hopkins et al., 2009). These gravitational en-
counters can also produce perturbations that alter the distribution of the gas in galaxies,
inducing changes in their star formation properties (Noguchi & Ishibashi, 1986; Cas-
teels et al., 2013). Here we summarize the gravitational interactions that galaxies may

experience.

Tidal encounters: During slow encounters the gas from the galaxies can be stripped,
which in the case of spirals would favour the formation of SOs especially for high
surface brightness objects (Moore et al., 1999). However these encounters are less
likely to happen in the cluster environment where the relative speed between galaxies
is large. If the encounters are close and at higher velocity the stellar disk can also be

distorted (Icke, 1985).

Harassment: As a consequence of many fast and brief interactions with other galaxies,
small ones can be seriously disrupted and star-forming disks truncated (Moore et al.,
1996; Moore, Lake & Katz, 1998). Galaxy harassment has also been considered as a

candidate process to form SOs (Wilman et al., 2009).

Mergers: These are strong interactions between galaxies with low relative speeds
eventually becoming one single object. As they are more likely to happen at low ve-
locities they are more frequently observed in low-density environments. Depending on
the mass ratio between the merging galaxies they can be minor or major. On one hand,
minor mergers take place between a large and a small galaxy, and they would not pro-
duce strong perturbations on the galaxy and therefore can explain the formation of SOs
from spirals (Bekki, 1998; Eliche-Moral et al., 2012, 2013). On the other hand, major
mergers are strong encounters between galaxies with similar masses, which can end
with the formation of an elliptical galaxy (Toomre, 1977; Naab, Burkert & Hernquist,
1999).
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1.3.2 Gas-dynamical effects

When galaxies fall into clusters, they feel the gravitational field of the cluster and in-
teract with the hot intra-cluster medium (ICM) which can affect the gas and therefore

the star formation in the galaxies.

Ram pressure stripping: When galaxies orbit around clusters, their interstellar medium
(ISM) can interact with the hot ICM, which can sweep out the cold gas of the galaxy,
keeping the stars unaffected. This process, known as ram-pressure stripping (Gunn &
Gott, 1972; Quilis, Moore & Bower, 2000; Bekki, Couch & Shioya, 2002) has been
extensively studied to understand the removal of the gas in galaxies as they fall into
denser regions and the transformation from spiral into SOs. The amount of gas affected
depends on the pressure of the ICM and the relative velocity of the galaxy with respect
to the ICM. Therefore, ram-pressure stripping will be stronger in the central parts of
clusters and at higher densities, where the velocities and pressures are higher. Apart
from the removal of the cold gas, it has been found that compression of the gas can

also trigger new episodes of star formation (Kapferer et al., 2009; Bekki, 2009).

Starvation: The gas reservoir in the halos of galaxies can be removed by the interac-
tion with the ICM therefore preventing further replenishment of gas and therefore any
future star formation (Larson, Tinsley & Caldwell, 1980). Spiral galaxies will stop the

star formation in their disks and will turn into SOs.

Turbulent and viscous stripping: Viscosity between cold and hot gas in the intra-

cluster medium can cause a drag that will remove the gas (Nulsen, 1982).

Tidal stretching: Tidal interactions with the ICM can also lead to perturbations on disk
gas clouds, producing both removal of the gas and enhancement of the star formation

(Byrd & Valtonen, 1990; Henriksen & Byrd, 1996)

Thermal evaporation: Massive galaxies can confine hot gas heated by supernovae
which can evaporate the cold gas by a combination of thermal conduction and ablation

(Nipoti & Binney, 2007).
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1.4 Spectral signatures of galaxy evolution

Crucial information about the transformation of galaxies from actively star-forming
to passive (and therefore from spiral to SO) can be obtained by looking at spectral
features. In a galaxy with ongoing star formation, the gas surrounding the star-forming
regions, mainly molecular hydrogen or H,, is ionised by the radiation coming from
young, massive stars, resulting in the formation of regions of ionised atomic hydrogen
or H 11 regions. The recombination of this gas produces the emission of photons that
are seen as emission lines in the spectrum of the galaxy. Emission lines due to star
formation appear at different wavelengths, although of particular interest for this thesis
are the hydrogen Balmer series lines, produced when an electron transitions to the
energy level n = 2. The Balmer line that is generally used to trace star formation is
Ha at A = 6563A which is one of the strongest emission lines in the optical, UV and
IR. Ha emission traces star formation on time-scales of 6-8 Myr, coming from stars
more massive than ~ 20 M, although it is sensitive to uncertainties in the Initial
Mass Function. The SFRs of galaxies can be estimated from the luminosity of He,
which is related to the ionising photon rate (Kennicutt, 1998). Due to its strength and
availability in the optical range, the Ha emission has been one of the most widely used

optical star formation indicators for decades.

1.4.1 ‘k+a’ galaxies

In the same way as the presence of emission lines in the spectra of a galaxy implies
ongoing star formation, their absence indicates that star formation is either absent or
obscured, in which case the radiation is re-emitted in the IR by the absorbing dust. The
spectra of galaxies without ongoing star formation are characterised by the presence of
absorption lines coming from the different stellar populations hosted by the galaxies.
Therefore, the transition from active to passive implies a significant change in the spec-

tral properties that can be used to identify galaxies undergoing such transformation.

When galaxies stop forming stars, their light is dominated by young stellar type ob-
jects, mainly O and B stars. However the spectra of these stars lack strong absorption

lines as they have a very powerful continuum, and therefore it is very difficult to detect
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them. However, once the O and B stars die, after ~ 0.5 Gyr, A stars will dominate the
light of the galaxy, and in this case, they show absorption in the Hydrogen Balmer lines,
especially in Hé at A = 4101A. This absorption line is not very strong if the quenching
of the star formation is gradual. However, if there is an abrupt truncation or if this
is preceded by a burst of star formation, the Ho absorption feature becomes stronger,
particularly 0.1 - 1 Gyr after the last episode of star formation, since the peak on the
Ho absorption occurs after ~ 0.5Gyr (Kauffmann ef al., 2003b; Poggianti, 2004). The
spectrum of a galaxy in this phase is thus a combination of strong Balmer absorption
lines, characteristic of the A stars, superimposed on to a spectrum of an older (several
Gyr) stellar population with no emission lines (indicating no ongoing star formation).
These galaxies are generally called ‘k+a’ (as they are dominated by old ‘k’ and young
‘a’ stellar types) or ‘E+A’ (indicating that their spectra is the typical of an early-type

galaxy ‘E’ with additional ‘A’ stars).

This type of galaxy was found for the first time by Dressler & Gunn (1983), and due
to their importance as observable instances of rapid evolution, they have been the sub-
ject of many studies (Dressler & Gunn, 1983; Zabludoff et al., 1996; Norton et al.,
2001; Pracy et al., 2009; Poggianti et al., 2009; Pracy et al., 2012, 2013). Although
first discovered in the cluster environment (Dressler & Gunn, 1983), they have also
been found in the field (Zabludoff et al., 1996; Blake et al., 2004) and in groups (Pog-
gianti et al., 2009). Relatively few ‘k+a’ galaxies are found in the local universe, but
their prevalence increases significantly with redshift, such that in intermediate-redshift
clusters they can represent up to 10 per cent of the total galaxy population (Poggianti
et al., 2009). In those intermediate-redshift clusters, ‘k+a’ galaxies tend to avoid the
central regions, implying that the suppression of star formation does not require the
extreme conditions of cluster cores, and may begin in less dense environments such as
groups (Dressler et al., 1999). While ‘k+a’ galaxies in general often show early-type
morphologies (sometimes disturbed; Yang et al. 2008), in clusters they are generally
associated with disk-like systems (Caldwell, Rose & Dendy, 1999; Tran et al., 2003),
and in many cases they also show spiral signatures, implying that the time-scale for the
spectral evolution is shorter than that for any morphological transformation (Poggianti

et al., 1999).
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1.5 Thesis outline

The motivation for the work carried out in this thesis is to achieve a better understand-
ing of the transformation of galaxies from actively star-forming to passive as a function
of environment. We look at the process of star formation quenching before and after it
takes place and generate a general picture of the process of galaxy evolution in high-

density environments.

In chapter 2 we look at galaxies that have quenched their star formation recently and
investigate the processes that led to this suppression. We do this by studying a sam-
ple of ‘k+a’ galaxies in a cluster at z ~ 0.31 using Integral Field Spectroscopic (IFS)
observations. From the spatial and spectral analysis we obtain estimates of the distri-
bution of the young populations and their kinematic properties. From the results of the
analysis we discuss the main processes acting on the transformation of galaxies in the

cluster environment.

In chapter 3 we introduce the OSIRIS Mapping of Emission-line Galaxies in the A901/2
cluster survey (OMEGA), aimed at obtaining SFRs of a large number of galaxies in a
cluster using Ho as a star formation indicator. In this chapter we explain its design, the
procedure adopted for the reduction of the data and we explore the detection limits of
our observations and the completeness of our sample. The results from the integrated
analysis are presented in chapter 4, which include the study of the star formation and
AGN activity as a function of mass, environment and SED type. Chapter 5 is devoted
to the spatial analysis of the star-forming regions, where we present some of the first

results. We conclude with a summary of the work presented in this thesis.

Throughout this thesis we adopt a cosmology of Hy = 70 kms™! Mpc ™', Q,, = 0.3
and Q) = 0.7.



Chapter 2

Cluster ‘k+a’ galaxies as a link

between spirals and SOs in clusters

2.1 Introduction

In this chapter we study the properties of a sample of cluster ‘k+a’ galaxies. From our
analysis we evaluate the possibility that these objects are the link in the transformation
of spirals into SOs in clusters. We also identify the candidate mechanisms that are
responsible for such transformation and explore the influence they have on galaxies in

high-density environments.

As explained in Section 1.4.1, ‘k+a’ galaxies host both young and old stellar popu-
lations as a consequence of a recent truncation of the star formation in the galaxy.
Analysing the internal spatial distributions, and ideally kinematics, of these stellar pop-
ulations is crucial to understanding the mechanisms responsible for the suppression of
star formation. Galaxy-galaxy interactions such as tidal encounters and minor mergers
will lead to the formation of stellar bars that drive gas into the central regions, (Mihos
& Hernquist 1994; Bekki et al. 2005, and the discussion in Section 2.4 in this chapter),
and therefore the young population must be found in the central regions, where the last
episode of star formation took place. In contrast, a more extended young population
could imply depletion of a galaxy’s gas reservoir through interaction with the hot ICM

(Rose et al., 2001; Bekki et al., 2005; Bekki, 2009).
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To perform such an analysis, we have used Integral Field Spectroscopy (IFS), obtained
with the FLAMES-GIRAFFE multi-object spectrograph at the VLT (Pasquini et al.,
2002), to analyse 13 galaxies with disk morphologies and strong Ho absorption in
the cluster AC114 (also known as Abell S1077; Abell, Corwin & Olowin 1989) at
z ~ 0.3. AC114 has been shown to contain a significant population of blue star-
forming galaxies by Couch & Sharples (1987, hereafter CS87), but also to have a
substantial general suppression of the star formation (as inferred from Ha emission;
Couch et al. 2001), which makes it an ideal laboratory for studying how cluster galax-
ies are transformed. A previous study of ‘k+a’ galaxies in this cluster has been carried
out by Pracy et al. (2005, hereafter POS). They obtained observations using FLAMES
with a very similar configuration, although they did not focus specifically on galaxies
with disk morphology. We were not aware that their observations existed when ours
were scheduled, but such repeated observations enable us to check the reproducibility
of our measurements. Combining the POS dataset with our own also adds some addi-
tional galaxies to the sample we consider in this work. In their study, PO5 only consider
the spatial distribution of the Hé equivalent width. We expand on this, measuring the

stellar populations in more detail and considering the resolved galaxy kinematics.

2.2 Data

2.2.1 Sample

The current sample consists of 13 galaxies, observed and identified by CS87 as mem-
bers of the cluster AC114 at z ~ 0.31. The CS87 catalogue provides redshifts and
spectral line measurements, as measured on 8 hour integrations with the 3.9 m AAT,
using a spectrograph with a spectral resolution R ~ 1400 and fed by 2.6” diame-
ter fibres. AC114 also has wide-field archive HST WFPC2 imaging, which is used
to catalogue the morphological make-up of AC114 in Couch et al. (1998, hereafter
C98). Based on the combined CS87/C98 catalogue, the sample galaxies were selected
to have disk morphology, magnitude Rr < 20.5 and Hd rest-frame equivalent width
Whs > 3A (the sign convention here is that a positive I35 means absorption), which

is the common criterion to be considered ‘k+a’ (Poggianti et al., 1999). Some further
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sample limitations were imposed by the spectrograph’s field-of-view and restrictions
on the placement of each integral field unit (IFU) in order to avoid button collisions

and crossed fibres.

Nine of the objects selected to be observed show no [OII]A3727 emission in the CS87
catalogue, and hence correspond to a true ‘k+a’ selection. The remaining four show
some [OIIJA3727 emission, indicating that they have ongoing star formation, though

possibly declining given their Wy, or host an AGN.

In addition to these galaxies, we include in our analysis the objects observed by POS5.
This sample was selected from the same cluster in a similar manner to that described
above, except that no restriction was placed on morphology and none of their galaxies
had detected [OII]A3727 emission. Six galaxies from our selection were also observed
by P05, as well as two additional disk galaxies, four ellipticals and one peculiar galaxy.
The combined sample therefore comprises twenty galaxies, of which fifteen possess

disk morphology.

Note that, for galaxy CN849, the flux present in our observations was very low. This
was found to be due to an incorrect target position. Fortunately, this galaxy was also
included in the POS data sample and could be analysed using that data. Also, when
comparing the redshifts measured for the galaxies observed by both PO5 and ourselves
we discovered an inconsistency for CN254. Inspecting the coordinates we discov-
ered that the galaxy labelled CN254 in POS is actually CN229, another disk galaxy
at z = 0.319. The cross-comparison sub-sample with multiple observations therefore

comprises four objects.

In Table 2.1 we list all of the objects considered in this work, with their coordinates,
morphologies, colour (B; — Rp, corrected for Galactic reddening) and projected dis-

tance to the cluster centre.

2.2.2 Observations

The observations were obtained at the VLT-UT2 using the Fibre Large Array Multi
Element Spectrograph (FLAMES) in GIRAFFE mode at a resolution of R ~ 9600.
With this setup, 15 individual IFUs were deployed over the whole field of view, with
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two of them being dedicated to the sky to ensure a reliable sky subtraction. Each IFU
consists of 20 square microlenses of 0.52 arcsec on a side, making up a surface of
3 x 2 arcsec? per IFU, which corresponds to ~ 14.0 x 9.3 kpc? at the distance of
AC114 (~ 2.3 x 2.3 kpc? per spaxel).

The total exposure time was ~ 13 hours, distributed in 14 exposures in different nights
of June, August and December of 2004. Observations were taken with seeing condi-
tions within the requested service mode constraint (< 0.8 arcsec), and DIMM seeing
ranged from 0.49 to 1.06 arcsec. The observed wavelength range was 5015-5831A,
which at a redshift of z ~ 0.3 corresponds to 3850-4394A in the rest frame, covering
the K and H calcium features (3934A and 3969A), the Balmer lines Hy (41021&) and Hy
(4341A) and the G-band (4305A). At that wavelength range, the instrumental resolu-
tion is 0.57A sampled with 0.2A pixels, yielding a velocity resolution of o = 10 kms ™"

at z ~ 0.3. Since we expect ¢ > 50kms™!, this resolution is enough to comfortably

resolve the lines.

In order to ensure an accurate calibration of the dataset, we obtained arc lamp and

Nasmyth flatfield images immediately after each science exposure.

The observations by POS were obtained with an identical setup, though with slightly
lower integration times. The seeing values for these observations ranged from 0.54
to 0.84 arcsec. Their independent spectra for the four galaxies we have in common

provide a useful check of the robustness of our results.

2.2.3 Data reduction

The data were reduced using the GIRAFFE pipeline provided by ESO (Izzo et al.,
2004). The pipeline first subtracts the bias and the overscan regions. Then, using the
corresponding Nasmyth flatfield image, it determines the position and width of the
spectra on the CCD and simultaneously produces a normalised flatfield to account for
the variations in transmission from fibre to fibre. Because the observations were taken
with the original CCD, which was only changed in May 2008, removal of the dark was
necessary due to the presence of a prominent glow in the CCD. A dispersion solution

was created using the corresponding ThAr arc lamp frame, and the spectra rebinned to
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Target Q72000 dy2000  Morphology  Bj — Rp Ry
hms orn (Mpc)
CN24 225850.0 -344757 Disk 2.4 0.10
CN74* 225844.6  -344911 Disk 1.26 0.34
CN119 2258423  -344741 Disk 2.44 0.48
CN143P05 2258428  -344831 Disk 1.67 0.32
CN146* 2258497  -345213 Disk 1.42 0.34
CN155* 2258434  -344937 Disk 1.43 0.48
CN187FP05  225850.5 -344912 Disk 2.17 0.31
CN191P05 2258529  -344846 Disk 1.49 0.30
CN228P05 2258465 -344618 Disk 1.39 0.50
CN232 225859.5  -345146 Disk 2.34 0.50
CN243* 2258407  -344644 Disk 1.58 0.56
CN254 225839.8  -344750 Disk 1.99 0.48
CN849F05 22583735  -344820 Disk 1.8 0.61
CN4 225840.7s -344753 Elliptical 2.48 0.42
CN22 225850.0s -344813 Peculiar 1.48 0.09
CN89 225848.9s  -344657 Elliptical 2.24 0.32
CN229 225845.3s  -344621 Disk 2.3 0.51
CN247 225839.6s -344715 Elliptical 2.46 0.53
CN667 225841.0s -344621 Disk 1.6 0.62
CN858 225848.0s  -344726 Elliptical 2.35 0.19

Table 2.1: Identity number of the galaxy from Couch & Newell (1984), coordinates, morpholo-
gies, Galactic reddening corrected colours and distance to the cluster centre for the galaxies in our
sample (top) and the PO5 sample (bottom). At z = 0.3 one arc second corresponds to 4.454 kpc.
Galaxies labeled with * have detected emission in [OII]\3727. Galaxies labeled with "P05" are
present in both samples.

a constant dispersion. No flux calibration was required for the analysis of the data.

The pipeline did not include a recipe for the subtraction of the sky. Therefore, the
subtraction was done median-combining all fibres from the two IFUs dedicated to the
sky, together with the single sky fibre associated with each IFU, giving a total of 52
fibres. We noticed that one of the sky IFUs was systematically too bright, perhaps due
to contamination by a low surface brightness object, resulting in an oversubtraction of
the sky in our object fibres. We decided to exclude this IFU and use the remaining 32

sky fibres for the sky subtraction.

For consistency, we obtained the raw data for the PO5 observations from the ESO

archive and reduced them in the same manner as our own observations.

2.2.4 Stellar population and kinematic analysis

To extract information about the kinematics and stellar populations of the galaxies, we
used the penalized pixel fitting pPXF software described in Cappellari & Emsellem
(2004). This algorithm uses a maximum-likelihood approach to fit the spectra in pixel

space, simultaneously determining both the stellar kinematics and the optimal linear
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combination of spectral templates required to match the input spectrum. We employed
two separate collections of templates, one drawn from the ELODIE 3.1 stellar library
(Prugniel et al., 2007) and the other containing PEGASE-HR simple stellar population
(SSP) models (Le Borgne et al., 2004). The latter spectra are constructed using the
ELODIE library, and hence both have the high resolution and wavelength coverage
required to fit our spectra (0.5A FWHM and 4000-6000A, respectively). Internally,
PPXF convolved the template spectra with a Gaussian in order to match the spectral
resolution of our observations. We restricted the templates to two classes (II-III and V)
for each stellar type OBAFGKM, and to SSPs with 12 different ages logarithmically
distributed between 1Myr and 15 Gyr and 5 different metallicities [Fe/H] ranging from
—1.7t0 0.4.

For each spectrum, the program outputs the velocity, V', and velocity dispersion, o,
together with a refined estimate of the redshift. The values obtained for the kinematics
when using the stellar library templates and those obtained using the SSP models were,
in general, very similar. However, for some of the galaxy spectra, occasional noise fea-
tures present in the stellar library template spectra resulted in obviously discrepant fits
and wrong values for the kinematics. In these cases, we only use the results obtained
using the SSP models. Errors in the kinematic parameters obtained with pPXF were
estimated in the recommended manner, by performing Monte Carlo simulations on the

best-fit template with added noise.

In addition to the kinematics, pPXF also provides the weights of the templates which
provide the best fit to the observed spectrum. These weights, after normalisation, rep-
resent the fractional contribution of each template to the total luminosity. Below we
use the weights obtained using the stellar library and the SSP models separately, in or-
der to study the distribution of different stellar types and stellar populations throughout

our sample galaxies.

2.3 Analysis

We begin by studying the global properties of the sample, by integrating the fibres

from each IFU to produce a single spectrum per galaxy. For most of the sample we
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Figure 2.1: Integrated spectra for a representative sample of our galaxies, from left to right and top
to bottom: CN191, CN232, CN143 and CN74. We provide two examples of targets with prominent
Balmer absorption (left) and two targets without (right). The spectra have been smoothed with a
Gaussian of FWHM 1A to improve their presentation. Note that the spectra have not been flux
calibrated.

combined all the fibres. However, in a few cases this resulted in an excessively-noisy
spectrum, and therefore only fibres with signal-to-noise ratio (S/N) =~ 5A~1 (defined
in selected regions of the continuum) were then combined. The rejected fibres were

always far from the brightest pixel, in the outskirts of the target galaxy.

In Figure 2.1 we plot the integrated spectra for a representative subsample of the galax-
ies: CN191, CN232, CN143 and CN74. The signal-to-noise ratios (S/N) of the inte-
grated spectra were relatively high, reaching values of ~ 22A-1 (CN146). All of the
spectra display the K and H Calcium lines and the G-band, which are characteristic of
an old population. However, the Ho and H~ absorption lines, produced by the young,
A-star population are only strong in two of the spectra. The lack of strong Balmer
absorption in the remainder contrasts with their selection as ‘k+a’ galaxies. Below we

measure the Hé index of the galaxies in order to quantify the strength of this feature.

We are also interested in considering spatially-resolved information from the different

regions of the galaxies covered by the IFUs. In the majority of the galaxies at least
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some of the central fibres had sufficient S/N (reaching values of ~ 15A~1) to be anal-
ysed individually, although the degree to which this is possible varies between galaxies.
For this reason, in addition to performing the analysis for the individual fibres, in each
galaxy we combined all the pixels immediately adjacent to the brightest one, which we
refer to as the ‘surroundings’ (covering from ~1.6 to 3.2 kpc), and those placed further
away, which we define as the ‘outskirts’ (~3.2 to 4.8 kpc). In some cases, due to the
low S/N in the pixels far away from the centre, we could not obtain reasonable quality

spectra for the ‘outskirts’.

To find the centre of each galaxy we built images of the light distribution in the con-
tinuum region between the Ho feature and the sky line at A5577 for each IFU. The
centre of the galaxy was associated with the brightest (and hence usually highest S/N)
pixel. Some large and inclined galaxies were purposefully offset to include their outer
regions in the IFU. However, many of the other galaxies also display offsets from the
IFU centre. These offsets, which are also present in the observations carried out by
P05, are likely a result of inaccuracies in the astrometry and IFU positioning errors.
They are, however, significantly smaller than the field of view so do not compromise

the analysis.

2.3.1 Indicators of a young population in the ‘k+a’ galaxies
2.3.1.1 Line index measurements

As explained above, ‘k+a’ spectral features arise from the truncation of star formation
in a galaxy, which may be preceded by a starburst, and reflect the composite of a
young and an old stellar population. These galaxies are usually identified by the strong
Balmer absorption lines in their spectra. Since the higher-order Balmer lines are less
affected by emission from ionized gas (Osterbrock, 1989), the most commonly used
indicator is the H line at 4102A, which is also conveniently located in the optical part
of the spectrum at low and intermediate redshift. Although the selection criteria does
vary depending on the study, ‘k+a’ galaxies are generally selected to have Wy, > 3A

and no detected emission lines.

The strength of the Hé absorption line is related to the mechanism responsible for
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the ‘k+a’ feature. Poggianti et al. (1999) showed that strong Ho absorption lines (W,
> 4-5A) can only be caused by the abrupt truncation of star formation after a starburst.
Lower values of W5 can also be achieved by a simple truncation of a continuous and
regular star formation in the galaxy. However, the strength of the Ho line subsides with
time, so it is difficult to distinguish between recent truncation and an older one that was

preceded by a starburst.

Although we consider more sophisticated indicators of the stellar population later in
this chapter, given the importance and simplicity of the Hé absorption feature, we
first measure the equivalent width of this line for the sample galaxies. We utilised
the redshifts obtained from the template fits with pPXF (Section 2.2.4), as listed in
Table 2.2. Equivalent widths were measured using the software INDEXF (Cardiel,
2010), which uses the Lick/IDS index definitions of Worthey & Ottaviani (1997) to
measure the signal within the line with respect to the neighbouring continuum. To
make our results comparable with those obtained by P05, we use the index Hd, which
takes the continuum intervals 4057.25-4088.5A and 4114.75-4137.25A around the
central 4091.00-4112.25A bandpass. Errors are estimated from the propagation of

uncertainties in the spectra and the measured radial velocities.

Four of the galaxies in our sample display emission lines, which would affect the line
index measurement due to the filling of the absorption lines. To avoid this, for these
four galaxies instead of using the original spectrum we measured the line index on
the best fit spectrum constructed by pPXF. This procedure has been shown to produce

very good results by Johnston et al. (2013b).

The values of Hop of all the galaxies in our sample are listed in Table 2.2. We also
list the values obtained for the galaxies from the PO5 sample. For galaxies that are
present in both samples we obtained very similar values, consistent within the given
uncertainties. Hereafter we used the values measured in our data, because they possess

higher S/N ratios.

The first surprising finding is the number of galaxies for which we measure Hiy lower
than 3A. This was already suggested from the weak Balmer absorption lines apparent
in some of the spectra upon visual inspection, see (Figure 2.1). These low values

contrast with those expected from the spectroscopic study by CS87, in which all of
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our sample showed Wy, higher than 3A. This discrepancy was also found by P05. It
appears that the uncertainties in the CS87 Ho EWs are rather large, and hence their

spectral classifications are only reliable for the most extreme ‘k+a’ cases.

From our analysis, only seven of the twenty galaxies display Wys > 3A, with three
of them also having detected [OII]A\3727 emission. If we consider also those with
Wis > 2 A, three more galaxies are included, giving a total of ten. The values
obtained in our analysis of the PO5 sample are in reasonable good agreement with
what they found, considering that each study applied a different method. We only
found one galaxy, CN849, where we measured a lower value of Hor (2.3 + 0.4) than
what they obtained (3.6 = 0.3), which in this case is significant because it changes the

galaxy’s ‘k+a’ classification.

As mentioned above, four of the galaxies we observed are listed as having [OII]\3727
emission in CS87 and therefore do not meet the standard ‘k+a’ criteria. Their EW ([OII])
values range from 7.6A t0 39.6A. These are likely reliable emission line identifications.
Three of them are found to have Hér > 3 A (CN146, CN155 and CN243) and they
also show signs of emission in Hy and H¢ in our data. However, it is not clear whether

these emission lines result from residual star formation or AGN activity.

One would expect that if star formation has been recently truncated in those galax-
ies with strong H¢é absorption, they should have bluer colors due to the presence of
the young population. To test this, in Fig. 2.2 we plot Hop versus B; — Ry for all
the sample galaxies. Objects with strong Hé absorption are conspicuously bluer than
those with weaker Ho absorption. CS87 also present this plot, finding a consistent
trend, though somewhat weaker, presumably due to the larger uncertainties on their
Whs estimates. This trend gives compelling support that the galaxies in our sample
with stronger H¢ absorption, and particularly Wys = 2, contain younger stellar popu-

lations.

In Fig. 2.2 we also indicate the galaxies which have observed [OII] emission. Recall
that, for these galaxies, W5 was measured on the template fits produced by pPXF,
rather than the data itself, to avoid the effect of line-filling. It is possible that in the
case of the bluest galaxy the line-filling has affected the pPXF fit itself, resulting in

an underestimate of Wys. These four galaxies are not strictly ‘k+a’ systems, they
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Figure 2.2: Hér versus By — Rp colour for our entire galaxy sample. In the case of objects
that were observed by both P05 and ourselves, we only plot our values. Galaxies with detected
emission in [OII] by CS87 are indicated by a red cross.

may simply be normal star-forming galaxies, although their high Wys might indicate
some recent suppression of their star formation. Nevertheless, we retain them in the
analysis because they probably lie just outside the boundaries of the ‘k+a’ class, and

may provide useful clues on the process by which galaxies become ‘k+a’ systems.

23.1.2 A/(AFGKM) and fy,,,; measurement

Although strong Hd absorption is the standard indicator of a young population in ‘k+a’
galaxies, this simply reflects the presence of a substantial stellar population with ages
between 0.5 and 1.5 Gyr, whose light is dominated by A stars, but an absence of
younger populations containing OB stars, powering nebular emission from HII regions.
The presence of this intermediate-age stellar population may also be inferred using
other, more quantitative, methods. One approach is template fitting, which uses the
full wavelength range available and accounts for the fact that populations of all ages
contribute to Wys (and other spectral features). We use the results of template fits

performed using pPXF, as described in Section 2.2.4.

To estimate the relative proportion of each stellar population, we use the normalized

light-weighted proportions assigned to the various templates in the best-fitting model.

From the weights obtained using the stellar library templates we determine the frac-
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tions of each stellar type (OBAFGKM) contributing to the galaxy spectrum. For the
fits using the SSP models, we group the templates into four age bins: ‘Age < 0.5 Gyr’,
‘0.5 < Age < 1.5 Gyr’, ‘1.5 < Age < 7 Gyr’ and ‘Age > 7 Gyr’. One expects an
approximate correspondence between the stellar types and SSP ages: stars formed very
recently (OB) will dominate the Age < 0.5 Gyr bin, stars with lifetimes ~ 1 Gyr (main
sequence A and F stars) will dominate the ‘0.5 < Age < 1.5 Gyr’ bin, and longer-lived
stars (GKM) will correspond to the two older age bins. However, the stellar population
templates contain contributions from stars of all types with lifetimes longer that the

SSP age.

To evaluate the fraction of A-type stars we use the ratio A/(AFGKM). OB stars are
excluded from this fraction because their presence is ill-constrained by our fits, due to
their featureless spectra together with the uncertain flux calibration and limited wave-
length range of our data. Also, OB stars do not contribute significantly to the stellar
mass of a galaxy. For the stellar populations, our primary quantity is the fractional con-
tribution of SSPs with 0.5 < Age < 1.5 Gyr over the total, hereafter fyoune. The values
of A/(AFGKM) and fyoung, determined with the integrated spectra for each galaxy, are
listed in Table 2.2.

Thus now we have three different indicators of the presence of a young populations in
these galaxies, Hop, A/(AFGKM) and fyouns. Comparing these parameters provides
a useful indication of their robustness, and therefore the reliability of using only one
of them in cases when the other ones cannot be obtained. This comparison is done in
Fig. 2.3, where we plot A/(AFGKM) and fyoung against Hox for our entire galaxy sam-
ple. Uncertainties on the H)r measurements are indicated, but pPXF does not provide
error estimates for the template weights. We therefore estimate average uncertainties
for A/(AFGKM) and fyoune from the standard deviation of the scatter from a linear cor-
relation with respect to Hor after subtracting the contribution to their error by AHop.

We obtain an uncertainty in both quantities of 0.2. which is also noted in Table 2.2.

As expected, there is a good correlation between these quantities. Galaxies with strong
Balmer absorption lines also show high fractions of A/(AFGKM) and fyoung, While
those with weak Hop show very low values of A/(AFGKM) and fyoune. The fractions

of A/(AFGKM) and fyoung also present good correlation between them. More quan-
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Figure 2.3: Values of A/(AFGKM), fyoung and Hop plotted against each other for our sample
(green circles) and measured by us on spectra obtained by P05 (blue squares). For galaxies that are
present in both samples we only plot values measured in our data because they have higher S/N.
We only plot error bars in H, as pPXF does not provide uncertainties on the weights in the best-
fitting combination of templates. Galaxies with detected emission in [OII] by CS87 are indicated
by ared cross. In the plot of fyoune Vs A/(AFGKM) there are fewer visible points because they are
superimposed onto each other.

titatively, for A/(AFGKM) and Hér we obtain a Spearman’s correlation coefficient

p = 0.65, while for fyoune and Hop, p = 0.56. In the case of A/(AFGKM) and fyoung>

p = 0.76. The chance of any of these correlations being spurious is < 1 per cent.

2.3.2 Spatial distributions

As mentioned previously, in addition to providing global information about a galaxy,

integral field spectroscopy allows us to study properties at smaller spatial scales and

hence consider different regions within a galaxy. We exploit this possibility by per-

forming the same analysis described above, but now applied both to the spectra from

individual IFU elements and to combined spectra from the ‘centre’, ‘surroundings’ and

‘outskirts’ regions of each galaxy.

We have used these results to construct maps of the three different age indicators, Ho g,
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Figure 2.4: Maps of the individual fibre values of A/(AFGKM), fyoung and Hép index (top) and
the corresponding values for the integrated regions ‘centre’ and ‘surroundings’ (bottom) in CN228.
The bottom maps show the averaged values within the defined regions; therefore, contrary to the
top maps, these do not have a one-to-one correspondence with regions in the galaxy. Errors of the
Hér index are printed over the regions. Each spatial pixel (or spaxel) has a size of 0.52 x 0.52
arcsec? which corresponds to ~ 2.3 x 2.3 kpc? at the redshift of AC114.

A/(AFGKM) and fyoung, for each galaxy. In many galaxies, due to the S/N being too
low in the ‘outskirts’, only the ‘centre’ and ‘surroundings’ could be analysed. Cases
where the three integrated regions could be analysed (CN74 and CN849) can be found
in the Appendix A. An example of this analysis is shown in Fig. 2.4 for the galaxy
CN228, where the three indicators show a high concentration of the young population
in the centre of the galaxy. This is particularly clear when considering the ‘centre*
versus ‘surroundings‘ regions. The values of the individual fibres for A/(AFGKM)
and fyoung also show a high concentration towards the centre, while the individual Hop

are less conclusive.

To examine the stellar population in more detail, in Fig. 2.5 we show the normalized
distributions of the different spectral types and SSP ages obtained for different regions
of the same galaxy. The two approaches are broadly consistent: a prominent fraction

of A-stars is associated with a significant young-age population.

The maps of Hép, A/(AFGKM) and fyoune for each galaxy are our primary source of
information regarding the spatial distributions of the young and old stellar populations.
However, the maps are difficult to deal with quantitatively, and there is some subjectiv-
ity in identifying the trends they reveal. We have examined these maps in detail, and in
the Appendix A we present qualitative descriptions of each galaxy, in addition to the

maps themselves.

In an attempt to quantify the differences in the spatial distributions of the young and

old stellar populations we have used these maps to estimate the luminosity-weighted
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Figure 2.5: Histograms of stellar type and stellar population age obtained with pPXF for the
integrated spectra, ‘centre’ and ‘surroundings’ of CN228.

fraction of the young stellar population contained within the half-light radius of the
old population. We have assumed exponential intensity profiles for both populations.
A value of this fraction larger than 0.5 indicates that the young population is more
concentrated than the old one. Figure 2.6 shows this fraction plotted against the global
Hor values. There is a large scatter, indicating significant differences in the current
properties and formation histories of the galaxies. Nevertheless, galaxies with the
strongest Ho» seem to show some tendency to have more centrally-concentrated young
populations. This suggests that the last episode of star formation often took place in the
central regions of these galaxies. The sample size, spatial resolution and uncertainties
of this study prevent us from reaching a very robust conclusion in this respect, but it
is reassuring that our findings are consistent with independent evidence from recent

studies of local SO galaxies (Bedregal et al., 2011; Johnston et al., 2012, 2013a).

2.3.3 Kinematics

If spiral galaxies are being transformed into SOs by any of the processes discussed in
the introduction, in addition to the changes in stellar populations considered above,
their kinematics may also be affected. The kinematics of the ‘k+a’ galaxies in our
sample can therefore indicate what mechanisms are responsible for the truncation of

their star formation. If the process acts primarily to starve a spiral galaxy of its gas
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Figure 2.6: The luminosity-weighted fraction of the young stellar population contained within
the half-light radius of the old population plotted against the global Hir. A value of this fraction
larger than 0.5 indicates that the young population is more concentrated than the old one (see text

for details).

Target z Hop A/(AFGKM)  fyoung  Cint Vrot Vrot/oing  Interacting
(A) (+£0.2) (£02) (kms™1) (kms—1)

CN143 0.310 6.7 +0.7 0.7 1.0 107 £ 15 133 + 18 1.2+£02 NO
CN191 0.305 51+03 0.4 0.7 61 £8 137 + 51 22+09 NO
CN155*  0.320 50+03 0.4 0.9 282 £ 72 - - YES
CN228 0.317 46 £04 0.8 0.2 210 £+ 66 177 + 38 08+0.6 YES
CN146*  0.300 3.7+0.3 0.7 0.0 184 £ 20 - - NO
CN243*  0.326 3.1+03 0.3 0.5 232 4+ 19 - - YES
CN254 0.309 2.1+0.5 0.0 0.0 202 £+ 26 166 220 0.8+02 NO
CN232 0.315 1.1 +£0.6 0.0 0.0 185 £+ 32 137 + 55 0.7+£0.3 NO
CN24 0.322 1.0+ 04 0.0 0.0 93 +£12 - - NO
CN74* 0.316 1.0+ 0.3 0.0 0.0 239 £+ 88 152 £ 75 06 1.6 NO
CN187 0.308 1.0+ 0.5 0.0 0.0 202 + 24 - - NO
CN119 0.308 09 +£0.5 0.2 0.4 144 4+ 134 - - NO
CN22 0.336 6.4+04 0.6 0.7 83 +£22 83 + 21 1.0+1.0 YES
CN849 0.324 23+04 0.1 0.2 189 + 7 86 + 11 05+03 YES
CN8&9 0.317 2.1+09 0.0 0.0 94 + 40 - - NO
CN247 0.319 1.0+ 04 0.0 0.0 214 £ 10 - - YES
CN667 0.312 0.6 £04 0.0 0.0 128 + 18 - - YES
CN229 0.320 03+£1.1 0.2 0.1 186 + 97 - - NO
CN4 0.308 -03+0.3 0.2 0.2 185 £ 20 - - NO
CNB858 0312 -12+£1.7 0.0 0.0 182 £ 52 - - NO

Table 2.2: Galaxy ID, redshifts, young population indicators, velocity dispersions, V,ot/c and
state of interaction for the galaxies in our sample (top) and the PO5 sample (bottom). Note that
morphology and colour are listed in Table 2.1. Galaxies labeled with * have [OII]JA3727 detected
emission by CS87.
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supply, the disk rotation should be preserved in the resulting galaxy. However, if a

merger is involved, the remnant would be expected to show more random motions.

The kinematics of the galaxies analysed here were extracted using the software pPXF,
as explained in Section 2.2.4. First of all, we obtained a value of the overall velocity
dispersion oy, for the integrated spectrum of each galaxy, which are listed in 2.2. It
should be borne in mind that for the galaxies with detected emission by CS87, the
measurement of oy, might be affected by the filling of the absorption lines due to
emission. A wide range of values of oy, are found, from ~ 60 to ~ 280 kms~!. These
overall o;,; include contributions from both rotational and random motions, which we

will attempt to separate below.

If the gas and the kinematics of the galaxies are being affected by the cluster environ-
ment, one would expect galaxies closer to the cluster centre to show different behaviour
to those that are further out, as found by Jaffé er al. (2011). To test this, we consider
ot as a function of the projected distance from the cluster centre (Table 2.1), which
is plotted in Figure 2.7. For the full sample there does not appear to be any clear
trend. However, if we separate galaxies with high (> 3,&) and low (< 3&) Hép, we
see that those with high Hor (blue squares) present a strong trend. High Hor galaxies
have higher oy, the further they are from the cluster centre, while those with low Hog
(green circles) show little change with position. Some of the high-Hé and high-o,,¢
galaxies display emission-lines (red crosses), which may make the estimation of o

unreliable. However, if we remove them from the plot, we see that the trend remains.

We now turn our attention to the kinematics of the galaxies on smaller scales, which
can be studied using the outputs of fits performed to the individual IFU fibres. We
construct line-of-sight velocity, Vs, and velocity dispersion, o, maps of the galaxies,
in a similar manner to those for the young population indicators. An example is shown

in Figure 2.8 for the galaxy CN228.

We have studied these maps for signs of rotation and differences in velocity dispersion
between the central and surrounding pixels. One problem we had to face here was that
the ‘good’ fibres were not always distributed around the brightest pixel in the IFU, and
it was sometimes difficult to identify patterns of rotation or velocity dispersion. Since

the observed velocity is Vs = Viising, where V. is the rotational velocity and ¢ the
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Figure 2.7: Velocity dispersion o vs projected distance to the centre of the cluster for galaxies with
Hér > 3A (blue squares) and Hép < 3A (green circles). For those galaxies that are observed by
both P05 and ourselves we plot the mean value. Galaxies with detected emission in [OII] by CS87
have a red cross overplotted.
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Figure 2.8: Example of the radial velocity and velocity dispersion maps, with errors plotted below.
The plus (‘+’) and minus (‘—’) symbols indicate the direction of rotation. In this image we show
the example of CN228, showing a clear pattern of rotation and with similar values of o along the
galaxy.
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inclination of the galaxy, we need to know the galaxy inclination in order to obtain the
actual rotational velocity. The inclination was therefore determined by the apparent
ellipticity obtained by fitting an ellipse to the HST/WFPC2 images using the IRAF
task ELLIPSE. In the case presented in Fig. 2.8, we can see a clear pattern typical of

rotation, with V;; = 177 & 38 kms~!. The distribution of ¢ is roughly flat.

Previous studies of the kinematics of ‘k+a’ galaxies have found significant rotation in
many of them (Franx, 1993; Caldwell et al., 1996; Pracy et al., 2009; Swinbank et al.,
2012; Pracy et al., 2013), although some are found to be mainly pressure-supported
(Norton et al., 2001). We attempted our kinematic analysis in all the galaxies, includ-
ing the observations of P05, and found that at least 8 galaxies display rotation, with

values of Vo ~ 85—180kms~!.

The measured values of oy, and V,, are listed in Table 2.2, along with their ratio
(Viot/0int), Which indicates whether a galaxy is a rotationally (> 1) or pressure (< 1)
supported system. Using this last parameter, we see that 2 of the systems displaying
rotation are clearly rotationally supported, typical of disk-like systems, while 5 show
Viot/0ins < 1 indicating they are dominated by random motions. Coming back to Fig-
ure 2.7, now we are able to establish if the high values of o;,; found for some galaxies
are due to rotation or to random motions. From the 10 galaxies with Hop > 21&,
rotation is detected in 6 of them and dominant in 2 of these. However, the amount
of rotation in galaxies far from the centre, in particular CN254 and CN228 is con-
spicuously higher (> 160 kms™!) than in those closer to the centre such as CN143 and
CN191 (< 140kms™!). The observed trend to lower internal velocities with decreasing
distance from the cluster core may therefore indicate a trend to less regular kinematics,

and hence environmentally induced disturbances in the centre of the cluster.

2.3.4 Kinematic decomposition

The kinematics studied in the previous section are derived assuming that all stellar
populations contributing to a spectrum have the same kinematics. However, our data
affords the possibility of measuring the kinematics of the young and old populations in
‘k+a’ galaxies separately (e.g., Franx 1993; Norton et al. 2001). Separated kinematics

offer a further method of distinguishing between the mechanisms responsible for the
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‘k+a’ signature. Rotation in the young components implies it is in a disk and that the
galaxy has not been subject to a violent process, particularly if the young population
kinematics and distribution are consistent with the older population. On the other
hand, a pressure-supported young population implies that a significant interaction has
occurred. The degree of rotational support in the old population may then indicate the

strength and nature of this interaction.

In order to study the kinematics of the two different populations, we modified the
PPXF algorithm in such a way that it could fit two different stellar templates to one
spectrum simultaneously, convolving each one with different radial velocities and ve-
locity dispersions. The same modified algorithm has been used to study a galaxy with
two counter-rotating disks by Johnston et al. (2013b), with good results. In our case,
we used a set of templates containing only A-stars and K-stars with a range of different

metallicities so that pPXF could clearly distinguish between the two populations.

Decomposing the kinematics is very challenging, and requires higher signal-to-noise
than available in most of the individual IFU elements. The decomposition was there-
fore attempted on coadded spectra corresponding to three regions for each galaxy, the
centre and both sides, where the orientation of each galaxy is judged from the kine-
matic maps from Section 2.3.3. We found that the algorithm was sometimes sensitive
to the initial values of V' and o used. We therefore varied these input values and, in
order to be considered robust, the outputs of the fits were required to remain constant

for a wide range of initial values.

The results are presented in terms of V' and ¢ maps in a similar manner to the previous
section. As an example, the kinematic decomposition of CN228 is shown in Figure
2.9. In this case, the galaxy is a composite of two populations with similar patterns of
rotation, while the young population displays higher values of ¢ than the old popula-
tion throughout the galaxy (note the different colour scales). As shown previously in
Figure 2.4, CN228 shows central concentration in the distribution of the three indica-
tors Hop, A/(AFGKM) and fou,4, implying a concentration of the young population
in the centre of the galaxy. Now, adding the information provided by the kinematic
decomposition, the fact that this galaxy and others show similar rotation between the

young and old population seems to indicate that these were fairly normal disk galaxies
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Figure 2.9: Kinematic decomposition of the young and old stellar populations in CN228, ob-
tained using our two-component fitting method. Mean velocity and velocity dispersion values are

presented in the IFU image. The plus (‘+°) and minus (‘—’) symbols indicate the direction of
rotation. Errors in the fits are plotted over the corresponding regions.

which have not experienced a major merger or dominant central starburst. However,
the higher o does suggest that they have experienced an interaction which increased

the random motions in the gas from which the last population of stars was formed.

In total, three disk galaxies with Hop > 3A (CN228, CN146 and CN191) and two
more with Hép > 2A (CN254, CN849) could be kinematically decomposed into two
populations. In four of these cases both the young and old populations were found to

have similar patterns of rotation, whereas no clear pattern was found in the remaining

one (CN146).

The o values obtained for the two populations display a variety of behaviours, both in
terms of their relative strength and their radial gradients. In the case of CN228 dis-
cussed above, the o of the young stars is higher than that of the old population, which
suggests that this disky ‘k+a’ galaxy may have experienced a recent interaction, which
has increased the random motions of their cold gas, from which the latest generation
of stars have formed, but had less effect on their previously existing stellar popula-
tions. Thus, the process cannot be purely gravitational, since the old population is not
perturbed, and it must be affecting only the gas (Jaffé et al., 2011). A more detailed
analysis of the kinematic decomposition for each galaxy is presented in the Appendix

A.
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2.3.5 Influence of interactions

Dynamically interacting galaxies are often observed to be experiencing a starburst (e.g.
Keel et al. 1985). Simulations have long suggested that mergers and interactions can
cause gas in a galaxy disk to lose angular momentum and fall toward the centre of
the galaxy, potentially fueling a central starburst (Barnes & Hernquist, 1991; Mihos &
Hernquist, 1996; Bekki et al., 2005). However, observations often find that interactions
promote star formation throughout the galaxies involved (e.g. Kennicutt et al. 1987;
Elmegreen et al. 2006), not just in the nuclear region. This can now be reproduced
by models which pay closer attention to the role of shock-induced star formation (e.g.

Chien & Barnes 2010; Teyssier, Chapon & Bournaud 2010).

Assuming that the starburst process occurs faster than the replenishment of the gas disk
via infall, or alternatively that such infall is suppressed, then following the starburst
the galaxy will cease star formation. The resulting galaxy will therefore display a k+a

spectrum for a time.

The importance of mergers and interactions as the origin of the ‘k+a’ feature is sup-
ported by studies which find that ‘k+a’ galaxies (of all morphologies) are more likely
to be found with a companion galaxy, when compared to normal galaxies (Goto, 2005;
Yamauchi, Yagi & Goto, 2008; Pracy et al., 2012). For example, in their catalogue
of k+a and their companion galaxies, Yamauchi, Yagi & Goto (2008) found that k+a
galaxies were 54 per cent more likely than normal galaxies to have a significant com-
panion. Similarly, the two ‘k+a’ galaxies with late-type morphology and with a central
concentration of the young population studied by Pracy et al. (2012) have nearby com-
panions and could be experiencing tidal interactions. However, note that all of these
results are based on the general ‘k+a’ population, and thus may differ from the disky,
cluster ‘k+a’ population considered in this work. We have therefore looked for evi-

dence of interactions in the sample.

In Table 2.2 we have included a column specifying whether each galaxy displays in-
dications of interacting with other objects. This was evaluated by visual inspection of
the HST/WFPC2 images of the AC114 cluster. Of the twenty galaxies in our sample,
seven have a close companion and show clear signs of a merger or interaction. The

remainder appear fairly isolated and undistorted. However, the fact that a galaxy does
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not appear to be currently interacting does not rule out such a process as the cause of a
‘k+a’ feature. The spectral ‘k+a’ signature can last for up to 1.5 Gyr, which is enough
time for an interacting galaxy to have moved to a completely different region of the

cluster and any distortion feature might have faded.

To test if interactions have any influence in the properties of the galaxies, we looked
for any kind of correlation with any of the results obtained so far in this study. Of the
ten galaxies with Hy > 2A, five show signs of interaction. But interestingly, of the
seven Ho > 2A galaxies with disky morphology and usable spatial information, three
have centrally concentrated young populations (CN155, CN228 and 849) and all of
these show evidence for interactions. In contrast, none of the four disk galaxies with
their young population extended throughout the galaxy show any sign of mergers or

interactions.

This finding strongly supports a link between dynamical interactions and a centrally
concentrated starburst in disky, cluster k+a galaxies. The remainder, with an apparently
less concentrated young stellar population may simply be the result of weaker or older
interactions, or caused by an alternative mechanism. However, the strength of Hor for

the interacting and non-interacting galaxies does not differ significantly.

2.4 Discussion

Our analysis reveals that disky ‘k+a’ galaxies in intermediate-redshift clusters are a
mixed population. However, despite the small sample size, we do see some consistent
behaviour in a number of important respects. These results are robust to changes in the

way we quantify the presence and kinematics of the young and old stellar populations.

The young stellar populations within our sample galaxies are always either distributed
similarly to, or more compactly than, the older population. Importantly, however, they
are rarely consistent with being purely confined to the galaxy nucleus. Furthermore,
the young stars often display rotational kinematics corresponding to the rest of the
galaxy, implying they are located in the disk. However, there are some indications that

their velocity dispersions are somewhat greater than in normal spiral galaxies.
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Together these results suggest that the young stellar component formed in an extended
disk, in a manner similar to previous generations of stars in these galaxies. It is not
associated with the aftermath of a nuclear starburst, nor star formation in tidally ac-
creted material. However the gas from which the latest stars formed was typically

more centrally concentrated than that from which their predecessors were born.

The scenario presented by our data can be brought together with many other pieces of
observational evidence to support a consistent picture describing the evolution of the

majority of disk galaxies in intermediate-redshift clusters and groups.

Firstly, we note that any satellite galaxy within a larger halo, particularly one mas-
sive enough to have developed a quasi-static hot atmosphere (Rees & Ostriker, 1977),
is very likely to have its own gas halo rapidly removed by interactions with the host
halo’s intergalactic medium and tidal field, via the mechanisms discussed in the intro-
duction. The environmental removal of HI gas reservoirs is observed both locally (e.g.,
Vogt et al. 2004a) and at intermediate redshift (e.g., Jaffé ef al. 2012). Star-forming
galaxies entering a dense environment (i.e. becoming satellites: low mass galaxies in
groups and higher mass galaxies in clusters), would therefore be expected to gradually

decrease their star formation rate as they consume their remaining supply of dense gas.

However, a gradual decline in the star formation rates of star-forming galaxies in dense
environments is at odds with results from large surveys. The colours and Ha equiva-
lent widths of star-forming galaxies are invariant with environment (e.g., Balogh er al.
2004a,b; Baldry et al. 2006; Bamford et al. 2008), although the relative proportions of
blue versus red or star-forming versus passive galaxies vary substantially. This strongly
implies that galaxies must rapidly transform from star-forming to passive, such that a
transition population is not seen. The transformation mechanism cannot be particularly
violent, as many galaxies become passive whilst maintaining their disk morphology,
first as red spirals, and then as lenticulars (e.g., Lane et al. 2007; Bamford et al. 2009;
Maltby et al. 2012). We must therefore reconcile the need for a rapid transformation
in terms of observed colour and emission-line properties, with the requirement that the

mechanism only act relatively gently on galaxy structure.

Star-forming galaxies are observed in environments of all densities, though they be-

come much rarer in dense regions. However, it is not yet clear whether those star-
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forming galaxies which appear to inhabit dense regions are simply the result of pro-
jection effects, or whether some galaxies are able to maintain their star formation, at
least for a while, in such extreme environments. The former would imply that the tran-
sition from star-forming to passive is driven by a deterministic mechanism, specific to
particular environments, whereas the latter would permit something more stochastic in
nature, in which the effect of environment is simply to increase the likelihood of such

a transition (Peng et al., 2010).

A stochastic mechanism, which is not directly related to a galaxy’s broad-scale envi-
ronment, is supported by the observation that the proportions of red or passive galaxies
show trends across a wide range of environmental density, and that galaxies with trun-
cated star formation are often associated with groups (Moran et al., 2007; Poggianti
et al., 2009; Wilman et al., 2009; Lackner & Gunn, 2013), which also host normal

star-forming galaxies.

The reality is probably a combination of the deterministic and stochastic pictures, for
example a mechanism whose effectiveness depends sensitively on the detailed small-
scale substructure of the environment and a galaxy’s orbit through it (e.g., Font et al.
2008; Peng et al. 2012). In any case, the deterministic removal of a galaxy’s gas halo
soon after it becomes a satellite makes the galaxy more vulnerable, helping to reduce

the timescale of any tranformation instigated by a subsequent mechanism.

An initial enhancement of star formation efficiency early in the star-forming-to-passive
transformation process will effectively reduce the observability of the transition. The
increased star formation efficiency would balance the effect of the declining fuel sup-
ply, maintaining the appearance of normality, until the fuel supply is entirely depleted.

The galaxy would then immediately cease star formation and rapidly appear passive.

Our results support the occurrence of briefly enhanced or extended star formation
episodes in the central regions of cluster spirals, as well as the prevalence of ‘k+a’
spectral types in the cluster environment (Poggianti et al., 2009). We also find evi-
dence for more centrally concentrated young populations in spirals (Caldwell et al.,
1996; Koopmann & Kenney, 2004a,b; Vogt et al., 2004a,b; Crowl & Kenney, 2008;
Rose et al., 2010; Bamford, Milvang-Jensen & Aragén-Salamanca, 2007; Jaffé et al.,
2011; Bosch et al., 2013a) and SOs (Bedregal et al. 2011; Johnston et al. 2012; con-
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trary to earlier results, e.g., Fisher, Franx & Illingworth 1996), as well as hints of a
brightened population in the Tully-Fisher relation (Bamford et al., 2005; Bosch et al.,
2013b). The process responsible for a more centrally concentrated young population
could be either a suppression of star formation in the outer parts (due to gas heating or
stripping) or star formation enhancement in the central regions (perhaps due to inward

movement or perturbation of gas within the galaxy).

Recent studies have found disturbed kinematics in the emission-line gas in cluster spi-
rals, from which their final generation of stars would be expected to form (Jaffé et al.,
2011; Bosch et al., 2013a). The increased central concentration of the young pop-
ulation in many of our galaxies is certainly consistent with a decrease in the degree
of rotational support. Unfortunately, the quality of our data makes it hard to directly
determine whether the relative velocity dispersion of the young stars in our cluster spi-
rals is higher than that of the old stellar populations. However, together these results
suggest that future studies of cluster SOs may expect to find that the most recent disk
stellar population has a smaller scalelength (and possibly greater scaleheight) com-
pared to previous generations, implying the presence of a young, small, thick disk.
Such a feature may also be interpreted as a lens or additional exponential bulge (Erwin

et al., 2015).

Dust may also play a role in accelerating the progression of the observational signa-
tures that would be associated with a transition. The concentration of star formation,
as described above, to the dustier inner regions of galaxies (Driver et al., 2007) results
in a greater fraction of that star formation being obscured from optical indicators (Wolf
et al., 2009). The transition stage may thus be hidden from optical studies, but a popu-
lation of dusty, red galaxies forming stars at a significant, though possibly suppressed,
rate is revealed by observations at longer wavelengths (Gallazzi et al., 2009; Geach

et al., 2009).

Our results indicate that galaxy—galaxy interactions may be associated with stronger or
more recent truncated starbursts, and hence may be a significant transition mechanism.
We therefore support the conclusions of Moran et al. (2007), that a combination of
galaxy—galaxy interactions, ram-pressure stripping, and other more minor mechanisms

are responsible for spiral to SO transformation.
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Galaxy—galaxy interactions have long been theoretically associated with strong bar
formation and nuclear starbursts (e.g., Mihos & Hernquist 1996). However, due to the
high relative velocities of galaxies in a dense environment, tidal interactions can also
have a relatively gentle effect (Moore ef al., 1996). There is growing observational
evidence that even pair interactions may not cause nuclear starbursts as readily as an-
ticipated, enhancing star formation in spiral arms instead (e.g., Casteels et al. 2013).
Furthermore, bars are found to be prevalent in gas-poor, red spirals (e.g., Masters et al.
2011, 2012), and so may be more associated with the suppression of star formation,

rather than its enhancement.

The final argument for a spiral to lenticular tranformation is the properties of the final
galaxies. Lenticulars are consistent with being formed from faded spirals in terms of
their Tully-Fisher relation (Bedregal, Aragén-Salamanca & Merrifield, 2006), globular
cluster specific frequencies (Aragén-Salamanca, Bedregal & Merrifield, 2006). How-
ever, they do tend to be more bulge dominated (Christlein & Zabludoff, 2004) and have
hotter disks than spiral galaxies (Cortesi et al., 2013). This can be achieved by an en-
hancement of central star formation prior to transformation, and a marginal increase in
pressure support, perhaps through an accumulation of galaxy-galaxy interactions. Both
of these processes are suggested by our results and many of the other studies discussed
above. The clearing of dust in the central regions during the transition from spiral to SO
may also enhance the bulge-to-disk ratio (Driver et al., 2007). Separately measuring
the stellar population properties of bulges and disks for large samples of spiral and SO
galaxies, in both spectroscopic (e.g., Johnston et al. 2012) and multi-band photometric
data (e.g., Simard et al. 2011; Lackner & Gunn 2012; Bamford et al. 2012; HauBler

et al. 2013), will help to fill in many of the missing details.

2.5 Conclusions

The transformation from spiral galaxies into SOs must comprise a spectral transfor-
mation, resulting from the suppression of star formation in the disk of the galaxy; a
morphological transformation, in terms of the removal of spiral features from the disk

and growth of the bulge; and a modest dynamical transformation, with a relatively
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small increase in the ratio of pressure versus rotational support.

We have studied the significance of disky ‘k+a’ galaxies, indicative of a spiral galaxy
in which star formation was truncated ~ 0.5—-1.5 Gyr ago, as the possible intermediate
step in the transformation of star-forming spirals into passive SOs in the intermediate-

redshift cluster environment.

These galaxies are typically identified by their strong Balmer absorption line equiva-
lent widths, an expected signature of a dominant ~ 1 Gyr old stellar population. We
have used spectral template fitting to show that galaxies selected via the Hd index do,
indeed, contain significant fractions of A-type stars and stellar populations with ages
between 0.5 and 1.5 Gyr. We study the spatial distribution of the young population
using these different indicators, finding generally consistent results. While the disky
‘k+a’ galaxies appear to be a rather mixed population, their final episode of star for-
mation is always distributed over a region of size similar to, or somewhat smaller than,

the older stars.

We have coarsely measured the velocity field of these galaxies, both in terms of the
full stellar population and, in a limited number of cases, the separate young and old
populations. The results support the picture that, in the majority of our sample, the last

generation of stars formed in a disk, in a very similar manner to previous generations.

None of the disky ‘k+a’ galaxies in this intermediate redshift cluster appear to have
experienced a violent event, such as a merger or significant nuclear starburst, prior
to the truncation of their star formation. Instead, their regular disk star formation
has simply ceased with only, in some cases, a small increase in central concentration

beforehand.

A relatively gentle mechanism must thus be responsible for the cessation of star forma-
tion. Gas-related mechanisms, such as ram pressure stripping, are therefore favoured.
However, there is also an indication that many of our galaxies with more centrally
concentrated young populations have experienced recent galaxy-galaxy interactions.
This raises the possibility that, thanks to prior removal of the gas halo and outer disk,
stochastic gravitational interactions may provide the necessary impetus to halt star for-

mation, perhaps via a brief period of central enhancement.



Chapter 3

OMEGA I.- Survey description and

data analysis

3.1 Introduction

In this chapter we introduce the OMEGA survey (OSIRIS Mapping of Emission-line
Galaxies in A901/2). This survey was designed to study star formation and AGN ac-
tivity as a function of environment in the A901/2 multi-cluster system at z ~ 0.165.
This structure encompasses a wide range of environments as it contains different sub-
structural components, which implies that it is not a relaxed system. Besides that, it has
been the subject of study of the STAGES project (Gray et al. 2009), where a wealth of
data exists: an 80-orbit F606W HST/ACS mosaic covering the full ~0.5 x 0.5 deg? (~
5 x 5 Mpc?) span of the system, complemented by extensive multi-wavelength obser-
vations with XMM-Newton, GALEX, Spitzer, 2dF, GMRT, Magellan, and the 17-band
COMBO-17 photometric redshift survey (Wolf er al. 2003, Wolf et al. 2004). This
structure is then the perfect laboratory to understand the full degree of galaxy trans-
formation and to study both obscured and unobscured star formation, stellar masses,

AGN activity, and galaxy morphologies.

Previous studies of the A901/2 have looked at the star formation and AGN activity.
Regarding AGN activity, Gilmour et al. (2007) and Gallazzi et al. (2009) attempted
to quantify the fraction of galaxies hosting an AGN using XMM-Newton X-ray and
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Spitzer 24 ym data; however, the lack of emission-line diagnostics in the optical pre-
vented them from sampling the whole AGN population. With respect to star formation,
a significant number of red star-forming galaxies were first discovered by Wolf, Gray
& Meisenheimer (2005) using the COMBO-17 SEDs and later on studied in detail in
combination with the IR data by Wolf et al. (2009). These galaxies appear in high
fractions in the multi-cluster system and seem to be the drivers of the SFR-density re-
lation, therefore being interpreted as a possible stage in the transformation from active
to passive in the cluster environment. From the study of the global star formation prop-
erties, Gallazzi et al. (2009) found a significant decrease in the fraction of star-forming
galaxies with environment. In a more recent work, Bosch et al. (2013a) find that this
suppression of star formation is partially driven by ram-pressure stripping, which could

lead to the production of dusty reds and, ultimately, SOs.

Although the integrated star-forming properties have yielded important results, crucial
information about the suppression of star formation can be obtained from the actual
spatial scale of the star-forming regions, which is still unknown. Likewise, the current
census of AGN activity is limited to the X-Ray and IR, as no emission-line diagnostic

is available yet for this multi-cluster.

In order to obtain spatially-resolved optical emission-line diagnostics, we have used the
Optical System for Imaging and low Resolution Spectroscopy (OSIRIS) tunable filter
at the 10.4 m Gran Telescopio Canarias (GTC) to obtain very deep spatially-resolved
emission-line images of the complete A901/2 STAGES field. We have targeted the
Ha (Ao = 6563 A) and [N11] (\; = 6583 A) lines. The former is the best optical
measurement of the SFR (Kennicutt 1998), whereas the combination of the two lines
provides one of the most reliable optical AGN diagnostics available (Cid Fernandes

et al. 2010).

In this chapter we present the design of the OSIRIS Mapping of Emission-line Galaxies
in A901/2 (OMEGA) survey, the data reduction and a description of the procedure

employed for the analysis of the data.
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3.1.1 Data from STAGES

Before going into the description of OMEGA, we briefly describe the data from the
STAGES collaboration that is used in this work. These data are combined with the

OMEGA observations to study the properties of the galaxies in our sample.

From the COMBO-17 SED fits, galaxies are classified by SED type (flag sed_type
in Gray et al. 2009), dividing them into normal star-forming galaxies or blue cloud,
dust-reddened star-forming galaxies or dusty reds, and passive ones or old red. The
term dusty red was introduced by Wolf, Gray & Meisenheimer (2005) and Wolf et al.
(2009). These galaxies show red colours but ongoing star formation that is typically
~ 4 times lower than that in blue spirals at fixed stellar mass. The term dusty is per-
haps misleading because they do not have more dust than normal star-forming galaxies.
However, because their star formation is suppressed, their amount of dust appears rel-
atively high compared with their star formation. Perhaps, a better name would be red
star-forming, but we will keep the term dusty red throughout this thesis for consistency

with previous published works.

The stellar masses of the galaxies were also obtained from the SED fits (Borch et al.,
2006) following two approaches. The first uses the photometric redshift of each indi-
vidual galaxy, and the second assumes the cluster redshift (z = 0.167) for all galaxies
(flag logmass_c1l in Gray et al. 2009). In this work we use the second method
since all bona-fide Ha-detected galaxies are expected to be at the cluster redshift. This
avoids the undesirable propagation of photometric redshift errors. We will omit from
our analysis any spiral galaxy with log(M/My) > 11 as they suffer from aperture

effects and their masses are overestimated (see section 2.2 in Wolf et al. 2009).

Visual morphologies based on the HST images are also available for all the galaxies
with mp < 23.5 and 2, < 0.4 (Gray et al. in preparation). Star formation rates
are also provided, determined by Gallazzi et al. 2009 using a combination of 24,m
data (to probe the obscured star formation) and COMBO-17 derived rest-frame 2800A

extinction-corrected luminosities (to probe unobscured star formation).



OMEGA I.- Survey description and data analysis 48

3.2 Description of the programme and design of the ob-

servations

The OMEGA survey was designed to obtain very deep spatially-resolved emission-
line images for the A901/2 multi-cluster system and, in turn, recover low-resolution
spectra in a wavelength range that covers Ha and [N11] for the galaxies of the system.
OMEGA samples the 16.0 < mpr < 23 magnitude range, which roughly corresponds
to stellar masses of 9.0 < log (M, /M) < 11.5 at the cluster redshift. The survey
is based on a 90 h ESO/GTC Large Programme allocation (PI: A. Aragén-Salamanca,
GTC 2002-12ESO).

In order to meet the objectives of OMEGA, we make use of the tunable filter capabil-
ities of the OSIRIS instrument (Cepa et al. 2013a, Cepa et al. 2013b), located at the
Nasmyth-B focus of the 10.4 m GTC, at the Roque de los Muchachos Observatory on

La Palma.

Tunable filter imaging is a method that lies between classical narrow-band imaging
and spectroscopy, in terms of observing time costs and the quality of the information
obtained. Although the spectral resolution is relatively low, the wavelength sampling
is quite sufficient for reliable star formation and AGN activity estimates for most of
the cluster members. Using traditional spectroscopy to map the spectral region around
Hav, [N11] A6548 and [N11] A6583 for all the galaxies in the A901/2 would definitely be

much more expensive.

A further advantage of tunable filter imaging, with respect to slit spectroscopy, is the
spatial information that it provides. While long-slit spectroscopy normally only pro-
vides information along one of the axes of the galaxies (usually chosen to be the major
axis), tunable filter imaging provides 2D maps. The tunable filter technique has been
used very few times in this field, with only a few heroic attempts such as the the CADIS
survey of emission line galaxies measuring SFRs between z = 0.25 and z = 1.2 (Hip-

pelein et al. 2003).

Our higher spectral resolution compared to standard narrow-band Ha imaging surveys
(see, e.g., Kennicutt 1992, Gallego et al. 1997) has the advantages of avoiding con-

tamination from the [NI11] line in the star formation estimates and providing reliable
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identification of AGN (Cid Fernandes et al. 2010).

Finally, while IFS surveys such as CALIFA (Sanchez et al., 2012), MaNGA (Bundy
et al., 2015) and those carried out with the recently installed MUSE (Bacon et al.,
2010) on the VLT also provide spatial information, their fields of view are much
smaller than that of OSIRIS. The full unvignetted field-of-view (FOV) of OSIRIS is
7.8 x 7.8 arcmin?, imaged using two 2048 x 4096 Marconi CCDs with a 9.4 arcsec
gap between them. The plate scale, using 2 x 2 pixel binning, is ~ 0.25 arcsec pixel ~*.
Therefore, with OSIRIS we have access to a larger number of galaxies than we would

do using current IFSs.

The OSIRIS tunable filter system consists of two reflecting plates (a Fabry-Pérot etalon)
working in a collimated beam. The wavelength of the light transmitted can be tuned
by modifying the separation between the optical plates of the device, whereas standard
narrow-band order-sorting filters (OSF) are used to isolate specific interference orders.
Reliable observations are limited to a circular field of view of radius 4 arcmin, within
which they are assured to be free from contamination by other orders. OSIRIS has two
different tunable filters, one for the blue and one for the red wavelength range. We use
the latter, which is capable of tuning filters to wavelengths in the 6510-9350 A range
with a spectral resolution of 14A FWHM.

A given radius from the optical centre in the image plane corresponds to a specific
angle of an incident collimated beam on the Fabry-Perot etalon. As the transmission
wavelength of the interferometer depends upon incidence angle, the wavelength of the
transmitted light varies with the position in the image. The result is a circular pattern
with rings of constant effective wavelength, A\, which depends on the radius, r, from
the optical centre. The adopted procedure for the wavelength calibration is given in

section 3.3.2

In Fig. 3.1 we show the OSIRIS observed fields as circles 8 arcmin in diameter, over-
laid on top of the footprint of the 80-tile STAGES HST/ACS mosaic (Gray et al., 2009)
and ground-based COMBO-17 R-band image (Wolf et al., 2004). Cluster galaxies
with mpr < 23 are also plotted. Given the available observing time, the initial plan
was to tile the field-of-view uniformly in a 4 x 5 grid. However, the North-East and

North-West tiles contain bright stars that would have produced reflection ghosts, seri-
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Figure 3.1: The OSIRIS observed fields (labeled 2-3, 5-22), represented as circles of radius
4 arcmin, overlaid on top of the footprint of the 80-tile STAGES HST/ACS mosaic and a COMBO-
17 R-band image. The very small black circles mark the position of cluster galaxies with mp < 23,
where cluster membership is defined as in Gray et al. (2009) using the COMBO-17 photometric
redshifts.

ously compromising the quality of the data for these tiles. For this reason, we decided
to re-locate these two pointings to cover the regions with the highest galaxy densities,

which correspond to Fields 21 (A901a) and 22 (A902).

Fig. 3.2 shows the spectroscopically determined redshift distribution of galaxies within
1.2 Mpc diameter apertures centred upon the three main cluster cores. The redshifts
were drawn from a spectroscopic survey of the 300 brightest cluster galaxies in the
region obtained with the AAT 2dF spectrograph (Gray et al., in prep.). The dashed
lines indicate the redshift range probed by our observations which is chosen to target
both Ho and [N11] A6583 emission lines. The z ranges are slightly narrower for the two

pointed observations of the A901a and A902 regions (F21 and F22).
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Figure 3.2: Redshift distribution of galaxies within 1.2 Mpc diameter apertures around the three
main cluster cores, from a limited spectroscopic survey of the ~ 300 brightest galaxies in the region,
taken with the AAT 2dF instrument. Arrows mark the positions of the brightest cluster galaxies.
Dashed lines indicate the velocity range probed by OMEGA: the top histogram indicates the limits
of the survey proper (fields 2, 3 and 5-20), while the ranges for the two pointed observations of the
A901a and A902 cluster cores (fields 21 and 22 respectively) are especially tuned (cf. Table 3.1).

For an optimal de-blending of Ha and [N11] A6583, the tunable filter FWHM bandwidth
is set to 14 A, and the spacing between successive wavelengths to 7 A. Therefore, in
order to cover the desired wavelength range in F21 and F22 we require 14 and 12
wavelength settings, respectively, whereas for the rest of the fields we need 16 wave-
length settings (see Figs. 3.2 and 3.3, and Table 3.1). Moreover, for each wavelength
setting, 3 dithered images are taken typically with a ~ 40 pix (10”) separation. The
dithered images increase our number of images (and individual wavelengths sampled)
by a factor of three and ensure that the inter-CCD gap is imaged. A total of 42 and 36
images have been obtained for Fields 21 and 22 respectively, and 48 for the remaining

18 fields.

Since the wavelength varies across the FOV, the central wavelength ). of each wave-
length setting needs to be optimised in such a way that the desired wavelength range
is covered for as many galaxies as possible. The average wavelength \,,. of each set-
ting was calculated as the mean A\ within the central 5.6 arcmin diameter circle of
each pointing (the approximate area uniquely covered by one tile). For fields F2 to
F20, 7609 A < A\,o < 7714 A, ensuring that both He and [N11] are observed in the

0.1594 < 2z < 0.1718 redshift ranges. This corresponds to rest-frame velocities in
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Table 3.1: Summary of the Observations.

OBs OBs OBs Ae (A) Aae (A)  OSF  Exp. Time (s)
(F2-20) (A901a/F21) (A902/F22)

1 7615 7595  £754/50 3%200

1 7622 7602 £754/50 3%200
1 1 7629 7609  £754/50 3%200
1 1 7636 7616 £754/50 3%200
1 2 1 7643 7623 £754/50 3%200
1 2 1 7650 7630  £754/50 3%200
2 2 1 7657 7637 £754/50 3%200
2 3 1 7664 7644 £754/50 3%200
2 3 2 7671 7651  £754/50 3%200
2 3 2 7678 7658  £754/50 3%200
3 4 2 7685 7665  £770/50 3%200
3 4 2 7692 7672 £770/50 3%200
3 4 3 7699 7679 £770/50 3%200
3 4 3 7706 7686  £770/50 3%200
4 3 7713 7693 £770/50 3%200
4 3 7720 7700 £770/50 3%200
4 7727 7707 £770/50 3%200
4 7734 7714 £770/50 3%200

the range —1447 < v < 1751, where v = 0 corresponds to z = (0.165, the average
redshift of the multi-cluster. For field F21, 7595 A < ... < 7686 A, and for F22,
7623 A < e < 7700 A, thus covering a slightly narrower redshift/velocity range for
these two fields (see Fig. 3.2 and Table 3.1 for details). Note that these are average
values: the exact wavelength range covered for each galaxy depends on its position
with respect to the centre of the pointing. Moreover, given the significant tile overlap,
a sizeable fraction of the galaxies will be observed in more than one pointing, increas-
ing the available wavelength range and the number of independent wavelength samples

obtained.

A summary of the observational setup is given in Table 3.1. The observations were
executed in ‘Observing Blocks’ (OBs), as shown in Table 3.1 and illustrated in Fig. 3.3.
They were carried out during the first half of 2012 and 2013, and completed in February
2014.
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Figure 3.3: A cartoon illustrating the design of the observations for the main survey and the two
cluster core fields (F21 and F22). Note that this illustration is valid in the case of a single galaxy, for
which the wavelength is almost constant (for a given image there is wavelength variation across the
field-of-view, see Eq. 3.3.2 and Fig. 3.5). A given galaxy is observed using a series of wavelength
setups A; and a 3-position dithered pattern. In each dithered position the wavelength changes
slightly because the distance to the centre of the field changes. The order-sorting filter (OSF)
separates the different tuned wavelengths. The observations are executed in ‘Observing Blocks’
(OBsy).
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3.3 Data Reduction

In this section we describe the data reduction methods we have developed for the

OMEGA data.

3.3.1 Imaging Data Reduction

The data reduction was carried out with the Osiris Offline Pipeline software OOPs. The
OOPs reduction consists of two steps. In the first step the calibration files ‘masterbias’
and ‘masterflat’ are prepared combining the individual bias and flatfield frames taken
at the telescope. Flatfields were obtained using dome flats with the filter tuned to the
same wavelength as the science observations. Usually 3—5 flat frames were taken each
night at each wavelength. In the second step the science frames are reduced, removing
the overscan and subtracting the bias from the science frames, which are then divided

by the masterflat. The vignetted regions of the images are also trimmed at this stage.

The final step carried out within OOPs is the sky subtraction. Due to the wavelength

variation across the FOV, sky OH emission lines appear as rings (see left panel of
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Figure 3.4: Example of the first image of F21 with A\, = 7615 A. Left panel: raw image. Right
panel: after OOPs processing. The red circle has a radius of 4 arcmin, within which the observa-
tions are free from contamination by other interference orders.

Fig. 3.4). To correct for these features, each science exposure is artificially dithered on
a 3 by 3 grid. The dither step size (a few arcseconds) is larger than the vast majority
of the objects, but small compared to the ring features. Therefore, median-combining
the dithered images leaves only the sky rings. These can then be subtracted from the
original image. Fig. 3.4 presents the first image of Field 21, with A, = 7615 A. The left

panel shows the raw image while the left panel displays the final output from OOPs.

As mentioned in Section 3.2, we obtain three dithered exposures for each ). (see
Fig. 3.3). This dithering introduces small shifts in the wavelength corresponding to
each pixel. As we wish to retain this information, to improve our spectral sampling,
we do not co-add the dithered images. To correct for cosmic rays, we therefore employ
a similar routine to QZAP in IRAF applying a 3o clipping with a flux-ratio of 0.1 (com-
parison value between the flux in the surrounding pixels and the flux in the candidate

one to check whether the pixel has been hit by a cosmic ray).

Bad pixels are corrected using the IRAF task FIXPIX. Astrometry solutions are found
using CCMAP and CCSETWCS in IRAF with the COMBO-17 R-band image as refer-
ence. In order to avoid unnecessary distortions, we work with the two separate CCDs
of OSIRIS throughout the analysis, obtaining astrometric solutions with rms accuracies

< 0.1 arcsec.
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3.3.2 Wavelength Calibration

The nature of the observations mean that the wavelength of a given object will de-
pend on the central wavelength of each image as well as its distance to the optical
centre, parameters that change for different exposures. The wavelength calibration of
the OSIRIS Tunable filter has been a question of debate (Méndez-Abreu et al. 2011)
because its accuracy is crucial for studies of extended sources, as well as for estimating
redshifts of both point-like and extended sources. Fortunately, the sizes of our objects
are small (the largest objects have a radius of ~ 7 arcsec), and hence the wavelength
changes are negligible across individual objects in the OMEGA sample (at most ~ 2A,

i.e., much smaller than the spectral resolution).

In order to achieve the best accuracy in the estimation of the wavelength we use the

following expression (Gonzélez et al. 2014):

A= X — 5.047% +az(\)r?, (3.1)

where

as(\) = 6.0396 — 1.5698 x 1073\ + 1.0024 x 1077A2, 3.2)

where \ is in A and )\ is the effective wavelength at the optical centre. Since the
usable FOV is limited to a radius of 4 arcmin, the maximum variation in the effective
wavelength is ~ 80 A. The variation of wavelength across the field-of-view for a given

central wavelength is shown in Fig. 3.5.
The optical centre is located on pixel Xy = 1051 and Yy = 976 (CCD1) and X, = —10

and Yy = 976 (CCD2) of the raw images, according to the OSIRIS website.! This
corresponds to Xy = 772, Yy = 976 (CCDI) and X, = —35 and Yy = 976 (CCD2)
on the images output from OOPs. Although there are other optical centres listed in
the literature (Méndez-Abreu ef al. 2011 and the OSIRIS manual), the change they

introduce is smaller than 0.2 per cent in wavelength.

Thttp://www.gtc.iac.es/instruments/osiris/
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3.3.2.1 Additional refinements

Although it was not noticed in the analysis of the first two fields F21 and F22, when
comparing the spectra of galaxies obtained in different overlapping fields, we found
that in some cases there were significant wavelength offsets. The magnitude of the
offsets varied from field to field, and in the case of the preliminary analysis of F21 and
F22 it did not affect the flux estimates. However, for the general goals of the survey

we do need much better accuracy in the estimation of the observed wavelength.

An improved wavelength calibration was developed by Tim Weinzirl and Alfonso
Aragoén-Salamanca (private communication). This new calibration was obtained by
comparing the sky lines present in the OSIRIS raw spectra with the OSIRIS sky spec-
trum provided by GTC, which was convolved with a 14A FWHM Gaussian kernel
to simulate what the sky spectrum should look like given our chosen instrument set-
tings. The sky spectrum from our data was generated in two steps: first, the final
sky-subtracted frame (last data product of OOPs, section 3.3.1) was subtracted from
an intermediate-step frame still containing the sky; second, the sky frames were con-
verted from Cartesian x—y coordinates into polar 7—f. This coordinate change trans-
forms circles in the image plane into straight lines in the r—f plane, which are easier
to manipulate. The transformed frames were collapsed by taking the median flux over
all @ at a given radius. Then, the sky lines within a radius of 4 arcmin were identified
and their peaks measured. Assuming that the wavelength dependence on radius pro-
vided by Gonzélez et al. (2014, Equation 3.1) was correct (also tested and confirmed),
the frame-by-frame wavelength offsets between the detected skylines and the simu-
lated sky spectrum were calculated. The overall average offset was calculated for each
wavelength setting in a given field, and that correction was applied to correct the cen-
tral wavelength setting as calculated by (Gonzalez et al., 2014). Correcting the central
wavelengths with the offsets calculated from the sky lines in this way yielded a wave-
length calibration accurate to within + 0.5 A for most (75%) of the individual image
frames, and accurate to within &+ 1A for 95% of the frames. All the results presented

in this thesis are based on the refined wavelength calibration.
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Figure 3.5: A mock reduced image with A\ = 7615 A, illustrating the radial dependence of
wavelength according to the colour bar (labelled by wavelength in A). The vertical line in the
middle represents the 9.4 arcsec gap between CCD1 and CCD2.

3.3.3 Flux calibration and zero-point estimation

Different image sets (OBs) for a single field are not necessarily observed on the same
night or with the same observing conditions. In order to perform consistent photome-
try, we therefore need to correct for differences in the seeing conditions, transparency

and airmass.

To match the seeing conditions our procedure is as follows: we measure the PSF in
all the images of all the fields using unsaturated stars with mp comso—17 < 19 (from
the STAGES catalogue of Gray ef al. 2009). We then convolve each image with a
Gaussian function of the required width to produce images with a PSF equal to the
worst seeing, which is 1.2 arcsec. These operations were performed using the IRAF

tasks PSFMEASURE and GAUSSIAN.

We perform photometric measurements using PHOT within IRAF on the stars in each
individual OSIRIS image (typically, 15-25 stars per field) using an aperture of 2 arcsec
(8 pixels) radius, sufficient to measure the total flux for these point sources. Because
the wavelength at which each star is observed varies for different images, we obtain a

wavelength-dependent zero-point zp(\) function,

2p(N) = Muwrs3f — My OSIRIS 3.3)
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where m, wrs3¢ 1S the standard magnitude of that star, defined below, and m, ogiris 18

the instrumental magnitude of the star measured in PHOT.

To calibrate our fluxes we use the Vega magnitudes, m, wrs3¢, of the same stars in
the closest COMBO-17 filter, W753f, as standard magnitudes. This filter samples the
range 7440-7620 A. Vega magnitudes were calculated from the photon fluxes tabu-
lated in the COMBO-17 catalogue. Our zero-point functions are shown in Fig. 3.6.
Because there is a strong absorption feature caused by a double telluric sky line at

A = 7633 A, the zero-point function has a strong wavelength dependency.

In order to correct for the effect of the atmospheric telluric absorption in each field, we
fit this feature with a series of Chebyshev polynomials. The shape of the absorption
feature is constant, except for a scaling factor and offset that vary with the observing
conditions. We therefore fit all the zero-point functions in one field simultaneously,
to obtain a general set of polynomial coefficients, together with an offset and scaling
factor for each image. As an example, in Fig. 3.6 we show the zero-points for F21, as
well as the fits and residuals, as a function of wavelength. For clarity, we only show

the zero-points for 4 of the 14 images.

The scatter in the zero-point introduces additional wavelength-dependent errors that
must be incorporated in our photometric uncertainties. We estimate these by taking a
30—clipped standard deviation of the residuals in bins of 10 A. These zero-point errors

are found to be always < 0.1 mag.

3.3.4 Galaxy photometry

We perform aperture photometry on the galaxies with PHOT. We measure each galaxy
using two apertures: a PSF-matched aperture of radius 1.2 arcsec (5 pixels, from now
on referred to as Rpgr) and a total aperture (essentially the Kron radius; Bertin &
Arnouts 1996), with R, = 2.5 x SMA. Here SMA is the second central moment
of the light distribution, derived from ACS images with SEXTRACTOR and contained
within the STAGES catalogue (Gray et al. 2009). Rpgr provides information about the
nucleus of a given galaxy, while Ry, covers its full extent. Fig. 3.7 shows the spectra

constructed for one of the galaxies in F21 using both Rpsr and Ry apertures.
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Figure 3.6: Top panel: The wavelength-dependent zero-point, zp(A) = M, OSIRIS — M+ W753f5
for 4 different dithered images in Field 21. Each set of ~ 20 stars is shown with a different colour
and symbol. We only show 4 of the total 42 images for clarity. In order to model the effect of
the telluric line, we fit a polynomial. The best solution for each image set is shown by the lines.
Bottom panel: The residuals with respect to the polynomial fits.

Since at different wavelengths the galaxies’ light distributions may change, we do not
re-centre the aperture for each measurement, but instead fix the aperture position to the
RA and DEC from the STAGES catalogue of Gray et al. (2009). The flux calibration
is then applied to each individual field using the zero-point zp(\) previously obtained

via Eq. 3.3:
Mealib(A) = Mostris(A) — 2p(A) . (3.4)

When working in fluxes this becomes
Featin(A) = Fosms(A) x 107V/25 (3.5)

where F.;i,()\) is our calibrated flux in ergscm 257! A" and Fosmis (M) is the flux

measured with PHOT.
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Figure 3.7: Left panel: The flux-calibrated spectra for the central (filled red circles) and total (open
green circles) apertures of the bright (mp ~ 18.7) galaxy with STAGES ID 42713. The locations
of Har (A9 = 6562.8 A) and the two [N11] lines (Ao = 6548.1 A and 6583.5 A) are indicated. Right
panel: Image of galaxy 42713 at A\, = 7664 10%, with the Ryt and Rpgr apertures overlaid as solid
green and dashed red lines, respectively. This image has not been convolved to the standard PSF
although the fluxes are actually measured on the convolved images. The image is 40 pixels on a
side, which corresponds to 10 arcsec or 28 kpc at z = 0.165. The colour bar indicates the flux in
counts.

3.3.5 Building the spectra

After the flux and wavelength calibrations are performed, we are able to construct a
spectrum for each of the galaxies in the observed fields. An example of such a spectrum
can be found in the left panel of Fig. 3.7, where we indicate the location of Ha and the
two [N11] lines with their respective rest-frame wavelengths. By design, the wavelength
range of the spectra for cluster members should cover both Ho and [N11] A6583, which
will appear as emission lines in galaxies hosting star formation and/or AGN activity.
In addition to finding spectra of galaxies with clear emission lines, we also expect to

obtain spectra of galaxies with weak or absent emission (or absorption in Ha) lines.

3.4 Analysis

3.4.1 Spectral fitting

Our goal is to measure fluxes for Ho as well as the brightest [N11] line at 6583 A.

We also wish to obtain reliable constraints for the continuum, in order to measure the
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equivalent widths (Wy, and Wnyy) of these lines. Due to the limited wavelength cov-
erage and the moderate spectral resolution and sampling of our spectra, this exercise

becomes very challenging for weak emission-line galaxies.

To account for all the features present in our spectra, we fit them with a composite of

three Gaussian functions and a linear continuum

fmodel()\) = C(])\ + +N()\Ha(1 —+ Z)|FHQ, O'Ha)—F

N (Avipesas (1 + 2) | Fivmpesas, opvi) + N (Avigaesss (1 + 2) [ Finujaesss: O(vi)
3.6)

where ¢y and c; are the continuum slope and intercept, z is the redshift of the galaxy
and o is the width of the emission lines in A. The notation N (\|F, o) indicates a

Gaussian distribution evaluated at \g with total flux F' and standard deviation o .

In this model, the two [N1I] emission lines have the same width, which is limited by
the instrumental resolution (see below). The ratio between their fluxes is also fixed
by atomic physics to a value of 3.06 (determined by the ratio between the transition
probabilities of each line in Osterbrock 1989), thus only one parameter (Fnje583) 18
needed to fit both fluxes. Therefore, our model depends on six parameters: cg, c1, 2,

OHa» FHa and F[Nn}-

In order to exploit all the information contained in our data, the fitting procedure must
evaluate all possible combinations of the parameters in a thorough yet efficient way.
Conventional fitting techniques, such as Levenberg-Marquardt optimisation, can be
sensitive to the initial values, and can become trapped in local maxima in the param-
eter likelihood space. These problems can be ameliorated by a Bayesian approach
based on Markov Chain Monte Carlo (MCMC) techniques. From the Bayes theorem,
the posterior probability density distribution P (6|z), which describes how likely each
possible set of model parameters 6 is given the data x, is proportional to the product of

the prior distribution 7(6) and the likelihood function £
P(Olx) < L(O|x) - 7(6), (3.7)

The prior distribution can be thought of as pre-existing constraints on the parameter
values whereas the likelihood function describes how closely the data correspond to

the model, for a given set of parameters.
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The MCMC technique generates a series of random walks or chains that explore the
parameter space in such a way that it is sampled in proportion to the posterior proba-
bility density. Along a chain, at each step new values for the parameters are proposed.
These are accepted or rejected, depending on the probability of the proposed values rel-
ative to that of the current parameter set. If the probability is higher, then the proposed
parameters will be adopted, and the chain will move to a new point in the parameter
space. However, if the probability is lower, the chain will remain in the same posi-
tion, although the method still gives some chance of the new values being accepted.
In this way, the parameter space is thoroughly explored and the posterior distribution
efficiently sampled. The posterior distribution contains the probability density distri-
butions of all the parameters, and therefore one can extract from it the expected values

of any function of the parameters and its uncertainties.

For the analysis of our spectra we use the software EMCEE (Foreman-Mackey et al.
2013), which implements the Affine Invariant MCMC Ensemble sampler of Gonzalez
et al. (2010). The Affine Invariant MCMC Ensemble sampler uses multiple ‘walkers’
to produce a set of chains. These are started at different points of the parameter space.
Each walker moves following a proposal distribution that depends on the current po-
sition of the rest of the walkers. We also make use of parallel tempering, which uses
walkers at different temperatures (7') sampling flatter versions of the likelihood L =
L£YT . In this way, at higher temperatures the walkers can escape from local maxima.
Walkers also exchange temperatures allowing different frequency of sampling for dif-
ferent regions. Parallel tempering eases the communication in the case of multimodal

posterior distributions and generally speeds up convergence.

The performance of the MCMC depends on two issues: the ‘initialization bias’ and
the ‘autocorrelation in equilibrium’ (Sokal 1996). The first one refers to the need of
reaching the equilibrium distribution and therefore ‘erasing’ any dependence on the
initial conditions. This check is done by estimating the autocorrelation time in an
initial run of the MCMC or burn-in phase, which is an estimate of the number of steps
needed before the samples drawn from the target density are independent. This burn-
in phase is then discarded and not included in the posterior distribution. The second

issue implies that once the chains have reached equilibrium, we need to take enough
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samples to obtain a statistically-significant estimate of the errors. Therefore two of the
key factors ensuring a good performance of the MCMC sampling are the length of the

chains and the number of walkers.

To ensure a good performance for our analysis we use 300 walkers, a burn-in phase
of 500 iterations (~10 times the autocorrelation time) which are discarded, 500 iter-
ations after the burn-in phase and 10 different temperatures to sample the posterior

distribution.

Assuming that the uncertainties follow a normal distribution, our likelihood function

can be written as:

1 = fi_fmodel 2 1
Inf = — > (7) = —§x2, (3.8)

i=1 i
where n is the number of points in each spectrum and x? is the chi-square distribution.

Another factor that is instrumental for a good performance of the MCMC sampling
method is the selection of the prior distributions of the parameters that appropriately
constrain the regions of parameter space to be explored. The priors are flat with the
shape of a step function, i.e., giving probability equal to O for the values outside a

certain range. We use the following priors

1. Finuaesss > 0;

2. z consistent with the Ha line being within the wavelength range probed by our

spectrum, with an additional 20 A window in each side; and

3. Finiaesss < 3 (Fua + continuum).

The first prior forces the flux of [N11] A6583 (which, physically, can never be negative)
to be positive; the second assumes that the Ha line lies within the spectral range; the
third sets an upper limit for the [N11] A6583 flux such that it cannot be larger than
3 times the flux of Ha (which is the maximum value of [N11] / Ha observed in the
WHAN diagram (Cid Fernandes et al. 2010), including the possibility of up to 3 A

equivalent-width of absorption in Ha.
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As mentioned above, we define our model using six different parameters. This number
can be reduced if we assume some properties of our spectra. First, one can assume that
the slope of the continuum is roughly the same for all the galaxies, which is reasonable
considering the short wavelength range covered by the OMEGA spectra (< 200 A).
Secondly, the width of the emission lines will be limited by the instrumental resolution
and only substantially broadened in cases of strong AGN (1000-25000 kms~'). Due
to the low spectral resolution and the faintness of some of the objects, adding these

constraints will benefit the reliability of our estimates.

In order to find a fixed value for the slope of the continuum and for the instrumental
width of the lines, we first perform six-parameter MCMC runs considering only those
galaxies that show clear emission lines. We then select galaxies with less than 10 per
cent uncertainty in the estimation of the flux in Ha and [N11] A6583, the width and
equivalent width of the Ha line and the median value of z consistent with Ha and
[N11] A6583 being within the wavelength range. In total we find 88 galaxies that fulfil
these requirements. For these galaxies, Fig. 3.8 shows the distribution of the line-width
and the slope of the continuum. The continuum slope is consistent with ~ 0 ergs cm 2
s~ A=2 x 1071, while the distribution of the width of the lines shows a clear peak at

7.5 A. These findings allow us to confidently fix these two parameters to the mentioned

values and use only a four-parameter model to fit the spectra: c1, z, Fu, and Fnyy.

In Figure 3.9 we show an example of the performance of the MCMC algorithm using
a four-parameter model for the spectrum of one of our galaxies. Unless otherwise
specified we summarise our fit results using the median value of the (marginalised)
posterior distribution of each parameter, and estimate uncertainties from the 16th- and

84th-percentiles.

3.4.2 Defining the OMEGA sample of Emission-Line galaxies (ELGs)

After fitting the Ho and [N11] lines, we describe here the criteria we use to define the
sample of emission-line galaxies. Our parent sample is drawn from the STAGES cata-
logue, where we select all the objects with < mp < 23 that are detected in COMBO-17
and HST (combo_flag > 1and stages_flag > 1 in Gray et al. (2009)) and lay

within the 20 observed fields shown in Figure 3.1, adding up to 7600 objects.
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Figure 3.8: Distribution of the width (o) of the spectral lines and the continuum slope for a sample
of 88 galaxies with very clear emission lines.

3.4.2.1 Cuts based on the quality of the fits

To study the properties of the target galaxies we are interested in both the total flux
of the galaxy within Ry, and the flux in the central region inside Rpgp. These mea-
surements can be quite different in galaxies with nuclear activity and in those with
non-homogeneous distribution of the star formation. Therefore, the sample of galaxies
in which we apply the AGN diagnostic is drawn using the measurements performed
with Rpgr, whereas the selection of galaxies for the study of their global properties is

done using the fluxes measured within Ry.

As mentioned in section 3.2, there is a large number of galaxies observed in more than
one field, especially in the regions covered by the fields 21 and 22. In these cases we

only use the spectrum of the galaxy with the lowest error in the estimation of Wy,.

Our selection criteria are based on the probability density distributions obtained from
the MCMC runs on the spectra. Aiming to include all the clear cases of spectra with

emission lines, we consider those galaxies fulfilling the following selection criteria:

1. relative error(Wy,) < 0.15;

2. probability of detecting the Ha line in emission, P(Fy, >0) > 99.7; and
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Figure 3.9: Parameter-parameter likelihood distributions with one- (solid), two- (dashed) and
three- (dash-dotted) sigma contours obtained for the four-parameter model of the Ry, aperture
spectrum of galaxy 42713 (the same galaxy shown in Fig.3.7). We have fixed the continuum
slope and the width of the lines as explained in the text. On the top right we show the observed
spectrum (blue points) together with the model fits (red lines). We plot only 1/100 of all the indi-
vidual MCMC fits for clarity, but they are all very similar. The median values of the parameters’
probability distribution are plotted as a white cross on the two-dimensional distributions. The pa-
rameters shown are the continuum flux density, the redshift, and the integrated fluxes of the Ha
and [N11] A6583 emission lines. Fluxes are given in c.g.s units.
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3. the Ha line falls within the wavelength range probed by our observations
(for the Rpsy measurements we also require [N11] A6583 to fall within this wave-

length range).

Applying these cuts, we include a total of 2076 galaxies. For the parts of our analysis
that make use of both Ho and [N11] measurements within Rpgr (e.g., Sect. 4.2.1), we
define a sub-sample requiring both Ho and [N11] A6583 to be within our wavelength

range. This subsample contains 1725 ELGs.

3.4.2.2 Cuts based on photometric redshifts

Apart from selecting the galaxies with clear emission lines in their spectra, it is crucial
to ensure that the lines we are detecting are indeed Ho and [N11]. As explained above,
our programme is designed to map these two lines in galaxies residing in the cluster
system, in particular at redshifts between 0.151 and 0.176. Besides that, galaxies in
front and behind the cluster are also imaged, although in these cases the rest-frame
wavelength range covered is different. However it might happen that the spectrum of a
non-cluster galaxy has an emission line that appears at the same observed wavelength

as Ho at z ~ 0.165, and therefore would be a contaminant in our sample.

The analysis on the sources of contamination and completeness has been carried out by
the OMEGA team and led by Tim Weinzirl. To understand the sources of contamina-
tion we compare our redshift estimates for the R, measurement with the COMBO-17
photometric redshifts, the spectroscopic redshifts from the AAT observations and 182
VIMOS/VLT spectroscopic redshifts of disk galaxies in A901/2 kindly provided by
Asmus Bohm (Bosch et al., 2013a,b). The two sets of spectroscopic redshifts were
compared to detect any systematics between them that turned out not to be present,
and therefore redshifts of galaxies included in both samples were averaged. A total of

186 Ha detected galaxies were matched with spectroscopic redshifts.

In Figure 3.10 we compare our redshifts with the COMBO-17 photometric redshifts
only for those Ha detected galaxies with spectroscopic redshifts, and we divide them
in low- and high-W,, (below and above 104, respectively). Galaxies with high Wy,

have smaller scatter than low-W4, ones, which seem to show a bimodal distribution.
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Figure 3.10: Comparison of the STAGES photometric redshifts and the ones obtained in OMEGA
for the 186 Ha detected galaxies with available spectroscopic redshifts. We split the sample in
low- and high-W4,, shown in red and blue, respectively. The low-W7y, points show larger scatter,
partially due to contamination from lower-redshift galaxies where we are detecting [S1I] instead of
Ha. The thick and dotted blue lines show the fit to the high-Wg,, objects and three times the scatter
between these points, respectively. The upper dotted line, with slope 0.88 and intercept 0.136, is
used to remove the SII contaminants.

This bi-modality appears because in lower-redshift galaxies instead of detecting Ho
we are detecting the [S1I] line at A = 6724, which generally has lower equivalent
width than Ha. To discard those galaxies where [S11] is being detected instead of He,
a line was fitted to the objects with high Wy, which is shown in the plot as a blue line,
together with two dotted lines indicating the 30 scatter. All the sources above this 3o

boundary were removed. The linear fit has the following form

Zphot — Zosiris < 0.8842pnot — 0.1358. (3.9

To further restrict our selection to galaxies that are in the cluster system, we also per-
form a second cut based on the accuracy on the estimation of the photometric redshifts.
We do it by using the standard deviation on the photometric redshifts from equation 5
in Gray et al. (2009). For a galaxy with mg = 19.1 (the mean mp among sources with
spectroscopic redshifts), the standard deviation is of the order of ~ 0.006 at z = 0.165.
We then allow a window of three times this value outside the minimum and maximum

redshifts sampled by OSIRIS (0.151 and 0.176, respectively), constraining the sample
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Figure 3.11: Comparison of photometric and spectroscopic redshifts for Ha detected objects with
the lines delimiting our sample. Open circles are the 27 objects that were discarded as likely
[S11] contaminants. The windows marking the range of values in photometric and spectroscopic
redshifts are different because for the photometric redshifts we account for the uncertainty in their
estimation (see text for details).

to galaxies with photometric redshifts in the range [0.133,0.195].

In Figure 3.11 we show the performance of these two cuts, comparing photometric
and spectroscopic redshifts for the 186 matched galaxies. If we remove the objects
above the 30 scatter in Zpnot — 20SIRIS VS Zphot. Which are in all probability [SI1I]
contaminants, we keep a total of 159 objects. Applying the photometric redshift cut
(0.133 < zpnot < 0.194) we select 147 objects, of which only one object is outside the
spectroscopic redshift cut (cf. figure 3.2), and therefore the contamination in our clus-
ter definition is smaller than 1%. In the spectroscopic redshift cut, we coincidentally
also select 147 objects, but of these one galaxy is not included in the photometric red-
shift cut. We therefore detect 146 out of the 147, which implies a redshift completeness
level of > 99%.

Applying all the selection criteria explained in this section, we detect Ha in a total of
622 cluster galaxies, whereas the sample requiring both Ha and [NT1] to be detected

contains 488 objects.
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Figure 3.12: The distribution of the Ha flux for the 622 ELGs in our sample, where the error bars
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3.4.3 Detection efficiency and limits

Our ability to detect Ha emission depends on a complex interplay between the bright-
ness of a galaxy, its size, and its Ha flux and equivalent width. For instance, for a
given Ha flux, galaxies with stronger continuum will be harder to detect. Figs. 3.12
and 3.13 show the distribution of the Ha fluxes and equivalent widths (W) for the
622 ELGs in our sample. We are able to detect galaxies with Ha fluxes as low as

257!, The Wy, distribution we obtain is broadly compatible

~ 3.4 x 107 ¥ ergem™
with the one found by Balogh ef al. (2004a). For equivalent widths larger than ~ 20—
30A the distribution declines steeply, following roughly a power law. At lower equiv-
alent widths the distribution flattens out until incompleteness probably kicks in below

~ 5A. When interpreting our data it is important to bear in mind that the sensitivity of

our survey declines for lower equivalent widths.

Due to the complex nature of the Ha detection process, it would be very difficult
to model accurately the detection limits and the completeness of our sample from first
principles. Instead, we follow an empirical approach that takes advantage of the wealth
of data available from the STAGES database. Ha emission is expected to be present

in blue, star-forming galaxies. Moreover, many dusty reds have been shown to have a
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Figure 3.13: The distribution of Wy, for the 622 ELGs in our sample, where the error bars
are 1/ V/N. For equivalent widths larger than ~ 20-30A the distribution declines steeply with
incompleteness kicking in below ~ 5A. We have fitted a line with slope -2.3 and an intercept of
6.1.

certain degree of star formation (Wolf, Gray & Meisenheimer 2005). Here we compare
our Ha detections with the numbers of blue-cloud and dusty red galaxies (star forming
candidates) in the STAGES catalogue in order to evaluate how efficient the OMEGA
survey is at detecting these two types of star-forming galaxies and to assess the sample

completeness.

In the top panel of Fig. 3.14 we show the mp distribution for the galaxies in our sam-
ple where Ha has been detected (green). For comparison, we over-plot in red and blue
the distributions of dusty reds and blue cloud galaxies classified as cluster members
by COMBO-17, both considered as star-forming types. The dashed histograms show
the same COMBO-17 samples corrected for completeness and contamination (see be-
low). One caveat here is that we do not separate the so-called “retired” galaxies (Cid
Fernandes er al., 2011; Yan & Blanton, 2012), which also have Ha emission, from
the star-forming ones. More details are given in Sect. 4.2.1, when we discuss AGN

activity.

As explained in section 3.4.2, the parent sample drawn from the STAGES catalogue

contains ~ 7600 objects, but we only consider in our study those objects with pho-
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Figure 3.14: Top panel: the m g, distribution of dusty reds and blue cloud galaxies determined to be
cluster members using the COMBO-17 photometric redshifts (sample denoted cmc17).The dashed
histograms indicate the same cmc17 samples, but corrected for completeness and contamination
as discussed in the text. The green square-filled histogram is the distribution of galaxies for which
Ha has been detected in our OSIRIS spectra. Bottom panel: The Ha detection rate, expressed as
a fraction of the full sample of cluster members (fiq det; green stars) and as the fraction of cluster
dusty reds (frs,Hadet; red ellipses) and cluster blue cloud galaxies (fsc Hadet; blue circles),
plotted as a function of mp. See text and equations 3.13 and 3.14 for details.

tometric redshifts compatible with being cluster members (see section 3.4.2.2). This
selection reduces the parent sample to 1262. Of these, 296 are dusty reds and 662 be-
long to the blue cloud, both thus considered to be star-forming galaxies, based on their
COMBO-17 SEDs (see Sec. 3.1.1). We securely detect Ha in 107 dusty reds and in
435 blue cloud galaxies. From this we estimate that we are able to detect Ha in ~ 36%

of the dusty reds and in ~ 66% of the blue cloud galaxies.

As described in Gray et al. (2009), the cluster membership was determined using
COMBO-17 photometric redshifts. Despite the relatively high accuracy of these red-
shifts, the cluster sample suffers from a certain degree on incompleteness and con-
tamination, particularly at faint magnitudes. Therefore, the “true” (corrected for in-

completeness and contamination) number of cluster galaxies ¢, - can be estimated

as

c Ncmcl'?(l - Contfrac>

cmel?7 — )
COMPirae

(3.10)

where N.p,.17 is the observed number of cluster members based on their photometric
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redshifts. In this equation, compy,,. and contg,. are the magnitude-dependent com-

pleteness and contamination fractions respectively (see Fig. 14 of Gray et al. 2009).

The “true” number of blue cloud (BC) cluster galaxies Njc opc17 18

NBCcmc17(1 - Contfrac)

N]%Ccmcl? - comp; ) (31 1)

where Npc cme17 18 the observed number of blue cloud cluster galaxies.

Similarly, the “true” number of dusty red (RS) cluster galaxies Ngq .pc17 18

c ]\']’RScmcl7<1 — Contfrac)

- , 3.12
RScmcl7 COMPgae ( )

where Ngrs cme17 18 the observed number of dusty red cluster galaxies.

The bottom panel of Fig. 3.14 shows as green stars the fraction of cluster galaxies

detected in Ho, defined as

N o dae
Fador = —mdet, (3.13)

cmcel7

as red ellipses the fraction of dusty reds cluster galaxies detected in Ha

NHa det
JRS Hadet = o (3.14)
RS,cmcl7

and as blue circles the fraction of blue cloud cluster galaxies detected in Ha

N «ae
Foc Hader = ot (3.15)

BC,cmcl7

Here we can see a clear difference in our efficiency of detecting star formation in blue
cloud and dusty reds. Whereas we effectively detect Ha for all blue cloud cluster
members brighter than mpz ~ 20, the fraction of dusty reds detected is always lower
although following the same behaviour. In both cases, for fainter magnitudes, the
completeness drops off, as expected — only galaxies that are bright in Ho are detected.
Note that the apparent drop for galaxies brighter than m, ~ 19 is due partially to low-
number statistics in the brightest bins. However, massive galaxies tend to have lower
specific star formation rates and thus low Wiy, making them harder to detect. Regard-
ing the fraction of all cluster members, the completeness does not depend strongly on
mp since at lower masses a greater fraction of cluster galaxies are star forming. Note
that fger > 1 means that we are detecting Ha in more galaxies than are expected to be
star forming (based on the sed_flag_cl flag). This reflects both the uncertainty in
the COMBO-17 SED classification and the high sensitivity of our survey.



OMEGA I.- Survey description and data analysis 74

The information on the detection efficiency and limits derived here will be used in
the subsequent analysis of the properties of the galaxies presented in the following

chapters.



Chapter 4

OMEGA II - Integrated properties of
A901/2 galaxies.

In this chapter we present the results obtained from the analysis of the integrated prop-
erties of the galaxies in A901/2, as measured from the OSIRIS data. Here we focus on
the dependence of star formation and AGN activity as a function of stellar mass, SED

type, morphology and environment.

4.1 Definition of environment

We first need to define how we measure environment. Previous works using the
STAGES data, such as Wolf et al. (2009) and Maltby et al. (2010), have defined
their field and cluster samples using the photometric redshift distribution. In our case,
OMEGA is designed to only target galaxies that are in the cluster and therefore we
need a measure to account for the different environments where our cluster galax-
ies reside. It has been previously shown that in the A901/2 system, trends of galaxy
properties with environment are more sensitive to local galaxy density than to cluster-
centric distance (Lane et al., 2007). Therefore, here we evaluate the environment using
the stellar mass surface density which, unlike galaxy number surface density, does not
depend strongly on the selection of the underlying sample (either by luminosity or by

stellar mass). Following the procedure of Wolf et al. (2009) we use as our density
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measure the parameter ¥37, .(> 10°Mg), in units of Mo/Mpc®. This is the stellar
mass surface density inside a fixed aperture with radius » = 300kpc at the redshift of
the multi-cluster system (z = 0.167), using only those galaxies with log M, /Mg > 9.
We also define a cluster core region containing those galaxies with 337, (> 10°Mg)
> 12.5 MoMpc 2. The estimates of 57, .(> 10°Mg) have been kindly provided by
David Maltby.

4.2 Results

4.2.1 AGN and star-forming galaxies in OMEGA

In this section we identify star-forming galaxies and AGN from our sample and inves-
tigate their properties by cross-matching our OMEGA observations with the STAGES
catalogue (Gray et al. 2009). The identification of AGN using optical emission lines
is based on the fact that the radiation coming from an accreting black hole produces
a harder radiation field than star formation, and therefore produces a higher level of
ionization in the gas. As a consequence, the intensities of the emission lines after re-
combination are different, something that can be identified in the spectrum of a galaxy.
Historically, the most-widely used diagnostics are based on the BPT diagrams (Bald-
win, Phillips & Terlevich 1981), of which the most common one uses four strong
emission lines, [O 111], HB, [N11| and Ho. However, in order to obtain reliable mea-
surements of these four lines one needs access to different parts of the spectrum with
relatively high signal to noise. With the motivation of establishing a more economical
way of differentiating between the sources of ionization in a galaxy, Cid Fernandes
et al. (2010) proposed a new alternative diagram that only makes use of two emission
lines: Hov and [N11]. This diagram, known as WHAN, compares the equivalent width
in Ha (Wy,,) with the ratio between the fluxes in [N11] and in Ha ([N11] / Har). Based
on these parameters, four different populations can be identified in the diagram: star-
forming galaxies, strong AGN (sAGN) or Seyferts, weak AGN (WAGN) or LINERs,
and the so-called “retired” galaxy population (Cid Fernandes et al. 2011, Yan & Blan-
ton 2012, Stasinska et al. 2015). The former two classes have been already described

here, whereas the last two ones need to be introduced. LINERs are in fact galaxies with
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‘LINER-like spectra’, given that LINER is the abbreviation of ‘low ionization nuclear
emission regions’ (as introduced by Heckman 1980). LINERs are objects where the
weak emission lines are apparently produced by low-level nuclear activity. Regarding
the retired galaxies, they are also located in the bottom-right part of the diagram (fig-
ure 4.1). These retired galaxies have stopped forming stars, and their gas is believed
to be ionized by hot low-mass stars in the post-AGB phase. Therefore, they do not
have a detectable contribution from an AGN. Furthermore, their Ho emission is often

extended (Belfiore et al., 2014).

In Figure 4.1 we show this WHAN diagram for all the 488 sources where the red-
shift of each galaxy is consistent with both Ho and [N11] being within the wavelength
range sampled (see Section 3.4.2.2). The values that appear in this plot come from the
measurements performed using the Rpgp aperture, as this provides the cleanest mea-
surement of the nuclear emission from the galaxy. The galaxies that appear with high
values of [N11] / Ha on the right-hand side of this plot are artifacts produced by the
spectral fitting procedure hitting a constraint (see selection of priors in Section 3.4.1).
They are not removed in this thesis but they will not be included in the papers presented

for publication.

When using this kind of diagnostic diagrams one has to be aware that in reality there is
no hard division between SF- and AGN-dominated systems. In fact, other works place
the vertical boundary in slightly different values of [N11] / Ha (Kewley et al., 2001;
Kauffmann et al., 2003a; Stasiniska et al., 2006). Bearing that in mind, we still want to
know which sources are more likely to be hosting an AGN or to be dominated by star
formation. Therefore, besides showing the median values of the Wy, and [N11] / Ha
probability density distributions in Fig. 4.1, we also use these distributions to evaluate
the probability of each galaxy being at either region of the diagram, based on the po-
sitions of the horizontal and vertical boundaries. The sources with probabilities larger
than 99.7% (30 confidence) of being AGN or star forming are highlighted in red and
blue, respectively. Based on this procedure we find 52 objects with high likelihood of
hosting an AGN and 184 probably dominated by star formation. For the remaining 252

galaxies (plotted as green squares) the classification is more uncertain or intermediate.
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Figure 4.1: A diagnostic plot of Wiy, vs. [N11] / Ha, the so-called WHAN diagram (Cid Fernandes
et al. 2011). The vertical and horizontal lines separate regions with different sources of ionisation.
We only show detections using Rpgy aperture measurements where both Ho and [N11] fall in the
OMEGA probed wavelength range: a total of 488 ELGs. From these we find 52 secure (> 3o
confidence) AGN hosts (Seyferts; red circles) and 184 star-forming galaxies (SF; blue stars). The
green squares represent galaxies that contain mixed sources of ionisation and/or the classification
is more uncertain. In the bottom-left corner we show the 25, 50 and 75 percentiles of the errors for
reference.

4.2.1.1 OMEGA and X-Ray AGN cross-matching

As a first test of our ability to detect AGN, in this section we make a comparison
between the optical AGN detected in OMEGA with those X-ray AGN detected as
XMM point sources in the A901/902 field by Gilmour et al. (2007, see their table 12).
The 12 galaxies they detect in the X-ray are present in our parent sample and therefore
we have OMEGA spectra available for all of them. From these 12 galaxies, two of
them, 12593 and 41435, do not pass the photometric redshift cuts described in Section
3.4.2.2, although galaxy 41435 has a spectroscopic redshift from the AAT compatible
with being in the cluster (z = 0.1585). These objects are the two most luminous
sources in the X-ray. From their variability in the broad-band photometry Gilmour
et al. (2007) interpreted them as probable optical type I AGN. However, the spectra we
obtain in OMEGA show Wi, values smaller than 3A, probably due to high continuum

emission, making it very challenging to detect them as emission-line objects.

Of the remaining ten objects, only four pass our cuts based on the quality of the fits
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(section 3.4.2.1), either because they are poor detections (relative error(Wy,) > 0.15)
or because the redshift found in the fitting process is not compatible with Ho and [N11]
being sampled. Interestingly, one of the six discarded objects, ID 15698, has 100%
probability of being an AGN despite showing only Ha and the weak [N11] \6548 line
in the spectrum. We show its spectrum on the right-hand side of figure 4.2 where
we can see that in fact the [N11] \6548 line is quite strong, implying an even stronger
[N11] A6583, and therefore a large value of [N11] / Ha, placing it in the ‘Seyfert’ side
of the WHAN diagram (figure 4.1). This galaxy has Sb morphology and has an SED

corresponding to the dusty red class.

The four AGN that pass the two cuts have IDs 9020, 11827, 19305 and 39549, which
have probabilities of being an AGN of 99.8%, 67.1%, 78.8% and 0%, respectively.
Therefore, out of the 12 X-ray-detected AGN, only ID 9020 is classified as a bona-fide
AGN following our selection and identification criteria (see figure 4.2). This galaxy
presents Sa morphology and is classified as old red based on its SED. It is also the
most luminous galaxy in the X-ray among the 10 objects classified as cluster members
based on the photometric redshifts, having a X-ray luminosity of L, = 2.56 x 10*2
ergs s~ L. For the lower probability ones, both 11827 and 19305 are still likely AGN
candidates and they inhabit the right-hand side of the WHAN diagram, although their
low Wi, values (~ 6A) place them close the LINERs population. These two galaxies
have disk morphologies (Sa—Sb) and they belong to the blue cloud. Finally, 39549 is a
Sa dusty red with Wiy, ~ 3A and therefore belongs to the LINERs population.

We therefore securely classify as optical AGN 1 (or 2 if we include 15698) out of the
12 X-ray AGN detected by Gilmour et al. (2007), which is less than ~ 10%. Martini
et al. (2006) found that only 4 of at least 35 X-ray objects (~ 11%) would be classified
as optical AGN from their emission-line signatures, which is in close agreement with
what we found. The lack of optical signatures in X-ray AGN might be a consequence
of these objects being heavily obscured Compton-thick AGN and therefore they would
not be expected to show optical signatures of nuclear activity. On the other hand,
the fact that only 1 (or probably 2) of the 52 highly likely optical AGN found in the
OMEGA survey is associated with a Gilmour et al. (2007) X-ray source clearly shows

that OMEGA is able to detect a large number of optical AGN with relatively weak or
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Figure 4.2: Spectra of two of the 12 X-ray AGN detected by Gilmour et al. (2007). In orange and
purple we show the position of the Ha and [N11] lines, respectively. Left: The only X-ray AGN
detected as bona-fide in OMEGA: ID 9020. Right: Although only Ha is present in the spectrum

of ID 15698, this galaxy is assigned a 100% probability of being an AGN due to the strength of the
weak [NII] A6548 line.

no X-ray emission.

The four X-ray AGN with reasonably high probability (> 66%) of being an optical
AGN (9020, 11827, 19305 and 39549) present morphologies with significant bulges,
as it would be expected in galaxies hosting a black hole. However, they have different

SEDs, implying that the presence of an active nucleus is not strongly related to their

stellar populations.

‘We can summarise the results found in this section as follows:

e None of the X-ray detected AGN expected to be type I optical AGN by Gilmour
et al. (2007) is detected as such in our emission-line survey. The absence of
strong optical emission lines might be due to very high continuum emission,

yielding Wy, values below our detection limits.

e We detect a large population of optical AGN with no X-ray counterparts. Only
one (although probably two), of the 12 galaxies detected as X-ray point sources
is detected as a bona-fide AGN in our spectral measurements, although some
remain unclassified because we do not have the required wavelength coverage.

We attribute this lack of optical counterparts to heavily obscured Compton-thick

AGN with no or weak emission lines.

e X-ray AGN with optical counterparts are found in objects with a prominent bulge

but still late-type morphologies. The presence of an AGN in these objects does
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not seem to affect their colours.

4.2.1.2 Properties of OMEGA AGN

Once we have identified the candidate galaxies to be AGN hosts, we now explore their
properties as a single population and compare them with the overall cluster population.
We will also look at the properties of galaxies found to be dominated by star formation,
although the integrated star formation properties of the emission-line galaxies will be

more thoroughly analysed in section 4.3.

In the following analysis we study the properties of the AGN and star-forming popu-
lations with respect to the overall cluster population. We work with two different sam-
ples: one including only the bona-fide detections (3¢0) and another one including also
the objects that appear in either the Seyfert or the star-forming regions of the WHAN
diagram, despite not having > 30 probability. This increases the sample size in a way

that is statistically robust when analysing the properties of these two populations.

We start by looking at the WHAN diagram colour-coded by stellar mass in figure 4.3.
Looking first at the star-forming galaxies we see that almost all have stellar masses
below 101°M, which might be a direct consequence of the mass quenching of star
formation. Seyfert objects span a wider range in masses than star-forming ones, in-
cluding some of the most massive galaxies. Interestingly, LINERs also tend to have
high stellar masses, which might also be related to their past truncation of star forma-
tion. We also show the mass distribution of the AGN and star-forming populations,
together with their fraction with respect to the cluster population (figure 4.4). In this
plot, galaxies hosting an AGN become generally more common at higher masses com-
pared with the cluster mass distribution (shown in black). Star-forming galaxies appear
in larger fractions at low masses, decreasing towards higher masses. The lack of high-

mass star-forming galaxies is also seen here.

We look now at the morphologies of these two populations. Here we only consider
ellipticals, SOs, spirals and irregulars, which include 456 out of the 486 galaxies with
detected Hov and [N11] A6583 (the remaining objects did not have a reliable visual clas-

sification). We show the WHAN diagram for different morphological types (Figure
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Figure 4.3: WHAN diagram colour-coded by the stellar mass of the galaxies. Squares represent
galaxies that contain mixed sources of ionisation and/or the classification is more uncertain

. In the bottom-left corner we show the 25, 50 and 75 percentiles of the errors for
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Figure 4.4: Top panel: Stellar mass distribution for the overall cluster population (black), ELGs
with detected [N11] A6583 and Ho (green), together with the AGN (red) and star-forming subsam-
ples (blue). The dashed lines represent the AGN and SF distribution including all objects in each
region of the WHAN diagram 4.1. Bottom panel: Fractions of each population compared with the
global cluster sample. We only show errors for the bona-fide fractions for clarity.

4.5) and the morphology distributions for the AGN and star-forming galaxies (Figure

4.6). Galaxies hosting an AGN become more common in spirals with bulges (Sa-Sc),
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Figure 4.5: WHAN diagram colour-coded by galaxy morphology. Squares represent galaxies that
contain mixed sources of ionisation and/or the classification is more uncertain

. In the bottom-left corner we show the 25, 50 and 75 percentiles of the errors for
reference.

whereas very few have early-type morphologies. However, two of the most massive
Seyferts shown in figure 4.3 have elliptical morphologies. Irregular galaxies domi-
nate the regions of high Wy, and low [N11] / Ha, where Scd types are also common.
Star-forming galaxies have generally late-type morphologies, with a large number of

irregulars.

To shed more light into the properties of these two different populations we show again
the WHAN diagram but in this case using their SED classifications from COMBO-17.

This is shown in figure 4.7.

Interestingly, from the 52 bona-fide AGN only 3 are classified as old red. Two of
them (39020 and 46643) are elliptical galaxies with very high mass (> 10'M,, see
figures 4.5 and 4.3), and both of them reside in the core regions (X3],;,.(> 10°Mg)
> 12.5 MMpc—2). The third one is in fact the only X-ray detected galaxy that we
securely classify as optical AGN, as shown in section 4.2.1.1. There is a large number
of dusty red" AGN, comprising ~ 36% of the total AGN population and in fact ~
24% of the dusty red galaxies are classified as bona-fide AGN. This implies that dusty

' As argued in chapter 3, a better term for these galaxies would be red star-forming
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Figure 4.6: Top and Bottom panels: The distribution of morphologies from ellipticals to irregulars
and the corresponding fractions of AGN and star-forming galaxies for each morphological type.
We only show errors for the bona-fide fractions for clarity. Line and point styles have the same
meaining as in Fig. 4.4

red galaxies are common hosts of an active nucleus. Perhaps, the suppression of star

formation in dusty red galaxies is linked, at least in some cases, to AGN feedback.

We finally look at the two populations of low Wy, emission, LINERs and “retired
galaxies”. Although we do not have any 3¢ classification, we still find many objects
located in these two regions of the WHAN diagram. They both tend to be dusty red
or old red, as expected from their low Wy, emission. Regarding the retired galaxies,
as the emission lines are not produced by nuclear activity but by old low-mass stars in
their post-AGB phase, we should expect them to have extended emission. Therefore,
if we were to use the values of [NI1] / Ho obtained using Ry they should occupy the
same region in the diagram. Besides that, with the spatial information of the emission
lines that we obtain in chapter 5 we will be able to identify the regions in the galaxy
were the emission originated. There we will also learn whether the Ha emission is
only nuclear, which will confirm the AGN nature of the galaxies classified as such in

this diagram.
Environmental influence on AGN activity

We finish the comparison between galaxies hosting AGN or star formation by explor-
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Figure 4.7: WHAN diagram colour-coded by SED type of the galaxies. Squares represent galaxies
that contain mixed sources of ionisation and/or the classification is more uncertain

. In the bottom corner we show the 25, 50 and 75 percentiles of the errors for
reference.

ing the influence of environment. In Figure 4.8 we show the distribution of AGN and
star-forming galaxies as a function of stellar mass density in a similar way as in fig-
ures 4.4 and 4.6. The fraction of AGN galaxies shows little dependence on density.
Regarding star-forming galaxies, the dependence is also weak, although they tend to
show marginally larger fractions at low density. Comparing the distributions of the
two populations, a K-S test gives a ~ 1.3% probability of the bona-fide AGN and star-
forming galaxies being drawn from the same distribution, but this probability is much
larger ~ 98.5% when considering all the sources in each side of the WHAN diagram.
This difference might be produced because some of the non-30-detection objects are
very similar to one another, since they probably present mixed sources of ionization
and therefore by including them we are increasing the similarity between the AGN and

star-forming distributions.

To further explore the dependence of AGN with environment, we show in figure 4.9
the distribution of the line ratio [N11] / Ho for the infall and the core regions. We have
also plotted the whole line ratio probability density distributions of the galaxies with

detected Ho and [N11J, and Wy, > 6 A to account for all the information obtained
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from the spectra in the fitting process. Here we can see that the data for infall and core
show quite similar distributions. A K-S test gives a probability ~ 34% of them being
drawn from the same population, which is in complete agreement with the lack of the

dependence of the AGN fraction with stellar mass density.

In a previous study of X-ray AGN by Gilmour et al. (2007), it was found that the X-
ray AGN tend to avoid the highest and lowest density regions, being more dominant in
regions of moderate density. However, with OMEGA we are able to probe lower lumi-
nosity AGN and therefore study the distribution with environment of a different AGN
population. Our findings point towards very little dependence of the low luminosity
AGN with environment, which is supported by previous studies (Martini et al. 2002,
Miller et al. 2003, Martini et al. 2006).

The findings on this section can be summarized as follows:

e AGN galaxies appear with a wide range of stellar masses, slightly increasing
their fractions with stellar mass and dominating the high mass end of the emission-
line galaxies. The fraction of star-forming galaxies decreases with mass and they

are absent at masses above 5 x 101M,.
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Figure 4.9: Dashed lines represent the [N11] / Ha probability density distributions for all the galax-
ies in the infall (blue) and core (red) regions of the cluster. Solid lines correspond to the median
values of [NI1] / He in each environment.

e AGN hosts are generally disk-dominated systems and only a few have early-type
morphologies. Star-forming objects are dominated by irregulars and late-type

disks.

e There is little dependence, if any, of the AGN fraction as a function of environ-
ment. Besides that, our results show hints of a possible difference between the
distributions of the star-forming galaxies and the AGN in the cluster environ-
ment, particularly the most securely classified AGN, which may also be those in

which the AGN is most dominant.

e A large fraction (~ 35%) of the bona-fide AGN are classified as dusty reds from
their SEDs. Further analysis on the spatial distribution of the emission will help

to confirm the classifications obtained using the measurements within Rpgp.

4.3 Integrated star formation

We now turn our attention to the study of the global star formation rates (SFRs) of the

622 objects where we detect Ha. To obtain the integrated SFRs we use the measure-
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ments within Ry, which encompasses the whole extent of the galaxies.

4.3.1 Star Formation Rates

The rate at which galaxies are forming stars can be obtained by looking at different
tracers. In OMEGA we obtain SFRs based on the Ha luminosity (Ly,) which, as
explained in section 1.4, traces star formation on time-scales of a few million years,
coming from stars more massive than ~ 10-20 Mg. These massive stars produce
copious amounts of ionising photons which are responsible for the ionisation of the
gas surrounding the star-forming regions and subsequent emission from recombination
lines such as Ha. Therefore, the luminosity we measure in Ha is directly proportional

to the amount of new stars being formed. This relation is given by the expression
SFRua [Meyr™] =2 x 107" Ly, [ergs™'] | 4.1)

where we have assumed 1 mag average extinction following Kennicutt (1998). Ly, is

obtained from the Ha fluxes using
Lia = 47 D} Fyo , 4.2)

where Dy, is the luminosity distance (795 Mpc at z = 0.167).

SFRs for the galaxies in A901/2 have also been calculated by Gallazzi et al. (2009) us-
ing the extinction-corrected light from the UV (COMBO-17 derived rest-frame 2800A
luminosities) and the IR dust reprocessed light (as observed with Spitzer/MIPS at
24pm). The rest-frame UV also comes from massive stars, although it traces slightly
longer time-scales than Ha; however, it is strongly attenuated by dust. In the presence
of dust, the radiation coming from these stars is absorbed, heating up the dust. The
energy is subsequently re-radiated in the far infrared, which therefore traces obscured

star formation.

The SFRs from these indicators are also available in the STAGES master catalogue
(Gray et al., 2009). Due to the different coverage of the COMBO-17 and Spitzer/MIPS
observations there is not IR data available for all the objects. In these cases only UV
data is employed to estimate the SFRs, which are considered as lower limits since the

amount of radiation re-emitted by the dust is unknown. When IR data is available
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but is below the detection limit of 58u.Jy (corresponding to an IR-only SFR of 0.14
Mgoyr~1), the IR luminosities are predicted from UV-optical luminosities (see Section
3.2 in Wolf et al., 2009), and they represent upper limits. When IR is detected, the

SFRs are calculated using equation (1) in Gallazzi et al. (2009).

In figure 4.10 we compare these SFRs with those estimated using Hav. For this purpose,
we use the UV and IR SFRs estimated assuming that the galaxies are at the redshift of
the cluster, z = 0.165, as all our Ha-detected galaxies are expected to be at the cluster
redshift. In the figure, blue triangles show the SFRs as measured when only UV data
was available (lower limits); red triangles are estimations for galaxies where UV and
IR are available but there is a non-detection in the IR (upper limits); and green circles
are SFRs for galaxies with UV and IR detections. These latter points, which account
for both the obscured and unobscured star formation are, on average, ~ 0.3 dex above
the one-to-one line. We associate this difference to the fact that the Ho SFR estimates
might be missing heavily-obscured SF, but it could also be indicative of a declining
SFR, since the IR traces stars with longer range of ages. In the case of the SFRs from
the UV alone, the correlation with the Ha SFR is stronger, which is not surprising as
the UV and Ha are sensitive to comparable SF timescales, with the UV tracing slightly
longer ones than Ha. However, there is also a clear ~ 0.3 dex offset since the effect of

extinction is significantly stronger in the UV than in the optical.

4.3.2 The Ha Luminosity Function

The galaxy luminosity function (LF) is an estimate of the number of galaxies with
different luminosities found in a given region of the Universe. The distribution of
galaxy luminosities can provide relevant information about the evolutionary processes
affecting galaxies. In this work we are interested in the distribution of Ho luminosities
for our cluster members, and its comparison with other clusters and the low-density
field. In figure 4.11 we show the Ha LF for different samples in OMEGA. The top
axis shows the SFR, assuming 1 mag average extinction, according to Equation 4.1.
To correct the OMEGA Ha LF for incompleteness we use the fraction of detected
galaxies per bin of R-band magnitude (mg) as obtained in section 3.4.3. We interpolate

between the different bins of mpz shown in figure 3.14.
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Figure 4.10: The log SFRy,, determined from R, aperture measurements compared with other
estimates of log SFR. See legend and text for details on the meaning of the different datapoints.

For comparison we show the A1689 luminosity function (at z = 0.18) from Balogh
et al. (2002) as well as the field Ha LF from Gunawardhana et al. (2013). For the
field Ho LF we use the best-fitting parameters of the Saunders function (Saunders
et al. 1990) that Gunawardhana et al. (2013) obtain for the redshift bin z = 0.1-
0.2 (log L* = 34.55, logC = —2.67, « = —1.35, 0 = 0.47). For A1689 we use
the Schechter (1976) function parameters: o = —0.1 and L* = 100 ergs~! given
by Balogh et al. (2002). We normalize all the Ha LFs to have the same value at
Ly = 1 x 10%%rgs s~!. These two Ha LFs use the same cosmology as we do and

therefore no corrections are needed.

On the left of figure 4.11 we plot the Ha-detected galaxies and the bona-fide star-
forming objects. As we are normalizing at Ly, = 1 x 10%%ergs s~! we cannot evaluate
differences at these luminosities, however we can study the faint and bright ends. At
low Ha luminosities, both samples, but especially the bona-fide star-forming galaxies,
show lower number densities at a given Ha luminosity when compared with the field,
following a qualitatively similar trend to that seen in the very dense cluster A1689. On
the bright end, bona-fide star-forming galaxies never have Ly, < 1 x 10%ergs s71,

whereas the Ha-detected galaxies fall in between the field and A1689, disappearing

above Ly, > 1 x 10*2ergs s~1. This is not a surprise, as A1689 is a more evolved and
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Figure 4.11: The Ha luminosity function for different subsamples of the Ha-detected galaxies.
For comparison, we show the Ha LF from the cluster A1689 at z = 0.18 (black dash-dot line;
Balogh et al. 2002) and the field from the GAMA survey at z = 0.1-0.2 (black dashed line;
Gunawardhana et al. 2013). All the LF are corrected for contamination and completeness. Errors
are always Poissonian. Left: The green points show the Ha-detected galaxies and the blue ones
the bona-fide star-forming objects. Right: The LF for dusty reds and blue cloud independently,
normalized to the total number Ho-detected sources.

denser cluster than A901/2 (Lemze et al. 2009, Alamo-Martinez et al. 2013). Thus,
we find the bright and faint ends of our LF to be intermediate between a more evolved
cluster, where galaxies have been processed by the environment for a longer period of

time, and the field at a similar redshift, where environment has played no role.

In the right of the same figure we show the Ha luminosity for dusty reds and blue
cloud samples. The blue cloud galaxies follow the Ha-detected sample, as they are the
dominating population, whereas dusty reds appear in much lower numbers especially

at the high-Ha luminosity end.

4.3.3 Effects of mass and environment

We turn now our attention to the study of the role that mass and environment play
in shaping the evolution of the galaxies in A901/2 by looking at the integrated star
formation properties. Again, we use the flux measurements within Ry, to estimate the
global star formation in the galaxies. Here we will focus on the specific star formation
rates (SSFRs), which measure the star formation rate per unit stellar mass. We start by
looking at the effects of stellar mass and stellar mass density on the SSFRs of galaxies.

First, we show a raw comparison of the change in SSFRs with respect to mass and
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Figure 4.12: Non-cumulative and cumulative histograms showing the comparison between the
SSFRs of low- and high-mass galaxies (left) and between galaxies in the infall and core regions

(right).

stellar mass density. In Figure 4.12 we plot the SSFR for low- and high- mass galaxies
(split at 3 x 10°M,, approximately the median of the stellar mass distribution) and for
galaxies in the infall and core regions. It is clear that the stellar mass of individual
galaxies produces a more significant change in the SSFR than the local stellar mass
density. The change in the median-SSFR from low to high mass is ~ 0.53 dex, whereas
that from infall to core is ~ 0.44 dex. A K-S test gives p-values ~ 1071* and ~
107°, respectively, for the samples being drawn from the same distribution. Both mass
and environment appear to affect the SSFRs of the galaxies. However, the change of
SSFR with environment seen here might be influenced by a change of stellar mass with
environment and vice versa. Therefore these two effects need to be isolated to study

their separate influence on star formation activity.

For this purpose, we start by using the strong correlation that exists between the SFRs
of galaxies and their stellar mass (Brinchmann et al., 2004; Whitaker et al., 2012). This
relation holds because high-mass galaxies form stars at higher rates than low-mass
ones, as it would be expected from their larger sizes. However, low-mass galaxies tend
to have higher SSFRs than high-mass ones. In other words, they tend to be more effi-
cient at forming stars per unit stellar mass. In figure 4.13 we show the SSFR vs stellar
mass for all the Ha-detected galaxies, highlighting the objects classified as bona-fide
AGN or star-forming. We also plot two lines showing our detection limits: the dotted

line marks the limit in flux at which we are able to detect Ho, and the dashed line
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Figure 4.13: SSFR vs stellar mass for the 541 Ha-detected galaxies with available stellar mass
densities and reliable mass estimates. Red circles and blue stars correspond to the objects classified
as bona-fide AGN and star-forming, respectively. The black solid line marks the Whitaker et al.
(2012) relation for the field at z = 0.165. The dashed and dotted lines show our detections limits
(see text for details)

shows the average Wy, detection limit for Wy, = 3A, after converting stellar masses
to R-band luminosities. The equivalent-width limit varies in this plot, depending on
the mass-to-light ratio of the galaxy in question. We only show the line for the dusty
red galaxies, while the same line for the blue cloud galaxies is slightly higher, but we
do not plot it for clarity. These lines are not straight, and thefore equivalent-widths are
not equivalent to SSFRs, because the mass-to-light ratio decreases with R-band lumi-
nosity. As a comparison we show the SFR-stellar mass relation in the field, using the
relation found by Whitaker et al. (2012), which for star-forming galaxies at z = 0.165
is given by

log SSFR = —6.56 — 0.32 log M,. 4.3)

The stellar masses used by Whitaker et al. are derived from medium-band photometry
using Bruzual & Charlot (2003) models that assume a Chabrier (2003) initial mass
function (IMF), solar metallicity, and the Calzetti et al. (2000) extinction law. The
stellar masses that we use were estimated by Borch et al. (2006) using the COMBO-17
photometry in conjunction with a template library derived using the PEGASE stel-

lar population models (Fioc & Rocca-Volmerange, 1997) with solar metallicity and
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a Kroupa (2001) IMF. The different IMFs used by Whitaker et al. and Borch et al.
would only change the stellar masses by ~ 10%. Moreover, the stellar masses derived
in these works are quantitatively consistent with those derived using a simple colour-
based stellar mass-to-light ratio (Bell et al., 2003). We are therefore confident that the
stellar masses used here can be directly compared, and that any systematic differences
will not affect our conclusions. The SFRs estimated by Whitaker et al. are based on
UV+IR indicators, and are therefore expected to be ~ 0.3 dex higher, on average, that

the Ha-based ones.

Even though we expect the Whitaker et al. relation to be ~ 0.3 higher, the majority
of our Har-detected galaxies would still fall clearly below the field SFR-mass relation.
This confirms that a large fraction of the galaxies in the cluster at all masses, including
those in the infall regions, have reduced their SFR significantly relative to the field,
as also found by (Poggianti et al., 2008; Vulcani et al., 2010). At first sight, this
seems to contradict previous results which suggest that the average SFR in SF galaxies
remains roughly constant with environment, and it is only the fraction of SF galaxies
that changes (Balogh et al., 2004a; Verdugo, Ziegler & Gerken, 2008; Bamford et al.,
2008). However, this contradiction is only apparent. The relative fraction of SF and
non-SF galaxies depends on the depth of the survey. Because we are able to detect
very low Ha fluxes (and thus very low levels of star formation), our sample contains
Ha-emitting galaxies that would have been missed by most other surveys. Therefore,
strongly suppressed galaxies still appear as Ha emitters in our sample. Cluster galaxies
with strong star formation have levels of star formation comparable with those found in
the field. If only galaxies with strong star formation are detected in a survey, it would
appear that their star formation has not been suppressed. Since galaxies with very low
levels of star formation would not have been detected in Ha in most other surveys, they
would have been (erroneously) classified as non-SF and one would conclude that only

the relative fraction of SF and non-SF galaxies has been affected by the environment.

Despite the clear difference shown here, we still want to obtain a clean estimate of the
change of SSFR with environment, eliminating, as much as possible, the effect of mass.
This can be done using the SSFR vs mass relation for the field as a reference, since

it provides the expected SSFR of a galaxy with a given stellar mass in low-density
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Figure 4.14: Non-cumulative and cumulative histograms of AlogSSF R for high- and low-mass
galaxies (see text for details). In the top plots we include all the Ha-detected galaxies whereas in
the bottom we only consider those galaxies with stellar mass < 2 x 101°Mg,.

environments. Then, if for a given galaxy, we ‘subtract’ the SSFR governed by its
mass, we could study the effect of the environment on the remaining star formation. If

we define AlogSSF R as the logarithmic distance to the field relation;

Alog SSFR = log SSFR + 6.56 + 0.32log M,, (4.4)

(c.f. equation 4.3), we can repeat now the same comparison as we did using the SSFRs,
but now using AlogSSFR. The top panel of figure 4.14 shows the distribution of
AlogSSF'R for high and low mass galaxies. The K-S test in this case provides a 3%
probability of them being drawn from the same distribution. The difference is much
smaller but the mass is still having an effect in the SSFRs, as massive galaxies are

further away from the field relation than low-mass ones.

However, we have not considered yet the fact that massive galaxies stop forming stars
at masses 2-3 x 10'°M, as suggested by, e.g., Bundy et al. (2006), and therefore

they do not follow the SSFR-mass relation. This might be the reason why we still
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Figure 4.15: Non-cumulative and cumulative histograms of AlogSSF'R for infall and core galax-
ies. We only include galaxies with M, < 2 x 10'°M,.

see a difference between the SSFRs of low- and high-mass galaxies. To take this into
account, we perform the same comparison but now considering only galaxies with
stellar mass < 2 x 10!°Mg. In the bottom of figure 4.14 we show AlogSSF R for
low- and high- masses (again split at 3 x 10°M,) but now removing the highest mass
ones. A K-S test gives a probability of them being drawn from the same population
of 37%. Therefore, we can confidently expect the mass effect to be removed by this
procedure and hence we can study the environmental effects in isolation. Using this
new selection cut, the sample is reduced to 455 objects but now we can confirm that the
mass dependence is efficiently removed. From now on, instead of using global SSFRs

we use AlogSSF R and concentrate on the M, < 2 x 101°M, sample.

We now repeat the analysis of the change in SSFR from the infall to the core, but now
using AlogSSF'R for the re-defined sample of 455 galaxies. The result is shown in
figure 4.15. The K-S statistics yield a p-value < 1 x 1073, whereas the difference
between the median values is ~ 0.37 dex. Therefore, after removing the effect of the
mass, there is still a clear statistical decrease in the SSFRs from the infall regions to

the core.

4.3.4 Morphologies and colours as indicators of changes in SSFR

So far we have shown that there is a clear change in the SSFR from the infall to the

core, even after the mass effects are removed. However, we still do not know in detail
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how galaxies are affected by the environment (besides reducing their SSFR), how they
stop forming stars and what other changes are shown by the galaxies. To try to answer
these questions we now turn our attention to the properties of the galaxies that might

correlate with the change in SSFR.

In Figure 4.16 we show the SSFR vs stellar mass in four different density bins for all
the 541 Ha-detected galaxies with available stellar mass densities and reliable mass
estimates. Symbols and colours correspond to different morphologies and SED types,
respectively, as explained in the legend. The black lines are the same ones shown in

figure 4.13.

By exploring the different density bins in this figure we can observe how different
types of galaxies populate them and how they are affected by environment. As ex-
pected, the SED types seem to generally correspond to different levels of SSFRs: blue
cloud galaxies have high SSFRs, old red ones appear at the bottom in the four den-
sity bins whereas dusty reds tend to be in between these two. We now investigate
whether galaxies with the same SED types change their levels of star formation as
they fall into regions with higher density. We explore this possibility by comparing
the AlogSSF' R of galaxies of the same SED type residing in the infall region with
those in the core, shown in the left plot of Figure 4.17. None of the three SED types
change significatively their AlogS.SF'R from the infall to the core, which supports the
idea that a change in colour has to be associated with a change in the AlogSSF R and
therefore in the SSFRs. Different density bins also show differences in morphologies,
which might be associated with changes in the SSFRs. In the right two panels of figure
4.17 we show the AlogSSF'R of ellipticals, SOs, spirals (Sabs and Scds) and irreg-
ulars, in the core and in the infall region. No significant variation is found for any
morphological types, which all show K-S probabilities > 10%. Looking at figure 4.17,
ellipticals and SOs seem to show a variation in AlogS.SF'R from the infall to the core,
but the low numbers of galaxies make any difference statistically insignificant. Conse-
quently, when a galaxy changes its SSFR it must also change its SED type and/or its

morphology.

To verify this idea, we show in figures 4.18 and 4.19 the global fraction of different

SED and morphological types, respectively, where we consider all the cluster galaxies.
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to different morphologies and SED types, respectively, as explained in the legend. The black line
marks the Whitaker et al. (2012) relation for the field at z = 0.165. The dashed lines show our

detections limits (see text for details).



OMEGA 1I - Integrated properties of A901/2 galaxies.

99

1.0 1.0 1.0
)" e JEr4}
0.8 & 0.8} ¢ Jos
0.6} 0.6} 10.6
Z |
0.4} | 04} o 10.4
] Infall 1) L FIC Infall
~ =1 Core :j C3 Infall :' = =1 Core
0.2f M Old red 0.2 | = ! Core rfi m sans]| 0-2
Dusty red L M Es ! B Scds
) B Blue cloud irr( SOs = B Irrs
-1.5-1.0-0.5 0.0 -1.5-1.0-0.5 0.0 -1.5-1.0-0.5 0.0
AlogSSFR AlogSSFR

Figure 4.17: Comparison between AlogSSF R in the infall and core regions for different SED
types (left) and morphologies (right).

As expected, the fraction of blue cloud galaxies decreases with density at all masses,
while the old red fraction increases. The dusty red galaxies show an interesting be-
haviour: the fractions of low-mass ones (< 10!°M,) are low and remain constant
with a slight increase with density; however, the high-mass ones show a significant
decrease with density. A different behaviour between low- and high-mass dusty reds
is also seen in the Ha-detected sample shown in figure 4.16: the dusty red galaxies
at low masses have generally low SSFRs and tend to be more bulge-dominated sys-
tems, whereas at high masses they have higher SSFRs and disk morphologies. This
trend might be a consequence of a different origin of the dusty red feature depending
on the stellar mass: on one hand, star formation in low-mass galaxies might be very
rapidly suppressed and accompanied by morphological changes; on the other hand, at
high masses the environmental effect on star formation is more subtle, therefore not

implying a change in morphology.

We test the apparent difference in SSFRs between low- and high-mass dusty reds by
comparing their AlogSSF R. This comparison is shown in figure 4.20 for all SED
types. While old red and blue cloud galaxies have the same AlogSSF' R for low and
high masses, the dusty red galaxies show a very significant difference, with low-mass
galaxies having much lower values of AlogSSF R than high-mass ones. A K-S test
gives a probability < 0.01% of them coming from the same distribution, and the me-

dian values differ in ~ 0.3dex. Therefore, the dusty red feature in low-mass galaxies
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Figure 4.18: Global fraction of each SED type as a function of stellar mass density in different
mass bins: blue cloud (blue), dusty reds (orange) and old reds (red).
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Figure 4.20: Comparison between the AlogSSF' R of low- and high-mass galaxies for different
SED types.

appears at much lower levels of star formation than in high-mass ones. With respect to
the different morphologies at low and high mass, we have to bear in mind that our vi-
sual morphologies might be less certain for low-mass systems with low SSFRs, which
are difficult objects to classify. As a sanity check, we look at the structural parameters
of these galaxies obtained from GALAPAGOS (Barden et al., 2012) fitting of the HST
images, which are also available in the STAGES catalogue (Gray et al., 2009). Dusty
red galaxies with stellar masses M, < 10%°M_, have Sérsic indices between 1 and 3.5.
Although n < 4 does not necessarily imply a disk for low-mass galaxies, some of these
objects might be visually misclassified as early-types when they still retain a disk. As a
consequence, there might not be such a strong morphological change in the formation

of the dusty red feature at low masses.

Apart from changes in the fraction of each SED type, there are also changes in the
fractions of each morphological type both for the Ha-detected objects (figure 4.16)

and also for the global cluster population, as shown in figure 4.19.

Ha-detected irregular galaxies dominate at low masses in all the density bins, although
few are found in the core. This lack of low-mass star-forming galaxies in the core might
be produced by the quenching of the star formation in these small objects which, not
being that bright any more, go beyond our detection limits. A similar trend is fol-

lowed by the global irregular population, only appearing at low masses and decreasing
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monotonically towards high density regions, where they probably contribute to the
increasing fraction of ellipticals. Furthermore, irregulars are also the main morpho-
logical type above the SSFR vs mass relation of the field, implying that some of them
might be disturbed objects (mergers or ICM interactions) where star formation has

been enhanced.

Spiral galaxies dominate the high-SSFR population for masses above 10°, although
they are less common in the core, where they might have transformed into the low-
SSFR early-type galaxies that populate the core at high masses. The cluster spiral
population also decreases towards the core, with the exception of the highest mass
bin, as the ellipticals, and especially SOs become more dominant towards high density
regions. These galaxies are probably responsible for the increasing fraction of old reds
at these masses shown above in figure 4.18. At very high masses, most of the galaxies
have disk morphologies, although the fraction of the different morphological types

does not change much with density.

In figure 4.17 (right), we showed that star-forming spiral galaxies do not change their
values of AlogSSF' R from the infall to the core. However, in figure 4.16 their colours
seem to vary at different masses and densities. As different colours and morphologies
imply different levels of star formation, these properties might be changing in spiral
galaxies as they evolve towards more passive systems. We investigate this variation
in figure 4.21 where we show the number of star-forming spiral galaxies with differ-
ent SED type for different mass bins as a function of stellar mass density. The dusty
red spirals become as common as the blue cloud ones, and even dominate at the cores
at high masses. The dusty red is then a very common feature in the high-mass, star-
forming spiral galaxies in A901/2. These findings agree with the results obtained by
Bamford et al. (2009) and Wolf et al. (2009, also in A901/2), who detected an increas-

ing fraction of red spirals with increasing density.

From the analysis of the integrated star formation based on the Ha estimates, we sum-

marize our findings as follows:

e The Ha luminosity function of A901/2 lies in between that of the more evolved
cluster A1689 and the field at a similar redshift. Our cluster contains a smaller fraction

of star-forming galaxies than the field at both faint and bright ends. However, it con-
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density for three different stellar mass density bins: blue cloud (blue), dusty reds (orange) and old
reds (red)

tains larger fractions of high star-forming objects than denser, more evolved clusters.

e The majority of the galaxies with detected emission in Ha show suppressed
SSFRs with respect to the field. The cluster galaxies have a wide range of levels of
SSFR, implying that the SSFR in star-forming galaxies does not remain constant with
environment, contrary to that found in previous works (Balogh et al., 2004a; Verdugo,
Ziegler & Gerken, 2008; Bamford et al., 2008) but supported by others (Poggianti
et al., 2008; Vulcani et al., 2010).

e Both mass and environment contribute to the suppression of star formation in
the galaxies in A901/2, the mass being probably more dominant. Once the mass effect
on star formation is removed, there is still a decrease of a factor of ~ 2 in the average

SSFRs from the infall regions to the core.

e For a given SED type or morphological type, there is no change in SSFR from
the infall to the core. The global change in SSFR is driven by changes in the fractions of
galaxies with different SED types and morphologies. At intermediate masses there is a
decrease in the fraction of star-forming spiral galaxies, which are replaced by galaxies

with early-type morphologies (ellipticals and SOs) that are passive or have low SSFR.

e The effect of environment at low and high masses is significantly different. At
low masses, star formation is rapidly quenched, probably leading to morphological
changes. At high masses, galaxies show a slower transition in which there are not mor-

phological changes but galaxies still retain relatively high SSFRs. The high number of
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high-mass SOs in the core supports this idea.

e High-mass (M, > 10%°M,,) spiral galaxies in A901/2 evolve into a phase of
relatively high SSFRs and red colours while they still retain their disk morphology.
These galaxies survive until the very core of the multi-cluster system. The dusty red
feature is then a very common phenomenon in spiral galaxies at high masses. The
increasing fraction of SOs at this masses indicates that dusty red spirals are probably

an intermediate stage in the transformation of spirals into SOs.



Chapter 5

OMEGA - OSIRIS Mapping of
Emission-line Galaxies in A901/2: I11.—

Spatial analysis of the star formation

In this chapter we introduce the analysis of the spatially resolved properties of galax-
ies in OMEGA. As mentioned previously, the characteristics of our observations are
ideal to study not only the integrated properties of the galaxies, but also to perform
detailed spatial analysis. Integrated values can give us an estimate of the global star-
forming properties of the galaxies, but it does not provide information about where in
the galaxies the star formation is taking place, and most importantly, how the proper-
ties of the star-forming regions change as a function of environment and stellar mass.
With this information we will be able to answer the question of whether the global
decrease in SSFR happens because galaxies as a whole reduce the rate at which they
form stars or because, perhaps, the regions of star formation become smaller in denser
environments. The study of the distribution of ongoing star formation throughout the
galaxies is essential to understand the mechanisms that are altering the gas and sup-
pressing star formation. However, this type of analysis requires high-quality data and
only a few works are found in the literature (e.g., Moss & Whittle, 2000; Koopmann &
Kenney, 2004a,b; Bamford, Milvang-Jensen & Aragén-Salamanca, 2007; Jafté et al.,
2011; Bretherton, Moss & James, 2013). These works have been able to show how

relevant this type of analysis is, already providing some evidence that star formation
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in cluster galaxies is more concentrated than in their field counterparts. We start by
describing the procedure adopted for the creation of the pure Ho images, and the sub-

sequent estimation of sizes and concentrations of the star-forming regions.

5.1 Creation of the Ha images

As explained in previous chapters, for a single galaxy we have several images, each one
corresponding to the light observed at a narrow wavelength range. Therefore we know
which images contain the Hay, the [N11] and the continuum emission, respectively. With
this information we can build ‘pure Ha’ and ‘pure [N11]” images containing only the
light contributing to line emission. Figure 5.1 shows the spectrum of one galaxy where
we have highlighted the points that we select as part of the Ha emission (blue), [N11]!
emission (green) and continuum (red). For the two emission lines we only consider
the points within the FWHM of the line, as shown by the dotted lines in the same
figure. For the continuum we use the points where the absolute continuum-subtracted
flux (using the continuum value from the fit) is < 10% of the continuum-subtracted
peak of the emission. We then create a ‘mean-Ha’ stamp and ‘mean-[NI1]” stamp
using all the images within the FWHM of each emission line, and from it we subtract
a ‘mean-continuum’ stamp obtained from the continuum images. We only create an
emission-line image when at least five individual monochromatic images contain the

flux contributing to the line in question and the continuum, respectively.

This method of obtaining an Ha-emission image avoids contamination from the [N II]
line, which becomes an issue for many narrow band observations (e.g., Villar et al.,
2008; Sobral et al., 2009). Regarding the [N11] image, in some cases there may be
significant contamination coming from the red wing of the Ha line. At this stage, we
do not correct the [NI1] images from this contamination, but we will address this issue
later. The images corresponding to the spiral galaxy 60598 are shown in Figure 5.2,
where we can clearly see that the distribution of the star formation is more extended
than the [N11] and the continuum. Of the 618 Ha detected galaxies, we are able to

generate Ha images for 492, and [N11] images for 365. The remainder galaxies did

!Only the stronger [N11] A6583 line is used in this analysis.
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Figure 5.1: Spectrum of galaxy 60598. In different colours we have highlighted the images that are
used to create the ‘pure-Ha’ (blue) and ‘pure-[N11]” (green) images, and those used as continuum
images (red). Each emission line is also shown with dashed lines. The dotted-blue and dotted-green
lines mark the FWHM around Ha and [N11] A6583.

not have at least five images contributing to the emission lines or to the continuum, as

explained above.

When building the Hov and [N11] images we should ensure that the flux they contain is
the same as that measured when fitting the integrated spectra. To test that this is the
case, we measure the flux in the continuum, He and [N11] images using the same Ry
aperture and compare them with the flux measured for the continuum and within the
FWHM of each line from the spectral fits. This comparison is shown in figure 5.3. The
scatter in the continuum, Ho and [N11] are ~ 5%, ~ 11% and ~ 26% respectively. For
the [NI1] images, in some cases we measured higher fluxes in the ‘pure-[NI1]” image
than in the spectral fit, particularly for faint [N11] lines. As mentioned above, a potential
reason for this difference is the contamination of the [N11] line from the red wing of
Ha. This problem is worse for the [N11| line than for Ha because the latter is generally
much stronger than the former. We have tested the effect of this contamination by
computing the flux of Ha within the FWHM of the [N11] A6583 line and adding it to

the flux of [NI11] from the spectral fit. The result is shown in the bottom-right panel
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Figure 5.2: Galaxy 60598 as observed by the HST in the V-BAND, as well as the continuum, Ha
and [N11] images.

of figure 5.3, where we can see that the bias towards higher fluxes in the [NI1] images
compared with the spectral fits has been removed when the contamination is taken into
account. These tests indicate that the method to generate pure emission-line images
works quantitatively, yielding fluxes that agree with those measured in the integrated
spectra. Nevertheless, the Ho contamination of the [N11| line is typically ~ 3%, and

should have limited effect on our images.

5.2 Sizes and concentrations of the emission-line regions

We now use the images we have created to study the distribution of the Ha emitting
regions and compare them with that of the underlying stellar populations. First we
need to define the area of the galaxies that will be used to compare these distributions.
We adopt the same procedure used by previous works to study the concentration of
galaxies, which uses an isophotal radius corresponding to a surface brightness of 24
magnitudes per arcsec® (Koopmann, Kenney & Young, 2001; Koopmann & Kenney,

2004b; Bretherton, Moss & James, 2013). To estimate the isophotal radius in our
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Figure 5.3: Comparison of the fluxes of the continuum, Ha and [N11] emission lines from the
spectral fit with the fluxes measured in the corresponding images. We also show the comparison
for the [N11] after correcting for contamination from Ha.

images we make use of the structural parameters previously estimated for the HST
images, which are available in the STAGES catalogue of Gray et al. (2009). The light
profiles of the galaxies are derived using the half-light radius, R, Sérsic index, n, and
total magnitude within R., my., which, in combination with equations 6, 9 and 11
from Graham & Driver (2005), allow us to estimate the isophotal radius 2 for a given

surface brightness u(R):

In(10
R = [W(R) — myot — 2.5 log[f(n)] — 2.5 log(2R?)] 5 (51) >, (5.1
where b,, can be approximated by b,, ~ 2n — 0.324 and f(n) is given by:
ne’
f(n) = 5 T(2n), (5.2)

where ' is the Gamma function. When measuring the concentrations, we want to
make sure that we cover the full extent of the galaxies. Initially, we tried using a
24 magnitudes per arcsec? isophotal radius. However, after visual inspection of the
images we decided to use a 26 magnitudes per arcsec? isophote, o6, which successfully

encompasses most of the galaxies’ light. This is more appropiate for our work since
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both our continuum and Ha images are deeper than in previous studies. Accounting
for redshift dimming this magnitude corresponds to ~ 25.2 magnitudes per arcsec? in

the cluster rest frame.

5.2.1 Sizes

We start our study of the distribution of the Ha-emitting region by estimating the area
of each galaxy that is hosting star formation. However, the measurement of the sizes
of the Ho-emitting regions is not a straightforward procedure as their distribution has
generally a high degree of irregularity and clumpiness. As a first approach we calculate
sizes by considering all the regions of the galaxy within ro4 that are above a certain
threshold of SFR per unit area. This threshold is estimated by evaluating the back-
ground noise in the Ha images and, by visual inspection, determining the threshold
in flux per unit area that removes the noisy features in the images. From this analysis
we start by using a SFR threshold that corresponds to ~ 5 x 10~°Mgyr'kpc=2 (15
times the standard deviation of the background noise). Because this is a conservative
limit, some galaxies do not have any regions with ongoing star formation above this
threshold. From the area covered by the pixels selected above the threshold, Ay, we
define a radius 7y, = %. In Appendix B we show the SFR contours on top of the
V-band HST images, together with the spectrum and some relevant galaxy properties
for the galaxies with star-forming regions larger than the area encompassed by twice

the FWHM of the PSF, which corresponds to 79 pixels (40kpc? at z = 0.165).

5.2.2 Concentrations

The above estimation of the sizes of the star-forming regions provides very relevant
information. However, it has the caveat that it depends on the chosen threshold value.
A complementary way of studying the Ha distribution that does not depend on any
SFR threshold is given by the concentration of the Ha light, which can be compared
with that of the underlying stellar populations. Moreover, measurements of the con-
centration provide information about the light distribution in the galaxies in a more

objective way than qualitative visual inspections, although these are also useful. In
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our work we employ a similar concentration index to the one used in previous studies
(Koopmann, Kenney & Young, 2001; Koopmann & Kenney, 2004b; Bretherton, Moss
& James, 2013), which is defined as:

. FR(O?)T‘m)
C30 — FR(Tm) 9

where F'r(r,,) is the flux within the isophote corresponding to a surface brightness of

(5.3)

m magnitudes per arcsec? and Fr(0.3r,,) is the flux within 0.3r,,. As stated above,
in our study we use 7. The concentration of our galaxies is then calculated using an
ellipse with a semi-major axis equal to this isophotal radius, and a major-to-minor axis
ratio () which was determined by SExtractor and is provided by Gray et al. (2009). We
limit the measurement of the concentration to objects whose major axis is equal to or
larger than the FWHM of the PSF in our images, which is 5 pixels or 1.27 arcsec. Due
to the high spatial resolution of the HST images that were used to extract the structural
parameters, highly-inclined galaxies have semi-minor axes that are often very small
compared with the ground-based seeing. In these cases we force the semi-minor axis

to be equal to the FWHM. We measure the Ha concentrations in a total of 389 galaxies.

We also have to keep in mind that the COMBO-17 R-band image that we are using
as reference was observed in different seeing conditions from the OMEGA ones. The
FWHM of the R-band image is 0.7 arcsecs, which is significantly lower than that of
our images. Differences in the FWHM of the images can affect the estimation of the
concentration in such a way that a source observed with a larger seeing would look
less concentrated than the same source observed in lower seeing conditions. For that
reason, we convolve the R-band image with a Gaussian function to match the FWHM

of the OMEGA images, using the TRAF task gauss.

To study the concentration of the Ha emission we define a similar concentration index,

using as reference the ro obtained for the R-band image. Cyy,, is therefore defined as:

. FHa<O-3T26)

CHa = 5.4
i FHa(’f’26) 4

5.2.3 First results

In this section we present the first results from the spatial analysis, although there is

still much to come, as this is still work in progress. Moreover, when performing the
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analysis of the Ha and [N11| images, we noticed that in some galaxies a significant
number of negative pixels were found. The value of the negative pixels is always
smaller than ~ 3% of the peak value in the image. This is due to sky subtraction
uncertainties which affect mostly large galaxies. Recall that the sky was estimated
by dithering the images by a few arcsecs (section 3.3.1), and the light of the objects
was eliminated by median filtering. Some residual light from large objects may still
be present in the sky image, and the sky may have been marginally over-subtracted
for the largest objects. This problem may have a small effect in the estimation of the
concentrations and sizes, and deserves further investigation. Nevertheless, the level of
the problem seems relatively small. We will address this issue as part of our planned

future work that we describe in the final chapter of this thesis.

We start by showing in figure 5.4 an example of the distribution of the Ha emission
in different galaxies, on top of the V-band HST images. In each column we show
galaxies in the infall regions, in the core, and those classified as bona-fide star-forming
or AGN (see section 4.2.1). Overall, the Ha emission is quite clumpy, and does not
always have the same distribution as the underlying stellar population. The distribution
of the Ha emission in galaxies in the infall and core regions is quite similar. In both
environments there are objects where the Ha emission is spread throughout the galaxy
and some where the galaxies’ centres are devoid of Ha emission. With respect to
the difference between star-forming galaxies and those hosting an AGN, Ha emission
tends to be more extended in the former ones and more centrally concentrated in the

latter.

We now look at the sizes of the star-forming regions, estimated in section 5.2.1, where
we defined the radius 7y, from the total area of a galaxy that is hosting star formation.
To compare this radius with the total area of the galaxy, we define a similar radius for
the continuum emission, 7cont = %, where Ao 18 the area of the ellipse within
the 26 mag per arcsec? isophote, ro5. To investigate the effect of environment on the
star formation we compare the values of ry, /7cont for galaxies at different densities.
This is shown in figure 5.5, where 7, /Tcont 1S plotted against 7.,y in three different
mass-density bins. Morphologies and SED types are shown with different symbols and

colours, respectively, as we did in figure 4.16. In all the density bins, almost all the
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Figure 5.4: Ha contours overlayed on top of the HST images for 12 of the galaxies in our sample.
The contours are logaritmically spaced from the star-forming threshold to the maximum pixel
value. In each column we show galaxies in the infall and core regions, and those classified as
bona-fide star-forming or AGN (see section 4.2.1).

galaxies have star-forming regions that are significantly smaller than the sizes of the
galaxies (as determined by r..,;). However, these sizes only account for star formation
above the chosen threshold, and we have not computed yet the fraction of the total SFR
of a galaxy contained in those regions. These fractions will be very useful to evaluate
how significant are the differences between the Ha and continuum extents. Moreover,
we find no significant changes with environment for the values of 7y, /7con, With a

K-S test yielding a 57% probability of them being drawn from the same population.

As previous studies have used only galaxies with disk morphologies, we focus on
these morphological types and further investigate the changes of 71,/7cont With mass
and environment. In fact, these galaxies dominate the star-forming population at in-
termediate and high masses (see Sec. 4.3.4), and therefore they are the objects more
likely to show any significant variation. Thus, we limit our study to galaxies with SO
to Sd morphologies and investigate any changes in their values of 7y, /7cons With en-
vironment and mass. In Table 5.1 we show the values of 7, /Tcont for different disk

morphological types together with those for different SED types considering only disk
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galaxies. We compare infall and core, and low- and high-mass disk galaxies. Gener-
ally, all disk morphologies show similar 7, /7cont Of ~ 0.3 — 0.45 implying that the
star-forming regions cover between one third and half of the total galaxy area. Al-
though again we do not find any statistically significant trend, galaxies in the core tend
to have slightly larger star-forming regions relative to the galaxy area. The Sd types
show the largest change from infall to core. However, there are only 3 objects of this
type detected in the core and 17 in the infall regions, and therefore this difference is
probably not significant. Moreover, none of the morphological types considered here
shows a significant variation with mass. Regarding the SED types, blue cloud galaxies
have always higher values of 7y, /7cons than the other two types, with a small but still

not significant increase from the infall regions to the core.

From these analysis, the sizes of the star-forming regions in the cluster galaxies seem
to always be significantly smaller than the sizes of the host galaxies, although possible
caveats in our estimation of the sizes may produce a weaker trend. Furthermore, we
find no significant variation of ry,/r3, between the three different mass density bins
that we explore. These findings imply that the star formation is not distributed in
the same way as the underlying stellar population, and that the difference between
their distributions does not depend on the environment, as estimated by stellar mass
density, at least within the ranges explored in our study. However, we bear in mind
that there might be some galaxies in high-density regions seen in projection and that
only galaxies with rg, > 0 are considered in our study. In chapter 4, we concluded
that a change in SSFR must be accompanied by a change in morphology or SED type.
Therefore, we would not expect an environmental variation of 7y,/r3 in each class,
but would overall. A possible explanation for these findings is the fading of the stellar
populations in the outer disk of our galaxies, accompanying a slow suppression of star

formation.

Since the sizes of the star-forming regions depend on the SFR threshold, we also study
the distribution of the star-forming regions using the concentration of the light com-
ing from the Ha emission and that from the stellar continuum. This method, which
avoids the need for a SFR threshold, can also be used to explore the differences be-

tween galaxies in different environments. Although the concentration index is a useful
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Figure 5.5: ry,/rcont Versus rqon: in three different stellar mass density bins. The two lowest
density bins correspond to the infall regions. We only show galaxies with rg, > 0. We plot
morphological and SED types with different symbols and colours, respectively, as explained in the

legend.
THe/Tcont All galaxies Infall Core K-S My < 109‘5M@ My > 109‘5M@ K-S
Med. (o) Med. (o) Med. (o) p-value Med. (o) Med. (o) p-value

SO 0.31(0.19) | 0.26 (0.15)  0.40 (0.21) 0.19 0.33 (0.05) 0.26 (0.21) 0.21
Sa 0.41 (0.20) | 0.40 (0.20) 0.51 (-) - 0.23 (0.21) 0.44 (0.18) 0.17
Sb 0.43(0.21) | 0.43(0.22) 0.43(0.21) 0.85 0.64 (0.22) 0.40 (0.20) 0.06
Sc 0.44(0.19) | 0.46(0.19) 0.46 (0.18) 0.45 0.61 (0.18) 0.44 (0.19) 0.15
Sd 0.37(0.19) | 0.35(0.16)  0.65 (0.10) 0.01 0.33 (0.20) 0.42 (0.18) 0.57
old red 0.24 (0.14) | 0.13(0.12)  0.30(0.11) 0.03 0.24 (0.14) -
dusty red 0.44 (0.19) | 0.43(0.19) 0.51(0.16) 0.07 - 0.44 (0.19) -
blue cloud 0.53(0.20) | 0.52(0.20) 0.59 (0.21) 0.87 0.58 (0.21) 0.52 (0.20) 0.32

Table 5.1: Values of 7, /Tcont for different SED and morphological types, in the infall, core and
at low and high masses. We also show the p-value obtained in the comparison between infall/core
and low/high mass for each type.
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parameter to compare the distribution of the star-forming regions with respect to the
older stars, we have to bear in mind that the same change in concentration can be pro-
duced in different ways, and therefore it might be difficult to identify the responsible
process. An increase in the central luminosity while the outer parts remain constant
will produce a higher concentration, but an increase in concentration will also result
from a decrease in the luminosity of the outer parts with a constant central luminosity

(e.g., ‘quenched’ disk).

Previous studies have found that disk galaxies in clusters tend to have higher concen-
trations than those residing in the field (Koopmann & Kenney, 2004b; Bamford et al.,
2008; Jafté et al., 2011; Bretherton, Moss & James, 2013). Since our study does not
include any field galaxies, we investigate the changes in concentration and size of the
star-forming regions with galaxy stellar mass density. First, we study the variation of
Che and Cyy with environment separately. In both cases we find the concentrations to
be slightly higher in the core than in the infall regions. For the Ha emission a K-S test
yields a probability of ~ 8% for the concentration distributions in the infall and core
being regions drawn from the same population, whereas the difference in the median
values is ~ 0.04 + 0.03. For the continuum emission, the K-S probability is ~ 4% and
the median difference ~ 0.03 £ 0.02. This increase in the concentration of the light
coming from the Ha emission and from the continuum is probably a consequence of a
change in morphology with environment, as galaxies in higher density regions tend to
have earlier-type morphologies that are more concentrated (Dressler, 1980; Bamford
et al., 2009). We use now the ratio between Cy,, and Csy, which will tell us how con-
centrated the Ha emission is with respect to the R-band emission. This is shown in
figure 5.6, where we plot C'y,/C5 vs (3 in three different mass-density bins. Again,
morphologies and SED types are shown with different symbols and colours, respec-

tively.

In all the density bins, almost all the galaxies show more concentrated Hoa than R-band
emission. This confirms the tentative results obtained from the relative size comparison
discussed above. Moreover, the comparison between the values of Cy,/Csy in the
infall and core regions yields no significant difference between them, neither using all

the morphologies nor restricting to only disk galaxies (K-S test p-values of 0.91 and
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0.68, respectively). These two findings, together with the results from previous works
which found an increase in the concentration of Ha from the field to the cluster regions,
implies that most of our galaxies must have already increased their Ha concentrations
by the time they reached the cluster environment we explore. To support this idea,
we compare the values of Cy,/Cj3 for our cluster disk galaxies with those found for
isolated disk galaxies by Koopmann & Kenney (2004b, figure 3) and for field disk
galaxies by Bretherton, Moss & James (2013, figure 5). They find that Cy, /C30 ~ 1,
implying that for field galaxies the distribution of the star-forming regions is quite
similar to that of the continuum. In their sample of cluster galaxies, as in ours, Cy,
is almost always significantly larger than C3g. Therefore, the process responsible for
the increase in the concentration of the star formation took place, for the majority of
the cluster galaxies, in lower density regions than the ones we sample. In other words,
their star-forming regions were already truncated or concentrated before entering the

multi-cluster system of our study.

In addition to these global trends, figure 5.6 also shows that in the two lowest density
bins, disk galaxies stand out from the rest showing high C'y, and high C3y. In the
core regions, the galaxies that show the highest concentration in both Ha and the R-
band are old reds. Four of them have elliptical morphology, of which two (46643 and
39020) are classified in 4.2.1 as bona-fide optical AGN, which would explain why they
have such high concentration. The other two old red ellipticals (14868 and 41990) are
not classified as AGN but still show more centrally concentrated Ha and continuum

emission.

As we did with the sizes of the star-forming regions, we explore in Table 5.2 the val-
ues of Cy,/Cl for different disk morphological types together with those for different
SED types considering only disk galaxies. We compare infall and core, and low- and
high-mass disk galaxies. As was already pointed out above, almost all galaxy types
show higher concentrations in Ha than in the continuum. Among the different disk
morphologies, the Sd types show the lowest concentration of Ha with respect to the
older stellar populations, whereas the earlier-type ones show progressively higher con-
centrations. We speculate that the process that increases the concentration in disk

galaxies also results in a morphological transformation. The galaxies for which the
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Figure 5.6: Cy,/Csp vs Csp in three different stellar mass density bins. We plot morphological
and SED types with different symbols and colours, respectively, as explained in the legend.

concentration has increased are also of earlier morphological types. Later types are,

perhaps, the galaxies for which this process is less advanced.

However, none of the morphological types show a significant difference from the in-
fall to the core, or between low- and high-mass objects. Regarding SED types, blue
cloud and dusty red disk galaxies show similar concentrations, and again no significant

variation with density or mass is found.

5.2.4 Emission-line distribution for ‘retired-galaxies’ and AGN

We finish the introduction of the first results on the spatial distribution of the line emis-
sion by addressing the issue of the extension of the emission-line regions in ‘retired-
galaxies’ (RG, see section 4.2.1). These are galaxies that have stopped formed stars
and the radiation is believed to come from hot low-mass stars in the post-AGB phase
(Cid Fernandes et al. 2011, Yan & Blanton 2012, Stasinska et al. 2015). From their

definition, the line-emitting region does not have to be nuclear, and therefore we might
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CHa/C30 | All galaxies Infall Core K-S My < 109°Mg My > 109° Mg K-S
Med. (o) Med. (o) Med. (o) p-value Med. (o) Med. (o) p-value
SO 120(0.34) | 1.25(0.34) 1.19(0.35)  0.64 1.39 (0.26) 1.06 (0.34) 0.08
Sa 1.32(0.36) | 1.21(0.36) 1.56(0.10)  0.14 1.39 (0.38) 1.18 (0.35) 0.82
Sb 1.17 (0.47) | 1.26(0.49) 1.02(0.33) 044 1.27 (0.37) 1.18 (0.49) 0.65
Sc 1.16 (0.40) | 1.16 (0.41) 1.21(0.38)  0.74 1.07 (0.38) 1.17 (0.41) 0.87
Sd 0.93(0.39) | 0.89(0.38) 1.01(0.36)  0.96 1.00 (0.41) 0.83 (0.34) 0.99
old red 1.03(0.32) | 0.98(0.27) 1.18(0.33)  0.33 1.45 (0.07) 0.98 (0.28) 0.01
dustyred | 1.19(0.38) | 1.19(0.40) 1.19(0.33)  0.94 1.14(0.11) 1.21 (0.38) 0.33
blue cloud | 128 (0.35) | 1.28(0.36) 1.23(0.40)  0.67 1.30 (0.30) 1.26 (0.39) 0.43

Table 5.2: Value of Cy,/Csg for different SED and morphological types, in the infall, core and
at low and high masses. We also show the p-value obtained in the comparison between infall/core
and low/high mass for each type

expect it to be more extended than in galaxies hosting an AGN. Although we did not
classify any galaxy as bona-fide RG given the line-ratio uncertainties, we still found
some objects in the corresponding area of the WHAN diagram. We could only gen-
erate emission-line images for two of these objects (31013 and 53201), and for them
we show in figure 5.7 the distribution of Hev and [N11] in blue and red, respectively.
For comparison, we also show the same distributions for two bona-fide AGN (19305
and 45654). Although the numbers are too low for an statistical comparison, the two
‘retired-galaxies’ seem to have offset Ho and [NI1] emission, whereas in AGN these
two lines come from the same regions. This might be a consequence of the Ha emis-
sion in ‘retired-galaxies’ being not associated with nuclear sources, but instead being
distributed in the outer parts of the galaxies. The origin of the ionising radiation in
these galaxy types is very interesting, but our sample is too small to address it. Integral
Field Spectroscopic surveys like MaNGA (Bundy et al., 2015) are shedding more light

into this issue, and are already producing interesting results (Belfiore et al., 2014).

5.2.5 Summary

In this section we have succesfully created emission-line images of Ha and [N11]. We
have developed a method to estimate the sizes and concentrations of the star-forming
regions in our cluster galaxies, and we have compared them for galaxies in different
densities and with different masses. We find no significant changes in the sizes or
concentrations of the Ha-emitting regions from the infall to the core regions. In most

of the galaxies the extent of the star-forming regions is between 30% and 45% of that
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Figure 5.7: Ha (blue) and [N11] (green) contours overlayed on top of the HST images for 2 AGN
and 2 ‘retired-galaxies’ (RG). The contours are logaritmically spaced from the star-forming thresh-
old to the maximum pixel value.

of the underlying stellar population, and therefore always covers less than half of the
galaxy. Moreover, the majority of the galaxies have higher concentrations in Ha than in
the continuum at all densities and masses. This finding complements previous results
that showed the concentrations of Ha with respect to the continuum to be higher in
cluster disk galaxies than in field ones (Koopmann & Kenney, 2004b; Bamford et al.,
2008; Jaffé et al., 2011; Bretherton, Moss & James, 2013). Furthermore, since these
works also showed that the concentration of Ha emission in field galaxies is similar
to that of the continuum (Koopmann & Kenney, 2004a; Bretherton, Moss & James,
2013), our findings imply that the star-forming regions of galaxies in the multi-cluster
system A901/2 have already been influenced by the environment, since the current star
formation is less extended than the older stellar population. We therefore conclude that
the physically responsible mechanism acts at lower densities than the ones explored
here. Extending this type of study to the infall regions with lower densities would

therefore be desirable.

We have also shown that our data allow us to perform a comparison between the distri-
bution of the Ho and [N11] emission. This type of analysis is very interesting to study

the origin of the ionising radiation in ‘retired-galaxies’.
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With the results presented here we have shown that spatial studies of the emission-line
regions in OMEGA can provide useful information about the galaxies’ properties and
how they might change with mass and environment. We are eager to dig deeply into
this analysis and discover what it can tell us about the fate of the galaxies in A901/2,
but this work is beyond the scope of this thesis. Our plans for future work are explained

in chapter 6.



Chapter 6

Conclusions and future work

6.1 Conclusions

The work presented in this thesis has been aimed at obtaining a better understanding
of the processes that affect galaxies that reside in clusters. In particular we have in-
vestigated the effects of environment on the star formation within galaxies. We have
studied the suppression of star formation in cluster galaxies at two different stages of
their evolution. On the one hand, we have looked at cluster galaxies while they are
still forming stars but are already going through a process, or multiple processes, that
affect the rates at which they form stars. On the other hand, we have observed galaxies
just after their star formation has been strongly suppressed, and explored the different
mechanisms that drove the transformation from actively star-forming to passive. In the

following we summarize our results.

6.1.1 Cluster ‘k+a’ galaxies as a link between spirals and S0Os in

clusters

In chapter 2 we looked at a sample of disk galaxies which had recently stopped form-
ing stars in a cluster at z ~ (0.3. These galaxies were selected by the presence of
the ‘k+a’ feature in their spectrum, which indicates that the galaxies host a combina-

tion of young and old populations. By using Integral Field Spectroscopic observations
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(FLAMES/VLT), we analysed the distributions and kinematics of the young and old
stellar populations inhabiting these galaxies. From our analysis, the young stellar pop-
ulations were found to have similar or more concentrated distributions than the older
stars. The kinematics of the young populations are consistent with being rotation-
ally supported, and therefore they must have been formed in a disk. In the few cases
where we could kinematically separate the young and old populations, we found that
they behave similarly. These findings indicate that the stellar disk is preserved and
remains largely undisturbed through the process that suppresses star formation. Inter-
estingly, galaxies with concentrated young populations were identified to have close
companions, therefore suggesting that they might have experienced galaxy-galaxy in-
teractions. The results from this study led us to conclude that the process or processes
responsible for the suppression of the star-formation in cluster disk galaxies, and the
transformation of spirals into SOs, must have been reasonably gentle. Moreover, the
driving process favours a centrally-concentrated (but not nuclear) last episode of star
formation in the cluster disk galaxies. This may contribute to the growth of the bulge.
Finally, galaxy-galaxy interactions also seem to have contributed to the exhaustion of

the cold gas in the galaxies.

6.1.2 Integrated star formation and AGN activity in the multi-cluster

system A901/2

In chapter 3 we turned our attention to the study of the ongoing star formation and
AGN activity of galaxies in the multi-cluster system A901/2, at z = 0.165. We intro-
duced the OMEGA survey, whose goal is to study emission-line galaxies over a wide
range of stellar masses and environments. We explained the procedures adopted for
the reduction of the data and the building of the spectra containing the Ha and [N1i]
lines. Both the quantity and quality of the spectra generated showed that Tuneable
Filter observations are a very powerful tool to obtain spectral information for a large
number of galaxies at a single redshift. Furthermore, we presented a method to fit
the spectra of the galaxies and to generate the probability density distributions of the
model parameters. Thanks to the proximity of the two spectral lines Ha and [N11] we

were able to measure both of their fluxes and equivalent widths. The probability den-
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sity distributions were used to define robust samples of galaxies. We finished chapter

3 by explaining the detection limits and completeness of our observations.

The results from the analysis of the integrated properties of the emission-line galax-
ies were presented in chapter 4. First, using the spectra from the central regions of the
galaxies, we classified galaxies as star-forming or AGN based on the WHAN emission-
line diagnostic diagram from Cid Fernandes et al. (2010, 2011). We compared our
sample of optically-detected AGN with the galaxies in A901/2 that were detected as
XMM X-ray point sources by Gilmour et al. (2007). Moreover, we investigated prop-
erties such as SED types, stellar masses and morphologies of the galaxies hosting
AGN, and compared them with the star-forming population. Finally, we studied the
environmental dependence of AGN activity by computing the stellar mass densities of
the regions where they reside. The results from these analyses can be summarized as

follows:

e We detect a large number of optical AGN that do not have an X-ray counterpart.
Only one of the 12 galaxies detected as X-ray point sources is classified as a bona-fide
optical AGN, although some remain unclassified because we do not have the required
wavelength coverage. The lack of optical counterparts is attributed to heavily obscured

Compton-thick AGN with no or weak emission lines.

e AGN galaxies have generally disk morphologies, with only a few AGN having
early-type morphologies. Moreover, they present a wide range of stellar masses and

dominate the high-mass end of the emission-line population.

e We find no dependence of the AGN fraction with environment, from the out-
skirts to the core of the clusters. The comparison between the distribution of AGN
hosts and star-forming galaxies indicates that, perhaps, they distribute differently in
the cluster environment. This difference is more significant for the most securely clas-

sified AGN, which may also be those in which the AGN is most dominant.

We also measured global integrated Ha fluxes that were then used to estimate the
star formation rates (SFRs) of our cluster galaxies. We studied the variation of the
specific star formation rates (SSFRs, i.e., SFR per unit stellar mass) with stellar mass

and environment, finding that both drivers contribute to the suppression of the star
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formation in the galaxies in A901/2. However, stellar mass seems to play the strongest

role: more massive galaxies tend to have very significantly higher SSFRs.

When comparing the SSFRs of our cluster galaxies with the field relation at a similar
redshift, provided by Whitaker et al. 2012, we find that the majority of our galaxies
show suppressed SSFRs with respect to the field. These results indicate that, contrary
to previous results (Balogh et al., 2004a; Verdugo, Ziegler & Gerken, 2008; Poggianti
et al., 2008; Bamford et al., 2008), the SSFRs of galaxies do not remain constant with
increasing density. We associate this apparent contradiction to our ability to detect
much lower levels of star formation than in previous studies, and therefore detecting

galaxies with low star formation rates that would have been missed by other surveys.

To study in isolation the effects of the environment on the properties of the star-forming
galaxies, we successfuly removed the contribution of the stellar mass of the galaxies to
the suppression of the star formation. Even when the mass effect was removed, we still
detected a significant difference between the SSFRs of galaxies in the infall regions
and those in the core: on average, galaxies in the core have their SSFRs suppressed
by a factor of ~ 2 compared to those in the infall regions. We then explored the
variation in SSFR for galaxies with different SED types and morphologies, and studied
the changing fractions of these galaxy types as a function of stellar mass and density

for the global cluster population. The main findings from these analyses are:

e For a given SED or morphological type, once the mass effect is removed, there
is no statistically significant variation in the SSFR from the infall regions to the core.
A variation in the SSFR of a galaxy must be accompanied by a change in SED type or
morphology, and therefore the global change in SSFR is driven by changes in the frac-
tions of galaxies with different SED types and morphologies. This idea is supported
by the decrease in the fraction of star-forming spiral galaxies at intermediate masses,
which are replaced by galaxies with early-type morphologies (ellipticals and S0Os) that

are passive or have low SSFRs.

e Low and high mass galaxies experience different transformations when they
join the cluster environment. On the one hand, in low-mass objects the star forma-
tion is rapidly quenched and morphological transformations are likely to happen. On

the other hand, at high masses galaxies show a slower transition from active to pas-
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sive preserving their disk morphologies and intermediate levels of star formation. The

increasing fraction of SOs towards higher density regions supports this idea.

e Finally, high-mass (M, > 10%5M,) spiral galaxies in A901/2 evolve into a
phase of relatively high SSFRs and red colours while they still retain their disk mor-
phology. These galaxies survive until the very core of the multi-cluster system. The
fraction of spiral galaxies with dusty red feature increases with stellar mass density, as
found by previous studies (Bamford er al., 2009; Wolf et al., 2009). The increasing
fraction of SOs at these masses indicates that dusty red spirals are probably an interme-

diate stage in the transformation of spirals into SOs.

6.1.3 Spatial studies of the emission-line regions in A901/2

The last chapter of this thesis has been devoted to the spatial analysis of the emission-
line regions in the galaxies in A901/2. In this chapter we explained the procedure
adopted for the creation of the emission-line images and provided quantitative tests that
confirmed its efficacy. Different methods to study the distribution of the star-forming
regions in our galaxies were proposed, which include the measurement of the area of
the galaxies hosting ongoing star formation and the calculation of the concentration of

the Ha and continuum light.

We find no statistically significant changes in the sizes or concentrations of the star-
forming regions of our cluster galaxies from the infall to the core regions, or from low
to high masses. In the majority of the galaxies the extent of the star-forming regions
is significantly smaller than that of the underlying stellar population. Moreover, most
of the galaxies at all densities and masses have higher concentrations in Ha than in
the continuum. Since previous works (Koopmann & Kenney, 2004a; Bretherton, Moss
& James, 2013) have found that the concentration of Hc in field disk galaxies is very
similar to that of the continuum, our results indicate that in our cluster system, disk
galaxies have already experienced a process that has truncated or concentrated the
star-forming regions. We therefore conclude that the responsible mechanism acts at

lower densities than the ones we explore in our study.

The results obtained from the analysis of the cluster ‘k+a’ galaxies and the star-forming
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galaxies in A901/2 provide us with an overall picture of how star formation in galax-
ies is influenced by environment. As galaxies fall into clusters, their star formation
is affected by the environment in a way that, besides suppressing it, also truncates or
concentrates the remainder star formation. These effects lead to a more centrally con-
centrated last episode of star formation before it is suppressed. As a consequence, the
young populations in galaxies where star formation has been recently suppressed have
a centrally-concentrated distribution compared with the more extended old stellar pop-
ulations. This series of events may lead to the formation of SOs out of spiral galaxies

in clusters.

6.2 Future work

A lot of work has already been devoted to the study of star formation in cluster galaxies
and the transformation of spirals into SOs, producing many significant results. How-
ever, the studies presented here can still be expanded using new Integral Field Spectro-
scopic instruments such as MUSE and KMOS. The capabilities of these instruments
will allow us to obtain even more detailed information about the environmental pro-

cesses driving the suppression of star formation in galaxies at different cosmic times.

Moreover, although the OMEGA survey has also been intensively studied, there is still

much to explore in the data from the A901/2 multi-cluster system.

The first analysis of the properties of the spatially-resolved emission-line regions in
the galaxies in A901/2 have already produced very interesting results. However, more
work is expected to be devoted to their study. Although the results presented in this the-
sis may not change, our next step is to correct the problems that have arisen regarding
the sky subtraction mentioned at the beginning of section 5.2.3, and obtain emission-
line images clean from these effects. We will repeat the same analysis presented in
chapter 5 to test if any of the conclusions are affected. We will also investigate if the
choice of a different SFR threshold for the estimation of the sizes of the star-forming
regions provides more information on the star-forming properties of the galaxies. In-
troducing a higher threshold might yield different results, as only the regions with the

highest SFRs would be considered. These regions may show a different trend with
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environment. In a similar way, a lower SFR threshold can be used to study variations

at lower levels of star formation.

As an alternative tool to analyze the emission-line images, we will inspect them vi-
sually to look for differences in the distribution of different levels of star formation.
This way of analysing our images will provide more insights into our understanding of
the processes that are affecting the star-forming regions, as we will be able to evaluate
when they are clumpy or off-centred. Additionally, quantitative methods to estimate
the degree of clumpiness of the star formation (e.g., Hoyos et al. 2012) will be imple-
mented. The visual inspection of the galaxies will include the study of the dynamical
state of the galaxies. We will identify whether galaxies are interacting with other ob-
jects or with the ICM, by looking for tidal tails or signs of ram pressure stripping,
which have already been found to be present in A901/2 galaxies (Bosch ef al., 2013a).
With these analyses we will be able to assess for individual galaxies which processes

are affecting their star formation.
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Appendix A

Individual analysis of ‘k+a’ galaxies

In this section we include the analysis of each of the galaxies in the sample, with a
qualitative description and the figures with individual analysis of each galaxy. In the
figures we show the distribution of light in the individual IFUs, the integrated spectra
of the galaxies, the distribution of the three different indicators Hor, A/(AFGKM)
and fyoung throughout the galaxies, as well as the maps of velocity and o for the whole
galaxy and for the old and young populations, as obtained with the simultaneous fitting

procedure.

A.1 CN4

This elliptical galaxy has low values of Hop and fyoung, therefore being possibly mis-
classified as ‘k+a’ galaxy by CS87. However, there seems to be a relatively important
population of B and A stars in the stellar template histograms. No pattern of rotation

was found in the kinematic analysis. It is isolated.

A.2 CN22

This galaxy, which is classified as peculiar, seems to be an ongoing merger from in-
spection of the HST/WFPC2 images. Its distributions of A/(AFGKM) and fyoune are

consistent with the young population been concentrated in the centre of the galaxy,
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although the Hor maps show a more extended distribution. The value of Hop =
6.44 0.4 A implies the occurrence of a starburst to produce the k+a feature and not
a simple truncation of the star formation in the galaxy. The starburst may have taken
place in the centre of the galaxy although the distribution of Hér implies a more ex-
tended young population. Rotation was found in this galaxy together with higher val-
ues of o in the centre. The two populations found in the kinematic decomposition are

rotating in the same direction and both show higher values of ¢ in the centre.

The merger appears to be responsible for producing a centrally-concentrated young
stellar population before halting star-formation, resulting in the ‘k+a’ spectrum ob-

served.

A.3 CN24

This galaxy has low global values for the three young population indicators. In partic-
ular Hop = 1.0 & 0.4 A and therefore it appears to have been misclassified as ‘k+a’
by CS87. The velocity maps do not show a clear pattern of rotation. The galaxy is

isolated. CN24 is consistent with being a passive spiral galaxy.

A4 CN74

With low values of all the young population indicators, this galaxy also appears to
have an unreliable H) measurement by CS87. We measure a global value of Hop =
1.0 + 0.3 A. CS87 detect emission in [OII], although there were no emission features
found in our spectra of the galaxy. It presents clear rotation. This galaxy does not show

signs of recent interaction and is isolated.

A.5 CNB89

This elliptical galaxy has very low values of A/(AFGKM) and fyoune although its

global Hop = 2.1 4+ 0.9 A, showing a uniform distribution of the young population.
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No kinematic analysis could be performed for this galaxy.

A.6 CN119

The global values of the young population indicators in this galaxy are low, with Hop =
1.0 + 0.5 A. However, the value of fyoung = 0.4 does suggest the presence of a young

population in the galaxy that is not dominant enough to present clear spectral features.

The weights of the different SSP templates suggest that there are two dominant popula-
tions, one with ages between 0.5 and 1.5 Gyr and the other one older than 7 Gyr, which
are also found in the kinematic decomposition. Both populations have similar veloc-
ity distributions although the old population show generally higher values of sigma.
Although this galaxy would be consistent with a rotating system, the analysis of the
individual IFU elements did not provide enough information for its confirmation. The

galaxy is not interacting.

A.7 CN143

Very high values of all the young population indicators, imply the occurrence of a
recent (< 1.5 Gyr) starburst in the galaxy. The distribution maps show the young
population extended throughout the whole galaxy. Rotation is detected in this galaxy

although no kinematic decomposition could be performed. The galaxy is isolated.

These findings are consistent with this system being a spiral galaxy where the gas has
been depleted and used up in a starburst. Because there are no signs of interaction, this

depletion may have been due to the interaction with the intracluster medium.

A.8 CN146

This galaxy has detected emission in [OII] by CS87, and emission lines can be seen in
its Balmer absorption features in our spectrum. The values of the indicators are con-

sistent with the presence of a young population in the galaxy. This population appears



Individual analysis of ‘k+a’ galaxies 133

spatially extended in the galaxy although the fy,une maps show higher concentration
in the centre. No clear pattern of rotation or trend of sigma is found in the maps of
the kinematics. Alhough there are few individual IFU elements with good S/N, the
kinematic decomposition shows higher values of sigma in the outskirts for the young
population whereas the old population has higher velocity dispersions in the centre.

This galaxy is not interacting.

The characteristics of this galaxy imply star formation that is gradually declining but
has not been entirely truncated yet, consistent with the depletion of gas due to interac-

tion with the ICM.

A9 CNI155

This galaxy has [OII] emission detected by CS87, and emission lines can be seen in its
Balmer absorption features in our spectrum. The distribution of the young population
indicators is consistent with the young population being more dominant in the central
regions. The strong value of Hor implies the occurrence of a starburst. No clear
pattern of rotation was found and no kinematic decomposition could be performed in
this galaxy. In the HST/WFPC2 image this galaxy is interacting with a smaller object.
The post-starburst feature may be associated with an interaction with this companion.
The star formation in the galaxy has not been truncated yet, therefore this galaxy could

be similar to the progenitors of the k+a galaxies in our sample.

A.10 CN187

The global values of the young population indicators in this galaxy are low, with Hop =
1.040.5 A. The kinematics of this galaxy could not be analysed due to the low number
of IFU elements available and their distribution. This galaxy is isolated. This galaxy

appears to have been misclassified as a ‘k+a’ galaxy by CS87.
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A.11 CNI191

This galaxy presents high values of all the young population indicators, with Hop =
5.1 + 0.3 A, showing flat distributions. Although the Hdp value is not exceptionally
high, it could be consistent with the occurrence of a starburst in the galaxy between 0.5
and 1.5 Gyr ago. The galaxy shows clear rotation and its kinematical decomposition
shows two populations (young and old) rotating in the same direction, with the young
population having higher values of sigma in the centre. This galaxy is not found to be

interacting.

The presence of rotation implyes that the process responsible for the truncation of the
star formation did not affect the kinematic state of the galaxy. The distribution of the
young population implies a that the final episode of star formation occured throughout

the galaxy.

A.12 (CN228

The young population in this galaxy is concentrated in the central regions with high
global values of the indicators. It displays rotation and the two distinct stellar popula-

tions are rotating in the same direction. It has a very close satellite.

The presence of a close satellite and the distribution of the young population suggest
the interaction with the other object as the responsible mechanism for the truncation of

the star formation, which has not affected the kinematics of the galaxy.

A.13 CN229

This galaxy, which was observed instead of CN254 by P05, is a disk system which
has very low values of Hop = 0.1 £ 1.1 A, but whose histograms show the presence
of a very young ‘O’ stars, and a population with age < 0.5 Gyr. Although no [OII]
has been measured in this galaxy, this dominant young population would be consistent
with ongoing star formation. This galaxy therefore does not fulfill the ‘k+a’ criteria,

nor does it show evidence of rapidly declining star-fomation.
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A.14 C(CN232

Very low global values of all the indicators, with Hop = 1.1 £ 0.6 A imply there
is no dominant young population. This galaxy presents rotation but it could not be
kinematically decomposed. In the images it is found with a close satellite. This galaxy

seems to have been misclassified by CS87 and is not an actual k+a.

A.15 CN243

This galaxy has two broken fibres in the centre, and therefore no spatial analysis could
be performed. Its has a global value of Hip = 3.1 + 0.3 A and it CS87 detected emis-
sion in OII. Due to the broken fibres we could not obtain maps of the kinematics. This
galaxy is in a close encounter with other object, with which it seems to be exchanging

material.

A.16 CN247

An elliptical galaxy with very low values of all the indicators. One fibre has Hop ~
3.0 A, although the global value is much lower at 1.0 + 0.4 A. No kinematic analy-
sis could be performed for this galaxy. Its characteristics are consistent with an old,

passive galaxy.

A.17 CN254

Although this galaxy was meant to be observed by P05 as well as us, their observation
actually corresponded to galaxy CN229. Hdr is the only young population indicator
with high values and it shows similar values throughout the galaxy, with a global value
of 2.1 + 0.5 A. This galaxy shows rotation and and two distinct populations that are
rotating in the same direction. The old population shows higher values of sigma than
the young in the whole galaxy. This galaxy is surrounded by smaller objects but does

not show signs of interaction.
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The values of Hop, the presence of rotation in both populations and the fact that the
galaxy is not interacting suggest that the truncation of the star formation was produced
by the gradual removal of the gas in the disk of the galaxy due to an interaction with

the ICM.

A.18 CN667

Disk galaxy with low values of A/(AFGKM) and fyoune and very low Hop = 0.6 +
0.4 A. No kinematic analysis could be performed in this galaxy. This galaxy is possibly

interacting with two close satellites.

A.19 CN849

A disk galaxy with relatively low values of the young population indicators, with
Hép = 2.3 + 0.4 A. The distribution of the indicators suggest a concentration of the
young population in the outskirts, but Hog is also prominent in the central pixel. The
histograms of the SSP models show two populations, one young and one old, which
are also found in the kinematic decomposition to be rotating in the same direction,
although the young component appears to rotate faster. This galaxy is clearly exchang-
ing material with another object, and therefore this interaction could be responsible for

the cessation of star formation.

A.20 CNB8SS8

This elliptical galaxy has a zero value of A/(AFGKM) and fyoun, and negative Hop,

implying that it is a passive galaxy. It is not interacting.
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Figure A.1: Individual analysis of each galaxy. (a) Integrated spectra, (b) distribution of light in the
IFU, (c) HST/WFPC2 image of the galaxy, (d) maps of the individual fibre values of A/(AFGKM),
fyoung and Hér index (top) and the corresponding values for the integrated regions ‘centre’, ‘sur-
roundings’ and ‘outskirts’ when available (bottom). Errors of the Hoy index are printed over the
regions. Each spatial pixel has a size of 0.52 x 0.52 which corresponds to ~ 2.3 x 2.3 kpc? at the
redshift of AC114. (e) Histograms of stellar type and stellar population age obtained with pPXF
for the integrated spectra, ‘centre’, ‘surroundings’ and ‘outskirts’ when available. (f) Maps of ve-
locity and o for the galaxy. (g) Maps of velocity and sigma for the old and young populations (not
available for CN4). Blank spaces are left when the respective analysis could not be performed in a
galaxy.
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Appendix B

OMEGA Ha maps

In this appendix we show the Ha emission-line regions overlaid on top of the 1/-band
HST images for all the OMEGA galaxies with star-forming regions larger than the PSF
(79 pixels, ~ Harcsec?, 40kpc? at z = 0.165). To determine if there is star formation
in a pixel we adopt a threshold that corresponds to ~ 5 x 107°Mgyr ‘kpc=2 (15
times the standard deviation of the background noise in the Ha stamps). The contour
levels correspond to logaritmically-binned values of SFR from the chosen threshold to
the peak value of the flux in each image. We have accompanied the images with the
spectrum of the galaxies and the spectral fit, and some relevant galaxies’ properties

measured in OMEGA and also provided by STAGES (Gray et al., 2009).
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Figure B.1: SFR contours overlaid on top of the V-band HST images for the galaxies with star-
forming regions larger than the PSF (79 pixels, ~ 5arcsec?, 40kpc? at z = 0.165). The contour
levels correspond to logaritmically-binned values of SFR from the chosen threshold to the peak
value of the flux in each image. We also show some of the galaxy properties we have measured in
OMEGA together with that from STAGES (Gray et al., 2009). Galaxies are sorted by stellar mass.
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