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Summary

There are still many unanswered questions about galaxy evolution, from their formation to
the cessation of their star formation, and the role the environment plays in these processes. It is
essential to understand how and when galaxies stop forming stars, the mechanisms driving this
cessation, and whether such changes occur in less massive structures, such as galaxy groups,
prior to their infall into larger systems. This phenomenon, known as “pre-processing,” highlights
the importance of studying the early environmental effects on galaxies. In this context, Compact
Groups of Galaxies (CGs) serve as excellent laboratories for exploring these processes due to
their low masses and velocity dispersions, which facilitate interactions that significantly impact
galaxy properties.

This thesis focuses on the evolution of galaxies in Compact Groups, particularly on the
interplay between their physical and morphological properties and the environments they in-
habit. We analyze galaxies within a sample of 207 Star-Forming Compact Groups (SFCGs),
which appear to be a dynamically younger type of CG, characterized by a high prevalence of
star-forming galaxies. The aim of this work is to determine the properties of galaxies in SFCGs
and to understand how their environment influences their physical and morphological evolution.

We approached these goals by extracting morphological parameters using GALFITM (for
Sérsic Index-n and Effective Radius-R.), ASTROMORPHLIB (for non-parametric measurements),
and computing stellar mass and SFR using photometric techniques. We classified galaxies using
their n in the r-band and color (g - r), and found a higher fraction of late-type galaxies (LTGs)
(n < 2.5 and g —r < 0.67), a lower fraction of early-type galaxies (ETGs) (n > 2.5 and
g —r > 0.67) and a similar fraction of galaxies in transition (n < 2.5 and g —r > 0.67),

with respect to field galaxies in the control sample. Interestingly, we do not witness any clear



bimodality in the n for transition galaxies in the SFCGs as it has been seen in other samples
of CGs. Instead, we observe a smooth increase in n for transition galaxies, suggesting they are
in the very early stages of structural transformation.

We also studied morphology through a non-parametric approach, classifying galaxies in
Mergers, Late and Early Type, using their Gini and My, coefficients. We found a higher
fraction of merger galaxies in the SFCGs than in the field, with higher sSFR and Asymmetry
than other morphological types, suggesting that mergers are not suppressing (yet) the star-
formation process of galaxies. Indeed, they are enhancing it.

At the end, we discuss that galaxies in SFCGs are described by properties different from
other samples of CGs, remarking their star-formation state and morphological differences. We
speculate that these structures are in a very early evolutionary stage, with similar properties to
CGs that are not related to more massive structures.

This thesis is the first approach of a very extensive study that can be done over SFCGs.
We propose the importance of a detailed 3D-spectroscopic study of these structures to discern
between mechanisms that can be affecting the star-formation in galaxies, an investigation over
those SFCGs that could be in the infalling regions of galaxy clusters, and a comprehensive
study of those less massive structures that may be the result of tidal interactions in these dense

structures.
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Chapter 1

Introduction

1.1 Galaxies and their Morphology

In the Universe there are a variety of “species” of galaxies, with characteristics that are ruled
by different physical phenomena that these are undergoing. From their color to their shape,
galaxies are displayed in a homogeneous (but not uniform) way, forming diverse structures across
cosmic time. In 1926, Edwin Hubble proposed the Hubble’s “Tuning Fork” (see Fig. 1.1), a
scheme showing classification of galaxies according to their 2D morphology, which is in most
cases, tightly related to their physical properties. From left to right in Fig. 1.1 are defined as
follows: 1) Elliptical Galaxies are defined as passive galaxies, usually presenting reddish colors
and low amount of cold gas, i.e. an older stellar population, and low star formation activity
(Aguerri et al., 2012; Kormendy & Djorgovski, 1989). Their mass is distributed in an ellipsoidal
shape that varies in the classification from E0-7, being higher the number as the galaxy stretches
in one axis, or flattens. Dynamically, these structures are dominated by the velocity dispersion of
the stars (Yildirim et al., 2017) which is higher with respect to their rotation. Photometric and
kinematic properties of elliptical galaxies are correlated, velocity dispersion is directly related
to the total luminosity of the galaxy through the Faber-Jackson relation (Faber & Jackson,
1976), since luminosity can be used as a proxy of stellar mass (Bell et al., 2003; Kauffmann
et al., 2003), it is possible to estimate the mass of the galaxy using velocity dispersion, which is
important, being these galaxies the more massive type in the Universe with stellar mass ranging
10" — 10*M,,. ii) Lenticular Galaxies also display red colors and low amount of cold gas,
but in contrary with elliptical galaxies the stellar and hot gas component is distributed in a
disk, usually with a prominent bulge (Kormendy & Kennicutt, 2004; Buzzo et al., 2021), and
they are dynamically supported by rotation (Seifert & Scorza, 1996; Coccato et al., 2020), with
stellar masses in the order of 10'® — 10°M,. In the Hubble scheme they are denoted as SO
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Hubble's Galaxy Classification Scheme

Sb

Figure 1.1: Hubble’s Tuning Fork: Morphological Classification of Galaxies (ESO illustration)

or SBO if the galaxy presents a bar in the center. iii) Spiral Galaxies have bluer colors and
a large amount of cold gas, i.e. a younger stellar population and a higher star forming activity
(Zaritsky et al., 1994; Savchenko et al., 2020), besides their disk shape, they have spiral arms
in which the star formation activity is undergoing. These galaxies present stellar masses in the
order of 10% — 10'*5M,. In the scheme they subdivide, first if they present a bar or not (S and
SB, respectively), and also because of the separation of the arms and the prominence of the
bulge (a, b and c), being “a” galaxies with a more prominent bulge and tighter arms, while “c”
galaxies present a less prominent bulge (or pseudo-bulge) and more spread arms. Dynamically,
they are strongly dominated by rotation, and their photometric properties are correlated with
the kinematics, as in elliptical galaxies, specifically through the Tully-Fisher relation (Tully &
Fisher, 1977) which suggests that the maximum rotational velocity of a spiral galaxy is directly
related to its luminosity. iv) Irregular Galaxies as their name suggests, do not have any
regular distribution of their components. Usually, they have lower masses (107 — 10'°M) and
a high fraction of cold gas, so they have a relatively high star formation content (Hunter et al.,
1982; Terao et al., 2013). These galaxies are also present as dwarf galaxies orbiting around
major galaxies (e.g., the Magellanic Clouds orbiting the Milky Way). Studies also have shown
the presence of bars in these kind of galaxies (Bekki, 2009; Monteagudo et al., 2018).

Hubble called those reddish galaxies (E, S0) “Early-Type” galaxies and bluer ones (S, Irr)
as “Late-Type” galaxies. Although Hubble incorrectly suggested a linearity in the evolution
from elliptical to spiral galaxies (Hubble, 1936; Sandage, 2005), the classification is still widely
used.

All morphological types mentioned above are distributed along the Universe in different
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contexts, and with preference to conform specific structures, which is going to be explained in

the next subsection.

1.2 Structures in the Universe

In 1965 Penzias and Wilson, while working at Bell laboratories with microwave antennae, re-
alized that they were getting an excess of 3.5K in the antenna temperature, which they described
as isotropic, unpolarized and free from seasonal variations (Penzias & Wilson, 1965). During
the following years, this signal was denominated as Cosmic Microwave Background (CMB), a
widely studied phenomenon (Schlegel et al., 1998; Bennett et al.; 2003; Planck Collaboration
et al., 2020). The CMB is defined as a remnant radiation from the early universe emitted
approximately 380,000 years after the Big Bang, produced by photons freely traveling through
the space at the redshift of decoupling of radiation and matter (Schneider, 2007). The CMB
presents a small anisotropy, which reflects the matter inhomogeneities at the time of decoupling,
i.e., the Universe was inhomogeneous in the matter distribution at early times.

The Hierarchical Scenario of Structure Formation proposes that galaxies and clusters of
galaxies formed gradually, following the little density perturbations in the early Universe and
forming the first small structures. With time, these structures merged forming the first elliptical
and spiral galaxies, clusters, and superclusters of galaxies (White & Rees, 1978; White & Frenk,
1991; Springel et al., 2005). How galaxies evolve during accretion towards bigger structures will
be explained in section 1.3.

Observations such as Cfa Survey (Davis & Peebles, 1983), Sloan Digital Sky Survey (SDSS,
York et al. 2000) and the advance in cosmological simulations such as Millenium simulations
(Springel et al., 2005), have been a key to understand the Large Scale Structure of the Universe,
which is organized in knots (accompanied by filaments) and voids (see Fig. 1.2).

This large scale structure is mainly composed by galaxies, that are gravitationally asociated
in Clusters (Fig. 1.3) and Groups of Galaxies (Fig. 1.4). The differences between clusters
and groups is roughly the number of members, which led to other kinematical features that
differ. Clusters of galaxies are composed by N = 50 members, with masses usually M 2> 3 x
10 My, and diameters D < 1.5h~Mpe, a very hot intracluster medium (ICM) producing X-ray
radiation, and a high velocity dispersion of galaxies (o 2 800km/s) (Kravtsov & Borgani, 2012;
Bleem et al., 2015). which difficult interactions between galaxies in clusters. Galaxy cluster
agglomerations form the bright knots visible in the large scale structure. On the other hand,
groups of galaxies contain N < 50 members, M ~ 3 x 10 M), and lower velocity dispersion
(0 < 800km/s) (Paul et al., 2017; Lovisari et al., 2021); this last feature results relevant, due
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Figure 1.2: Large Scale Structure, composed by different observations from a variety of redshift surveys (blue)
and from semi-analytical model in the Millenium Simulation (in red). Left wedge shows a hemisphere of the
2dFRGS, in the upper part, the small wedge shows galaxies from CfA2 survey with the Coma Cluster in the
center, while the larger wedge consists in SDSS data. Similar structures are shown in the semi-analytical data,
with voids and filaments building the large structure.

to the ease of galaxy interaction due to low o, which will be detailed in section 1.3.

Although galaxy clusters contain all types of galaxies, they are usually mass dominated by
quiescent, red and massive galaxies (Dressler, 1980), while in groups of galaxies we find usually
a higher fraction of blue, star-forming and less massive galaxies. This will be further explained
in section 1.4.

Groups of galaxies are divided in three categories:

e Loose groups: in this category, separation between galaxies is larger than their sizes (low
galaxy density), they present low velocity dispersions (~ 140 km/s) and large physical
sizes (Tucker et al., 2000; Coenda et al., 2012; Lovisari et al., 2021).

e Fossil groups: these groups are dominated by a very massive elliptical galaxy, with a lumi-
nosity that is much higher than the second brightest galaxy of the group (~ 2 magnitude
difference), and with an absence of star-forming galaxies. Fossil groups are thought as

a result of galaxy mergers within a group, with the central galaxy growing by accreting
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Figure 1.4: Copeland Septet Galaxy Group, an as-
sociation of seven galaxies gravitationally bound.
Figure 1.3: MCS J0416.1-2403, a massive Galaxy Credit: DESI Legacy Imaging Survey.

Cluster composed by thousands of galaxies gravi-

tationally bound. Credit: ESA HST image.

other galaxies. These are assumed to be old and dynamically evolved systems (Jones
et al., 2003; Aguerri & Zarattini, 2021).

e Compact Groups: associations of 3-7 galaxies distributed very close to each other, with
separation distance in the order of the size of galaxies, and with low velocity disper-
sions (< 500km/s), enhancing merger activity between galaxy members. Structures of
this nature are the study subject of this thesis, and a full description will be

developed in section 1.4.

The differences between properties of the structures at the Universe is not arbitrary, indeed

it is closely related to their formation and evolution across time.

1.3 Galaxy Evolution

Galaxies have different characteristics according to their morphological type and physical
properties. Elliptical galaxies are quiescent and red, while spiral galaxies are usually blue and
with high star-formation content. This means that there is a correlation between morphological
and physical properties of galaxies.

The way galaxies evolve is closely related to their capability to form stars, such as with

people, at some point galaxies become too old to keep rejuvenating their stellar population,
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and that capability is in practice, the amount of cold gas available to form stars. Galaxies in
the Universe present a bimodality in the color-magnitud diagram (CMD) (Baldry et al., 2004,
2006; Schawinski et al., 2014), we find red massive galaxies (being luminosity a proxy of stellar
mass) composing the Red-Sequence, blue less luminous galaxies in the Blue Cloud and a third
population of galaxies with intermediate characteristics in the Green Valley (see Fig. 1.5).
The behavior of galaxies in the CMD suggests an evolutionary sequence and it is independent
of the environment; galaxies are actively forming stars in the blue cloud depleting their gas
reservoir with time, showing redder colors and moving through the green valley towards the red
sequence. This suppression of star-formation is called “quenching”, and it is widely studied from
observations to simulations area (Peng et al., 2010b; Gabor & Davé, 2012; Pallero et al., 2019),

in order to analyze the different mechanisms that may provoke the star-formation cessation.
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Figure 1.5: Colour-Mass Diagram (Schawinski et al., 2014), upper left panel shows the distribution of all galaxies
from a SDSS+GALEX+Galaxy Zoo sample, top right panel shows the red sequence only, and right bottom panel
shows blue cloud galaxies only, green lines limit the green valley.

Various studies have shown that there is a preference for galaxies to inhabit different struc-
tures. For instance, Dressler (1980) studied 55 rich clusters and found that there is a relation
between local galaxy-density and galaxy-type, in which the fraction of elliptical and SO popula-

tion increases and the corresponding spiral population decreases with increasing number density
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(see left panel in Fig. 1.6). Also, Goto et al. (2003) studying galaxy clusters in the SDSS show
a dependence between the galaxy-type and the distance from the cluster centre as shown in
the right panel of Fig. 1.6. Authors found that early-type galaxies fraction decreases with in-
creasing cluster-centric distance, while late-type galaxies fraction increases as function of virial
radius (defined as the radius in which structures are in virial equilibrium). In this panel is
possible to see that in the intermediate regions (from 0.3 to 1 Ryiriar) the amount of SO galaxies
(intermediate galaxies in the figure) increases as late-type galaxies decreases towards cluster
centre, which could reinforce the idea that in some cases they form by spiral galaxies losing gas
as they move through the ICM. In the inner regions of clusters, the SO fraction decreases as the
elliptical fraction increases, which could suggest that lenticular galaxies lose their disks as they

interact with other galaxies closer to the cluster centre Moore et al. (1998).

-~ 3 1000 ¢ a

0 - |_:-|I|Il|-f:.-:| L L i1l 1 1 1 113 : 0 : _.I‘ .;Ir”.l-.. L1 11 F:

- —. Lale Disc A C — . Late Disc ]

04 - 1 04f . A S -

E A\ /\\ 4 : F /f \ ]

e 03pr: \I";‘ ] — Y i1e 03R--7 i W =1
o = ‘:}M A==l 4.2 B . —~.._‘}_ —_— -
8 L N~ SN AT BT Pl
L 0.2[ N 5 q& 02 I b d 3 p
B W T -\+ B / ~ T ./:f:,,--' D L e, LI

i k. A3 *4,.._h|\ ] U e ]

0.1 Tt ™ N 0.1y 2 =

E 1 LY .

Al el il 2ol L] 0 [ - PR | ]
0.01 0.1 1 10 1 10

Galaxy Density (Mpc™2) R/Ririal

Figure 1.6: Left panel shows the number fraction of galaxies from the SDSS in different environments of different
morphologies as a function of the local galaxy density. Right panel shows galaxies in clusters as a function of
the distance from their respective cluster center, scaled by the corresponding virial radius (Goto et al., 2003).

According to Kormendy & Kennicutt (2004), galaxy evolution can be divided in two principal
mechanisms, internal and external factors, which at the same time can be fast or slow
processes. As seen in Fig. 1.7, galaxies evolve in their star formation content, metal-enrichment
and other features via any of those mechanisms dependening on the environment the galaxy is
immersed. Earlier in the Universe, through hierarchical clustering and assembly of structures,
evolution of galaxies was ruled by fast environmental processes such as mergers. Due to stability
and virial equilibrium that structures have produced during time, according to the authors, the
internal evolution of galaxies would be very relevant in the future behavior of the Universe.

In that way, it is interesting to disentangle how galaxies evolve according to both main
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Protogalactic internal versus external Galaxy mergers,
collapse | RAM-FITESSUI'G

stripping of gas

star formation,

fast gas recycling, fast
versus metal enrichment, versus
slow energy feedhack via supernovae, slow
Internal lntarnal versus external Environmental
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driven by bar instabilities, driven by prolonged gas infall,

by dark matter halos, by minor mergers,
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by nuclear black holes,
by galactic winds & fountains,
etc.

Figure 1.7: Evolutionary box updated by Kormendy (1982), schematizing different physical processes that
galaxies may experience during their evolution.

pathways, mainly in what respects to the star-formation suppression. Peng et al. (2010b)
showed empirically that it was possible to differentiate the mechanism that rules quenching

process, in what they called “mass quenching” and “environmental quenching”.

1.3.1 Mass Quenching

Exploring inter-relationship between mass, Star-Formation Rate (SFR), and environment in
the SDSS, zCOSMOS and other deep surveys, Peng et al. (2010b) proposed that the mechanisms
that triggers the quenching process of galaxies can be separated. Mass quenching (also called
internal quenching) alludes to the cessation of star formation in galaxies produced by internal

processes, which can be related to the following physical phenomena:

e Shock Heating in Massive Halos: massive galaxies are expected to reside within mas-
sive dark matter halos, which, theoretically and through X-ray observations, have shown
evidence of being filled with hot gas at virial temperatures of a few x10% — 108K, gravi-
tationally shock-heated on infall. This gas that should be cooling rapidly does not show
these signatures, which it was defined as “cooling flow problem” (McNamara & Nulsen,

2007), and instead it is visible an absence of large amounts of cold gas and young stars.

e AGN Feedback: simulations without this quenching mechanism produce inverted color-
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magnitude relations without any hint of bimodality (Somerville et al., 2008; Gabor et al.,
2011) as introduced in section 1.3. Massive galaxies usually harbor a Super Massive Black
Hole (SMBH), which when they are actively accreting matter they expel an enormous
amount of energy in form of radiation and relativistic winds. These effects can expel the

gas available to form stars, or heating that gas, preventing star formation in galaxies.

e Others: stellar winds, supernova explosions are internal mechanisms that can affect the
gas reservoir and avoid star-formation (Veilleux et al., 2005; Hopkins et al., 2012), such as
strangulation, process in which galaxies stop receiving cold gas from the circumgalactic
medium, depleting their gas and quenching (Peng et al., 2015; Kawinwanichakij et al.,
2017).

1.3.2 Environmental Quenching

The environment in which galaxies are immersed also play a very important role in the
cessation of star-formation in galaxies, how they interact with their surroundings, whether they
have neighboring galaxies or gas. Various studies have shown that there exist differences in the
evolution of galaxies depending if they are isolated or in a larger structure. Gobat et al. (2008)
found differences in the Star-formation histories (SFHs) of early type galaxies in the field and
galaxies in a cluster, with this latter forming structures, such as the bulk, approximately 0.5 Gyr
earlier. Old et al. (2020) found that galaxies in clusters have suppressed their star-formation
earlier than field galaxies, at 1.0 < z < 1.5; while Werner et al. (2022) report that quenching in
galaxy clusters at z ~ 1 occurred in smaller structures suring infall.

One of the main processes that affects galaxy evolution is the direct interaction between one
galaxy and another, the result of this interaction is defined as “merger” (Toomre & Toomre,
1972; Shlosman, 2013). During galaxy mergers, galaxies can change completely their morphol-
ogy and gas content if the mass relation between the structures involved is similar, case known
as “major merger” (Hopkins et al., 2006; Puech et al.; 2019). These violent phenomena are
more frequent in structures such as galaxy groups, in which the velocity dispersion of mem-
bers is lower and is more likely for galaxies to merge. When the mass rate between galaxies
interacting is approximately 1:10, the more massive galaxy probably will not change drastically
its morphology, but “devouring” the less massive galaxy will affect its mass and gas content
(Schneider, 2007).

Also, galaxies can repeatedly interact with other galaxies in their surroundings, in the denser
part of clusters or in groups, without finally merging with them. This can produce tidal strip-

ping, process in which galaxies can lose part of their gas and star components due to gravitational
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forces produced by other galaxy, generating changes in their morphology and their ability to
form stars; this effect is called “galaxy harassment” (Moore et al., 1998; Boselli & Gavazzi,
2014; Darvish et al., 2024).

The environmental effects mentioned above are those related to gravitational effects, i.e.
interactions between galaxies. Besides those phenomena, galaxies can also interact hydrody-
namically with the gas in the ICM as they infall towards the cluster centre. Galaxies move
relative to the hot ICM, in the rest-frame of the galaxy this gas acts like a wind with the speed
wind equals the velocity of the galaxy, exerting a pressure force over the gas in the galaxy that
is proportional to the density of the ICM and the squared velocity of the galaxy (Gunn & Gott,
1972). If the pressure force is higher than the gravitational force that bounds the interstellar
medium of the galaxy, gas can be removed from the galaxy and mix with the hot ICM, in a
process called Ram-Pressure Stripping (RPS) (Domainko et al., 2006; Jaffé et al.; 2018). In
some cases, as the gas is being removed it compresses in the direction of the movement, trigger-
ing star-formation as the galaxy infalls (Ge et al., 2023). Ram-pressure stripping should be the
responsible for the existence of more SO galaxies in clusters than in the field (Moran et al., 2007),
since it removes gas from spiral galaxies, leaving a disk galaxy just with the stellar content.

These hydrodynamical effects were thought exclusively for galaxies in clusters, since it is
most common in those structures to reach the density of the ICM and the velocity of the galaxy
which RPS is proportional to. However, Salem et al. (2015) studied the Large Magellanic Cloud
(LMC), a galaxy satellite of the Milky Way in the Local Group, and found evidence of ongoing
RPS between the disk of the LMC and the Milky Way’s circumgallactic medium. Kolcu et al.
(2022) compared the effects of gravitational interactions and RPS in groups of galaxies, in a
sample of 1113 galaxies, and found 45 galaxies with RPS signatures. Using analytic models, they
also found that the requirement of density of the intragroup medium and velocity are satisfied
for galaxies to experience RPS in groups. Thus, galaxies in groups may also be affected by RPS

and lose gas via that process.

1.3.3 Pre-processing

As shown in section 1.3 and Fig. 1.6, there is a higher fraction of quiescent galaxies in the
inner regions of clusters, while the fraction of late-type galaxies increases at the outskirts. This
fact could suggest the importance of RPS as galaxies infall towards cluster centre. But, what
happens with the star-formation state of galaxies in the outskirts of clusters?

Fujita (2004) using analytical models found that galaxies present a decay of their star-

formation rate before they experience RPS infalling to the cluster, arguing that galaxies might
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have been affected by some environmental effects in the substructure they are located in, in a
phenomenon called “pre-processing”. Haines et al. (2015) studied galaxies in 30 massive clusters
in the redshift intrerval 0.15 < z < 0.30, analyzing the galaxies in the infalling regions, and found
that the fraction of star-forming galaxies indeed increases heavily beyond 2r509. Nevertheless,
the star-forming fraction remains lower than in field galaxies even up to 3ryg (see Fig. 1.8).
The authors remark that the suppression of star-formation at large radii cannot be reproduced
by models in which the star-formation is quenched in infalling field galaxies only once they pass
within 7999 of the cluster, but is consistent with some of them being first pre-processed within

galaxy groups, so they suggest a need of pre-processing.
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Figure 1.8: Radial distribution of star-forming galaxies in clusters versus the field. The magenta squares represent
the fraction of massive cluster galaxies (M > 2.0 x 101°M) with ongoing star formation based on their UV-
optical colors. The comparison to field galaxies (magenta dashed line) shows a higher star-forming fraction
in the field. The gray symbols and blue dashed line show corresponding data for galaxies with infrared-based
star formation rates, revealing a consistent pattern where field galaxies have a higher active star formation rate.
Colored lines represent the radial population gradients from cosmological simulations. From Haines et al. (2015).

Lopes et al. (2024) obtained similar results while comparing the star-forming fraction in
field and groups galaxies in the infalling regions of clusters. They found that galaxies in groups

already present signatures of star-formation suppression with respect to galaxies in the field
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(see Fig. 1.9), evidence that supports the idea of galaxies being affected by their environment

before they become part of larger structures.
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Figure 1.9: Fraction of star-forming galaxies (Fsp) in clusters extending out to five times the cluster’s virial
radius (Rgoo). Blue diamonds represent galaxies not part of groups, while red circles represent galaxies in
infalling groups. Black squares show all cluster galaxies. The field fraction is indicated by a grey dashed line,
and isolated groups are shown by a magenta dot-dashed line. Fgp is computed in intervals of 0.5 x (R/Ra00),
with mean values plotted, and error bars reflecting the 1o standard error. From Lopes et al. (2024).

It is evident that there is a link between star-formation suppression and the environment
of galaxies, and as seen during this section, this environment seems to be tightly related to
groups of galaxies (Pallero et al., 2019). The properties of these structures are ideal to find
gravitational interactions between galaxies, mainly due to the number density of galaxies and
the velocity dispersion between members. Different to clusters, in which the main effects in
the star-formation suppression is related to hydrodynamical phenomena, as it was mentioned
before. In the Local Universe galaxies are likely to be found in groups of galaxies (Eke et al.,
2006), so they provide a good opportunity to study the effects of the environment on galaxy
evolution. In this way, low-mass structures such as Compact Groups of Galaxies may play a
key role in the understanding of galaxy evolution towards bigger structures, and their study
results crucial to comprehend the behavior of galaxies in this context and the effects of the

environment.

1.4 Compact Groups of Galaxies

The first Compact Group of Galaxies (CG) was discovered in 1877 by the at that time
director of the Marseille Observatory, Edouard Stephan. He observed 5 galaxies, the so called
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“Stephan’s Quintet”, consisting in the elliptical NGC 7317; elliptical NGC 7318A, colliding
with barred spiral NGC 7318B; distorted barred spiral NGC 7319; and barred spiral NGC 7320.
All are crammed into a tight 20" area (see Fig. 1.10). Now it is known that the galaxy NGC
7320 (spiral on the left in Fig. 1.10) does not match the recessional velocity of the others, it
has redshift z ~ 0.0025, while the redshift of the other members is around z ~ 0.0215, so that
barred spiral is a foreground galaxy (Burbidge & Burbidge, 1961; Hickson et al., 1988).

Figure 1.10: Stephan’s Quintet Compact Group of Galaxies, James Webb Space Telescope Image.

More than one century after the discovery of the first CG, Hickson (1982) published the
first Compact Groups Catalogue, Hickson Compact Groups (HCG), which contains 100 CGs.

Sources catalogued should match the following conditions.

i. Population: structures were considered compact groups if they had 4 or more members

(N > 4) within 3 mag of the brightness.

ii. Isolation: there should not be any other galaxy at a projected distance of less than 3 times
the radii of the smallest circle that contains all galaxies (0y > 30q, with 6y and 0 the
angular diameter of the largest concentric circle containing no other external galaxy and

the angular diameter of the smallest circle containing galaxies in the group, respectively).

iii. Compactness: the surface brightness of these groups should be less than 26 mag/arcsec?

(ue < 26.0), averaged over 0.
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With time and observations, different authors have proposed additional criteria to select
CGs (Diaz-Giménez et al., 2012, 2018), such as:

iv. Velocity difference: the velocity difference between the radial velocity of each member and
the mean velocity of all members should not be greater than 1000 km/s (Av = |v; — (v)| <
1000 km/s).

Also, other studies have used the Friends of Friends Algorithm (FoF) to find structures,
and together with other properties mentioned above, have also constructed compact groups
catalogs (McConnachie et al., 2009; Diaz-Giménez et al., 2012; Herndndez-Ferndndez & Mendes
de Oliveira, 2015). The study of HCG and other samples of compact groups of galaxies have
provided important insights on the properties of these structures, which will be detailed in the

following section.

1.4.1 Physical and Morphological Properties of Compact Groups of

Galaxies

Compact Groups of Galaxies are a subject of study due to the tidal interactions and ease of
mergers. These phenomena can affect galaxy properties, differing with those in Field Galaxies
or Loose Groups (LGs, see section 1.2).

Regarding to physical properties, CGs show a higher fraction of red galaxies, so it is possible
to find more quiescent early-type galaxies (Mendes de Oliveira & Hickson, 1994; Coziol &
Plauchu-Frayn, 2007; Walker et al., 2013). Coenda et al. (2012) compared different properties
between field galaxies and low-mass, high-mass and equal luminosity loose groups, taken from
the SDSS. In Fig. 1.11, black thick lines represent galaxies in CGs, and show the distribution of
galaxy luminosity, surface brightness, half-light radius, concentration, colour and stellar mass.

Authors found that galaxies in CGs tend to be slightly more luminous than field galaxies,
finding no important differences with LG galaxies. CGs also have a larger fraction of galaxies
with 150 < 20.4 mag/arcsec? and a deficit of lower surface-brightness galaxies. When comparing
galaxy sizes, CGs contain an excess of galaxies with 59 < 2 kpce and a deficit of 2 kpe < r59 <
3 kpc. Also, galaxies in CGs are sistematically more concentrated than their counterparts in
the field or in LGs, which reflects that galaxies in these systems have smaller sizes with respect
to galaxies in other samples, for the same luminosity (as seen also in Montaguth et al., 2023).
They also have a larger fraction of early-type galaxies, thus CGs have a larger fraction of highly
concentrated early type galaxies than the field. Finally, galaxies in CGs also present a higher

stellar mass than the field and LG galaxies, even at fixed luminosity.
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Figure 1.11: Normalized distribution of galaxy properties in CGs sample (thick black line), field (violet), low-
mass LGs (blue), high-mass LGs (red) and EQL-LG (thin black line). Image Credit: Coenda et al. (2012).

It is important to consider that these characteristics are strictly related to the selection
criteria used to define Compact Groups of Galaxies, which considers a magnitude cut in the
optical regime, which systematically will derive in selecting systems that contain galaxies with
a high stellar mass (usually red, early-type galaxies). Other samples selected with additional
criteria may derive in CGs with galaxies of a different nature, as will be explained later.

Regarding to galaxy morphology in CGs Montaguth et al. (2023) studied a sample of 340
CGs through S-PLUS multi-wavelength data, and found that galaxies present a bimodality in
the plane effective radius - Sérsic index, indicating that galaxies are undergoing a morphologi-
cal transformation in CGs. They also found a higher fraction of quenched galaxies and a lower

median specific Star-Formation Rate (sSFR) in CGs than in the control sample, suggesting the
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existence of environmental effects favouring the cessation of star formation. Also Montaguth
et al. (2024) studied the dynamics of CGs, finding that 27% of their sample was part of a major
structure (what authors called “non-isolated compact groups”). They find that morphological
transformations are enhanced in non-isolated CGs, proposing an evolutionary scenario consid-
ering the effects induced by major structures. An scheme showing this evolutionary scenario is
shown in Fig. 1.12, which is divided in 3 stages. First we observe groups with a higher fraction
of LTGs, lower velocity dispersion and higher crossing times, that with time should move closer
to infall regions of clusters. During this transition, CGs evolve dynamically due to their own
internal processes and the effect of the major structure, increasing their velocity dispersion,
LTGs fraction and decreasing their crossing time, to finally become a part of the galaxy cluster.
Therefore, it is very compelling to perform a detailed analysis of CGs which are
less evolved, in order to understand the effects of the environment over galaxies in

these structures, and the behavior of CGs in an earlier evolutionary stage.
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Figure 1.12: Evolutionary scheme for CGs. In the x-axis we have the velocity dispersion of CG, in the opposite
direction the crossing time which increases as o decreases, having less dynamically evolved CGs. On the y-axis,
we have the fraction of LTGs. The scheme evolves from stages 1 to 3, where the CGs have a lower fraction of
LTGs, higher o, and lower Hyt. (Montaguth et al., 2024).
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1.4.2 Compact Groups of Galaxies in the Context of Pre-processing:
The Case of the Blue Infalling Group

As it was explained in section 1.3.3, the pre-processing scenario for galaxy evolution takes
places in substructures, in which environmental phenomena affect the star-formation content of
galaxies before their cluster infall. Cortese et al. (2006) studied the Blue Infalling Group (BIG)
(see Fig. 1.13), a CG falling towards the cluster Abell 1367 (z ~ 0.0216), witnessing for the
first time in the Local Universe, a compact group infalling into a core of a dinamically young

cluster.

Figure 1.13: The Blue Infalling Group (BIG). Left panel: Cortese 2006, r-band image , Middle and right
panels: Hernandez-Fernandez 2015, Ho and GALEX UV images.

Through the analysis of Hr and Ha images, besides Multi-object spectroscopy (MOS), the
authors were able to identify various disrupted galaxies, which were affected by the environment.
They proposed an evolutionary history for BIG over the last 1-2 Gyr, in which considered that
originally, the BIG was a normal compact group of galaxies with a typical velocity dispersion
of ~ 150-200 km/s. Lying in the outkirst of Abell 1367 the groups was attracted by the
cluster potential and started its infall into the cluster core at a speed of ~ 1700 km/s. During
the journey, galaxies in the CG were perturbed by mutual gravitational interactions and by
the ram-pressure produced by the hot cluster ICM, resulting in star and gas stripping, tidal
tails, extragalactic compact HII regions and tidal dwarf galaxies. Finally, one of the gas rich
dwarf galaxies merged into CGCG97-125 (see Fig. 1.13) producing stellar shells and burst of
star formation. Meanwhile, tidal interactions also weakened the potential wells of the group
galaxies, making it easier for ram pressure to strip the galaxies’ ISM, producing the Ha trails.

The Blue Infalling Group would be an example of galaxies pre-processing in the Local
Universe, in which environmental processes takes place in order to change properties of galaxies

before the accretion to bigger structures.
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1.5 Thesis Goals

The Blue Infalling Group is a very unique example of what galaxy pre-processing is expected
to produce in the evolution of galaxies. In this sense, galaxy groups are structures in which the
environment plays an important role in the evolution of galaxies and we are able to witness star
formation in-situ induced by the properties of the structures in which galaxies are immersed.
Although the BIG has been deeply studied, there are several open questions regarding this kind
of systems: Are these kind of events an usual phenomena? What is the role that these Compact
Groups play in the evolutionary sequence of CGs? Are they a missing link in the evolution of
galaxies in the hierarchical scenario of structure formation?

The main objective of this thesis is to determine the properties of galaxies in CGs analogue
to the Blue Infalling Group, and understand how does the environment affect the evolution of
galaxies in regards to their physical and morphological properties.

In order to achieve these scientific general objectives, we developed the following specific

goals:

i. Quantify and analyze the differences between the morphological properties of galaxies in
a sample of Star-Forming Compact Groups (SFCGs) and the field, also considering the

properties of normal CGs.

ii. Compare physical properties of galaxies, such as stellar mass and the star-formation rate
of galaxies, in SFCGs and galaxies in less dense environments, in order to understand how

the environment affects galaxy properties.

This analysis will be developed over a sample of 280 Star-Forming Compact Groups of Galax-
ies taken from Hernandez-Fernandez & Mendes de Oliveira (2015). We used deep photometric
images from the Dark Energy Camera Legacy Survey (DECaLS, Dey et al. 2019) which reaches
low-surface brightness features, allowing us to better constrain the morphological and physical
properties of galaxies. As a secondary objective, the morphological properties of galaxies will
be compared with those obtained using images from the Southern Photometric Local Universe
Survey (S-PLUS, Mendes de Oliveira et al. 2019), which has a set of 12 filters. Here we will com-
pare the results using deep images with those constrained by more extensive multiwavelength
data.

This thesis is organized as follows: In chapter 2 we describe the data, sample and the main
characteristics of the images, surveys and catalogs. Chapter 3 describes the method followed to

obtain the main morphological and physical parameters of galaxies, the steps and the description
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of the softwares utilized and the information obtained from other catalogs. In chapter 4, we
present the results and compared them with the control sample. In chapter 5 we discuss about
the evolutionary stage of the SFCGs, and the repercussions it may have in galaxy evolution.
Chapter 6 is dedicated to the main conclusion of this thesis. Finally, in Chapter 7 we provide

some insights about the future prospects and work for this research.



Chapter 2
Sample and Data

In this chapter we provide details regarding the Star-Forming Compact Groups sample and
the data used in this thesis, describing the catalogs and images used in this work. The analysis
is mainly done using data from the DESI Legacy Imaging Surveys, with also comparisons with
data from the Southern Photometric Local Universe Survey (S-PLUS).

2.1 The Star-Forming Compact Group Sample

The sample used in this work was defined from Hernandez-Fernandez & Mendes de Oliveira
(2015), with an approach focused on searching for compact groups composed or dominated by
star-forming galaxies in the Local Universe, looking for BIG analogs. They used the All-sky
Imaging Survey (AIS) from GALEX (Martin et al., 2005), and selected sources with an apparent
FUV magnitude of 17 < FUV < 20.5 (approximately the magnitude range of the BIG galaxies).
The latter, as the FUV band is tracing the emission of stars with shorter lifetimes than the
NUV (Martin et al., 2005; Haines et al., 2008). Authors also applied a color constraint in the
source selection (-1.50 < (FUV — NUV)y < 2.75, color corrected using Cardelli extinction
law (Cardelli et al., 1989), and since the nature of the UV-sources is unknown, they also tried
to minimize the effects of stars contamination by restricting the search to sources beyond 15
degrees of the Galactic Plane.

The search for compact groups is done applying a Friends-of-Friends algorithm over the
sample of 925428 UV-sources in the space of celestial coordinates, imposing a maximum linking-
length of 1.5 arcmin, which corresponds to a projected distance of ~88 kpc at z=0.05. After
crossmatching the groups obtained with galaxy catalogs compiled by NASA /IPAC Extragalactic
Database (NED), they applied additional criteria, such as considering as groups those with at

least 3 sources compiled as “galaxy” by NED and/or at least two galaxies with accordant

20
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Figure 2.1: Examples of Star-Forming Compact Groups, DECaLLS DR10 Images.

redshifts. Authors produced a catalog of 280 SFCGs (1193 members), up to z < 0.17 (see some
examples in Fig. 2.1), composed of 226, 39, 11 and 4 groups of four, five, six, and seven bright
UV members, respectively. 75% of the SFCGs have at least one member with redshift available,
and over 40% of the SFCGs have redshift measured for two or more galaxies.

The authors compared some physical and dynamical properties of groups (those with some
members with redshift available) with other group catalogs, and found that the SFCGs present
lower velocity dispersions (0;_,_s ~ 120km/s), small crossing-times (Hoyt. ~ 0.05) and high star-
formation content (95% of star-forming galaxies) due to the selection method. Fig. 2.2 shows
the color distribution of galaxies in the SFCGs (blue) and other samples of CGs, such as HCG
(Hickson, 1982) in green, 2MCG (Diaz-Giménez et al., 2012) in red, and SCGA (McConnachie
et al., 2009) in orange. It is possible to observe that the SFCGs present bluer colors than all
other distributions, although they are all in the color limits defined by the authors (left and
right dashed lines). Also, central dashed line shows the FUV-NUV threshold between late-type
and early-type galaxies proposed by Gil de Paz et al. (2007), and it is possible to see that
the majority of the sample of SFCGs is located towards the late-type galaxies section, while
other samples such as HCG and 2MCG have the majority of their galaxies in the early-type

classification.
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Figure 2.2: Top panel: FUV vs (FUV-NUV) for the SFCGs and other samples. Middle panel: FUV-NUV color
distribution for SFCGs and other samples. Bottom panel: FUV-NUV color distribution of subsets of SFCGs
with no redshift counterpart (cyan), 2 redshift counterparts (blue) and 3 or more redshift counterparts (violet).
Image Credit: Herndndez-Fernandez & Mendes de Oliveira (2015).

2.2 Optical images and catalogs

2.2.1 DESI Legacy Imaging Surveys

The DESI Legacy Imaging Surveys comprises observations from the Beijing-Arizona Sky
Survey (BASS, Zou et al.,; 2017), which imaged regions at Dec 2 +32° in the Dark Energy
Spectroscopic Instrument (DESI) North Galactic footprint, in the ¢ and r optical bands, using
the 90Prime camera at the prime focus of the Bok 2.3-m telescope at Kitt Peak and the Mayall
z-band Legacy Survey (MzLS) imaged the Dec 2 +32° region of the DESI footprint only in the
z optical band, using the MOSAIC-3 camera at the prime focus of the 4-meter Mayall telescope
at Kitt Peak. In the south, the Dark Energy Camera Legacy Survey (DECaLS, Dey et al.,
2019) provides the optical imaging for targeting for 2/3 of the DESI footprint, covering both
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the North Galactic Cap region at Dec < +32° and the South Galactic Cap region at Dec <
+34°. Due to the combination of large field of view and high sensitivity from 400-1000 nm,
DECam is a very efficient option for obtaining photometry in the g, r, and z bands. It is this
sensitivity the reason why the images and catalogs used in this thesis are from the DECaLS,
since we are interested in extracting morphological parameters, the deep sky imaging from this
survey results very relevant.

Although the original objective of this survey was imaging targets for the DESI, the char-
acteristics of the images and the footprint, covering ~ 14,000 square degrees, the quality and
depth of the images provide very good photometry to do science with. Now, the DESI Legacy
Imaging Survey is currently in the DR10, in which they incorporated additional DECam data
from NOIRLab that includes extra optical bands (g, r, 4, z), expanding the footprint to >
20,000 deg?.

The footprint in the Legacy Surveys (LS) is divided in bricks, which are regions of the sky
of 15"x15" defined in terms of Ra and Dec. These bricks are publicly available on the National
Energy Research Scientific Computer Center (NERSC) portal, and can be downloaded in the
LS website!. In this work, the images were downloaded using the Python code download
bricks (link github Simén), as well as the sigma images, which provides the standard error
per-pixel, necessary to model the morphological parameters.

Besides images, DECaLS provides catalogs with photometric data extracted using The
Tractor package (Lang et al., 2016), which uses a probabilistic method to model sources in
an image, classifying them in: point sources (PSF), round exponential galaxies with a variable
radius (REX), de Vaucouleurs (DEV) profiles (elliptical galaxies), exponential (EXP) profiles
(spiral galaxies), and Sersic (SER) profiles. Other information about photometry, calibrations,
source detection, among other things are available in Dey et al. (2019). The predicted proposed
Legacy Surveys depths for 2 observations at 1.5”7 seeing were ¢g=24.7, r=23.9, 2=23.0; reaching
a surface brightness limit in the r-band of 27.9 mag/arcsec? (Hood et al., 2018).

In this work we downloaded LS DRI10 catalogs developing a Python code that query the
database in NOIRLab AstroDataLab portal’. We performed a cone search around the center
coordinates of each SFCGs, with a 6 arcmin radius, and then we made a crossmatch with the
galaxy catalog using TOPCAT®.

From the 280 SFCGs, 226 were in the DECaLS survey footprint containing 970 members.

Visually inspecting the groups, we noticed that there were interlopers such as stars in the

"https://www.legacysurvey.org/
’https://datalab.noirlab.edu
3https://www.star.bris.ac.uk/~mbt/topcat/
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catalog, which were filtered using the “PSF” type in the LS catalog. We found 135 stars among
all groups that were removed. From those 226 groups we were able to correctly obtain the
morphological parameters for 207 SFCGs, from 872 sources, which 770 of them are galaxies.
The other SFCGs presented image problems, since some of the images were missing important

parts in some filters and it was not possible to obtain reliable morphological parameters.

2.2.2 Southern Photometric Local Universe Survey (S-PLUS) - Data
Release 4

S-PLUS is an imaging survey covering a region of ~ 9300 squared degrees, using a 0.8m
aperture telescope (T-80) at the Cerro Tololo Inter-American Observatory (CTIO). This survey
uses the Javalambre photometric system (Cenarro et al., 2019), which consists of 12-filters, 7
narrow-band filters (J0378, J0395, J0410, J0430, J0515, J0660), that coincide with, respectively,
the [OII], Ca H+K, Ho, G-band, Mgb triplet, Ho and Ca triplet features. The system also
includes the u, g, r, 4, and z broad-band filters (Mendes de Oliveira et al., 2019). The g, r, i, z
bands are similar to those from the SDSS, while the u-band filter is from Javalambre.

The field of S-PLUS images is divided in “tiles” of 1.2 deg?, which can be downloaded
directly from the official spluscloud website*, through a Python code that query the database.

Regarding to catalogs, Almeida-Fernandes et al. (2022) explained in detail the procedure
to generate the S-PLUS catalogs, while the source detection and photometry was done using
SourceExtractor (SExtractor, Bertin & Arnouts 1996). Photometric depths of S-PLUS were
defined using as the lowest S/N=3, and the limited magnitude is defined as the peak of the
magnitude distribution at that S/N. The deepest magnitudes are reached in filters g and r with
21.3, and reaching surface brightness limit of ~ 24.5 mag/arcsec® in the r-band.

The sample of 280 SFCGs was crossmatched with the S-PLUS DR4 catalogues, finding 35
out of 280 SFCGs, with 149 sources, from which 41 of them are stars, keeping with 108 galaxies.
It is important to mention that 4 (SFCGs 267, 268, 271 and 277) out of these 35 structures
cataloged as SFCGs are composed entirely by stars, being erroneously cataloged as Compact
Groups. Finally, 29 out of these 31 SFCGs in S-PLUS are also available in the DECalLS

footprint, which are used to compare the results between surveys.

“https://splus.cloud/
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2.3 The Control Sample

To be able to extract conclusions from galaxies in SFCGs, it is essential to define a Control
Sample containing field galaxies in a similar general context of the groups galaxies. Since we
want to determine how the environment plays a role in the behavior of galaxy properties, we
have to constraint other possible factors that can be affecting these properties, such as galaxy
mass and redshift.

In this work, we selected the control sample galaxies from the Yang et al. (2007) catalog
(available in the official website”), which contains groups of galaxies from the Sloan-Digital Sky
Survey (SDSS DR4), selected using a halo-based group finder. There are groups with a number
of members N = 1, i.e. field galaxies, which we selected to conform the control sample.

We made use of the GALEX-WISE-Sloan-Legacy Catalog (GWSLC, Salim et al., 2018),
which contains physical properties of galaxies derived using SED-fitting, such as Stellar Mass and
SFR (more information in Section 3.3.1). The initial filter we applied over the full field galaxies
sample was their presence in the GWSLC and the footprint of the DECaLS, crossmatching their
coordinates with TOPCAT, in order to have these properties derived with a reliable method
to compare with and the full information available. Then, we applied a Montecarlo method
using Python, to extract randomly 2000 galaxies in the in the same redshift range as the SFCG
sample, 0.01 < z < 0.17. Then, we computed their stellar mass using the method described in
section 3.3.1. From the 2000 randomly selected sample, we extracted 1200 galaxies such that
the final sample contains the same fraction of galaxies in 20 mass bins, with respect to their
total. During this thesis, we refer to this sample as Control Sample (CS) or Field Galaxies.

More details about the mass calculation and their comparison with those from the GWLSC

are available in Section 3.3.1.

Shttps://gax.sjtu.edu.cn/data/Group.html
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Chapter 3

Methodology

In this chapter we describe the parametric and non-parametric methods used to derive the
morphological parameters of galaxies. Furthermore, information about the physical properties

of galaxies and their calculation will be provided.

3.1 Morphological Parameters

3.1.1 Parametric Approach

The morphological properties of galaxies can be described analytically, and they are strictly
correlated to the surface brightness profile of galaxies, i.e. how does light distribute in the
physical space of the galaxy.

The brightness profile of galaxies is expected to correlate well with their morphological type.
Sérsic (1963) introduced the brightness profile:

- s () 1)) o

Which is also called Sérsic profile, where n is called the Sérsic index (Schneider, 2007). The
effective radius R, is fitted such that half of the luminosity comes from within the circle of radius
R.. The coefficient b, relates to n as: b, ~ 1.999n — 0.327. I, is the intensity at R.. A similar
expression can be written in terms of surface brightness p(R) in mag/arcsec®. When n = 4, the
expression reduces to the de Vaocouleurs law (de Vaucouleurs, 1948), which describes better
bulges of disk galaxies and the light profile of ellipticals; whereas for n = 1, an exponential

surface brightness is obtained, which described the disks in galaxies. The larger n, the more

26
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concentrated the light profile in the central part, and at the same time, the higher is the surface

brightness for large R (see Fig. 3.1 for and illustrative visualization of the Sérsic Index).

10

Ue = 20 (mag/arcsec?)

L(R) (mag/arcsec?)

30 - | | |

0 1 2 3 2
R/Re

Figure 3.1: The Sérsic profile, plotted for various values of n. The surface brightness is plotted as a function of
R/Re, where all profiles are chosen to have the same brightness at Re. Orange line is the exponential profile, n
= 1; while the green line is the de Vaucouleurs profile, n = 4.

In this way, the Sérsic index can be used to classify galaxies based on their morphology, since
the Sérsic profile provides a parametrization of the brightness profiles of galaxies by getting the

best fit of their light profile by using the expresion shown in equation 3.1.

3.1.2 The Non-Parametric Approach

To gain a deeper understanding of the morphology of galaxies in the SFCGs we also per-
formed tests to obtain the non-parametric morphological metrics for galaxies in the sample.
The non-parametric morphology refers to methods of characterizing the structure and shape
of galaxies without assuming any specific functional form or model for their light distribution.
These methods rely on statistical or geometric measurements of the galaxy’s appearance, derived
directly from its pixel intensity distribution in an image.

Here we use a variety of non-parametric features to describe galaxy morphology, such as
asymmetry (Schade et al.,; 1995; Abraham et al., 1996; Conselice, 2003), concentration (Abraham

et al., 1994; Bershady et al., 2000; Conselice, 2003), Gini (Abraham et al., 2003; Lotz et al.,
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2004a) and My (Lotz et al., 2004a). In the following we describe these parameters and their

mathematical expression, from Sazonova et al. (2020).

1.

ii.

1il.

Asymmetry: the asymmetry (A) of a galaxy’s light distribution is computed by rotating
the galaxy by 180° and substracting the resulting light distribution from the non-rotated
galaxy. Usually, bulge-dominated galaxies have very low asymmetry, spiral galaxies have

an intermediate asymmetry and merger galaxies have larger asymmetry.

It is computed by:
180
Zi,j |Iij - I‘j
Ei,j ’Iij|

I;j is the flux of a pixel, I} is the flux in the corresponding pixel after the 180° rotation,

A= — Ape (3.2)

and Apgg the average asymmetry of the background.

Concentration: the concentration (C) is the measure of how concentrated is the light with
respect to the center of the galaxy. It is defined as the ratio between the 80th and 20th

isophotes, and it is given by:

C = 5logi (@) (3.3)

720
A higher value of C describes a galaxy that is more bulge-dominated. While rgy and raq
are the radius containing the 80 and 20% of the total light of a the galaxy, respectively.
Gini: the Gini index (G) was used in economics to calculate the distribution of wealth in
a society. In astronomy, it is used to measure the light concentration.

To obtain G, all pixels from the galaxy are ranked from brightest to dimmest, and G is

computed as:

1 N
G = XN =) ;(m — N - 1)X, (3.4)

where X; is the flux of the ith pixel (being i = 0 the brightest pixel in the galaxy), X the

average flux and N the number of pixels.

A Gini index of 1 means that all the galaxy light is concentrated in just one pixel, while
a Gini index closer to 0 means that the light is evenly distributed across all the pixels

belonging to the galaxy.
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iv. Mog: it is a measure of the second-order moment of the brightest 20% of the galaxy’s flux,
giving insights of the spatial distribution of bright regions. Together with Gini, it can
effectively detect signs of ongoing galaxy mergers. The second moment of the ith pixel is

calculated as:

Mi = fz ’ [(ZL’Z - xc)Q + (yz - yc)2]v (35)

where (x.,y.) are the coordinates of the central pixel and (z;,¥;), f; are the coordinates

and flux of the ith pixel, respectively. Then My is obtained with:

N
Mtot = Z Mi7
1=0

200 M,
> M,
i—0 tot

Mso = logio (3.6)
with 0 < i@ < Iy being the brightest 20% of the pixels, and N the total number of
pixels. A more negative My, implies that the galaxy light is concentrated in the center
and corresponds to spheroidal galaxies, while a higher M,y means that the brightest part
of the galaxy is offset from the center, corresponding to disk galaxies with bright star-

formation regions or mergers.

Fig. 3.2 shows a schematic view of the light distribution of a galaxy with low or high values
of Gini and My, and how these values can be used to classify galaxies in different morphological

types using these parameters.
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a) High PCI b) Low PC1 ¢) High PC2 d) Low PC2

High Gini, Low M20 Low Gini, High M20 High Gini, High M20 Low Gini, Low M20)

Bulge-dominated Disk-dominated Merger Diffuse/Unresolved

Figure 3.2: Schematic view of light concentration of galaxies with different values of Gini and My coefficients.
Both metrics can be used to classify galaxies by their morphological type. Fig. from Sazonova et al. (2020).

3.2 Computing Morphological Parameters

3.2.1 Sérsic Index and Effective Radius

To obtain morphological parameters from galaxies we used the “MorphoPLUS”! code. This
code is built to be used over S-PLUS images, which is why we explain their usage over S-PLUS
images first, and then how we modified it to perform over DECaLS images, reinforcing the idea
that the main dataset in this thesis comes from DECaLS.

MorphoPLUS is a code based on Bash and Python. It uses SExtractor tools and it applies
the MegaMorph code (HauBler et al., 2013). MegaMorph project allows to perform two dimen-
sional fitting in multiple wavelengths, and extracting morphological parameters from galaxies.
This is done utilizing GALFITM, a modified version of the GALFIT algorithm (Peng et al., 2002,
2010a), which uses two-dimensional models such as “Nuker” law, the Sérsic (de Vaucouleurs)
profile, an exponential disk and Gaussian or Moffat functions. GALFITM uses Chebyshev poly-
nomials to model the dependency of the morphological parameters of a galaxy with respect to
the wavelengths used and allows to perform multiwavelength fitting. The advantage of the mul-
tiwavelength fitting lies in the precision of the output parameters, reducing the uncertainties
and allowing to constraint them better (Vika et al., 2013).

MorphoPLUS code works with the S-PLUS galaxy catalog as an input, extracting from this
catalog the S-PLUS field(s) related to the position of the galaxy groups in the sky. Then, it
downloads a cutout of a given size (in this case, we fixed a 500 pixels size, with a pixel scale of

0.55”, which translates into ~4.6 arcmin images) in the 12 photometric bands. Together with

'https://github.com/GMontaguth/MorphoPLUS
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this, the code also computes the Point Spread Functions (PSFs) for each filter, modelled using

a Moffat funcion:

27-8
PSPy = 2= {1 + <5> } ,with FWHM = 2a+/21/6 — 1 (3.7)

Ta? Q@

Full Width Half Maximum (FWHM) and beta parameter () are available in the header of
each S-PLUS image in each filter.

With the images and the PSF computed, the code continues to generate a detection image
by stacking ¢, r and z filter images. This image is used to produce a segmentation map with the
SExtractor software, masking all the sources that the software detects including the galaxies
we are interested in. Then, the code utilizes those segmentation maps to produce new ones,
unmasking those objects of interests (i.e. the galaxies we are interested in), assigning a numerical
value of 1 to all those pixels that are masked, and 0 to all pixels that are not. This is because
GALFITM requires a mask containing values of 0 to all the regions to be fitted.

After generating the PSF and the mask, the code produces the GALFITM configuration
files using both files as input. Besides the image in each filter, configuration file uses other
parameters, such as the central wavelenght, the magnitude of galaxies, the zero points available
for each S-PLUS field in the catalogs, a/b ratio, position angle (P.A.), and an approximation of
the effective radius and the Sérsic index. The approximation of the effective radius comes from
the SExtractor catalog (FLUX_RADIUS_50) and the Sérsic index obtained through an empirical
approximation between concentration and n (C = 2.770n%4%; Andrae et al., 2011), where C is
the ratio between Rgy and Rs.

Subsequently, the code runs GALFITM using the configuration files built before. In this
case we used the GALFIT 1.4.4 version, which can be downloaded in the MegaMorph official
website?. The GALFITM output we obtained consists of the input original image, the model and
the residual image (substraction between the original image and the model) for each photometric
band (see Fig. 3.3). Then the code reads the header of the model files, extracting and tabulating
the Sérsic index value, effective radius, among other properties such as P.A., with their respective
uncertainties. Together with this, a .svg image is produced for each group, containing the image,
model and residual in each filter.

The MorphoPLUS code is built to be used over S-PLUS images, these images and the
catalogs contain information obtained previously with SExtractor, such as the position of the
galaxies in the images, the FWHM, the beta parameter used in the Moffat function to construct
the PSF, and all the information necessary to run GALFITM. In the case of DECaLS data, the

’https://www.nottingham.ac.uk/astronomy/megamorph/
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Image Model Residual Mask

Figure 3.3: Left panel: GALFITM input image; Middle left panel: Model computed by GALFITM; Middle right
panel: Residual between the input image and the model; Right panel: Input Mask for GALFITM. All images
are in the r-band.

images and catalogs do not provide this kind of information, which is why to use this code over
DECaLS images it was necessary to perform modifications to the original code.

It was necessary to add some extra steps. The image download was made outside the flow
chart of the code, being made before as it was explained in Chapter 2. In the SExtractor
part of the code we also extracted: X_IMAGE, Y_IMAGE, ALPHAPEAK_J2000, DELTAPEAK_J2000;
that are used to obtain the positions of the galaxies in the images, and then crossmatch them
with the catalogs using the WCS coordinates; FLUX_RADIUS, KRON_RADIUS; according to the
SExtractor manual’, the ratio between the FLUX_RADIUS and the KRON_RADIUS can be used
as a preliminary approximation of the Sérsic index; ELONGATION and THETA_IMAGE, to insert as
input for the a/b ratio and position angle of galaxies.

Finally, the PSF was computed utilizing the Photutils python package, in which we selected
stars in a 25 pixels box constraining for magnitude and a small half-light radius. After filtering
for stars with no other source of contamination nearby, we also constrain for SNR in the lower
and upper limits, to avoid stars with a poor SNR and saturated stars. Then, photutils builds
an effective PSF with those selected stars.

Following all the steps mentioned above we were able to obtain the morphological parameters
for 35 and 207 SFCGs with S-PLUS and DECaLS data, respectively. Besides, in the same way

we obtained the morphological parameters for the control sample.

3http://astroa.physics.metu.edu.tr/MANUALS/sextractor/Guide2source_extractor.pdf
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3.2.2 Non-parametric measurements

We used the Astromorphlib” python library (Hernandez-Jimenez & Krabbe, 2022; Krabbe
et al., 2024), which is a powerful and versatile collection of Python functions, designed to analyze
the morphology of both isolated and interacting galaxies in various environments, including
fields, groups, and clusters. One of the key features of the library is its integration with SPLUS,
Legacy and SDSS image databases, allowing effortlessly download relevant images for their
analyses, which means that the usage of the library covers from the image downloading to
the morphometric properties tabulating, going through segmentation mapping, sky subtraction
and masking the non-interest sources. The non-parametric analysis is performed by using the
statmorph’ package (Rodriguez-Gomez et al., 2019).

The input that Astromorphlib requires is a table with three main columns: GAL which is
the galaxy ID, RA and DEC. It is also necessary a column with the radial velocity of the galaxy
to make cutouts of each galaxy in groups and the field. Since we do not have redshift for
a fraction of our sample, for simplicity we fixed the radial velocity as 5000 km/s, since it is
close to z = 0.01 which is the minimum redshift we have in the sample. In Figures 3.4 and
3.5 we show an example of the output from Astromorphlib, for one of the SFCGs studied in
this work. The input image in the r-band (panel 1), the segmentation map (panel 2), the sky-
background measurement (panel 3) and the model (panel 4), as well as the statmorph output
of the non-parametric measurements in Fig. 3.5.

We extracted the non-parametric measurements in the r-band for all galaxies in the SFCGs
and Control Sample. After filtering for flagstatmorph = 0 (or 1), which suggests that the results
are reliable (or not), and PSF type, we have the non-parametric measurements for 678 and 1107

galaxies in the SFCG and Control Samples, respectively.

“https://gitlab.com/joseaher/astromorphlib
Shttps://github.com/vrodgom/statmorph
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2) Segmentation
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Figure 3.4: Output from Astromorphlib for galaxy 1 from the SFCG 143, all images are from the Legacy Survey
in the r filter. Panel 1) shows the original image in the r-band, 2) the Segmentation map, 3) the estimation of
the background and 4) the Sérsic model.
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Figure 3.5: Output from Statmorph (in Astromorphlib), showing the original image, the Sérsic model, the
residual (image - model) and the asymmetry residual (image - rotated image) (upper panels). We observe
segmentation maps for non-parametric calculations, and the obtained values (lower panels).
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3.3 Derivation of Physical Properties

In order to understand the changes that the environment is producing over galaxies, it is
important to determine their physical properties, to be able to analyze them in comparison with
galaxies in the field. Since we do not have spectroscopic information available for most of the
galaxies, the methods that are used to obtain these parameters are purely based on photometric
data.

3.3.1 Stellar Masses

To obtain the mass of the stellar content of galaxies, we employed the method of Taylor et al.
(2011), in which the authors present the first catalog of galaxy masses derived photometrically
using GAMA survey data (Driver et al., 2011). Using stellar population synthesis models, they
demonstrate that the restframe colour is a good estimator of stellar mass-to-light ratio, M, /L;.
They use the observed relation between restframe (g - i) and M, /L; to argue that this colour
can in practice be used to estimate M, /L;. This relation offers a simple means for estimating

galaxies’ stellar masses based on minimal data, and it is given by:

logM, /L; = —0.68 + 0.70(g — 4 (3.8)

Rearranging this equation to put all observables in one side, and considering the absolute
magnitude of the sun in the AB system as M; . = 4.58, the empirical relation between (g - i)

colour, ¢-band luminosity and stellar mass is:

logM, /[My] = 1.15 + 0.70(g — i) — 0.4M; (3.9)

It is important to remark that, since we do not have a redshift confirmation for every galaxy
in the groups, for this calculation we considered only those SFCGs with at least one galaxy
member with confirmed redshift, and we assumed that redshift as the redshift of the group.
Also, the ¢ filter was added in the last data release of DECaLS, so there are several SFCGs that
do not have images available for that filter, so we calculated physical properties for 378 galaxies
in 110 SFCGs. We also calculated masses using the z filter considering the calculations present
in Bell et al. (2003); Zibetti et al. (2009), comparing the masses obtained with SED fitting in
the Control Sample, and we found that the best approximation to the SED fitting obtained
masses is done using the i filter with the method described in equation 3.9, specially for the

lower mass galaxies. Considering the confidence provided by this method, we opted for working
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with the mass of those galaxies that have the ¢ filter available.

In Fig. 3.6 we can see the mass distribution of the galaxies in the SFCGs. As it is possible to
see, there is a considerable amount of galaxies in low masss bins. This could be explained since
interactions between galaxies in these kind of environments can produce tidal tails harboring
gas and stellar content, which concentrates to resemble dwarf galaxies, in the so called Tidal
Dwarf Galaxies (TDGs, Duc et al. 2000; Zaragoza-Cardiel et al. 2024). These structures could
be star-forming, and so, with a high UV-emission, allowing them to be sensitive for the selection
method.

0.161 —- Median Stellar Mass in SFCGs Galaxies = 9.77
I Galaxies in SFCGs

0.14 4
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Fraction of galaxies
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0.00 -

IOgM«(Mg )

Figure 3.6: Mass distribution of the galaxies in the SFCGs computed using equation 3.9 from Taylor et al.
(2011). In y-axis we have the fraction of galaxies with respect to the total sample.

The mass ranges between 109920/ and 1019 M, with a peak at 109“%M,. We compared
the feasibility of this method by comparing the stellar masses with the control sample galaxies
having data available in the GWSL Catalog (Salim et al., 2018). The masses in this catalog were
computed using SED-fitting, considering from Mid-Infrared to FUV data. Fig. 3.7 shows that
the correlation between masses obtained using eq. 3.9 and those from the GWSLC (obtained
using SED-fitting) is practically linear, with a very high correlation coefficient. Thus, it is
reliable to use stellar masses obtained through this method.

Fig. 3.8 shows the mass distribution of the SFCG galaxies and the control sample, computed
with the photometric method already proven earlier. The y-axis shows the probability density
in each bin, this since both samples have different sizes, allowing us to compare them in the
same distribution relative to their total number of galaxies.

We performed a Kolmogorov-Smirnov test (KS-test, Berger & Zhou 2014) using the scipy
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Figure 3.7: Stellar Mass obtained using ¢ - ¢ color and M; vs Stellar Mass computed with SED-fitting from
GWSL Catalog. Teal line represents the best fit from the linear regression with a correlation coefficient of R ~
0.97. Dashed black line represents the Identity line.
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Figure 3.8: Mass Distribution of galaxies in the SFCG and Control Sample, y-axis shows the probability density
in each bin, i.e., the relative frequence of galaxies with respect to the total. Dotted lines represent the median
of each distribution, in violet (SFCGs) and teal (CS).

Python library to check if each data sample follows the same distribution and could be compa-

rable. The p-value of the KS-test is higher than 0.05, which is the minimum value to suggest

that two datasets follow the same distribution, so we can consider both samples to have the
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same distribution of masses.

3.3.2 Star-Formation Rates

Iglesias-Paramo et al. (2006) developed a method based in the determination of the SFR
in galaxies through their UV and IR luminosities, which are both correlated with the star-
formation rate of a galaxy. Most of the UV photons are originally emitted by stars younger
than ~ 10® yr, but many of these photons are reprocessed by the dust present in galaxies and
re-emitted at IR wavelengths. These authors propose that a combined estimator based on NUV

and IR luminosities seems to be a very good proxy of the SFR, which is defined as follows:

logSF Ryyy (Moyr™') = logLnuv.eorr(La) — 9.33 (3.10)

This equation consider that the SFR in the NUV can be computed using the NUV Lumi-
nosity, corrected by internal extinction.

In their work, the authors used a sample of galaxies selected using GALEX, and the IR
information in 60 pum from IRAS was used to correct the UV luminosity. We note that DECaL.S
catalogs provide data from the Wide-field Infrared Survey Explorer (WISE), in w1, w2, w3 and
w4 bands, 3.4, 4.6, 12 and 22 pum, respectively. The dust heated by star-formation is better
traced in the mid-infrared wavelength range, from 10 to 25-40 microns. Therefore, here we used
the 22 um information to correct the luminosity in the UV, using equations 3.11 and 3.12 from
Salim et al. (2007).

LFUV,corr = LFUV,obs +a X L22Nm’ with ¢ = 3.89 & 0.15 (311)

LNUV,corr = LNUV,obs +a X L22um; with ¢ = 2.26 & 0.09 (312)

With luminosities corrected by dust, and using Le po; = 3.86 x 103 erg/s, we computed the
SFR for the galaxies in our sample. In Fig. 3.9 we compared the SFRs obtained through this
method vs the SFRs in reported for Control Sample galaxies, which were obtained by SED-
fitting. We use the control sample in the comparison between methods because we selected this
sample to be in the GWSLC, since just a small fraction of galaxies in the SFCGs is in this
catalog.

We can observe that SEF Ryyy is higher than SF Rsgp, which can be related to the internal
extinction of galaxies, that is better computed with more IR filters. Since we use the same

method for the SFCGs and Control Sample, and the aim is to compare how these property
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changes regarding to the environment, we trust that this method to determine the SFR of

galaxies is a sufficiently good approximation of the real state of the star-formation process of

galaxies.
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Figure 3.9: Star-Formation Rate obtained using Lyyy vs Star-Formation Rate obtained through SED-fitting
from GWSL Catalog. Teal line represents the best fit from the linear regression with a correlation coefficient of
R ~ 0.76. Dashed black line represents the Identity line.



Chapter 4

Results and Analysis

4.1 Morphological Parameters in DECaLS and S-PLUS

The structural parameters of galaxies can be strongly affected by the quality of the images
and the filters used to obtain them. As we established in Chapter 1, we aimed to analyze how
is the behavior of morphological properties of galaxies in S-PLUS and DECaLS surveys. The
S-PLUS survey contains 12 filters, which theoretically would be an advantage in GALFITM
modeling, hoping that with a major amount of filters we will constraint the parameters with
more accuracy. In the other hand, DECaLS only contains 4 broad-band filters, but it is deeper
and has better resolved images. The purpose of the comparison is to determine the precision
with which we are able to compute morphological parameters in both surveys, and since in the
DECaLS we find a larger sample, the following sections will be addressed using this last survey.

In order to compare the performance of GALFITM over each survey, we computed the me-
dian of the morphological parameters in each broad-band filter to see if there are any differences
between them. We show this in Fig. 4.1 for the Sérsic Index and in Fig. 4.2 for the Effective
Radius. Error bars are obtained using the bootstrapping method, with 1000 re-samples. It
is important to mention that uncertainties given by GALFITM are one magnitude larger for
S-PLUS data than for DECaLS, which is probable due to the lower signal-to-noise in S-PLUS
compared to the DECaLS images. However, we believe that the GALFITM uncertainties are
underestimated, and adding statistical uncertainties to the data provides reliability to the re-
sults. In these figures we have two panels, one for a not-magnitude limited sample and other
where we limit the sample to objects brighter than » = 18.5 mag, in order to compare the
behavior on all and the brighter part of the sample.

In Fig. 4.1a we can see the behavior of n where there is not limit in magnitudes, where we find

that the median Sérsic index from ¢ to z filter increases its value in 0.53 and 0.44 for DECaL.S

40
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and SPLUS, respectively. This is expected, given the fact that to redder wavelengths we are
expecting to see the main and old stellar component of a galaxy, which is more concentrated
in the bulge than in the disk of a LTG (which we should find in the SFCGs), so the n should
increase. Practically the same difference is seen in the magnitude limited sample (as shown
in Fig. 4.1b), once we analyze the change of the median n with filters. With respect to the
difference between each survey, in both samples (limited and not limited by magnitude) we can
see that n in SPLUS is systematically higher, particularly in the magnitude limited sample in
which is higher in all filters. On average, the difference between both surveys is n = 0.11 +
0.01 for the magnitude limited sample.

Regarding to the effective radius, we find that the trend is consistent in the sample limited
by magnitude and not limited by magnitude for the DECaL.S data, in which R, monotonically
decreases to the redder filters. In the case of SPLUS, in the not magnitude limited sample it
decreases from the ¢ to r filter and it slighlty increases to redder filters. Although, for the
SPLUS data the trend is flatter, since the difference in the R, is 0.12 £+ 0.02 and 0.19 + 0.02
for the not magnitude limited and magnitude limited sample, respectively. In the DECaLS
data, the difference from the ¢ to z filter is 0.41 £ 0.05 and 0.35 + 0.07 for the not magnitude
limited and the limited sample. The decrement of the R. to redder colors is expected, since
galaxies in the SFCG sample are mostly LTGs, and an important part of the light is distributed
along the external parts of the galaxy in their star-formation processes. This light produced
by star-formation is bluer, since it is related to the photosphere of young massive stars. If we
change to redder filters we will not be able to see that part of the light with the same intensity.
Instead, we will be observing the less massive and older stars that are closer to the center, so
the radius containing the 50% of the galaxy light will be smaller.

When comparing both surveys, on average the R, is 0.16 £ 0.03 arcsec higher in SPLUS
than in DECaLS. Considering the most distant group of the SFCGs sample with a z = 0.17, the
difference would be of 0.48 + 0.09 kpc. In both parameters we find a higher median difference
in the z filter, which is probably due to the lower signal-to-noise in that band in SPLUS. It is
important to remark that this difference is smaller than the usual seeing, so in some cases it
even could not be resolved.

It is important to consider that it is difficult to quantify the real difference in R, in arcsec,
since depending on the group distance, the distance from arcsec to kpc will be different. Fig.
4.3 shows the median R, for galaxies in the DECaLS and SPLUS survey, considering galaxies
in groups with at least one member with redshift available. We observe a mean difference in all
filters of 0.22£0.14 (kpc), with the highest median difference of 0.46+0.08 (kpc) in the z filter.

Figures 4.4 and 4.5 show the distribution of the differences in R, and n respectively, between
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(a) Median Sérsic index for galaxies in DECaLS (violet) and SPLUS (green) surveys,
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(b) Median Sérsic index for galaxies in DECaLS (violet) and SPLUS (green) surveys,
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Figure 4.1: Variation of the Sérsic index parameter with filter, in both DECaLS and SPLUS surveys. Panel a)
shows the behavior of n with filter with a not magnitude limited sample. Panel b) considers each magnitude
limited to mag < 18.5. Error bars are the median uncertainties in each filter computed using bootstrapping

with 68% CIL.
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Figure 4.2: Variation of the Effective Radius parameter with filter, in both DECaLS and SPLUS surveys. Panel
a) shows the behavior of R, with filter with a not magnitude limited sample. Panel b) considers each magnitude
limited to mag < 18.5. Error bars are the median uncertainties in each filter computed using bootstrapping
with 68% CI

each survey for the same galaxies considered in Fig. 4.3. We can see that the majority of
differences concentrate around 0, median R, differences are 0.018, 0.146, 0.101 and 0.260 (kpc)
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from g to z filter, with SPLUS presenting higher parameter values than DECaLS. The same is
possible to extract from median n differences, which are 0.014, 0.017, 0.043 and 0.069 from g¢
to z filter, being the SPLUS values higher than DECaLS in all bands but g filter.
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Figure 4.3: Median Effective Radius for galaxies in DECaLS (violet) and SPLUS (green) for galaxies in the
SFCGs with at least one member with redshift available (54 galaxies). Error bars are the median uncertainties
in each filter computed using bootstrapping with 68% CI.
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Figure 4.4: Distribution of the R, differences in kpc in each filter, considering the same galaxies as Fig. 4.3.

In both structural parameters we find that the SPLUS values are systematically higher than

in DECaLS. However, the differences are not high enough to make different interpretation of

the results, and considering that uncertainties overlap, we can consider that the differences in

obtaining morphological parameters of galaxies are negligible.
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Figure 4.5: Distribution of the n differences in each filter, considering the same galaxies as Fig. 4.3.

4.2 Galaxy Classification

In order to understand the nature of the galaxies we are studying, it is important to classify
them according to their physical and morphological features. Galaxies with low n and blue
colors can be classified as LTGs, and galaxies with higher n and redder colors are classified as
ETGs. Vika et al. (2013) using MegaMorph and multiwavelength data, classified galaxies of
different morphological types according to their n) and color (u - r), with n < 2.5 and u - r <
2.3 for LTGs, and n > 2.5 and u - r > 2.3 for ETGs. Montaguth et al. (2023) used the same
definition to classify galaxies in a Compact Groups sample with S-PLUS, defining also two other
regions. Those galaxies with n < 2.5 and u - r > 2.3, which are disk galaxies with redder colors
are classified as “Transition Galaxies” (in the Transition Region), since their features can be
explained as galaxies migrating from the blue cloud to the red-sequence in their evolution. Also,
those galaxies with n > 2.5 and u - r < 2.3, representing more spheroidal/elliptical galaxies
with bluer colors, are “Other Galaxies” (in the Other Region). Here, we use the same categories.

DECaLS provide images in the g, r, i, z filters, which is why we can not use exactly the same
color definition explained above. Analogously, in this work we used the ¢ - r color, considering
the color limit as g - r = 0.67. This value was obtained by a double Gaussian fitting over the
color bimodality of a sample of field galaxies in the STRIPE-82 S-PLUS field, as shown in Fig.
4.6, setting the limit as the value in which both gaussians intercept.

It is worth noticing that using this value there is a little contamination over some of the
regions, as seen in Fig. 4.7. Here we show the same galaxies than in Fig. 4.7, classified as each
type using the u - r color limit, plotted over the n vs (g - ) plane. The region where we find the
more significant overlapping is in the upper right part of the plane, in the ETGs region, where

we can see a mixing between ETGs and Other Galaxies. Given the nature of the galaxies in
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Figure 4.6: Double Gaussian fitting over field galaxies’ color distribution. Vertical dashed line represents the
two gaussians’ interception at restframe color g - » = 0.67. Fig. Credit: Gissel P. Montaguth.

the SFCGs, we do not expect to find many galaxies in those regions, since most of the galaxies

should be LTGs. Nevertheless, we are going to consider this overlapping in the analysis.
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Figure 4.7: Different galaxy types previously classified using Vika et al. (2013) limits, located over the (g - r)-n
plane. Vertical line is n = 2.5, and horizontal line (g - 7) = 0.67. Fig. Credit: Gissel P. Montaguth.
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4.3 Galaxy Classification in the Star-Forming Compact
Groups

As it was explained before, galaxies in the SFCGs were selected through their UV-emission,
which is why the sample is expected to be composed by star-forming late type galaxies. In Fig.
4.8 we can see the galaxy position in the Sérsic-color plane for SFCG and Control Sample (CS)
galaxies. Contours are representing the 2D kernel density estimation (KDE) for the distribution.

In 4.8a we can see that in the field we find the highest density in the LT-Region, with a
considerable distribution towards the T and ET-Regions. This is expected because isolated
galaxies are usually LTG, since their evolution in stellar and SFR components are dependent
almost only on galaxy mass. In Table 4.1 we find the fraction of galaxies for each region with
lo uncertainties using bootstrapping, and we observe that the only not-statistically significant
fraction is located in the Other Region.

In 4.8b, galaxy density in the plane for SFCG galaxies is more shifted to the LT-Region,
finding a smaller amount of galaxies in the ET-Region. We can witness this in Fig. 4.9, where
the relative fraction of galaxies of each type shows that LTGs comprise ~ 65% of the SFCG
sample, while in the field this kind of galaxies reach 51% of the total sample (see Table 4.1).
The ETG fraction is higher in the CS than in SFCGs, being the relative fraction around 16%
and 6%, respectively. It is worth mentioning that the ETGs in the general field may be even
higher. Due to the selection method, in which we considered only galaxies in the range of mass
of the SFCGs (which is quite low), we would not be considering a lot of the more massive
galaxies, that are usually Early-Type. Error bars show higher uncertainties than in the Field
in some galaxies, but in general they are very low for n and color, and they do not change
galaxy classification except for one galaxy in the Late Type Region that could be related to the
Transition Region.

The Transition Region displays a similar relative fraction for galaxies in both environments,
being slightly higher in the field. This region is of particular interest, since galaxies here may
be experiencing a physical change regarding their evolution (Montaguth et al.; 2023). In the
Other Region we find a very small amount of galaxies, since it is not that common to find
blue-spheroid shaped galaxies, and they might be more related to the dwarf kind. We can see

the exact amount and relative fraction of galaxies in Table 4.1.
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Figure 4.9: Fraction of Galaxies according to their classification, galaxies in SFCGs (violet) and the field (teal).

Galaxy Type SFCG Field
Early Type 30 (6.34 + 1.12%) | 173 (15.77 4+ 1.09%)
Late Type 310 (65.54 + 2.13%) | 563 (51.32 + 1.47%)
Transition 109 (23.04 4+ 1.92%) | 307 (28.26 + 1.37%)
Other 25 (5.07 + 1.07%) 51 (4.65 + 0.62%)

Table 4.1: Amount (relative fraction) of galaxies for each galaxy classification region, for the SFCG and Field
galaxies. 1o errors computed using bootstrapping method.

4.4 Morphological and Physical Properties of Galaxies

In order to understand the properties and behavior of galaxies in the SFCGs with respect to
galaxies in the field, we will first study the relationship that exists between physical properties,
such as Stellar Mass and SFR; parametric morphological properties, such as n and R.; and

finally the link between morphological and physical properties.

4.4.1 Physical Properties of SFCG Galaxies

To analyze the general state of galaxies in the SFCGs with respect to galaxies in the Field,

we compared their stellar mass and SFR obtained in the previous section. Fig. 4.10 shows
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the KDE contours for galaxies in both environments, with their respective distribution in the
marginal plots. We find that in general, galaxies in the SFCGs present a higher SFR than
galaxies in the field for galaxies at the same mass.

According to Fig. 4.10, the majority of galaxies in the Field inhabit the Star-Forming
Main Sequence (MS), with a fraction of them having a higher SFR, which locate them in the
Starburst region. Also, another part is located in the less Star-Forming region with higher
masses, suggesting they present Early-Type features. All of this is expected for Field Galaxies.

On the other side, galaxies in the SFCGs are mostly above the Star-Forming Main Sequence,
being the center of the distribution between the MS and the Starburst lines. There is a fraction
of galaxies with lower masses and high star formation content. The higher mass galaxies also
present a relatively high SFR. The differences between physical properties of galaxies in both
environments is a representation of the different populations that both samples contain, with a

lack of Early-Type galaxies in the SFCGs (related to the selection criteria of the sample).
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Figure 4.10: SFR against Stellar Mass KDE contours for galaxies in the SFCGs (violet) and the Field (teal).
Dashed black line represents the division between Starburst and no Starburst galaxies (Jarvis et al., 2020), green
line represents the Star-Forming Main Sequence (Sargent et al., 2014).
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In Fig. 4.11 we can see the SFR distribution of galaxies in the SFCGs and the Field, in which
we find a remarkable difference for both environments. The results of the KS-test show that

distributions are statistically different. In this case we see that the median SFR is approximately
0.4 dex higher in the SFCGs than in the field.

SFR in SFCGs and the Field

0.16 7
= = Median SFCGs
! - — - Median Field
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[ Feld
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Figure 4.11: Distribution of the Star-Formation Rate for galaxies in the SFCGs (violet) and the Field (teal).
In the Fig. is shown the KS-statistic and the result of the p-value of the distribution. Dashed vertical lines
represent the median of the distribution for the SFCGs (violet) and the Field (teal), with values of log SFR ~
0.6 Mg /yr and 0.2 Mg /yr, respectively.

We also consider the SFR per unit of Stellar Mass (sSFR) (see Fig. 4.12) to see what is
the status of galaxies according to the process of star-formation cessation. Wetzel et al. (2013)
defined Log sSFR = -11 as the threshold for quenching galaxies, which means that galaxies with
a log sSFR lower than that limit are considered “quenched” galaxies.

Fig 4.12 shows the distribution of the sSFR for galaxies in both environments. We find
that galaxies in the SFCGs present a higher sSFR than galaxies in the field, with a median of
-9.23 4 0.04 and -9.55 4= 0.02 (yr~1), respectively. Just one galaxy in the SFCGs is considered
"quenched”, while in the field, there is a very small fraction of galaxies below the threshold.
From the left panel in Fig. 4.12 we can see that the interquartile range is slightly broader in
the SFCGs, which indicates that the 25-75% of galaxies are spread over a wider range of sSFR,
although this difference is negligible.
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Figure 4.12: Left panel: boxplot of the distribution of log sSFR for galaxies in the SFCGs (violet) and the Field
(teal). Dashed lines represent the median of the distribution (2th quartile), the range of the box is defined by
the 1st and 3rd quartiles, and small crosses represent “outliers”. Right panel: distribution of log sSFR and KDE
contours. In both panels, vertical lines represent the median of the sSFR in their respective colors.

4.4.2 Morphological Parameters of SFCG Galaxies

In order to analyze only the morphological properties of galaxies in the SFCGs and the
Field, we compare the R, and n in both environments in Fig. 4.13, where we can see the KDE
contours for each distribution. Here we use the R, in kpc, then we only consider those groups
with at least one group member with redshift available, assuming it as the redshift of the group.

In Fig. 4.13 we can not see important differences between the structural parameters of
galaxies in the different environments. Moreover, there are some galaxies with higher n and R,
in the field than in the SFCGs. This is expected since we find a larger fraction of Early Type
galaxies in the field.

To see if there are any differences in the morphology of galaxies according to their type, we
can separate and observe the behavior of the parameters in the regions of Fig. 4.8, specifically
in the LTGs and Transition Regions, which is where we find the largest fraction of galaxies.
We do not consider in the analysis the ETGs and the Other Region, since we do not have a
sufficient number of galaxies in those regions.

Fig. 4.14 shows the density contours on the R, and n distribution for the LTGs, in the g, r
and z filters. We find that the n distributes in a very narrow range below n = 2 and getting
wider to the redder filters. This behavior of Sérsic Index agrees with Fig. 4.1, in which we see
an increasement of n towards the z band. The R, is similar for LTGs in both environments,

with galaxies in the SFCGs slightly larger than galaxies in the field. Although this difference is
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not statistically significant.
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Figure 4.13: Effective Radius as a function of the Sérsic index in the g, r and z filters. Violet contours are galaxies
in the SFCGs, and teal contours are galaxies the Field. Marginal plots shows the KDE for the distribution of

each parameter.
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Figure 4.14: Effective Radius as a function of the Sérsic index in the g, r and z filters. Violet contours are Late
Type Galaxies in the SFCGs, and teal contours are Late Type Galaxies the Field. Marginal plots shows the
KDE for the distribution of each parameter.

Fig. 4.15 shows the relationship between the same parameters but for galaxies in the T-
Region. Here we are able to see galaxies with a median R, higher than LTGs, a wider Sérsic

Index distribution and a more evident increasement of this parameter towards redder colors.
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Figure 4.15: Effective Radius as a function of the Sérsic index in the g, r and z filters. Violet contours are
Transition Galaxies in the SFCGs, and teal contours are Transition Galaxies the Field. Marginal plots shows
the KDE for the distribution of each parameter.

We do not observe a clear bimodality in one or both parameters, as detected in Montaguth
et al. (2023). This suggests that if galaxies are undergoing morphological transformations, they
are in a very early stage, which is why we could not see very strong effects. In the following

section we will correlate these properties with the physical characteristics of galaxies in both
samples.
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Galaxy Type | Median n in SFCG (Field) | Median R, (kpc) in SFCG (Field)
Early Type 3.63 +0.29 (4.30 +0.23) 7.67 +1.38 (5.38 £ 0.40)
Late Type 1.10 £ 0.05 (1.10 £ 0.03) 4.18 £0.15 (3.76 £ 0.17)
Transition 1.31 +£0.06 (1.27 £ 0.04) 5.37 £ 0.35 (5.09 + 0.28)
Other 3.89 £+ 0.40 (3.58 £ 0.23) 2.24 4+ 0.76 (3.14 £ 0.66)
Whole Sample 1.23+0.04 (1.31 +0.03) 4.474+0.14 (4.33 £0.13)

Table 4.2: Median of the Sérsic Index (n) and Effective Radius (R,) in the r-band for each region defined in
section 4.3. Values correspond to the SFCG galaxies, and in parenthesis we observe values for Field galaxies.

4.4.3 Correlation of Physical and Morphological properties of galax-
ies in SFCGs

In order to understand the link that galaxy morphology in SFCGs have with their physical
properties and how do these properties change regarding to the environment, we have to visualize
the behavior of these properties from a general point of view and for each type of galaxy.

In Fig. 4.16 we see the Effective Radius as a function of Stellar Mass for the full sample of
galaxies in the SFCGs and the Control Sample. Panels from left to right represent the behavior
in the g, r and z bands, respectively. Each panel has its marginal distribution plots. We do
not see important differences in the mass-size relation between SFCG and field galaxies, and R,
grows together with M,.

Fig. 4.17 shows the same distribution as the previous figure, but for galaxies separated in
LTGs and Transition galaxies. We can see that in general, the behavior of the mass-size relation
does not significantly change for galaxies regardless of their environment. Now, comparing
galaxies in both regions, we find that Transition Galaxies are more massive that galaxies LTGs,
reaching also a slightly higher R.. This can be related to galaxies in the Transition Region
being in a more evolved scenario, with a higher stellar content produced by earlier episodes of
star-formation in comparison to LTGs.

Regarding to the mass marginal plots we can observe that galaxies in the SFCGs are slightly
more massive than galaxies in the Control Sample, specially those galaxies in the Transition
Region. We can see that difference in Fig. 4.18, in which the p-value of the KS-test shows that
both mass distributions are statistically different.

Fig. 4.19 shows the relation between the R, and log sSFR for galaxies in SFCGs and the
Field in the same three filters as earlier. Here we can see the difference in the sSFR shown
in Fig. 4.11 between the SFCG galaxies and in the field. Contours show a small fraction of
quenched galaxies in the field that does not appear in the SFCGs, along with the small fraction
of galaxies in the SFCGs that present an even higher sSFR, possibly correlated to the starburst
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Figure 4.16: Effective Radius as a function of the Stellar Mass in the ¢, r and z filters. Violet contours are galaxies

in the SFCGs, and teal contours are galaxies the Field. Marginal plots shows the KDE for the distribution of
each parameter.

galaxies in Fig. 4.10.

Fig. 4.20 shows the contours on the R.-sSFR plane in the r-filter for the late-type and
transition galaxies (left and right panels respectively). Late Type galaxies in the left panel
shows a broader distribution in log sSFR for the SFCG galaxies than for galaxies in the Field,
with an offset in the central region of the distribution to a higher star-formation content than
field galaxies. We can also observe, especially in the marginal plot on the y axis, that R, in the
field is slightly lower in field galaxies. This can be seen in Fig. 4.21, in which we can see that

both distributions are statistically different. However, in practice the difference of the median
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Figure 4.17: Effective Radius R, as a function of Stellar Mass (M,) for each galaxy type in the g, r and 2z bands,
for the SFCG (violet) and Field (teal) Galaxies

Re for galaxies in both environemnts is of 0.43 kpc.

In right panel of Fig. 4.20 we can see that there is a broader distribution in the sSFR for
galaxies in the Field than in the SFCGs, which is probably related to galaxies in the blue cloud
transitioning towards the red-sequence (see Fig. 1.5), suppressing the star-formation content.
Here we see Transition galaxies already quenched, while this is not visible in SFCG galaxies.
We could observe in Fig. 4.8 that Transition Galaxies in the SFCGs occupy a space closer to
the line defining the color limit, which means that galaxies in this region are bluer in the SFCGs
than in the field. This could suggest that we are observing an earlier period of the transition in
these galaxies, in which their star-formation content is not significantly suppressed yet.

We do not witness any significant differences regarding to the Effective Radius between
SFCG and Field Galaxies in the Transition Region.
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Stellar Mass in the Transition Galaxies
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Figure 4.18: Mass Distribution of galaxies in the Transition Region, with SFCG (violet) and the Control Sample
(teal), dased lines represent the median of each distribution. The p-value of the KS-test shows that these
distributions are not statistically similar.

Fig. 4.22 shows the distribution of galaxy properties in the sSFR-n plane. Here we can see
that in the SFCGs galaxies present a very narrow distribution of n, which do not significantly
change with filters. Sérsic Index correlates as expected with the sSFR of galaxies, since in
SFCGs we mainly have disk shaped (low n) star-forming galaxies, and for Field galaxies we find
a higher fraction of larger n towards lower sSFR values.

Fig. 4.23 shows the contours of the same distribution, but for LTGs (left panel) and Tran-
sition Galaxies (right panel). We can see that LTGs present a more concentrated distribution
in the Sérsic Index, with no important differences between each environment. It peaks around
n, = 1 and decays towards higher values.

Regarding to Transition Galaxies, we can see that there is a variability in the Sérsic Index.
Here we would be observing redder galaxies, and in both environments we have a higher fraction
of galaxies with a higher n, with respect to the late-type sample. It is more evident in the y-axis
marginal plot of the right panel that n is not concentrated around a single value, but we find
an important fraction of galaxies towards less disky structures. However, there is not a clear
bimodality in the distribution to be able to say that we can find more than one kind of galaxy
population, but it is evident that these galaxies are undergoing also through a change in their
morphological properties. In this Fig. it is evident that transition galaxies are not quenched

yet.
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Figure 4.19: Effective Radius as a function of the log sSFR in the g, r and z filters. Violet contours are galaxies

in the SFCGs, and teal contours are galaxies the Field. Marginal plots shows the KDE for the distribution of
each parameter.

Galaxy Type Median log SFR Median log sSFR Median M,
Early Type | 0.8540.19 (0.39 £0.09) | —9.91 £ 0.21 (—10.35 4+ 0.11) | 10.75 4+ 0.11 (10.82 £ 0.06)
Late Type 0.49 £ 0.05 (0.07 +0.04) | —9.00 £ 0.07 (—9.36 + 0.03) 9.53 £0.09 (9.44 +0.03)
Transition 0.78 £0.08 (0.35 4+ 0.06) | —9.65 4 0.04 (—9.96 + 0.05) | 10.47 +0.06 (10.35 £ 0.03)
Other 0.31 +£0.28 (0.33+£0.17) | —9.09 £+ 0.22 (—9.35 + 0.06) 9.59 4+ 0.34 (9.83 £ 0.08)
Whole Sample | 0.61 +0.04 (0.20 £ 0.03) | —9.23 +0.04 (—9.55 £ 0.02) 9.81 4+ 0.05 (9.92 £ 0.03)

Table 4.3: Median of the log SFR Mg, /yr, log sSFR yr~' and Stellar Mass (M, [Mgy)]) for each region defined in

section 4.3. Values correspond to the SFCG galaxies, and in parenthesis we observe values for Field galaxies.
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Figure 4.20: Effective Radius in the r-filter as a function of the log sSFR. Violet contours are galaxies in the
SFCGs, and teal contours are galaxies the Field. Marginal plots shows the KDE for the distribution of each
parameter. Left panel shows the distribution for the Late Type Galaxies, and right panel shows the same

distribution for Transition Galaxies.
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Figure 4.21: Effective Radius Distribution for Late Type Galaxies in the SFCGs (violet) and the Field (teal),

dashed lines represent the median R, for each environment.
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Figure 4.22: Sérsic index as a function of the log sSFR in the g, r and z filters. Violet contours are galaxies in
the SFCGs, and teal contours are galaxies the Field. Marginal plots shows the KDE for the distribution of each
parameter.
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Figure 4.23: Sérsic Index vs log sSFR in the r filter; for galaxies in the SFCGs (violet) and the Field (teal). Left
panel shows the distribution for the Late Type Galaxies, right panel shows the same distribution for Transition
Galaxies.
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4.5 A non-parametric approach of Galaxy Morphology

in Star-Forming Compact Groups

It is possible to classify galaxies morphologically by using their non-parametric indices, in
particular Gini and Msy measurements (Lotz et al., 2004b; Sazonova et al., 2020). As it was
explained in section 3.1.2, Gini quantifies how even is the light distribution on a given galaxy,
while Myq describes the spatial distribution of the brightest regions. Fig. 3.2 shows how is the
light distribution according to the coefficient values.

In Fig. 4.24 we show the Gini-My, where we have included the classification defined by
Sazonova et al. (2020). We will call this classification as No-Parametric Classification (NPC),
in which we can observe three regions: Mergers, Late-Type Galaxies (Sb/Sc/Ir) and Early-
Type Galaxies (E/S0/Sa). We call Parametric Classification (PC) to the regions defined in
Fig. 4.8. In the following subsections we will talk about LTGs and ETGs referring to the NPC
classification, and we will only make the disclaimer when we compare them to the PC.

In the left and right panels of Fig. 4.24 we show the results for the Control Sample and the
SFCGs, respectively, with their respective density contours. Here we observe that galaxies in
both samples are more concentrated in the LTGs region, but for SFCG galaxies, the density
contours extend wider to the Mergers region. We can observe this in Fig. 4.25, where we
can see the relative fraction of each morphological type with respect to each sample. Table
4.4 shows the fraction of galaxies for each region in Fig. 4.24, with 1o errors obtained using
bootstrapping. The highest fraction in both environments is related to the LTGs, while we find
a very similar fraction of ETGs. This is contradictory with the morphological types defined in
Fig. 4.8, in which we found that SFCGs have a very small fraction of ETGs (~ 6%), based on
the color-n criteria. This can be explained by considering that in the non-parametric method we
are not taking in count any physical feature (such as color in the other classification method),
so galaxies with lower n and redder colors (in the Transition Region in Fig. 4.8) here will be
considered as LTG or ETGs. The same would happen to galaxies in the Other Region.

In the case of merger galaxies, we can observe that 16% of galaxies in the SFCGs present
merger features, which is expected since the dense environment in which galaxies are immersed
should provoke and induce interactions. We also see merger features in field galaxies. Although
we find a lower fraction, this should not be expected since galaxies are isolated. For this reason
we analyzed each merger case for the control sample galaxies, finding that in most cases we

have very edge-on galaxies affecting their derived parameters or diffuse galaxies, not witnessing
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nearby galaxies in their surroundings. We visually inspected merger galaxies in the SFCGs too,
finding evident interactions in the most cases.

Regarding to those groups that present merger galaxies, we want to know some information
about their context and the characteristics of the groups they are located in. In left panel of
Fig. 4.26 we observe galaxy classification in the same way as Fig. 4.24, but considering only
galaxies with at least one member with redshift available, from 149 groups. We divided the
plane in 20 bins for each parameter, adding a color bar that represents the average group size
(radius) in each bin; a darker violet color implies smaller groups, while white to green color
are for larger group sizes. Group sizes were computed utilizing the ry column from the SFCGs
catalogue, which provides the group radius in arcmin.

Here it is possible to observe that the darker colors are more concentrated in the Mergers
region, suggesting that apparently, merger featured galaxies are located in more compact groups.
In Fig. 4.26, right panel shows the group size distribution for each galaxy type with their
respective median and error shaded regions. We can see that for merger galaxies we find slightly
smaller median group sizes than for ET and LTGs, being the latter in which we find a larger
median group size. We find that for merger galaxies, the median group radius is 51.477533 kpc,
while for ETG and LTGs the median group radius are 62.48f§:?1§ and 74.161“%:29 kpc, respectively.
It is possible that this slight difference in the group size for each galaxy type could be related
to the fact that these merging processes, in which galaxies approach to each other, provoke that

we observe groups being smaller due to their fusion.
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Figure 4.24: Galaxy classification according to their Gini and My indices. The blue, red and green dots
correspond to Late, Early and Merger type of galaxies. Left panel corresponds to the Control Sample, right
panel corresponds to the SFCG galaxies. The plane and the KDE are built using 678 and 1107 galaxies with
reliable parameters from SFCGs and the Field, respectively.
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Figure 4.25: Fraction of galaxies for each morphological type in the Gini- My plane, for SFCG (violet) and Field
(teal) galaxies.
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Galaxy Type SFCG Field
E0/S0/Sa | 120 (17.7 + 1.44%) | 208 (18.79 + 1.16%)
Sb/Sc/Ir 450 (66.37 £ 1.77%) | 809 (73.08 £+ 1.27%)
Mergers 108 (15.93 + 1.37%) | 90 (8.13 4+ 0.82%)

Table 4.4: Amount (relative fraction) of galaxies for each Gini-My( galaxy classification type, for the SFCG and
Field galaxies. 1o errors computed using bootstrapping method.
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Figure 4.26: Left panel: Gini-Mayq classification for galaxies in the SFCGs, considering only groups with at least
one member with redshift available. The color bar represents Group Size in (kpc). Right panel: Group Size
distribution for galaxies in each Gini-Msq classification region. In blue, green, and red we observe Late, Merger,
and Early Type galaxies, respectively. The dashed line represents the median of each distribution, and shaded
regions represent the errors obtained using bootstrapping to the 68% confidence interval (CI).

4.5.1 Physical Properties for each Galaxy Types

In order to understand the behavior of galaxies according to their classification through non-
parametric methods, we must analyze how these properties correlate to their physical properties.
In Fig. 4.8 we classified galaxies according to Sérsic Index and (g - r) color. The latter can
give us insights about the star-formation process a given galaxy is undergoing, which is very
important in order to classify its evolutionary stage.

Fig. 4.27 shows galaxies classified in Fig. 4.24 as Mergers, NPC-Late and NPC-Early Type,
occupying regions from Fig. 4.8 i.e., PC. We can see that the majority of red dots occupy the
Late, Transition and Other regions, which means that there are galaxies classified as Early
Type using the NPC that have blue colors and a disk shape, besides red colors and disk shape.

These galaxies should be related to Early Spirals that in some cases may still be presenting star-
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formation features. In the case of LTGs classified with the NPC, 76% occupy the LT-Region,
while 21% occupy the Transition Region. The ~ 3% remaining is in the Other and ET-Regions.

Green dots represent galaxies with merger features in their morphology, these galaxies are
displayed mainly in the Late Type and Transition Regions, with 65% and 27% respectively.
Less than 8% occupy the ET and Other-regions. How these galaxies are displayed in the color-n
plane indicates that galaxies undergoing mergers in the SFCGs are mainly very blue galaxies,

which means that they present a high star-formation content, and mainly disk shapes.
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Figure 4.27: SFCG Galaxies classified as Merger (green), Late (blue) and Early Type (red) (Fig. 4.24) in the
color-Sérsic Index plane (Fig. 4.8).

In order to understand the evolutionary stage of these galaxies, we analyze their star-
formation state according to their NPC. Fig. 4.28 shows the SFR (upper panel) and sSFR
(lower panel) distribution for galaxies in each classifcation, with dashed line representing the
median of each distribution. The upper panel shows that SFR is higher for Merger galaxies,
while LTGs present a lower median SFR than the other classifications. We observed in Fig.
4.27 that there is an important fraction of galaxies classified as ETG by the NPC, that actually
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have bluer colors, and are in other classification according to these properties, which could be
related to a higher SFR as it is possible to see in the upper panel of Fig. 4.28. Although it is
possible to witness differences in the median SFR of galaxies, all galaxy types present a very
wide behavior in the SFR range. Merger galaxies for example present a very wide range of SFR,
which reflects in a higher uncertainty than the other types (with the low amount of galaxies
being also a factor). Median log SFR [Mg /yr] is 0.5800s for LTGs, 0.68700% for ETGs, and
0.757013 for Merger Galaxies. There is not a significant difference in SFR between Late and
Early Type Galaxies classified through the NPC. On the other hand, Merger galaxies present a
significantly higher SFR than LTGs.

Lower panel of Fig. 4.28 shows the sSFR distribution for galaxies in each NPC. Here we
can observe that ETGs present a significantly lower sSFR (median log = —9.63505yr~!) than
other galaxy types, which means that those galaxies with a higher star-formation content are
probably more massive galaxies, so their star-formation per unit mass decays. In the case
of LTGs, they present a higher sSFR (median log = —9.207002yr~") than ETGs, but lower
than Merger galaxies. These latter present the highest sSFR (median log = —9.001)5%yr™1),
although considering the uncertainties, they overlap with those in the LTGs, suggesting that
the SFR per unit mass is similar between these two galaxy types.

In 4.29 we observe Stellar Mass vs SFR for galaxies in each NPC classification. The x-axis
marginal plot shows that ETGs indeed have higher masses than other galaxy types, probably
related to a few Sa and E0 galaxies present in the SFCGs, that have usually a high stellar
content. We find also that Merger galaxies have a very similar mass range than LTGs, but
slightly wider. In general, Merger galaxies present a higher star-formation content than other
galaxy types with a similar mass range than LTGs. These observables suggest that merger
processes enhance the star formation and slightly modifies the morphology of galaxies in the
SFCGs.

Fig. 4.30 shows the same distribution as Fig. 4.28 for Field galaxies. Here we can observe
in the upper panel that galaxies classified as Mergers do not present a high SFR with respect to
other galaxy types, and that LTGs present the highest median SFR. A similar idea is possible to
extract from the sSSFR distribution in the lower panel, in which it is evident that sSFR is lower for
ETGs (median —10.107009yr~!) than for the other types, and there is practically no difference
in the sSFR between Merger (median —9.457009yr~!) and Late (median —9.501)95yr~1) Type
Galaxies. It is important to consider that “Merger” galaxies in the Field are galaxies that
present anomalies in their morphology, probably due to projection effects (edge-on galaxies),
and as we are going to see later (and how it is possible to infer from the sSFR distribution), these

are galaxies that constitute the low mass part of the control sample. This is an important fact,
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Figure 4.28: Star-formation rate (upper panel) and Specific Star-Formation Rate (lower panel) for galaxies in
each NPC, Late (blue), Merger (green) and Early (red) Type galaxies in the SFCGs. Dashed lines represent
median SFR for each classification, while the shaded regions represent the errors obtained using bootstrapping
to the 68% CI.

since in low mass galaxies the bright star-formation regions will concentrate a higher fraction
of the total light of the galaxy in specific regions, increasing Gini and Msy, provoking their
c