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Resumen

El objetivo principal de esta Tesis es entender los efectos de los impulsores exter-
nos de la evolucién de la galaxias a través del andlisis de sus propiedades en distintos
ambientes. Para abordar este problema, realizamos dos estudios complementarios enfo-
cados en el escenario del preprocesamiento de galaxias, el cual sugiere que las galaxias
apagan su formacion estelar en grupos antes de caer al ambiente del ciimulo (Zabludoft
& Mulchaey 1998, Fujita 2004). El primer estudio aborda el fendmeno del preproce-
samiento de galaxias desde una perspectiva global, mientras que el segundo estudio lo
hace desde una perspectiva local.

En la primera parte de nuestra investigacion hemos estudiado el efecto del ambiente
local en los colores de las galaxias utilizando una muestra de dos cimulos de galaxias
en z ~ 0.40, MACS J0416.1-2403 and MACS J1206.2-0847, obtenidos del programa de
observacion CLASH-VLT (Rosati et al., 2014) y una muestra de galaxias de campo en el
mismo desplazamiento al rojo de los cimulos obtenida del catdlogo COSMOS/UltraVISTA
(Muzzin et al., 2013). Para estudiar la relacion entre los colores Opticos de las galaxias
y el ambiente, el primer paso de nuestro analisis fue la identificacion de subestructuras
en los cimulos usando una combinacién de métodos estadisticos y algoritmos de agru-
pacion. Esta técnica permite la identificacion de subestructuras considerando la posicion
angular de las galaxias y su velocidad peculiar con respecto al centro del cimulo. Luego,
mediante el uso de la bimodalidad en colores mostrada por la relacién color-magnitud sep-
aramos las galaxias en azules (con formacion estelar) y rojas (sin formacion estelar) para
estudiar las fracciones de color de galaxias en los cimulos y subestructuras en funcién de
la distancia al centro del cimulo o en funcion de la distancia al centro de la sobredensi-
dad (cimulo o subestructura). Este andlisis muestra que la fraccién de galaxias azules en
los cimulos y en las subestructuras es siempre menor al valor promedio de las galaxias
azules en el campo. Ademads, encontramos que los cimulos y las subestructuras tienen
una eficiencia ambiental comparable en la formacion de galaxias rojas. Estos resultados
sugieren que el preprocesamiento juega un papel importante en la formacion y evolucion
de galaxias rojas en ciumulos.

Debido a que los estudios altamente detallados de las propiedades de las galaxias en
grupos con alto desplazamiento al rojo ain no son posibles con la tecnologia actual, la

tnica forma de estudiar los detalles del preprocesamiento en grupos es a través de la obser-
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vacion de estructuras en el Universo local. Por esta razon, en la segunda parte de nuestra
investigacion se presenta un detallado anélisis fotométrico y espectroscopico de las tres
galaxias que componen el grupo Arp 314 (Arp 314-1, Arp 314-2 y Arp 314-3). Mediante
la inspeccion visual de las imdgenes Opticas encontramos que las galaxias del grupo tienen
una morfologia perturbada con signos claros de una interaccion gravitacional. Adicional-
mente, las imdgenes sugieren la existencia de regiones de formacion estelar, las cuales
son confirmadas por la informacién espectroscopica disponible. Estas regiones se ubi-
can principalmente en las colas de marea de Apr 314-1 y sus espectros tienen lineas de
emsion consistentes con edades jovenes (< 10 millones de afios), sugiriendo que fueron
formadas como una consecuencia de las interacciones entre las galaxias de Arp 314. Me-
diante el uso de los espectros de las regiones de formacidn estelar estimamos el gradiente
de metalicidad de Arp 314-1, el cual es mas plano que el encontrado en sistemas sin inter-
accion. Adicionalmente, encontramos que las galaxias en Arp 314 tienen una cinematica
compleja que sugiere la existencia de flujos de gas los cuales explicarian el gradiente de
metalicidad observado. Nuestros resultados sugieren que la interaccion entre galaxias es
uno de los mecanismos fisicos fundamentales en conducir la evolucién de galaxias en los

grupos antes de caer al ambiente del camulo.
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Abstract

The main goal of this Thesis is to understand the effects of the external drivers of
galaxy evolution through the analysis of the galaxy properties in different environments.
To address this problem, we developed two complementary studies focusing on the galaxy
pre-processing scenario, which suggest that galaxies quench their star formation in groups
before falling into the cluster environment (Zabludoff & Mulchaey 1998, Fujita 2004).
The first study addressed the phenomenon of galaxy pre-processing from a global per-
spective, while the second study does it from a local perspective.

In the first part of our investigation we have studied the effect of the local environment
on galaxy colours using a sample of two clusters at z ~ 0.40, MACS J0416.1-2403 and
MACS J1206.2-0847, drawn from the observing programme CLASH-VLT (Rosati et al.,
2014) and a sample of field galaxies at the same redshift of the clusters obtained from
the COSMOS/UltraVISTA catalogue (Muzzin et al., 2013). To study the relationship be-
tween the optical colours of galaxies with the environment, the first step of our analysis
was the identification of susbtructures in clusters using a combination of statistical meth-
ods and clustering algorithms. This technique allows the identification of substructures
considering the angular position of galaxies and their peculiar velocity with respect to the
cluster centre. We then use the colour bimodality seen in the the colour-magnitude rela-
tion to separate galaxies in blue (star-forming) and red (quiescent) in order to constrain
the colour fraction of galaxies in clusters and substructures as a function of distance from
the cluster centre or as a function of distance distance from the centre of the overdensity
structure (cluster or substructure). This analysis shows that the fraction of blue galaxies
in both the main clusters and in the substructures is always lower than the average fraction
of blue galaxies in the field. Moreover, we found that the clusters and susbtructures have a
comparable environmental efficiency in producing red galaxies. These results suggest that
the pre-processing plays a role in the formation and evolution of red galaxies in clusters.

Given that detailed studies of galaxy properties in groups at high redshift are still chal-
lenging with current technology, the only way of studying the details of pre-processing in
groups is through the observation of structures in the local Universe. For this reason, in
the second part of this Thesis we present a detailed photometric and spectroscopic analy-
sis of the three galaxies that make up the group Arp 314 (Arp 314-1, Arp 314-2 and Arp
314-3). The optical images show that the galaxies of the group have a disturbed mor-
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phology with clear signs of a gravitational interaction. In addition, images suggest the
existence of star-forming regions, which are confirmed by the spectroscopic information
available. These regions are located principally in the tidal tails of Arp 314-1 and their
spectra have emission lines consistent with young ages (< 10 Myrs), suggesting that were
formed as a consequence of the interactions between galaxies. By using the spectra of the
star-forming regions we estimated the metallicity gradient of Arp 314-1, which is flatter
than that found in non-interacting systems. In addition, we found that the galaxies in Arp
314 have a complex kinematics that suggests the presence of gas flows, which would ex-
plain the observed metallicity gradient. Our results suggest that the interaction between
galaxies is one of the fundamental physical mechanisms driving the galaxy evolution in

groups before their entrance into the cluster environment.



Contents

Agradecimientos iii
Resumen v
Abstract vii
List of Figures xii
List of Tables Xiv
1 Introduction 1
1.1 Environmental Effects on the Properties of Galaxies . . . . . . ... ... 2

1.2 Groups and Clusters of Galaxies as Cosmic Laboratories . . . . .. ... 6

1.3 The Pre-processing of Galaxies . . . . . . ... ... ... ........ 10

1.4 Motivation and Outline of the Thesis . . . . . . ... .. .. ... .... 13

2 Sample and Data Description 15
2.1 ClustersSample . . . . . . . . . . . e 15
2.1.1 MACS J0416.1-2403 and MACS J1206.2-0847 . . . . . . . . .. 15

2.1.2  The MACS0416 and MACS1206 data-sets . . . . .. ... ... 18

22 The Arp314 Group . . . . . . . . o e 23
2.2.1 Arp314 Observationsand Data . . . . . ... ... ....... 24

23 TheFieldSample . . . .. .. ... ... ... ... ... .. 27

3 Galaxy pre-processing in substructures around z~0.4 galaxy clusters 28
3.1 Introduction . . . . . . . . ... 29

32 Data . .. .. 32
3.2.1 Photometric Catalogues . . ... ... ... ... ........ 32

3.2.2 Spectroscopic Catalogues . . . .. .. ... ... ... ..... 33

3.3 Measurement and Data Analysis . . . . ... ... ... ... ... ... 34
3.3.1 Spectroscopic Completeness . . . . . . .. ... ... ...... 34

3.3.2 Photometric Redshifts . . . . ... ... ... .. ... ..., 35

34 Results. . . . . .. e e 36

X



Contents X
3.4.1 Cluster membership, velocity dispersion and stellar mass . . . . . 36
3.4.2 Detection of Substructures . . . . .. ... ... 37
343 Colour-Magnitude Diagram . . . . .. ... .. ... ...... 40
34.4 Photometric Members . . . . ... ... oo 41
345 Stellar Masses . . . . . . ... L 44
34.6 ColourFractions . . . . ... ... ... ... ... ..... 45
3.4.7 Substructure Quenching Efficiency . . . . . ... ... ... ... 53
3.5 DISCUSSION . . . v vt e e e e e 55
3.5.1 Substructure detections . . . . . .. .. ..o 55
3.5.2 Colour fractions in substructures and galaxy clusters . . . . . . . 58

3.5.3 Evidence for pre-processing from the colour fractions in substruc-
TUTES . . . . . o i e e 60
3.6 Summary and Conclusions . . . . ... ... ... ... ... .. 63

4 Revealing the effects of galaxy interaction in the main galaxies of the southern

group Arp 314 65
4.1 Introduction . . . . . . . ... L 66
42 Data . . ... 67
4.2.1 Imaging and SPECIIOSCOPY . . . « « v v v v v e i 67
422 Fabry-Perotdata . . ... ... ... ... ... .. .. ..., 70
423 Complementarydata . . .. ... ... ... ........... 70
43 Analysis . . . .. e 71
4.3.1 Extinctions and flux measurements . . . . . ... .. .. .. .. 71
4.3.2  Star formation rates and stellarmasses . . . . . . . ... ... .. 74
4.3.3 Gas-phase oxygen abundances . . . . ... ... ... ...... 75
44 Results. . . . .. . 76
4.4.1 Inspecting the optical morphology of galaxies in Arp 314 . . . . . 76
4.4.2 Internal extinctions, radial velocities and line fluxes . . . . . . . . 77

4.4.3 Ha luminosities: From typical Hu regions to giant Hu region can-
didates . . . . .. .. 77
4.4.4 lonization mechanism and AGN activity . . . . . . .. ... ... 78
445 Star formationrates . . . . . . . ... 79

4.4.6 Gas-phase oxygen abundances . . . . ... ... ... ...... 82



Contents xi

4.477 Kinematics: Searching for gas motions . . . . . ... ... ... 84

45 DISsCuSSION . . . . . ... e e e e 88
4.5.1 Discovering the unexplored interacting system Arp 314 . . . . . . 88

4.5.2 Gas flows and the flattening of the gas-phase oxygen distribution . 90

4.6 Summary and conclusions . . . . .. ... 92

S Conclusions and Future Plans 93
5.1 General Conclusions . . . . . . ... ... ... 93
52 FuturePlans . . . . . . . ... 94
Bibliography 96
Appendices 118

A Data Tables 119



1.1
1.2
1.3
1.4
1.5
1.6

1.7

2.1
2.2
2.3

3.1
32
33
34
3.5
3.6
3.7
3.8
39

3.10

3.11

3.12

3.13

3.14

List of Figures

The morphology-density relation . . . . . . .. ... ... ........ 3
Interacting group NGC 6845 . . . . . . . ... ... 4
The observed metallicity profile with radius forM101 . . . . . . . .. .. 5
The observed metallicity profile with radius for NGC92 . . . . . . .. .. 6
Morphology-density and morphology-clustercentric radius relations . . . 7
Typical scheme of merger tree in the ACDM hierarchical scenario of

structure formation . . . . . . . . .. ... 8

Fraction of star-forming galaxies as a function of projected distance from

the clustercentre . . . . . . . . . ... 9
Galaxy cluster MACS J0416.1-2403 . . . . . . ... ... ... ..... 16
Galaxy cluster MACS J1206.2-0847. . . . . . . . . . . ... ... ... 17
The Arp3l4 group. . . . . . . . . L 23
Spectroscopic Completeness . . . . . . . . .. .. ... 35
Spatial and radial velocity distribution of cluster members . . . . . . .. 40
Colour-magnitude diagrams . . . . . . . ... ... ... ... 42
Colour histogram that shows the bimodal distribution in (B — R.) colour . 43
Colour fraction as a function of projected distance . . . . . .. ... ... 47

Colour fraction as a function of projected distance in bins of stellar mass . 48
Colour fraction as a function of apparent magnitude and stellar mass . . . 49
Background-corrected colour fractions as a function of projected distance 51

Background-corrected colour fractions as a function of projected distance

inbinsof stellarmass . . . . ... ... ... ... oL 52
Background-corrected colour fractions as a function of apparent magni-
tude and stellarmass . . . . . ... ... oo 53
Environmental quenching efficiency . . . .. ... ... ... ...... 54
Environmental quenching efficiency separated by mass . . . . . . .. .. 55
Environmental quenching efficiency as a function of distance from the
overdensSity CeNtre . . . . . . . . . . ... e 56
Environmental quenching efficiency as a function of distance from the

overdensity centre separated by mass . . . . . ... ... 57

Xii



List of Figures xiii

4.1
4.2
4.3
4.4
4.5
4.6
4.7

r’-band image of Arp314 . . . . . ... L 68
Spectra of two star-forming regions in Arp 314 . . . . . ... ... ... 72
Observed spectrum of Arp314-1 . . . . . . . . .. ... ... ... ... 73
Emission line diagnostic diagram for the regions observed in Arp 314 . . 80
Gemini/GMOS r’-band image of Arp 314-1 and Arp314-2 . . . . . . .. 81
Oxygen abundance gradient for Arp314-1 . . . . . . . ... ... .... 84

Images and velocity fields for Arp 314 . . . . . .. ... .. ... .... 85



2.1
22

3.1
32
33

34

4.1
4.2
4.3

4.4

Al

A2

A3

A4

A5

A.6

A7

A8

A9

List of Tables

The CLASH Cluster Sample . . . . ... ... ... ........... 19
Gemini/GMOS spectroscopic instrumental and observational setup . . . . 26
Main properties of the clusters MACS0416 and MACS1206 . . . . . .. 37
Results from the DS-Test on MACS0416 and MACS1206 . . . . . . . .. 38
Substructures identified in MACS0416 and MACS1206 and their princi-

palfeatures . . . . . . .. L 41
Mean environmental quenching efficiency in clusters and substructures. . 55
Positions, radial velocities and internal extinctions for sources in Arp 314 69

WISE information for galaxiesin Arp314 . . . . . ... ... ... ... 71
Line fluxes for the star-forming regions located in the tidal tail and main
bodyof Arp314 . . . . . . . . 78
Star formation rates, stellar masses and specific star formation rates . . . 82
Spectroscopic colour fraction as a function of distance from the cluster
CENIIE. . . . . v vttt it e e e 120
Spectroscopic colour fraction as a function of distance from the overden-
SILY CENIIE . . . . o v i e e e e e e e 120
Spectroscopic colour fraction as a function of distance from the cluster

centre for massive and less massive galaxies . . . . . ... .. ... ... 121

Spectroscopic colour fraction as a function of distance from the overden-

sity centre for massive and less massive galaxies . . . . . . . .. .. ... 122
Spectroscopic colour fraction as a functionof R. . . . . . . .. ... ... 122
Spectroscopic colour fraction as a function of log(M,/My) . . . . . . .. 123

Spectrophotometric colour fraction as a function of distance from the
clustercentre. . . . . . . . .. L L 123
Spectrophotometric colour fraction as a function of distance from the
overdensSity CeNtre . . . . . . . . . .. ... 123
Spectrophotometric colour fraction as a function of distance from the

cluster centre for massive and less massive galaxies . . . . . . .. .. .. 124

Xiv



List of Tables XV

A.10 Spectrophotometric colour fraction as a function of distance from the

overdensity centre for massive and less massive galaxies . . . .. .. .. 125
A.11 Spectrophotometric colour fraction as a functionof R. . . . . . . . .. .. 125
A.12 Spectrophotometric colour fraction as a function of log(M,/My) . . . . . 126

A.13 Mean environmental quenching efficiency as a function of distance from

the cluster centre for the spectroscopic sample. . . . .. ... ... ... 126
A.14 Mean environmental quenching efficiency as a function of distance from

the overdensity centre for the spectroscopic sample. . . . . . . .. .. .. 126
A.15 Mean environmental quenching efficiency as a function of distance from

the cluster centre for the spectrophotometric sample. . . . .. ... ... 127
A.16 Mean environmental quenching efficiency as a function of distance from

the overdensity centre for the spectrophotometric sample. . . . . . . . .. 127



Introduction

Since the discovery of the existence of galaxies in the Universe, humanity has been in-
terested in understanding how the formation and evolution of these systems is developed.
By “formation” one means the physical processes that led to the constitution of galaxies,
while with “evolution” one means the physical changes that occur in them over time. It
is currently well established that the evolution of galaxies is driven by a combination of
internal and external mechanisms which can be respectively linked to their stellar mass
and the environment in which they reside. A key problem in modern astrophysics is to
understand the role of the environment in the evolution of galaxies.

The present Thesis focuses on the study of galaxy properties in different environments
with the aim of investigating the effects of the external drivers of galaxy evolution. In
particular, this Thesis consists of the observational study of galaxies in two clusters at z ~
0.40, namely MACS J0416.1-2403 (MACS0416) and MACS J1206.2-0847 (MACS1206)
and in the Arp 314 group, at z = 0.01.

The data for the two z = 0.4 clusters were drawn from the Large Programme Dark
Matter Mass Distributions of Hubble Treasury Clusters and the Foundations of ACDM
Structure Formation Models (CLASH-VLT, Rosati et al. 2014), which is a spectroscopic
follow-up of 13 clusters in the Cluster Lensing and Supernova survey with Hubble (CLASH;
Postman et al. 2012). CLASH-VLT is a programme aimed at reconstructing cluster mass
profiles using the spectroscopic galaxy members as tracers. Observations were conducted
at the European Southern Observatory Very Large Telescope (ESO/VLT) with the Visible
Multi-Object Spectrograph (VIMOS; Le Fevre et al. 2003), which allowed the collection
of the redshifts for up to 1000 galaxy members out to 3 virial radii from the cluster centre.

Arp 314 was instead observed as part of the programme GS-2013B-Q-27, PI: S.

1



1.1. Environmental Effects on the Properties of Galaxies 2

Torres-Flores, conducted at the Gemini South telescope with the Gemini Multi-Object
Spectrograph (GMOS-S, Hook et al. 2004) and aimed at the detailed study of galaxy

interactions.

1.1 Environmental Effects on the Properties of Galaxies

The environment plays an important role in driving the evolution of galaxies, as demon-
strated in many theoretical and observational studies (e.g Lewis et al. 2002, Poggianti
et al. 2006, McGee et al. 2009, Demarco et al. 2010, Jaffé et al. 2016, Cerulo et al. 2017).
It is observed indeed that several properties of galaxies such as morphology, colour, and
star-formation rate (SFR) are affected by the environment in which galaxies are located.

For example, Dressler (1980), through the study of 55 clusters, found that the fre-
quencies of elliptical and SO (early-type) galaxies increases with local galaxy density
(see Figure 1.1), while spiral and irregular (late-type) galaxies are more frequent in low-
density environments (see also e.g. van der Wel et al. 2007, Holden et al. 2007). This
Morphology-Density relation can be observed in clusters of galaxies up to z = 1.5 (Dressler
etal. 1997, Postman et al. 2005, Mei et al. 2012). Interestingly, Dressler et al. (1997) (but
see also Vulcani et al. 2011) found that SO galaxies are less frequent at high redshifts,
while spiral galaxies become more abundant. This result has been interpreted as evidence
for morphological transformation from spiral to SO.

It is now known that the morphology of galaxies is related to other physical properties
which also evolve with time. For instance, early-type galaxies tend to have higher masses,
red colours and little or no star formation, while late-type galaxies tend to be blue, with
high star formation and more abundant at low stellar masses (see e.g. Schawinski et al.
2014, Vulcani et al. 2011).

These relationships between morphology and stellar populations of galaxies have led
astronomers to investigate the links between them and the environment in which galax-
ies reside. Thus, it is observed that there is a SFR vs density relationship which holds
in clusters up to z = 1.5. This relation shows that there is a higher fraction of galaxies
that are less star-forming in high-density environments than in low-density environments
(Poggianti et al. 1999, Poggianti et al. 2006). There is evidence that the correlation be-
tween SFR and local density weakens or reverses at z > 1.5, when clusters had recently

assembled or were still in their assembly process (Tran et al. 2010, Alberts et al. 2014).
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Figure 1.1 The morphology-Density Relation shows that the fraction of early-type galax-
ies (E) increases with the logarithm of the projected density, in galaxies Mpc~2, while
fraction of late-type galaxies (S + Irr) decreases comparatively in a high-density envi-
ronment. The histogram shows the number distribution of the galaxies over the bins of
projected density. Source: Dressler (1980)

Dressler et al. (1999) showed that at z ~ 0.4 the quenching of star formation is more
efficient in clusters than in the field, a conclusion that is in agreement with Muzzin et al.
(2012), who investigated clusters at z ~ 1. Similarly, Gobat et al. (2008), studying the
star formation history (SFH) of galaxies in clusters and in the field at z = 1.2, found that
early-type galaxies with similar stellar masses quenched star formation 0.5 Gyr earlier in
clusters than in the field.

George et al. (2011) found that at 0.2 < z < 1.0 the fraction of red galaxies in inter-
mediate density environments such as groups is ~ 20% higher than in the field at fixed
stellar mass. Moreover, they found that some galaxy groups exhibit an increase in the star
formation activity of their galaxy members. Star formation is shown to be triggered by the
compression of the interstellar gas resulting from the interactions of the galaxies with their
surrounding companions in the groups (Ellison et al. 2010, Torres-Flores et al. 2014b). In
particular, Torres-Flores et al. (2014b) and Olave-Rojas et al. (2015) study the properties
of interacting galaxies, detecting young star-forming regions with ages younger than 10
Myr that have blue colours in the optical and are characterized by emission line spectra
(Figure 1.2). The young ages of these star-forming regions suggest that they were created

within the galaxy as a consequence of the interactions with their companions (Chien et al.
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2007, de Mello et al. 2008).
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Figure 1.2 Interacting group NGC 6845 in a colour Gemini/GMOS obtained by combin-
ing u’, g’ and r’ images. White rectangles in the image indicate the nucleus of the main
galaxies and the star-forming regions in the system. In particular, we note that rectangles
in the tidal tail between NGC 6845A and NGC 6845B indicate the star-forming regions
formed ““in situ” due to the interaction between NGC 6845A and B. Source: Olave-Rojas
et al. (2015)

The metallicity of galaxies is also affected by the environment in which they reside.
Some authors (e.g. Kewley et al. 2010, Rupke et al. 2010b, Torres-Flores et al. 2014b,
Bresolin et al. 2012, Olave-Rojas et al. 2015) studied the spatial distribution of the abun-
dance of oxygen, a proxy for the gas-phase metallicity, in galaxies that are undergoing a
gravitational interaction with their companions in groups. These works show that the spa-
tial distribution of the gas-phase metallicity in interacting galaxies is different from that
of isolated galaxies without signs of interaction (see e.g. Werk et al. 2011). The latter are
indeed characterized by a negative metallicity radial gradient (see Figure 1.3), while the
metallicity gradients of interacting galaxies are negative only in their innermost regions
(r <155'). In the outskirts (r > 155) these galaxies exhibit a flat gradient (Figure 1.4).

The origin of the flat gradient has been explained in theoretical works as resulting

I'The optical radius is defined as the radius of the isophote at which the surface brightness has the value
of 25 mag/arcsec? in the B-band (Schneider, 2006)
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from the flow of metal-poor gas towards the centres of the galaxies (Rupke et al. 2010a,
2010b, Perez et al. 2011). On the other hand, the formation of new stars triggered by
the interaction contribute with new chemical elements and could increase the metallicity
of the interstellar medium (ISM) in the outskirts, principally through supernova feedback
(Perez et al., 2011).

12 + log(0/H)

o
=
on
[y

Figure 1.3 The observed metallicity profile with radius for M101 as traced by the gas
phase oxygen abundance as a function of distance from the galaxy centre. M101 is char-
acterized by a negative metallicity radial gradient. R, corresponds to the optical radius of
the galaxies. Source: Bresolin (2007)

Many physical mechanisms have been proposed to explain the changes that are ob-
served in the properties of galaxies that reside in different environments. All these mech-
anisms have been studied in theoretical works and can both promote or quench star-
formation. They can originate within the galaxies (AGN and supernova feedback, star-
formation feedback) or outside (heating of the halo gas, interactions with other galaxies
and with the intracluster or intragroup medium). Although internal and external mecha-
nisms independently affect the star formation activity of galaxies, in the densest environ-
ments, such as the cores of galaxy clusters or compact groups, internal processes may be
activated by galaxy interactions.

The main external mechanisms which affect the properties of galaxies in groups and
clusters are ram-pressure stripping by the intracluster medium (Gunn & Gott, 1972). The
ram-pressure stripping removes the gas of the galaxies when they fall into the cluster and

travel through the intracluster medium (ICM). Gravitational interactions among galaxies
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Figure 1.4 The observed metallicity profile with radius for NGC92 as traced by the gas
phase oxygen abundance as a function of distance from the galaxy centre. NGC92 has a
negative metallicity gradient only in its innermost regions (r < rps5), while in the outskirts
(r > 15) NGC92 exhibits a flat gradient. R,s corresponds to the optical radius of the
galaxies. Source: Torres-Flores et al. (2014b)

such as tidal interactions (Toomre & Toomre, 1972) and merger between galaxies (Mihos,
2003), which are expected to be more frequent in groups. Tidal interactions can trigger
star-formation and modify the metal content of galaxies (Kewley et al. 2010, Perez et al.
2011) and mergers between galaxies can form an SO galaxy (Bekki, 1998) or to pro-
duce giant ellipticals (Naab & Burkert, 2003), depending on the relationship between the
masses of the merging galaxies. Galaxy harassment (Moore et al. 1996, 1999) is the
accumulation of numerous high-speed encounters between galaxies in clusters. Galaxy
harassment can exhaust the gas due to a burst of star-formation or strip the neutral atomic
hydrogen (Hi) from galaxies (Duc & Bournaud, 2008). Finally, tidal interactions be-
tween galaxies and the gravitational potential of the cluster (Larson et al. 1980, Miller
1986, Byrd & Valtonen 1990) can compress the gas, inducing inflows and triggering star-

formation.

1.2 Groups and Clusters of Galaxies as Cosmic Labora-

tories

Clusters of Galaxies are the most massive bound cosmic structures. They host a broad
variety of environments in which galaxies may form and evolve. In general a cluster is
characterized by a density profile which is well fitted by a Navarro et al. (1997) (NFW)

function: the density is highest in the core and decreases towards the outskirts. The
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cores of clusters are highly virialised, while in the outskirts the dynamical equilibrium is
perturbed by the infall of galaxies and groups from the field or by the interactions with
neighbouring clusters.

Because of their density profiles, the morphology-density relations introduced in Sec-
tion 1.1 can be translated into a morphology vs cluster-centric distance relation (Whitmore
et al. 1993, Goto et al. 2003, Postman et al. 2005, also see right panel of Figure 1.5). A
similar reasoning can be applied to the SFR vs density relationship, and so it is observed
that at least up to z = 1.5, the SFR of galaxies increases with the distance from the cluster

centre (Lewis et al., 2002).

_ L, 1000 r -
=1000 E 4 =z o ]
= ] 3 - 11 1 TR T

0 r -- EOI;I;LtypIe E— B ] 0 C -- Early—type ]

0.4 [ —LoteDisc ] - ; : — . Lote Disc _S

T i [ ]

- /\ R ! A .

c 0.3 LN 4] co0.3fF.] N

E° N g T ek f g
8 [ \B Sy 1 o :: "‘\\‘ T _// __]:_‘ ]

& 02 F g o ‘4 Lo02p ok . } -

C R, . [ F i< ST NS L .

C : ,,1--{—-f-~ 3 \T o~ . //‘ \‘{,/_ LTt ST

O 1 . ’ “"_" \l\ T_ 01 = T .

[ N -y/ 1

:II Lol Lol Lol 1 lj 0 . 1 Ll L L]

0
0.01 0.1 1 10 ! 10
Galaxy Density (Mpc2) R/Rcia
Figure 1.5 Morphology-density and morphology-clustercentric radius relations. The red
short-dashed, green solid, cyan dotted and blue long-dashed lines represent early-type,
intermediate-type, early-disc and late-disc galaxies, respectively. The histogram in the
upper panel shows the numbers of galaxies in each bin of density or clustercentric ra-
dius. Left panel: Morphology-density relation shows that the fraction of early-type galax-
ies slightly increases with increasing density and quickly increases at the two highest-
density bins, while the fraction of late-disc declines toward high density. Right panel:
Morphology-clustercentric radius relation shows that the fraction of early-type and inter-
mediate galaxies increase toward a cluster centre, while the fraction of late-disc galaxies
decrease toward a cluster centre. Source: Goto et al. (2003)

The broad variety of environments of galaxy clusters allows one to use them as cosmic
laboratories for the study of the environmental drivers of galaxy evolution. As discussed
in Section 1.1, there are many environmental mechanisms that have been proposed as

environmental drivers of galaxy evolution; however, it is not clear what are the dominant
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mechanisms and in which environmental regime a certain mechanism prevails over the
other. In clusters one can study galaxy properties in different environment, and so one can
try to distinguish between various pathways in the evolution of galaxies.

The A cold dark matter (ACDM) structure formation paradigm explains the formation
of clusters of galaxies as a gradual assembly in which several group-like structures are
accreted on to a more massive structure (Press & Schechter 1974, Fakhouri et al. 2010,
Chiang et al. 2013). This merging process is well represented by a tree (Figure 1.6) in
which the trunk represent the final product and the branches are the dark matter haloes that
are accreted on to the main halo. The traces of this accretion are detectable in clusters as
substructures that arise in the velocity and position distribution of galaxies (e.g. Dressler

et al. 2013) or in the distribution of the intracluster medium (e.g. Bianconi et al. 2018).

Figure 1.6 Typical scheme of merger tree in the ACDM hierarchical scenario of structure
formation. The time axis runs from top to bottom. t, corresponds to the present epoch
where a massive halo has been formed by continuous mergers of halos of lower mass
and t; is the time of halo formation and it corresponds to the time at which a sub-halo
had reached half the mass that has the final massive halo at t; period. Source: Schneider
(2006)

Several theoretical works show that clusters of galaxies at the present epoch accreted
up to 40% of their galaxies through the accretion of groups, suggesting that the study
of the properties of galaxies in substructures and their comparison with the properties of
galaxies in the main cluster is fundamental to understand the relationships between the
evolution of galaxies and the formation histories of their hosting large-scale structures.

For instance, Fujita (2004) used an analytical model based on the hierarchical struc-

ture formation paradigm to study the evolution of disk-dominated galaxies in substruc-
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Figure 1.7 Fraction of star-forming galaxies as a function of projected distance from the
cluster centre normalized by ryg9 and rsgo in the top and bottom axis, respectively. The
fraction of star-forming galaxies was estimated in a sample of 30 clusters at 0.15 < z <
0.30 using data from the Galaxy Evolution Explorer (GALEX, Martin et al. 2005) in the
Near Ultraviolet and Spitzer (Werner et al., 2004) at 24um. Magenta squares show the
fraction of massive (M, > 2 x 10'°M,) star-forming galaxies in clusters with (NUV —
oo < 4.5. Grey dots represent the fraction of star-forming galaxies with S FR;z >
2 M, yr~'. The magenta dashed line and magenta shaded region correspond to the fraction
of star-forming galaxies in the field and its 10~ confidence levels, respectively, estimated
using GALEX data. The blue dashed line and blue shaded region represent the fraction
of star-forming galaxies in the field and its 10~ confidence levels, respectively, estimated
using data from Spitzer. The fraction of star-forming galaxies in the field was estimated
using the same criteria of the cluster galaxies. Fraction of star-forming galaxies in cluster
is lower than in the field even at r > 3 X ryy, suggesting that the pre-processing of
galaxies is one feasible mechanism to explain the observed fraction in the outer region of
the clusters. Source: Haines et al. (2015)

tures around a galaxy cluster. This author finds that substructure members were “pre-
processed”, i.e. they quenched star formation before their parent groups were accreted
on to the cluster. This prediction has been corroborated in various observational works in
which the star formation of galaxies in the outskirts of clusters was studied. Hou et al.
(2014); Just et al. (2015); Haines et al. (2015), among others, find that the star formation

activity of cluster galaxies out to 3 X ryy from the cluster centre is lower than that of
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galaxies in the field (Figure 1.7). These results cannot be explained by models in which
star formation ceases only after the galaxy falls in to the virialised regions of the clusters
and is consistent with the pre-processing scenario of Fujita (2004) (see also Vijayaragha-
van & Ricker 2013).

1.3 The Pre-processing of Galaxies

With pre-processing it is indicated the termination of star formation in galaxies that were
members of a group that was later accreted on to a cluster. A pre-processed cluster mem-
ber is therefore a galaxy that is not forming stars and that was accreted in the cluster when
it was already quiescent.

The hypothesis of pre-processing was first proposed in Zabludoff & Mulchaey (1998)
to explain the fact that the fractions of star-forming and post-starburst early-type galax-
ies in groups are similar to the fractions of galaxies with the same spectral signatures in
clusters that are rich in substructures. The authors claimed that members of cluster sub-
structures terminated star formation as a result of environmental processes that are typical
of groups (e.g. galaxy-galaxy interactions) and, therefore, that star-formation in those
objects was quenched before their arrival in the cluster. Similarly, Cortese et al. (2006)
showed that the members of a compact group that is falling in to the Abell 1367 cluster
present disturbed morphologies and enhanced Ha emission. They conclude that the envi-
ronment of the group is affecting the properties of galaxies and that pre-processing may
have played a significant role during the early stages of cluster assembly.

There are several theoretical works that support the pre-processing scenario and place
it in to the general theoretical framework of galaxy formation and evolution. De Lucia
etal. (2012) used semi-analytic models based on hierarchical structure formation to study
the environmental history of group and cluster galaxies. They find that at z = 0 55% of
the quiescent galaxy population (defined as those with specific star formation rate sSSFR =
SFR/M, < 107! yr='2) were accreted already quenched from galaxy groups with masses
103 M. The same authors find that the accreted galaxies had been group members for
5-7 Gyr.

The sSFR threshold adopted by De Lucia et al. (2012) is defined observationally (e.g. Weinmann et al.
2010) and is used to separate galaxies in the star-forming sequence from passive galaxies, because this value
corresponds roughly to the location of the minimum in the bimodal distribution of SSFRs.
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In a similar way Bahé et al. (2013) performed hydrodynamical simulations of groups
and clusters of galaxies and studied their galaxy populations. They find that the fraction
of star-forming galaxies in clusters is lower than that of the field out to 5 X ryg from the
cluster centre. Furthermore, these authors find that the fraction of pre-processed galaxies
increases towards the cluster centre, from 30% at 51, to 65% at ryq.

Wetzel et al. (2013) studied groups and clusters of galaxies in the Sloan Digital Sky
Survey Data Release 7 (SDSS-DR7; Abazajian et al. 2009) and in high-resolution cosmo-
logical N-body simulations. These authors find that at z = 0 ~ 50% of galaxies with stellar
masses < 10'°M,, in clusters with masses > 10'*M, were quenched in groups before these
were accreted on to the clusters.

Theoretical works are important to understand the physics of galaxies within groups
and clusters and allow one to understand the processes of interaction with the environment
that lead group galaxies to be accreted on to a cluster when they are already quiescent.
Furthermore, theoretical models and simulations may also help in designing observational
strategies.

Vijayaraghavan & Ricker (2013) modelled the merger between a cluster and a group
of galaxies. They show that galaxies that fall into the cluster directly from the field are
generally star-forming, while those that fall in as members of the group may be already
quenched as a result of environmental processes that happen within the group like ram-
pressure stripping and galaxy-galaxy mergers. Thus, pre-preprocessing is important in the
evolution of cluster galaxies and must be taken in to account. Interestingly, these authors
also show that the accreted group is not destroyed immediately after accretion and that its
members can retain distinct kinematics from the other cluster galaxies.

As a consequence of that, it should be possible to identify accreted groups through
the analysis of the peculiar motions and spatial distribution of cluster galaxies. Accreted
groups should therefore be seen as substructures within the main body of the cluster.
These are indeed the principles that have inspired several authors for the observational
identification of accreted groups.

For example, Bianconi et al. (2018) used the distribution of the intracluster gas to
identify accreted groups, which were detected as substructures in the profile of the X-ray
light of the ICM. One limitation of this method is that only the most massive and dense
accreted groups can be found.

One other largely used approach employs the peculiar motions of cluster members.
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The Dressler-Schectman (DS) test (Dressler & Shectman, 1988) is a statistical test that
allows one to estimate the amount of substructures within a cluster by analysing the line-
of-sight peculiar velocities of cluster members (See Chapter 3 for details). When this
is coupled with the study of the spatial distribution of galaxies, one can efficiently find
substructures that correspond to low- and high-mass accreted groups (e.g. Hou et al.
2014, Jaffé et al. 2016). The limitation of this method is that one needs to have a large
spectroscopic coverage of the clusters out to 2 — 3 X r, in order for it to be effective.

Dressler et al. (2013) detected substructures in clusters at 0.31 < z < 0.54 in the ICBS
with the spatial and kinematic analysis of the galaxy members and found that the fraction
of quiescent and post-starburst galaxies increases with mass of the accreted groups. They
suggest that star formation in these galaxies terminated as a result of merger and tidal
stripping processes which happened within the groups prior to their fall in to the clusters.

Hou et al. (2014) applied a similar method to detect accreted groups in clusters of the
SDSS DR7, and they found that the number of substructures increases with the mass of
their host clusters. They also found that the fraction of quiescent galaxies in the substruc-
tures is higher than that in the field and in the sample of cluster galaxies that are not part
of a substructure.

The observational and theoretical works summarised above show that up to 50% of
the quiescent galaxy population in z = O clusters originated in groups prior to their ac-
cretion on to the clusters. This implies that half of the population of quiescent galaxies
may be constituted of pre-processed systems and, therefore, that pre-processing plays an
important role in the build-up of the red-sequence in the colour-magnitude diagram of
galaxies.

It is thus important to couple the study of galaxies in clusters with the analysis of
galaxies in groups as the processes that caused star-formation quenching in these systems
may be different from those that quench star formation in clusters.

Groups are small systems of galaxies and are characterized by lower velocity disper-
sions compared to clusters. These conditions favour the occurrence of galaxy-galaxy tidal
interactions and mergers which are less frequent in clusters and generate pathways for the
evolution of structure and stellar populations that are different from those originated by
ram-pressure stripping or strangulation.

Pre-processing thus represents a fundamental piece in the framework of galaxy evo-

lution theories and in order to understand it, it is crucial to join the study of clusters of
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galaxies with the detailed analysis of galaxy properties in groups.

1.4 Motivation and Outline of the Thesis

Motivated by the problems exposed and the results discussed in the previous sections of
this Chapter, we embarked on a study of the physics of galaxies in groups and clusters
with the aim of understanding the effect of the environment on their evolution and in
particular the importance of the pre-processing in the quenching of star formation.

This Thesis is divided in two parts, the first concerning the study of two clusters at z =
0.4 from the CLASH-VLT survey and the second consisting the analysis of the properties
of galaxies during an ongoing interaction in the z = 0.01 Arp 314 group. The principal
goal of the Thesis is to provide a global and a local views of galaxy pre-processing, while

more specific goals can be considered the following:

e identification of accreted groups within galaxy clusters;

e determination of the fractions of star-forming and quiescent galaxies in clusters and

groups;

e study of the kinematics of galaxies that are gravitationally interacting with each

other;

e determination of the relationships between galaxy properties and the environments

that host them.

The Thesis is organised as follows. Chapter 2 describes the data used in the analyses of
Chapters 3 and 4. Chapter 3 presents the study of the two z = 0.4 clusters MACS J0416.1-
2403 and MACS J1206.2-0847 published as a paper in Monthly Notices of the Royal
Astronomical Society (MNRAS) (Olave-Rojas et al., 2018). In Chapter 4 we present the
study of the properties of interacting galaxies in the Arp 314 group (paper submitted to
MNRAS, Torres-Flores et al.), while in Chapter 5 we summarise the main results of the
Thesis and give an overview of the prospects generated by this work for the future. Finally,
in the Appendix, we give the data tables obtained the analysis presented in Chapter 3.

Throughout this Thesis, magnitudes are refereed in the AB system (Oke, 1974), unless

otherwise stated. ryg represents the physical radius, measured in Mpc, inside which the
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matter density is 200 times the critical density of the Universe at the redshift of each

cluster or group considered.



Sample and Data Description

This chapter gives a description of the sample and data used in the analysis presented in
this Thesis in Chapters 3 and 4. The present Chapter is organised as follows: Section
2.1 introduces the sample of clusters used in Chapter 3, where we present the study of
galaxy pre-processing, while Section 2.2 introduces the group Arp 314 and the data used
in Chapter 4, dedicated to the analysis of galaxy interactions in groups. Finally, Section
2.3 gives a brief description of the COSMOS/UltraVISTA sample used in Chapter 3 for

comparison between cluster and field galaxies and statistical background subtraction.

2.1 Clusters Sample

2.1.1 MACS J0416.1-2403 and MACS J1206.2-0847

Chapter 3 of this Thesis presents a detailed analysis of galaxy properties in two clusters at
z ~ 0.4, namely MACS J0416.1-2403 and MACS J1206.2-0847 (hereafter MAC0416 and
MACS1206, respectively). These clusters were discovered and observed for the first time
in X-rays as part of the MAssive Cluster Survey (MACS, Ebeling et al. 2001). The masses
of the two clusters have been estimated in several independent works through gravitational
lensing or galaxy peculiar motions and span the ranges 1.2 - 1.3 x10° M, (MACS0416,
Umetsu et al. 2014, Umetsu et al. 2016) and 1.2 - 1.6 x10" M, (MACS1206, Biviano et al.
2013, Umetsu et al. 2014, Merten et al. 2015, Barreira et al. 2015). The typical fractional
uncertainty in the masses is 5%, which depends on the model fitted (typically Einasto

1965 and Navarro et al. 1995) to the mass profile derived from gravitational lensing.
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Figure 2.1 Galaxy cluster MACS J0416.12403. This image shows the Hubble’s view of
the central region (r < ryy) of MACS J0416.1-2403. The image has a field of view of
3.38 x 3.24 arcmin® and the north is 23.1° left of vertical Source: ESA/Hubble, NASA,
HST Frontier Fields, M. Postman (STScl), and the CLASH Team.

MACSO0416 is a galaxy cluster at z = 0.396 with an irregular X-ray morphology. It
consists of two main subclusters and at least two secondary structures around the main
subclusters (see Figure 2.1!, Mann & Ebeling 2012, Jauzac et al. 2015, Balestra et al.
2016). Mann & Ebeling (2012) observed MACS0416 with Chandra, and they found
that the projected separation between the brightest cluster galaxies (BCGs) in two main
subclusters is 200 kpc. Following this result, these authors suggest that the two main sub-
clusters of MACS0416 are in a post-collisional phase. Ogrean et al. (2015) and Balestra
et al. (2016), on the other hand, using observations from Chandra and the Jansky Very
Large Array (JVLA) coupled with the mass profile of the cluster obtained from strong
and weak gravitational lensing, do not find a significant offset between the centroid of
the spatial distribution of the hot X-ray emitting intracluster gas (ICM) and the centre of

the dark matter density profile. Such a result supports the notion that the system is in a

Thttps://www.spacetelescope.org/images/heic1416a/
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Figure 2.2 Galaxy cluster MACS MACS J1206.2-0847. This image shows the Hubble’s
view of the central region (r < ryy) of MACS J1206.2-0847. The image has a field of
view of 2.78 x 2.52 arcmin’ and the north is 0.0° left of vertical Source: ESA/Hubble,
NASA, M. Postman (STScl), and the CLASH Team.

pre-collisional phase of the merger.

MACS1206 is a massive and X-ray luminous cluster at z = 0.440, which was discov-
ered and observed for the first time in X-rays as part of the MACS survey (Ebeling et al.
2001, 2009). In optical (see Figure 2.2%) and X-ray images this cluster appears regular,
without signs of ongoing mergers, and the X-ray emission peaks at the location of the
BCG (Ebeling et al., 2009). Although MACS1206 appears relaxed, Eichner et al. (2013)
found significant amounts of intracluster light (ICL) concentrated outside the cluster cen-
tre, suggesting that this cluster has small overdensities. Girardi et al. (2015) performed
a structural analysis of MACS1206 using the peculiar motions of cluster members, and
they found that the cluster is a large-scale relaxed system, especially within 7,99, with few
secondary overdensities.

MACS0416 and MACS1206 represent two opposite cases of clusters of galaxies, one
being an ongoing merger and the other a relaxed system. With the two clusters being at
similar redshifts, their different dynamical states allow us to investigate of the dependence

of star formation quenching on cluster assembly. It is for this reason that we chose these

2https://apod.nasa. gov/apod/apl111017.html
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two clusters from the Dark Matter Mass Distributions of Hubble Treasury Clusters and the
Foundations of ACDM Structure Formation Models survey (CLASH-VLT, Rosati et al.
2014) in this Thesis. We describe the data used in the study of the two clusters in the

following section.

2.1.2 The MACS0416 and MACS1206 data-sets
Photometry

CLASH is a Multi-Cycle Treasury programme carried out with the Hubble Space Tele-
scope (HST) which targeted 25 massive (M, 2 10'*° M) clusters at redshift 0.2 < z <
0.9 (see Table 2.1) over a 2.7 year period (Nov 2010 - July 2013). The main goals of the
survey are the mapping of the distribution of dark matter in galaxy clusters using strong
and weak gravitational lensing, and the detection of distant galaxies at z > 7. Four-fifths
(20 out of 25) of the clusters were selected in X-rays (X-ray Selected Clusters), while the
remaining 1/5 of the sample was selected based solely on the exceptional strength of their
gravitational lenses (High Magnification Clusters). All clusters in the CLASH sample
were observed using the Wide Field Camera 3 (WFC3, Kimble et al. 2008) and the Ad-
vanced Camera for Surveys (ACS, Clampin et al. 1996) in 16 broadband filters spanning
the near-ultraviolet (NUV) to near-infrared (NIR) (~0.2 - 1.6 um). The HST observations
cover only up to ~ 1 X ry from the cluster centre. The exposures times, limiting mag-
nitudes and extinction coefficients in each filter are listed in the Table 5 of Postman et al.
(2012).

In addition, all clusters in the CLASH survey, with the exception of RXJ2248.7-4431,
were observed with the SuprimeCam (Miyazaki et al., 2002) at the prime focus of the
8.3m Subaru Telescope in at least three optical bands from B to z (see Table 2.1). The
clusters Abell 1423 and MACS1311.0-0310 were observed only in two and one optical
bands (see Table 2.1 and Postman et al. 2012). The wide 34’ x 27’ field of view (FOV)
of SuprimeCam allowed the observations to reach out to the outskirts (3 X ryp) of the
clusters.

The Subaru CLASH data are available in the Subaru archive (Subaru-Mitaka Okayama-
Kiso Archive System, SMOKA?; Baba et al. 2002). Each cluster was observed with ex-

posures times ranging from 1000 to 10000 seconds in each filter, and the mean seeing of

Shttp://smoka.nao.ac.jp
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Table 2.1 The CLASH Cluster Sample

Cluster R.A“4 Dec.® Zel Foir? SuprimeCam Filters

J2000.0 Mpc h™!
X-ray Selected Clusters:
Abell 209" 01:31:52.57 -13:36:38.8  0.209 1.95 BVR.I.z
Abell 383" 02:48:03.36  -03:31:44.7 0.187 1.86 BVR.I.z
MACS0329.7-0211" 03:29:41.68 -02:11:47.7  0.450 1.54 BVR.z
MACS0429.6-0253 04:29:36.10  -02:53:08.0  0.399 1.65 VRI.
MACS0744.9+3927 07:44:52.80 +39:27:24.4 0.686 1.33 BVR.I.z
Abell 611 08:00:56.83  +36:03:24.1 0.288 1.79 BVR.I.z
MACS1115.9+0129" 11:15:52.05 +01:29:56.6 0.352 1.78 BVR.I.z
Abell 1423 11:57:17.26  +33:36:37.4 0.213 VI,
MACS1206.2-0847" 12:06:12.28  -08:48:02.4  0.440 1.63 BVR.I.z
CLJ1226.9+3332 12:26:58.37 +33:32:47.4 0.890 1.57 BVz
MACS1311.0-0310" 13:11:01.67 -03:10:39.5 0.494 1.28 R.
RXJ1347.5-1145" 13:47:30.59  -11:45:10.1 0.451 1.80 BVR.I.z
MACS1423.8+2404 14:23:47.76  +24:04:40.5 0.545 1.34 BVR.I.z
RXJ1532.9+3021 15:32:53.78  +30:20:58.7 0.345 1.47 BVR.I.z
MACS1720.3+3536 17:20:16.95 +35:36:23.6  0.391 1.61 BVR.I.z
Abell 2261 17:22:27.25 +32:07:58.6  0.224 2.26 BVR,
MACS1931.8-2635" 19:31:49.66  -26:34:34.0  0.352 1.61 BVR.I.z
RXJ2129.7+0005" 21:29:39.94  +00:05:18.8 0.234 1.65 BVR.I.z
MS2137-2353" 21:40:15.18  -23:39:40.7 0.313 1.89 BVR.I.z
RXJ2248.7-4431" 22:48:44.29 -44:31:48.4 0.348

1.92

High Magnification Clusters:
MACS0416.1-2403" 04:16:09.39  -24:04:03.9 0.396 BR.z
MACS0647.8+7015 06:47:50.03 +70:14:49.7 0.584 BVR.I.z
MACS0717.5+3745 06:47:50.03 +37:45:18.5 0.548 BVR.I.z
MACS1149.6+2223 11:49:35.86  +22:23:55.0 0.544 BVR.I.z
MACS2129.4-0741" 21:29:26.06  -07:41:28.8 0.570 BVR.I.z

¢ Central cluster coordinates taken from Table 3 published by Postman et al. (2012).
b Virial Radius taken from Table 6 published by Merten et al. (2015).
* Clusters in the CLASH-VLT sample.

the observations in the R -band varied in the range 0.6 - 0.8 arcsec (Umetsu et al., 2014).
Typical limiting magnitudes in the R.-band, defined as the 3¢ limit for a 2 diameter
aperture are of the order 26.0 mag (Umetsu et al., 2014). The Subaru observations were
centred on the cluster centroid.

The images obtained with the Subaru Telescope were reduced by the CLASH team
following standard steps of reductions including bias subtraction and flat-field correction.
Data reduction was performed with the MscreD task in the Image Reduction and Analysis
Facility (iraf*) following the procedure outlined in Nonino et al. (2009). Details on the
reduction of the CLASH Subaru data can be found in Umetsu et al. (2012) and Medezinski
et al. (2013).

In the analysis developed in Chapter 3 we used the Subaru photometric catalogues

“1rAF is distributed by the National Optical Astronomy Observatories (NOAO). NOAO is operated by
the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the
National Science Foundation.
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of MACS0416 and MACS1206 and the photometric redshifts estimated in the fields of
those two clusters. The photometric catalogues were generated by the CLASH-VLT team
(see Mercurio et al. 2016) using the software SExtractor (Bertin & Arnouts, 1996) in
conjunction with PSFEx (Bertin, 2011). Aperture magnitudes were measured within fixed
circular apertures with diameters 3” and 5 for MACS 0416 and MACS1206, respectively.
All aperture magnitudes in the catalogues were corrected for Galactic Extinction and zero-
point shifts simultaneously by comparing the galaxy observed colours to the stellar library
of Pickles (1998) and using the Galactic extinction maps of Schlafly & Finkbeiner (2011).

The CLASH-VLT team estimated the photometric redshifts only in MACS1206, be-
cause MACS0416 was observed in only three Subaru bands (see Table 2.1). Photometric
redshifts were estimated using the aperture magnitudes and employing a Neural Network
based algorithm called Multi Layer Perceptron with Quasi Newton Algorithm (MLPQNA;
Brescia et al. 2013). A full description of the derivation of photometric redshifts for
MACS1206 is given in Biviano et al. (2013) and Mercurio et al. (2014).

MACS0416 was also observed with the Wide-Field Imager (WFI; Baade et al. 1999)
on the European Southern Observatory (ESO) 2.2m Max Planck Gesellschaft Telescope
(MPQG) at the La Silla Observatory in Chile. The WFI camera has a FOV of 34" x 33,
and the observations were centered on the cluster core. MACS0416 was observed in the
B, V, R and I-bands. Images and catalogues with aperture magnitudes in each band and
photometric redshifts were published in Gruen et al. (2014) and are available in the web
page of D. Gruen®.

The reduction of the WFI images was performed by Gruen et al. (2014) following
the procedures described in Gruen et al. (2013). All images were corrected for bias, flat
field and bad pixels using the Astro-WISE® pipeline (Valentijn et al., 2007). Background
subtraction, astrometry and co-addition of the images were done using scamp’ (Bertin,
2006) and SWarP® (Bertin, 2010). A full description of the reduction of WFI images is
given in Gruen et al. (2013, 2014).

Aperture magnitudes in each filters were estimated in a fixed circular aperture with
a diameter of 2” using SExtractor and PSFEx. Magnitudes were corrected for Galac-

tic extinction and zero-point shifts using the Galactic extinction maps of Schlegel et al.

Shttp://www.usm.uni-muenchen.de/~dgruen/download.html
6http://www.astro—wise.org/
7http://www.astromatic.net/software/scamp
8http://www.astromatic.net/software/swarp
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(1998) and minimizing the residuals between the observed colours and the synthetic
colours obtained using the stellar library of Pickles (1998). Photometric redshifts were
estimated by Gruen et al. (2014) using a photometric template-fitting algorithm developed
by Bender et al. (2001). Details on the estimation procedure for photometric redshifts are
in Brimioulle et al. (2013) and Gruen et al. (2013; 2014).

Summarising, in the analysis presented in Chapter 3 we use the photometric cata-
logues obtained by the CLASH-VLT team (see Mercurio et al. 2014; 2016) and Gruen
et al. (2014). These catalogues include multi-band aperture photomety and photometric
redshifts.

Spectroscopy

The CLASH-VLT survey is a spectroscopic large programme (186.A-0.798; P.I.: P. Rosati;
Rosati et al. 2014) carried out with the Visible Multi-Object Spectrograph (VIMOS; Le
Fevre et al. 2003) on the ESO 8.2m Very Large Telescope (ESO/VLT) with the aim of
obtaining at least 500 spectroscopic members in each of 13 CLASH clusters observable
from the Southern Hemisphere at redshifts 0.2 < z < 0.6 to reconstruct the cluster mass
profile with dynamical analyses. The median redshift of the CLASH-VLT sample is z ~
0.4.

The VIMOS observations were made in four separated pointings centered on the
cluster cores and using Low-Resolution Blue (LR-Blue) and Medium-Resolution (MR)
masks. In order to maximise the number of targets per pointing it was chosen a slit
width of 1” and a slit length shorter than 6" (the standard length of slits in VIMOS),
which allowed for the arrangement of more than 500 slits in each mask (Balestra et al.,
2016). The LR mask has spectral coverage 3760 — 6700 A with resolving power R = 180,
while the MR mask has spectral coverage 4800 — 10000 A with a resolving power R =
580. MACS0416 was observed in a total of 21 masks (15 LR-Blue and 6 MR), while
MACS1206 was observed in a total of 12 masks (8 LR-Blue and 4 MR). The exposure
times of the observations varied between 30 and 60 minutes per mask. Spectroscopic
targets were selected using Subaru photometry and applying cuts in colour-colour space.
This allowed a high chance of observing cluster members with the inclusion of blue galax-
ies to be accomplished (see Balestra et al. 2016). A full description of the spectroscopic
observations of MACS0416 and MACS1206 can be found in Balestra et al. (2016) and
Biviano et al. (2013), respectively.
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The VIMOS spectroscopic observations have an area of 26’ X 23’ around the centre
of each cluster, covering almost entirely the FOV of Subaru, and were reduced by the
CLASH-VLT team following the standard reduction steps of Multi-Object Spectroscopic
(MOS) data using the VIMOS Interactive Pipeline Graphical Interface (VIPGI, Scodeggio
et al. 2005).

Spectroscopic redshifts were estimated by the CLASH-VLT team using the software
Easy Redshift (EZ, Garilli et al. 2010), which performs an automatic cross-correlation
between the observed spectrum and template spectra of SO, Sa, Sb, Sc, and elliptical
galaxies at low redshift, and Lyman break galaxies and quasars at high redshift. The
solutions given by EZ were inspected visually and modified in cases of failures of the
cross-correlation. Uncertainties on the redshifts are in the range 75 — 150 km s~! depend-
ing on the resolving power of the mask and on the number of spectra in which the mean
resshift is estimated (see Biviano et al. 2013, Annunziatella et al. 2014, Balestra et al.
2016).

During the visual inspection of the spectra a Quality Flag (QF) was assigned to each
redshift. Four redshift quality classes were defined, namely “secure” (QF = 3), “likely”(QF
= 2), “insecure” (QF = 1) and “emission-line” (QF = 9). Spectra with QF = 3 are char-
acterised by several emission lines and/or strong absorption features, spectra with QF =
2 have at least two spectral features well identified, spectra with QF = 1 are spectra with
low signal-to-noise ratio (SNR), and finally spectra with QF = 9 have a single emission
line. Spectroscopic redshifts are correct with a confidence > 99.99%, 92%, 75% and <
40%, for QF = 3, QF =2, QF = 1 and QF =9, respectively (Balestra et al., 2016).

In addition, the central region (r < ryy) of MACS0416 was observed with the Multi
Unit Spectroscopic Explorer (MUSE, Bacon et al. 2012) as part of the Hubble Frontier
Fields (HFF, Koekemoer et al. 2014, Lotz et al. 2017). The MUSE spectroscopic observa-
tions were reduced by Caminha et al. (2017) in a standard way using the MUSE reduction
pipeline version 1.2.1, and spectroscopic redshifts were measured independently using
EZ and SpecPro Masters & Capak (2011). The new redshifts were added to the redshifts
obtained with VIMOS. A QF was assigned to each redshift following the same scheme
described above.

The Spectroscopic catalogues of MACS0416 and MACS1206 have magnitude limit
R. = 24.0 mag and are available on the web page of CLASH-VLT®. The spectroscopic

ghttps ://sites.google.com/site/vltclashpublic/data-release
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catalogues have 4594 and 2736 galaxies for MACS0416 and MACS1206, respectively
(Biviano et al. 2013, Balestra et al. 2016, Caminha et al. 2017). A detailed description
of the CLASH-VLT redshift catalogues can be found in Biviano et al. (2013), Mercurio
et al. (2014), Balestra et al. (2016) and Caminha et al. (2017).

2.2 The Arp 314 Group

Arp 314 is a group of three interacting galaxies (see Figure 2.3) at z = 0.01. Two galaxies
have a spiral-like morphology (Arp 314-1 and Arp 314-2), while Arp 314-3 is an irregular
galaxy. The central coordinates (J2000.0) of the system are R.A. 22"58"04* and Dec. -
03947.4m0%. Arp 314 is classified as a compact group of galaxies (Garcia, 1995) because
the median separation between galaxies is 23 kpc, which is within the maximum spacing

between galaxies in compact groups (see €.g. McConnachie et al. 2009, Sohn et al. 2015).

Arp 314-1

-’.

Arp 314-2

Arp 314-3

Figure 2.3 The Arp 314 group of interacting galaxies in a Gemini/GMOS colour compos-
ite image. This image was obtained combining the u’, g’ and r’ images.

Arp 314 was observed for the first time using the 200-inch telescope on the Palomar
Observatory (Vorontsov-Velyaminov 1959, Arp 1966). Arp (1966) classified this group
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as a pair of spiral galaxies (Arp 314-1 and Arp 314-2) with the number 314 on his “Atlas
of Peculiar Galaxies”. Arp (1966) also mentions a faint filament between the galaxies of
the group. Later, several authors studied and described the morphological and spectral
properties of the Arp 314 galaxies. Thus, Dahari (1985) describes Arp 314 as a pair of
spiral galaxies (Arp314-1 and Arp314-2) with faint tails and a connecting arm, while Keel
et al. (1985) found that Arp 314-2 displays spectral features consistent with a “starburst”
galaxy.

In addition, Nordgren et al. (1997) observed Arp 314 with the Very Large Array
(VLA) Telescope to study the distribution of Hr in the galaxies. These authors found
that there is a large Hi envelope that surrounds the galaxies in the group. Furthermore,
Nordgren et al. (1997) found that there is a third small galaxy (Arp 314-3, see Figure
2.3) at the south of Arp 314-1 and Arp 314-2 that could be part of the group. Using the
information of the Hi velocity fields Nordgren et al. (1997) found that Arp 314-1 is expe-
riencing a direct encounter with Arp 314-2, and also suggest that Arp 314-3 would seem
to be in a direct encounter with Arp 314-2. These interactions could explain the perturbed
morphology of the galaxies and the Hr tidal tail. Torres-Flores et al. (2014a) using Ha
Fabry-Perot data cubes to study the kinematics of the galaxies of Arp 314, found that the
single galaxies in Arp 314 have Ha maps with a complex shape and perturbed velocity
fields due to the interactions between galaxies. Arp 314 is therefore a system of galaxies
undergoing an interaction and for this reason it represents a good case for the detailed

study of environmental drivers of galaxy evolution.

2.2.1 Arp 314 Observations and Data
Gemini Multi-Object data

Images and spectra in Arp 314 were observed using the Gemini MultiObject Spectro-
graph (GMOS, Hook et al. 2004) at the Gemini South Observatory, under the observing
programme GS-2013B-Q-27 (PI: S. Torres-Flores). Images were taken in August 2013
and spectroscopic observations were carried out in November 2013 in queue mode.

Arp 314 was observed in the u’, g’ and r’-band filters with exposure times of 5 x 300s,
4 x 300s, and 3 x 300s, respectively. Images in each filter were taken adopting a dithering
pattern that corrected for the detector gaps and cosmic rays. All images were observed

using an instrumental position angle of 135? and with a 2 X 2 binning mode, which allows
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one to increase the readout speed of the CCDs. The camera has three detectors of 2048 x
4068 pixels each and a FOV of 5.5 x 5.5 arcmin®. The 2 x 2 binning pixel scale is 0.146
arcsec/pixel.

We used the u’, g’ and r’ images to select the bluest regions in the group. These
regions were selected by visual inspection of a false colour image that we built by com-
bining u’, g’ and r’ images (see Figure 2.3).

Once the sources were selected, the mask for the GMOS spectroscopic observations
of the regions of interest (star-forming regions within the galaxies) within the galaxies
was designed. Since the sources are mostly point-like, we adopted slit widths of 1” to
maximise the amount of incoming light and minimise background contamination. The
heights of the slits were set individually depending on the size of the selected source and
also with the objective of maximising the number of observed regions. All slits were
oriented according to the instrumental position angle used in the imaging observations.

The spectroscopic observations were made by performing four exposures of 1370
seconds each at three different central wavelengths (one in 5950 A, two in 6000 A and
one in 6050 A) to remove the gaps in the CCDs. This setup resulted in a spectral coverage
of 3980 — 8960 A. Spectra were taken using the R400 grating, which has a density of
400 lines/mm and a dispersion of 0.067 nm/pixel. The spectra in Arp 314 were observed
with a binning of 2 pixels in the spatial axis and without binning in the spectral axis.
Details of the spectroscopic observations are summarised in Table 2.2. To avoid any
effect caused by instrumental flexure CuAr lamps and flat fields were observed after each
science observation with the same position and central wavelengths as the science targets.

Central wavelengths and grating were chosen in order to detect principally the nebular
emission lines of HB, [Omi] 45007 A, Ha, [N11] 16584 A. These lines are used to estimate
the oxygen abundances using the N2 = (Ufll—g]) and O3N2 = (%) empirical calibrators
(Pettini & Pagel 2004, Marino et al. 2013), and also are used to analyse the excitation
mechanisms though a diagnostic diagram (e.g. Baldwin et al. 1981, Cid Fernandes et al.
2011). The resolving power of the grating is R = 1500, and the resolution at He is 4.5 A.

The GMOS spectroscopic observations were reduced using the Gemini package from
IRAF v1.12. The four science frames were corrected for overscan, bias and flat-field using
the routines GBIAS, GSFLAT and GSREDUCE. The cosmic rays were removed using LACOS_SPEC,
developed by van Dokkum (2001). The detector gaps and remaining cosmic rays were re-

moved combining with the GemcoMBINE task the individual 2D spectra of each slit for each
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Table 2.2 Gemini/GMOS spectroscopic instrumental and obser-

vational setup
Parameter Exp. 1 Exp.2 Exp.3 Exp. 4
Ac A¢ 600 595 605 600
UT Date”  2013-11-27 2013-11-27 2013-11-27 2013-11-27
UT Time”  00:28:48.7 01:24:17.9  00:59:55.3  01:52:15.2
Airmass® 1.191 1.345 1.264 1.474
texpls]? 1370 1370 1370 1370
Calib. Star®  LTT3218 LTT3218 LTT3218 LTT3218

¢ Central wavelength of the dispersed light.

b Universal date and time when the observation started.
¢ Mean airmass during the observation.

4 Exposure time.

¢ Spectrophotometric star for flux calibration.

central wavelength observed. The wavelength calibration in each combined 2D spectrum
was done using the GSWAVELENGHT and GSTRANSFORM tasks. The rms in the wavelength cal-
ibration is 0.19 A. Continuum and sky emission lines were removed from the spectra with
the Gsskysus task. Finally, flux calibration was done by using the standard star LTT3218,
which was reduced with a procedure similar to that used for the science data. The sensi-
tivity function of the spectrum of LTT3218 and the flux calibration of the spectra of Arp
314 were obtained by using GSSTANDARD and GSCALIBRATE, respectively. This procedure
allowed us to obtain the 1D specta for the spectroscopic sources, which are analysed as

discussed in Chapter 4.

Fabry-Perot data

Arp 314 was observed using the Fabry-Perot instrument CInématique des GALaxiEs
(CIGALE, Boulesteix et al. 1984 on the ESO 3.6m telescope at La Silla. These data were
used to complement the Gemini/GMOS observations of Arp 314 described in the previ-
ous section. The Fabry-Perot observations of Arp 314 were taken in September 2000 and
were already published in Torres-Flores et al. (2014a).

The FOV of CIGALE was centred on the group, scanning 32 steps with a total ex-
posure time of 1.1 h. The scan gave sampling steps of 0.26 A (11.81 km s™") with a
spectral resolution of R = 12682 at Ha and a free spectral range of of 378 km s™! (8.28
A). CIGALE has a FOV of 207'x 207’ with a pixel scale of 0.405 arsec/pixel and an
interference order p = 793 at Ha.

The reduction of the Fabry-Perot data of Arp 314 is described in Torres-Flores et al.
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(2014a), and we summarise it here. The software developed by Daigle et al. (2006) (see
also Epinat et al. 2008) was used, which outputs the velocity field, the He monochromatic
flux, the continuum and the velocity dispersion map of each galaxy. An adaptive spatial
binning was applied during data reduction in order to recover the information on regions
with low SNR. The sky lines of OH were extracted by creating a data cube of the regions
without galaxies, and the wavelength calibration was performed by scanning the narrow
Ne 16599 A line under the same conditions as the Arp 314 observations. The velocity
map was corrected for instrumental broadening, deriving a mean instrumental correction

over the whole field.

2.3 The Field Sample

In Chapter 3 we analyse galaxies in the two CLASH-VLT clusters MACS0416 and MACS
1206. In order to investigate the differences between galaxy properties in clusters and
in the field, we built a sample of field galaxies drawn from the COSMOS/UltraVISTA
catalogue published in Muzzin et al. (2013). This sample was also used to perform the
statistical subtraction of interloper galaxies along the lines of sight to the clusters.

The COSMOS/UltraVISTA catalogue contains 262,615 sources and covers an area
of 1.62 deg? of the Cosmic Evolution Survey (COSMOS, Scoville et al. 2007). The cat-
alogue provides a point-spread function (PSF) matched photometry in 30 photometric
bands covering the wavelength range of 0.15 - 24 yum. Further, it contains photometric
redshifts, stellar masses, and rest-frame U, V, and J photometry for all galaxies in the
catalogue.

The sources in the catalogue have been selected from the UltraVISTA K survey (Mc-
Cracken et al., 2012) with a limiting magnitude (90% completeness) K, = 23.4 mag.
The UltraVISTA survey was carried out with the VISTA InfraRed CAMera (VIRCAM,
Dalton et al. 2006) on the Visible and Infrared Survey Telescope for Astronomy (VISTA,
Emerson et al. 2006) at the ESO/Paranal Observatory.

The COSMOS/UltraVISTA catalogue is available in the UltraVISTA web reposi-
tory!?. Details about the catalogue and derivation of photometric redshifts, stellar masses

and rest-frame photometry are in Muzzin et al. (2013).

Onttp://www.strw.leidenuniv.nl/galaxyevolution/ULTRAVISTA/Ultravista/
K-selected.html
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Galaxy pre-processing in substructures

around z~0.4 galaxy clusters

The content of this chapter has been published in Monthly Notices of the Royal Astro-
nomical Society (2018, vol. 479, page 2328) as “Galaxy pre-processing in substructures
around z~0.4 galaxy clusters” by Olave-Rojas D., Cerulo P., Demarco R., Jaffé¢ Y. L.,

Mercurio A., Rosati P., Balestra 1., Nonino M.

Abstract

We present a detailed analysis of galaxy colours in two galaxy clusters at z ~ 0.4,
MACS J0416.1-2403 and MACS J1206.2-0847, drawn from the CLASH-VLT survey, to
investigate the role of pre-processing in the quenching of star formation. We estimate
the fractions of red and blue galaxies within the main cluster and the detected substruc-
tures and study the trends of the colour fractions as a function of the projected distance
from the cluster and substructure centres. Our results show that the colours of cluster and
substructure members have consistent spatial distributions. In particular, the colour frac-
tions of galaxies inside substructures follow the same spatial trends observed in the main
clusters. Additionally, we find that at large cluster-centric distances (r > r,g) the fraction
of blue galaxies in both the main clusters and in the substructures is always lower than
the average fraction of UVJ-selected star-forming galaxies in the field as measured in the
COSMOS/UltraVista data set. We finally estimate environmental quenching efficiencies
in the clusters and in the substructures and find that at large distances from the cluster
centres, the quenching efficiency of substructures becomes comparable to the quenching

efficiency of clusters. Our results suggest that pre-processing plays a significant role in

28
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the formation and evolution of passive galaxies in clusters at low redshifts.

3.1 Introduction

It is well established that the evolution of galaxies is driven by a combination of inter-
nal and external physical mechanisms, which are linked to their stellar mass and to the
environment in which they reside, respectively. In particular, the question: how do the
properties of galaxies change as a function of environment? has motivated many works in
the last decades (e.g. Dressler 1980, Couch et al. 1998; Kauffmann et al. 2004, Postman
et al. 2005, Baldry et al. 2006, Bravo-Alfaro et al. 2009, Peng et al. 2010, Jaffé et al. 2016,
Nantais et al. 2017, Cerulo et al. 2017).

Galaxy clusters are the most massive gravitationally bound cosmic structures and an
ideal laboratory for the study of the environmental drivers of galaxy evolution (e.g. Pog-
gianti et al. 2006, De Lucia et al. 2007, Demarco et al. 2010, Lemaux et al. 2012, Cerulo
et al. 2014). The broad range of densities available in these systems, ranging from the
dense core to the sparse outskirts, allows one to study the different physical mechanisms
responsible for galaxy transformations (e.g. Boselli et al. 2016).

According to the A cold dark matter (ACDM) hierarchical paradigm, galaxy clusters
are assembled through the continuous merging of smaller, group-like structures (Press
& Schechter 1974, Fakhouri et al. 2010, Chiang et al. 2013). Theoretical models show
that massive clusters in the Local Universe, with dark matter halo masses of the order of
105 — 10" M,!, accreted ~ 40% of their galaxies from infalling groups with masses of
the order of 10'2 — 103 M,! (McGee et al. 2009). For this reason, the study of the prop-
erties of galaxies at large cluster-centric radii (2 X 199 < 7 < 3 X ry0%; €.g. Li et al. 2009,
Valentinuzzi et al. 2011, Lemaux et al. 2012, Dressler et al. 2013, Hou et al. 2014, Just
et al. 2015, Haines et al. 2015), where these systems are still in the process of assembling,
is of primary importance to understand the connection between the evolution of galaxies
and the formation of their hosting large-scale structures (Fitchett 1988, Eke et al. 1996,
Kravtsov & Borgani 2012).

In particular, some authors (see e.g. Vijayaraghavan & Ricker 2013, Hou et al. 2014;
Just et al. 2015; Haines et al. 2015) find that the infall regions of galaxy clusters, at cluster-

"We converted all the quantities reported in the literature to the cosmological parameters adopted in this
study.
2100 is the typical radius of a sphere with a mean density equal to 200 times the critical density
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centric distances 2 — 3 X ryq, host large fractions of quiescent galaxies, with little or no
ongoing star formation. This result cannot be reproduced by theoretical models in which
star-formation, in infalling field galaxies, is quenched only when the galaxies pass within
ro0 of the galaxy cluster (Haines et al., 2015). In order to reproduce the observational
results, it is necessary that the star formation in those galaxies be quenched in groups
prior to the infall into the cluster. This scenario is known as pre-processing (Zabludoff &
Mulchaey 1998, Fujita 2004, Wetzel et al. 2013).

Theoretical studies (e.g Fujita 2004, McGee et al. 2009, Vijayaraghavan & Ricker
2013, Wetzel et al. 2013, Bahé et al. 2013, Bahé & McCarthy 2015) suggest that pre-
processing is responsible for the elevated fraction of quiescent galaxies observed in the
outer regions of galaxy clusters (e.g. Hou et al. 2014, Haines et al. 2015), in compari-
son with the field. In particular, Vijayaraghavan & Ricker (2013) performed cosmolog-
ical N-body simulations and hydrodynamic simulations to study the merger between a
galaxy group and a galaxy cluster since z = 0.5. The results of this analysis predict that
pre-processing plays a fundamental role in quenching star formation because the gas of
infalling group members is removed inside galaxy groups before these groups fall into a
galaxy cluster. The gas is removed mainly through ram-pressure stripping (Gunn & Gott,
1972) and galaxy-galaxy interactions (e.g. Toomre & Toomre 1972, Barnes & Hern-
quist 1996). Moreover, these authors, following the cluster-group merger from z = 0.5
to z = 0, show that the infalling group does not get immediately viralised in the cluster
environment: at z = 0.2 it can be seen that there are substructures within the main body
of the cluster containing traces of the kinematics of the group. Similarly, Bahé et al.
(2013, 2015) using a high-resolution cosmological hydrodynamic simulations found that
~ 50% of galaxies in subhaloes near to a massive galaxy cluster have been affected by
pre-processing.

If the predictions of Vijayaraghavan & Ricker (2013) are correct then it should be pos-
sible to observe galaxy properties in cluster substructures that are not yet virialised within
the main cluster halo. Hou et al. (2014) studied the impact of pre-processing through the
observed quenched fraction in a sample of groups and cluster galaxies from the Sloan
Digital Sky Survey Data Release 7 (SDSS-DR7; Abazajian et al. 2009) in the redshift
range of 0.01 < z < 0.045. They applied the Dressler-Shectman statistic (also known as
the Dressler-Shectman test or DS-test, Dressler & Shectman 1988) to identify substruc-

tures which are kinematically distinct from the main galaxy cluster (Dressler et al., 2013).
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In particular, Hou et al. (2014) found that at 2 X ryg9 < r < 3 X 1y, the fraction of quies-
cent galaxies is higher in the substructure population than in the field population. These
authors suggest that this enhancement is a result of the pre-processing of galaxies within
substructures. In the same context, Cybulski et al. (2014) analysed the effects of pre-
processing in a sample of 3505 galaxies in the Coma Supercluster. They studied the star
formation (SF) activity of galaxies as a function of the type of environment (e.g. cluster,
group, filament and void) to quantify the degree of impact of the environment on the SF
activity in galaxies. They found that the pre-processing plays a fundamental role at low
redshift, and that the evolution driven by the environment affects ~ 50% of the galaxies in
groups.

Jaffé et al. (2011, 2016) found that galaxies within substructures are more likely to be
deficient in atomic hydrogen (H1) and passive. In addition, Haines et al. (2015) found that
the fraction of star-forming cluster galaxies rises steadily from the centre to the outskirts
of galaxy clusters, but even at 3 X ryy the values remain 20 - 30% below field values.
To explain these results it is necessary that the star-formation and the fraction of Hr in
galaxies decline for the first time outside the central cluster regions, probably during the
infall of galaxy groups.

In this Chapter we present a detailed analysis of the properties of galaxies in two
clusters at z ~ 0.4, namely MACS J0416.1-2403 and MACS J1206.2-0847 (hereafter
MAC0416 and MACS1206, respectively), drawn from Dark Matter Mass Distributions
of Hubble Treasury Clusters and the Foundations of ACDM Structure Formation Models
survey (CLASH-VLT, Rosati et al. 2014). These two systems represent two extreme cases
of galaxy clusters, MACS0416 being an ongoing merger of two clusters (see e.g. Balestra
et al. 2016) and the second system, MACS1206, being a relaxed cluster (Biviano et al.,
2013). This Chapter has been published as a paper, which is the first in a series address-
ing the study of the properties of galaxies in the substructures of clusters at intermediate
redshifts (0.2 < z < 0.6) in the CLASH-VLT survey. We present here the method that will
be used in the analysis of CLASH-VLT and apply it to two extreme examples of galaxy
clusters.

The Chapter is organised as follows. In Section 3.2 we describe the data sets. In Sec-
tion 3.3 we present the measurements and data analysis, while in Section 3.4 we present
the results which we discuss in Section 3.5. Section 3.6 summarises our main conclu-

sions. Throughout the Chapter we adopt a ACDM cosmology with Q, = 0.7, Q,, = 0.3,
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and h = Hy/100 km s7' Mpc™ = 0.7 (Spergel et al., 2003). All magnitudes in this Chap-
ter are in the AB-system (Oke, 1974) unless otherwise stated. In this Chapter we consider
00 as the physical radius, measured in Mpc, inside which the density is 200 times the

critical density of the Universe at the redshift of each cluster.

3.2 Data

MACS0416 and MACS1206 were drawn from the CLASH-VLT survey. CLASH-VLT
is a spectroscopic follow-up of the Cluster Lensing and Supernova survey with Hubble
(CLASH, Postman et al. 2012), which targeted 25 massive clusters (M, > 10'*3 M) at
redshifts 0.2 < z < 0.9 with the Hubble Space Telescope and other space- and ground-
based facilities to study cosmology and galaxy evolution. CLASH-VLT targeted the 13
CLASH clusters at redshifts 0.2 < z < 0.6 that are observable from the southern hemi-
sphere. In this Chapter we use public spectrophotometric data compiled by the CLASH

colaboration®.

3.2.1 Photometric Catalogues

MACS0416 and MACS1206 were observed with the SuprimeCam (Miyazaki et al., 2002)
at the prime focus of the 8.3m Subaru Telescope, in the B, R, and z’, and B, V, R, I. and
z’ bands, respectively (Umetsu et al. 2012, 2014). Photometric data from Subaru have
an angular coverage of 34’ X 27’ around the centre of each galaxy cluster. The above
observations are available in the Subaru archive, Subaru-Mitaka Okayama-Kiso Archive
System (SMOKA®*; Baba et al. 2002). In addition, MACS0416 was observed with the
Wide-Field Imager (WFI; Baade et al. 1999) on the ESO/MPG 2.2m telescope at the
La Silla Observatory in Chile, in the B, V, R and I photometric bands, covering an area
of 34’ x 33’ around the centre of the cluster (Gruen et al., 2014). Subaru images were
reduced by the CLASH team following the techniques described in Nonino et al. (2009).
WFI images were reduced by Gruen et al. (2014) using Astro-WISE (Valentijn et al.,
2007). A full description of the reduction of Subaru and WFI images is given in Umetsu
et al. (2012) and Gruen et al. (2013, 2014), respectively.

3https://archive.stsci.edu/prepds/clash/
*http://smoka.nao.ac.jp
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In this Chapter we use the photometric catalogues generated by the CLASH-VLT
team. For MACS0416 we complement those catalogues with the public catalogue pub-
lished by Gruen et al. (2014) and available on the author’s web page’.

Aperture magnitudes in Subaru and WFI catalogues were obtained using the software
SExtractor (Bertin & Arnouts, 1996) in conjunction with PSFEx (Bertin, 2011). Aper-
ture magnitudes were measured within fixed circular apertures. For MACS0416 aperture
diameters of 3" and 2" are used for Subaru and WFI, respectively, while for MACS1206
is used a diameter of 5”. Aperture magnitudes were corrected for zero-point shifts and
Galactic extinction by comparing the galaxy observed colours to the stellar library of
Pickles (1998) and using the Galactic extinctions of Schlafly & Finkbeiner (2011) and
Schlegel et al. (1998) for Subaru and WFI, respectively. We select galaxies with magni-
tudes R, < 26.0, which corresponds to the 3o limit for an aperture 2” in diameter (Umetsu
et al., 2014). A description of the photometric catalogues from Subaru and WFI can be
found in Mercurio et al. (2014, 2016) and Gruen et al. (2013; 2014), respectively.

3.2.2 Spectroscopic Catalogues

We use the public spectroscopic redshift catalogues® (see Biviano et al. 2013; Balestra
et al. 2016; Caminha et al. 2017) from CLASH-VLT (Rosati et al., 2014).

The VIMOS spectroscopic observations were made in four separate pointings centred
on the core of each cluster. MACS0416 and MACS1206 were observed using a total of
21 (15 Low-Resolution Blue and 6 Medium Resolution) masks and 12 (8 Low-Resolution
Blue and 4 Medium Resolution) masks, respectively. Low-Resolution Blue and Medium-
Resolution masks have a spectral coverage of 3760 - 6700A and 4800 - 10000A with a
resolving power of R = 180 and R = 850, respectively. A full description about how the
spectroscopic observations of MACS0416 and MACS1206 were made can be found in
Balestra et al. (2016) and Biviano et al. (2013), respectively.

The VIMOS spectroscopic observations were reduced, by the CLASH-VLT team,
using the VIMOS Interactive Pipeline Graphical Interface (VIPGI, Scodeggio et al. 2005).
Redshifts were determined using the software Easy Redshift (EZ, Garilli et al. 2010).
EZ determines the redshift by making a cross-correlation between the observed spectrum

and template spectra. In cases in which the redshift solution was dubious, the redshift was

5http ://www.usm.uni-muenchen.de/~dgruen/download.html
6https ://sites.google.com/site/vltclashpublic/
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determined by visual inspection (Balestra et al., 2016). Uncertainties on the redshifts are
in the range of 75 — 150 km s~! (Annunziatella et al. 2014; Balestra et al. 2016).

Spectroscopic catalogues, of MACS0416 and MACS1206, have a magnitude limit of
R. =24.0 mag. A detailed description of the CLASH-VLT redshift catalogues can be
found in Biviano et al. (2013), Mercurio et al. (2014), Balestra et al. (2016), and Caminha
et al. (2017).

The CLASH-VLT data release provides a spectroscopic sample of 4594 and 2736
galaxies for MACS0416 and MACS1206, respectively (Biviano et al. 2013, Balestra et al.
2016, Caminha et al. 2017), over an area of 26’ X 23" around the centre of each galaxy

cluster.

3.3 Measurement and Data Analysis

3.3.1 Spectroscopic Completeness

Due to the strategy used on the selection of spectroscopic targets in the CLASH-VLT
survey (see Biviano et al. 2013, Annunziatella et al. 2014, Balestra et al. 2016, Caminha
et al. 2017 for details on the strategy of spectroscopic observations) the spectroscopic
completeness of the CLASH-VLT sample decreases with the distance from the cluster
centre, reducing the statistics in the outskirts of galaxy clusters This may affect our ability
to detect substructures (Balestra et al., 2016).

We estimated the sample spectroscopic completeness following the apPENDIX A in Pog-
gianti et al. (2006). More precisely, we measured the ratio between the number of galaxies
in the spectroscopic and photometric catalogues (Nype. and N ., respectively) in different
bins of apparent magnitude or projected distance from the cluster centre to estimate the
spectroscopic completeness, C = Ny,ec /N ppor, Which is used to correct our measurements.
We stress here that Ny,.. corresponds to the number of galaxies with spectroscopic red-
shift (see §3.2.2) and N, corresponds to the number of all galaxies in the photometric
catalogue.

In Figure 3.1, we show the spectroscopic completeness, for MACS0416 and MACS 1206,
as a function of galaxy apparent magnitude in the R.-band and projected distance from
the cluster centre normalised by 150y (200 1s 1.82 Mpc and 2.33 Mpc for MACS0416 and
MACS1206, respectively; see Umetsu et al. 2014, Merten et al. 2015). The central coor-
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Figure 3.1 Spectroscopic Completeness. The top panel shows the completeness as a func-
tion of apparent magnitude in the R.-band. The bottom panel shows the completeness
as a function of the projected distance from the centre of the clusters normalised by 7.
Black points and red squares represent the spectroscopic completeness for MACS0416
and MACS1206, respectively. We note a lack of completeness in the brightest magnitude
bins. This effect could be a consequence of the selection criteria for spectroscopic targets,
which were selected mainly in a colour-colour space. Source: Olave-Rojas et al. (2018)

dinates of each galaxy cluster were taken from Balestra et al. (2016) and Annunziatella
et al. (2014) for MACS0416 and MACS 1206, respectively.

3.3.2 Photometric Redshifts

With the spectroscopic incompleteness increasing towards the cluster outskirts, we com-
plemented our spectroscopic selection of cluster members and substructures with the pho-
tometric redshifts available for the two clusters. For MACS0416 we used the catalogue of
Gruen et al. (2014), released as part of the Hubble Frontier Fields (HFF’, Koekemoer et al.
2014, Lotz et al. 2017), while for MACS1206 we used an internal catalogue produced by
the CLASH-VLT collaboration.

Photometric redshifts (hereafter z,,,) for MACS1206 were estimated using aperture
magnitudes (see §3.2.1) through a Neural Network method using the Multi Layer Percep-
tron with Quasi Newton Algorithm (MLPQNA; Brescia et al. 2013), which is an empiri-

cal method that achieves a high accuracy and reduces the number of catastrophic objects

"http://www.stsci.edu/hst/campaigns/frontier-fields/


http://www.stsci.edu/hst/campaigns/frontier-fields/

3.4. Results 36

(Brescia et al., 2013). A full description of the derivation of z,,, for MACS1206 is given
in Biviano et al. (2013) and Mercurio et al. (2014). Photometric redshifts for MACS0416
were estimated using the photometric template-fitting developed by Bender et al. (2001).
See Brimioulle et al. (2013) and Gruen et al. (2013; 2014), for further details on 2,
estimates for MACS0416.

3.4 Results

3.4.1 Cluster membership, velocity dispersion and stellar mass

It is crucial to determine the cluster membership to find and characterise substructures.
In practice, cluster members are defined as those galaxies with a peculiar velocity (see
equation 3.1) lower than the escape velocity (v,,., see equation 3.2, Diaferio 1999), of a
galaxy cluster.

The peculiar velocity of a galaxy with redshift z in the rest frame of a galaxy cluster

with redshift z.; is given by:

Z = Zcl
V=cC
1+ch

(3.1)

This equation is valid, to first order, for v << ¢ (Harrison, 1974). The escape velocity,

estimated for a cluster, using M5 and r,g, is computed as (Diaferio, 1999):

M 1/2 r -1/2
ese = 927 = = kms™! 3.2
Ve (1014h—1M@) (h—lMpc " (5-2)

The estimates of My, using strong and weak gravitational lensing span the ranges
1.299 - 1.240 x10 M, (see Umetsu et al. 2014, Umetsu et al. 2016) and 1.186 - 1.590
x10 M, (see Biviano et al. 2013, Umetsu et al. 2014, Merten et al. 2015, Barreira et al.
2015) for MACS0416 and MACS1206 , respectively. The estimates of M,y have a typi-
cal uncertainty < 5% depending of the model fitted (typically Einasto 1965 and Navarro
et al. 1995) to the mass profile derived from gravitational lensing. Hereafter the values
of Mgy assumed are 1.27 x10" M, and 1.39 x10'°M,, for MACS0416 and MACS 1206,
respectively. These values correspond to the mean value of M, for each cluster. Instead
the mean value of ry to derive v,,. was estimated using the equation (7) presented by
Finn et al. (2005).
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Table 3.1 Main properties of the clusters MACS0416 and MACS1206
Cluster R.A4 Dec.4 Vese Z Ol
(J2000.) Km ™! Kms™!
MACS0416 04:16:09.14 -24:04:03.1 2375+ 10 0.397 1044 +23
MACS1206 12:06:12.15 -08:48:03.4 2485 +68 0.440 1011 +25

% The centre positions were taken from Balestra et al. (2016) and Annunzi-
atella et al. (2014) for MACS0416 and MACS1206, respectively.

Spectroscopic members were determined similarly to Cerulo et al. (2016), first we
removed galaxies from the redshift catalogue with a peculiar velocity higher than the v,
of the galaxy cluster. Then we estimated the velocity dispersion for the clean sample
of cluster members, following the biweight estimator described in Beers et al. (1990),
and finally we removed the field interlopers through a 30 clipping algorithm (see Yahil
& Vidal 1977). Following the above criterion, we found ~ 890 and ~ 640 spectroscopic
members for MACS0416 and MACS1206, respectively. We used the biweight estimator
to estimate the mean cluster redshift and velocity dispersion of the whole system. We
estimated mean redshifts of z ~ 0.397 and z ~ 0.440, and velocity dispersions (o;) of
1044 + 23 km s™! and 1011 + 25 km s~! for MACS0416 and MACS1206, respectively.
These values are consistent within 1o~ and 1.40, respectively, with results reported in the
literature (Girardi et al. 2015, Balestra et al. 2016). The errors in o; were estimated using
a bootstrap technique. The central positions in Right Ascension (R.A.) and Declination
(Dec.) and the kinematic properties of MACS0416 and MACS1206 are summarised in
Table 3.1

3.4.2 Detection of Substructures

Once we have selected the spectroscopic members for each galaxy cluster, we veri-
fied whether the clusters contain substructures or not. For this, we used the Dressler-
Shectman’s statistic (Dressler & Shectman, 1988), which allows us to make a test (also
known as the Dressler-Shectman test or DS-test) to verify the existence of regions kine-
matically distinct from the main galaxy cluster (Dressler et al., 2013).

In short, the DS-test compares the local velocity and velocity dispersion for each
galaxy (\7;'06_01 and (Tfml) with the cluster global values (v, and o; Jaffé et al. 2013).

Local parameters are estimated in a subset of galaxies containing the galaxy i and its
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Table 3.2 Results from the DS-Test on

MACS0416 and MACS1206
Cluster Nuem  Dobs/Nmem P
MACS0416 890 1.64 <0.001
MACS1206 641 1.22 <0.001

nearest neighbours (N,,,). We used N,,, = 10 in equation 3.3 to apply the DS-Test in our
clusters. The ¢; statistic used in the DS-Test is expressed as:

5 =

1

(Na—;l) [(Flocat = Pe)* + @ lpe = Te)’] - (3.3)

This value quantifies the galaxy’s kinematic deviation with respect to the mean cluster
values of velocity and velocity dispersion (e.g. Dressler et al. 2013, Jaffé et al. 2013, Hou
et al. 2014). The larger the ¢; value, the greater the probability that the galaxy belongs to
a substructure.

Dressler & Shectman (1988) also define the cumulative 6 as A =3 ;0;. A value
A/N,em > 1, where N,,,, is the number of cluster members, would be an indication that
the cluster hosts substructures. However, it should be stressed that a high A value may
be the result of random spatial fluctuations in the redshift distribution of cluster mem-
bers. In order to assess this effect, we generated 1000 simulated spectroscopic samples
by shuffling the velocities and positions of each galaxy in the clusters. For each of these
bootstrap samples we estimated A and defined the P-value P = Y (Agurfie > Aobs/Nsnusfie)
where Ay rp. 1s the value of A obtained for each simulated sample and N,y is the
number of bootstrap iterations. Values of P < 0.01 provide a robust constraint on the
presence of substructures in the clusters. We find that MACS0416 and MACS1206 both
have A/N,,..,, > 1 and P < 0.001 (see Table 3.2), giving statistical support to the existence
of real substructures.

After applying the DS-test we proceeded to identify and characterise the substruc-
tures. For this purpose we need to select only galaxies with a §; > 6;;,, which corresponds
to galaxies with a higher probability to be inside a substructure. To determine J;;, we es-
timated the width o of the ¢; distribution in each cluster. Following Girardi et al. (1996),
Oiim Was defined as 0, = 305 and galaxies were considered members of substructures if
0; = Olim-

However, the selection 6; > ¢;;,, may include galaxies which do not necessarily belong
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to a substructure due to their peculiar velocities and positions within the cluster (see e.g.
discussions in Jaffé et al. 2013). Thus we added to the selection in 6; two consecutive
selections in peculiar velocity and projected position. The two selections were performed
by using python scripts that combined new and pre-existing modules. The selection in
velocity was performed, following e.g. Girardi et al. (2005) and Demarco et al. (2007) by
using the Gaussian Mixture Model (GMM; Muratov & Gnedin 2010) algorithm. This al-
gorithm assumes that a sample is described by the sum of two or more Gaussian functions.
GMM estimates the probability that an object belongs to each identified Gaussian com-
ponent through an iterative algorithm (expectation-maximisation, EM, Dempster et al.
1977, Press et al. 2007). The objects are assigned to the groups for which the likelihood
of membership is higher.

For the selection of substructures in projected space, we tested two clustering algo-
rithms available in python, namely K-Means (Lloyd, 2006) and the Density-Based Spa-
tial Clustering of Applications with Noise (DBSCAN, Ester et al. 1996), finally preferring
the second one. To identify groups using DBSCAN we must define a minimum number
of neighbouring objects separated by a specific distance. When using this algorithm not
all objects in the sample are assigned to a group (Ester et al., 1996) and we can remove
the galaxies that are not spatially grouped with others.

In practice, we defined a substructure as a collection of at least three neighbouring
galaxies with a spatial separation of ~ 140 kpc, which is a typical maximum spacing be-
tween galaxies within compact groups of galaxies (Sohn et al., 2015). Figure 3.2 shows
the substructures identified for each cluster. Table 3.3 lists the central position, central
redshift, number of members, velocity dispersion (o) and r,g for each identified sub-
structure. The central position of a substructure was defined as the centroid of the spatial
distribution of galaxies in the substructure. ryy, was estimated from o, using Equation
8 of Finn et al. (2005) under the assumption that each substructure is virialised. Un-
certainties on the numbers of substructure members were estimated as the 90% Poisso-
nian confidence intervals adopting the approximations of Ebeling (2003). We note that
MACS0416_3, MACS0416_15, MACS1206_2 and MACS1206_7 have a narrow velocity
range and we cannot estimate o, and ryg in these substructures. We found 15 substruc-
tures in MACS0416 and 11 in MACS1206 (see Figure 3.2 and Table 3.3).

We note that the substructure MACS0416_5 corresponds to the “Sext” substructure
previously identified by Balestra et al. (2016) in MACS0416. For this substructure we
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Figure 3.2 Spatial and radial velocity distribution of cluster members for MACS0416
(left) and MACS1206 (right). The black dashed circle indicates the r,y, radius of the
cluster. Grey points represent all spectroscopic members. Dashed circles of different
colours indicate the r,yy of each identified substructure. Galaxies inside substructures are
plotted with points whose colours indicate the peculiar velocity of the galaxies in the rest
frame of the cluster. Source: Olave-Rojas et al. (2018).

estimate a number of members of 47 + 10 and a velocity dispersion of 354 + 25 km s~!.

These values are consistent within 10~ with results reported in the literature (Balestra et al.,
2016).

3.4.3 Colour-Magnitude Diagram

To analyse the relationship between galaxy colour and environment we study the colour-
magnitude properties of galaxies in substructures and in the clusters. For this purpose, us-
ing the photometric catalogues from Subaru (see §3.2.1), we performed a match between
the spectroscopic members catalogue (see §3.4.1) and the photometric catalogue with the
objective of obtaining (B — R.) colours for the spectroscopic members. The match was
performed using the positions in R.A. and Dec. listed for each source in both catalogues.
We set an aperture of 1”7 as the maximum separation between the matched galaxies. The
corresponding (B — R.) vs R, colour-magnitude diagram (CMD) is shown in Figure 3.3.
We used GMM to fit two Gaussians over the colour distribution to separate galaxy
populations (see Figure 3.4) in different regions of the CMD. The green valley or tran-
sition zone (Cortese & Hughes, 2009) is defined as the space between the blue and red
components determined by GMM (e.g Cortese 2012, Schawinski et al. 2014). In practice,

to separate galaxies according to their colours we fit a Gaussian to the red and blue colour
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Table 3.3 Substructures identified in MACS0416 and MACS1206 and their principal features

Cluster Name of Substructure R.A“ Dec.* z° No. of members? Tsb 7200
(J2000.) Kms™! Mpc

(1 2 3) 4 ) (6) @) (3)
MACS0416 MACS0416_1 04:15:39.3 -24:08:50.6 0404 6+4 (34+£8) 30664 0.612

MACS0416_2 04:16:11.8 -24:03:425 0403 166 (78+12) 402+59 0.804
MACS0416_3 04:16:17.2 -24:14:589 0406 3+3 (3+3) - -

MACS0416_4 04:15:587 -24:03:074 0390 443 (10£5) 20358  0.409
MACS0416.5 04:16:204 -24:12:51.2 0389 47+10 (89+13) 354+25 0.714
MACS0416_6 04:15:20.7 -23:54:18.0 0.399 543 (7+4) 198+90  0.396
MACS0416_7 04:16:105 -24:03:455 0400 9+4 (25£7) 172455 0.344
MACS0416_8 04:15:252 -23:53:51.8 0397 343 (6+4) 128+0  0.257
MACS0416.9 04:15:41.6 -24:08:54.1 0.397 443 (40+£9) 332+109 0.666
MACS0416_10 04:15:503 -23:56:22.0 0395 9+4 (21£7)  197+68 0.396
MACS0416_11 04:16:135 -23:55:54.0 0396 543 (21£7)  248+85 0.498
MACS0416_12 04:16:102 -24:04:329 039 8+4 (45+£9)  295+£36 0.591
MACS0416-13 04:16:07.3 -24:08:435 0394 543 (17£6)  250+57 0.503
MACS0416_14 04:16:214 -24:11:21.3 0394 74 (77+12) 476+126 0.956
MACS0416_15 04:16:409 -24:04:455 0395 343 (3£3) - -

MACS1206 MACS1206_1 12:05:51.6 -08:41:184 0440 543 (7+4) 160+17  0.313
MACS1206_2 12:06:17.8 -08:44:01.7 0.440 343 (3+3) - -
MACS1206-3 12:06:31.9 -08:44:56.6 0440 3+£3 (6+4) 283+0  0.553
MACS1206_4 12:06:03.2 -08:48:135 0440 343 (20+6) 32840  0.642
MACS1206_5 12:06: 525 -08:54:123 0441 5+£3 (9+4) 119441  0.232
MACS1206_6 12:06:20.8 -08:43:564 0437 9+4 (10£5)  304+40 0.597
MACS1206_7 12: 06:45.6 -08:37:414 0438 443 (4£3) - -
MACS1206_8 12:05:324 -08:43:08.8 0447 3+£3 (7+4) 239+0  0.465
MACS1206-9 12:05:58.8 -08:47:36.6 0447 443 (16+6)  344+53  0.669

MACS1206-10 12: 06:49.2 -08:54:17.6 0445 8+4 (23+£7) 242438  0.472
MACS1206_11 12:06: 332 -08:45:225 0431 5+£3 (5+£3)  125+111 0.245

¢ Central values for each identified substructure.
b Number of substructure members estimated from the spectroscopic sample. In parenthesis we show the number of
substructure members estimated from the spectroscopic+photometric sample as described in §3.4.4.

components, separately. Then we estimated the mean (¢) and dispersion (o) of each gaus-
sian. We considered as blue those galaxies that have a colour (B — R.) < tpjue + 10 e, as
red those galaxies that have a colour (B — R.) > t,eq — 104, and as green those galaxies

in the e + 10pe < (B — R.) < tpeq — 107,04 colour range.

3.4.4 Photometric Members

As described in §3.3.1 in Figure 3.1 we can see that the spectroscopic completeness de-
creases with the projected distance from the cluster centre, reducing the statistics in the
outer regions of the clusters (r > ryyp) where most substructures are expected (Aguerri
et al. 2007, Jaffé et al. 2016, Vijayaraghavan & Ricker 2013). This affects the charac-
terisation of the properties of infalling galaxies and groups (Biviano et al. 2013; Balestra

et al. 2016). Thus, in addition to our spectroscopic sample, we built a sample of cluster
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Figure 3.3 Colour-magnitude diagrams of spectroscopically confirmed cluster members.
The colours are measured in the B and R, Subaru bands. Cluster member galaxies are plot-
ted with points whose colours indicate the (B—R,) colour and galaxies in substructures are
plotted with black crosses. The diagonal dashed lines represent the 30- completeness limit
in the B and R, Subaru images. This figure illustrates that galaxies in substructures follow
the same colour-magnitude relation as the parent galaxy cluster. Left panel: MACS0416.
Right panel: MACS1206. Source: Olave-Rojas et al. (2018)

members selected according to their photometric redshifts (see §3.3.2).

Cluster Membership

Photometric members were defined as those in the range (zo; — 9;) < Zphor S (21 + 07). To
determine 9, for each cluster we used the available spectroscopic redshifts to calibrate the
Zphor- First, we made a match between the catalogue with spectroscopic members and the
catalogue of objects with z,,, to estimate the redshift discrepancy A; = |Zspec - Zpnorl/(1 +
Zspec). The match between photometric and spectroscopic catalogues were made using the
position in R.A. and Dec. listed for each source in both catalogues. We set an aperture
of 17 as the maximum separation between the matched galaxies. Then we estimated the
standard deviation, o of the redshift discrepancy distribution to exclude catastrophic
identifications, defined here as those with A; >3 X 0,_.. Finally, we defined ¢, as the
standard deviation of the |zypec - Zpno| distribution in the final clean sample.

Photometric cluster members were defined as those galaxies in the range 0.359 <
Zphot < 0.433 and 0.395 < z,,, < 0.483, for MACS0416 and MACS1206, respectively.
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Figure 3.4 Colour histogram that shows the bimodal distribution in (B — R.) colour.
Blue and red lines represent the Gaussian fitting of blue and red components deter-
mined by GMM. The colour bimodal distribution of galaxies allows us to separate galax-
ies in blue, red and green according to their colours. Blue galaxies have a colour
(B —R.) < tpie + lope, red galaxies have a colour (B — R.) > pyeq — 10704, and green
galaxies are in the e + 1opue < (B — R.) < tyeq — 10,4 colour range. Left panel:
MACSO0416. Right panel: MACS1206. Source: Olave-Rojas et al. (2018)

Additionally, we used the spectroscopic members to clean the sample of photometrically-
selected members from false positives. False positives were defined as those galax-
ies that were selected as photometric members but whose spectroscopic redshift poses
them outside the clusters. In practice, we removed 541 and 275 false positives from
the photometrically-selected member catalogues of MACS0416 and MACS 1206, respec-
tively. We combined the samples of spectroscopic and photometric members and ob-
tained a sample of 3523 and 2070 spectrophotometric members, for MACS0416 and
MACS1206, respectively.

Substructure Membership

Substructure member candidates were defined as those galaxies within r,yy of each sub-
structure and in the range (Zup — 0;) < Zphor < (Zsup + 67). The value of 6, is defined for
each substructure in the same way as described in §3.4.4. For substructures in which we
cannot estimate r,yp we have not added photometric members.

We combined the spectroscopic and photometric sample for substructure, showing the
corresponding number of members for each substructure within parenthesis in Column (6)
of Table 3.3. Uncertainties in member counts were estimated in the same way as described
in §3.4.2. We note that in some cases (e.g. in MACS1206_4 and MACS1206_9) there are
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substructures that are spatially overlapped and some photometric members are assigned
to both substructures. This could be due to the fact that these substructures may be in a
merger. This fact is taken into account in §3.4.6 as a source of error due to background

contamination.

3.4.5 Stellar Masses

With only 3 photometric bands available for MACS0416, it is not possible to obtain re-
liable stellar masses through SED fitting. For this reason we estimated stellar masses
in the spectroscopic and spectrophotometric samples with the calibrations of Bell et al.
(2003) for the present-day stellar mass-to-light (M,/L) ratios. These authors used a sam-
ple of 12,085 galaxies from the Two Micron All Sky Survey (2ZMASS, Skrutskie et al.
2006) and the Sloan Digital Sky Survey (SDSS, York et al. 2000) to study the stellar mass
function in the local Universe. To obtain the stellar masses Bell et al. (2003) used the
correlation found by Bell & de Jong (2001) (see equation 3.4) between M, /L and galaxy
colours in the rest-frame. Bell et al. (2003) re-fitted this correlation to find the empirical
coefficients (a, and b,) that allows the conversion of the SDSS colours into M, /L. The
scatter found by Bell et al. (2003) in the correlation between optical colours and M, /L is
~0.1 dex.

log,,(M,/L) = a, + (b, x Colour) (3.4)

The relation of Bell et al. (2003) uses as input the rest-frame photometry. Therefore,
to obtain the stellar masses of the galaxies in our sample using Equation 3.4 we must
convert our observer-frame photometry to rest-frame photometry. For this, we follow
the approach presented in the appEnDIX B of Mei et al. (2009) to convert the (B — R)
observer-frame colour to rest-frame SDSS colour and the B observer-frame magnitude to
rest-frame SDSS magnitude. Mei et al. (2009) found that there is a correlation between

observer-frame photometry and rest frame photometry given by

Crf =A+ BXCg, (35)

Mrf — Mpps = & +ﬁ X Cops (3.6)
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Zero-points (A and «) and slopes (B and 8) in equations 3.5 and 3.6 were estimated us-
ing a set of synthetic stellar population models from Bruzual & Charlot (2003; BC03) with
ten different metallicities from 0.4 to 2.5Z, two laws of star formation rate (instantaneous
burst and exponentially decaying with e-folding time 7 = 1 Gyr) and Salpeter (1955) IMF.
The BCO3 spectral library spans the range in formation redshift 2.0 < z; < 5.0. The mod-
els were generated with EzGal® (Mancone & Gonzalez, 2012) and for each one we ex-
tracted the observed and rest-frame colours and magnitudes at the redshift of each cluster
and fitted the linear relation. Zero-points and slopes were derived following the approach
presented by Dang et al. (2006). In summary we fit straight lines to all the possible
couples of points in the colour-colour and magnitude-colour planes and obtain the distri-
butions of slopes and intercepts. Zero-points and slopes are defined as the median of each
distribution, while their uncertainties are taken as the 10~ width of the distributions.

In practice, stellar masses (M, ) of the galaxies in our sample were obtained converting
the (B — R) observer-frame colour to (1’ - g’) rest-frame colour and the B observer-frame
magnitude to rest-frame absolute M, magnitude. The values of a, and b, were taken from
Table A7 presented by Bell et al. (2003). Stellar mass uncertainties were estimated using a
technique based on a Monte Carlo approach. The observer-frame colour, observer-frame
magnitudes, zero-points (A and @), slopes (B and ), rest-frame colours and rest-frame
magnitudes were perturbed by a random value, €, in the range -A < € < +A, where A
corresponds to the error in each variable. We generate 20 simulated objects for each real
object. Finally, we estimated the uncertainties on stellar mass evaluating the 10~ asymmet-
ric width of the simulated stellar mass distribution. The stellar masses obtained are in the
range 8 < log(M, /M) < 11.5 for both MACS0416 and MACS1206. The uncertainties

in the stellar masses are in the range 0.1 - 0.2dex.

3.4.6 Colour Fractions

Galaxy colours are related to internal properties. For example, red galaxies are more
likely passive or quiescent, without star-formation. Blue galaxies, on the contrary, are
more likely star forming. For this reason, we are interested in examining the relationship
between galaxy colours and the local environment. We estimated the fraction of blue,

green and red galaxies as a function of projected distance from the cluster centre or sub-

8http ://www.baryons.org/ezgal/
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structure centre, as a function of R. magnitude, and as a function of stellar mass (M,).
Blue, green and red populations of galaxies were defined using the colour bimodality
described in §3.4.3. The colour fraction in the clusters were estimated in the sample of

cluster galaxies that are not part of a substructure.

Spectroscopic Sample

The colour fractions of galaxies in the spectroscopic sample were estimated taking into
account the effect of spectroscopic incompleteness (see §3.3.1). In practice, we corrected
galaxy counts by weighting each galaxy with W; = 1/C, where C is the spectroscopic
completeness estimated in bins of distance and magnitude as described in §3.3.1. To
increase the statistics in the spectroscopic sample, we merged the spectroscopic mem-
ber catalogues for both clusters. We also merged the catalogue for all identified sub-
structures. We estimated the fractions of blue (f},), green (f,) and red (f,) galaxies in the
whole cluster sample and in the substructures. Error-bars on the fractions were computed
using a method based on statistical inference in absence of background contamination
(D’ Agostini 2004, Cameron 2011). In practice, the uncertainties on the spectroscopic
colour fractions were defined as the width of the binomial 68% confidence intervals as
discussed in Cameron (2011).

The optically selected red sequence may be contaminated by dust-obscured star-forming
galaxies (see e.g.: Wolf et al. 2005, Haines et al. 2008). For this reason our colour
fractions are corrected for contamination by dusty star-forming galaxies as illustrated in
Section 3.4.6.

Our results are shown in Figures 3.5, 3.6 and 3.7, in which we present f,, f, and f, for
the clusters and substructures. The left panel of Figures 3.5 and 3.6 shows f,, f, and f,
as a function of projected distance from the cluster centre normalised by r59,,. The right
panel presents fj, f, and f, as a function of projected distance from the cluster centre and
substructure centre, for cluster and substructure galaxies, respectively. These projected
distances were normalised by r,go using the values for the galaxy clusters or substructures
accordingly. Instead, the left panel of Figure 3.7 shows f,, f, and f, as a function of R,
magnitude for cluster and substructure galaxies, and the right panel presents f;, f, and f,
as a function of log(M, /M,).

In Figures 3.5, 3.6 and 3.7 we have added the observed fractions of field galaxies

for comparison purposes. The dotted line represents the fraction of blue, green and red
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field galaxies. These fractions were estimated using the colour bimodality, as for the
spectroscopic sample. The counts in the red and blue fractions were corrected by the
contamination in the red sequence due to dusty star-forming galaxies. The dash-dotted
line represents the fraction of star-forming (fsr) and passive (fp) galaxies in the field,
accordingly. The fsr and fp were estimated using the UV J-diagram (Wuyts et al. 2007,
Patel et al. 2011, Nantais et al. 2016). The selection of the field sample is described in
§3.4.6. These results will be discussed in §3.5.
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Figure 3.5 Colour fraction as a function of projected distance. Left panel: Fraction of
blue (f3), green (f;) and red (f,) galaxies as a function of projected distance from the
cluster centre. Right panel: fy, f, and f, as a function of projected distance from cluster
or substructure centre. The dotted horizontal black lines represent f;, f, and f, in the field.
The dash-dotted horizontal black lines represent the fractions of star-forming (f5r) and
passive galaxies (fp) in the field. Galaxy fractions in the field correspond to a mean value.
Galaxy clusters and substructures have lower fractions of blue galaxies than the fraction
of star-forming galaxies observed in the field, indicating that cluster and substructures are
more efficient in producing red galaxies. Source: Olave-Rojas et al. (2018)
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Figure 3.6 Colour fraction as a function of projected distance in bins of stellar mass. Left
panel: Fraction of blue (f;), green (f,) and red (f,) galaxies as a function of projected
distance from the cluster centre. Right panel: f,, f, and f, as a function of projected
distance from cluster or substructure centre. The dotted horizontal black lines represent
J»» fe and f, in the field. The dash-dotted horizontal black lines represent the fractions of
star-forming (fs ) and passive galaxies (fp) in the field. Galaxy fractions as a function of
projected distance in all environments were estimated by separating galaxies in two bins
of stellar mass in massive (M, > 10'%3M,) and less massive galaxies (M, < 10'%°M,).
The fraction of red galaxies is higher for massive galaxies independent of the environ-
ment. However, in dense environments the fraction of red galaxies is higher than in the
field, indicating that cluster and substructures are more efficient in producing red galaxies.
Source: Olave-Rojas et al. (2018)

Spectrophotometric Sample

We determine the number of blue, green and red galaxies, in the spectrophotometric sam-
ple, using the same approach as for the spectroscopic sample (see §3.4.3). However, when
using photometric redshifts to select cluster members, we are likely to include field inter-
lopers as a result of the uncertainties on z,,,, which are larger than those of spectroscopic
redshifts. Nevertheless, we can statistically estimate the expected contribution of field in-
terlopers at the cluster redshift and correct our colour fractions by the field contamination.

To estimate the contribution of field galaxies in our estimated colour fractions we use
the COSMOS/UltraVISTA catalogue published by Muzzin et al. (2013) to build a sub-
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Figure 3.7 Colour fraction as a function of apparent magnitude and stellar mass. Left
panel: Fractions of blue (f,), green (f,) and red (f,) galaxies in galaxy clusters and sub-
structures as a function of R. apparent magnitude. Right panel: f;, f, and f, as a function
of log(M, /M). The dash-dotted black lines represent the fractions of star-forming (fsr)
and passive galaxies (fp) in the field. The fraction of blue galaxies increases with in-
creasing R, magnitude and decreasing stellar mass in all environments, but the fraction of
star-forming galaxies in the field is higher than the fraction of blue galaxies in cluster or
substructures. Source: Olave-Rojas et al. (2018)

sample of 3,166 field galaxies at 0.36 < z < 0.46. The COSMOS/UltraVISTA field sam-
ple covers 1.62 deg? of the Cosmic Evolution Survey (COSMOS, Scoville et al. 2007)
and the sources in the catalogue have been selected from the UltraVISTA K; survey (Mc-
Cracken et al., 2012) reaching a depth of K, = 23.4 mag (90% completeness). The
UltraVISTA survey was carried out with the VISTA InfraRed CAMera (VIRCAM, Dal-
ton et al. 2006) on the Visible and Infrared Survey Telescope for Astronomy (VISTA,
Emerson et al. 2006) at the ESO/Paranal Observatory. The COSMOS/UltraVISTA sam-
ple is available in the UltraVISTA web repository® and provides a point-spread function
(PSF) matched photometry in 30 photometric bands covering the wavelength range of

0.15 - 24 um, z,4y, stellar masses and rest-frame U, V, and J photometry of 262,615

9http://www.strw.1eidenuniv.nl/galaxyevolution/ULTRAVISTA/Ultravista/
K-selected.html
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sources, as discussed in Muzzin et al. (2013).

The blue, green and red populations of our sample of 3,166 field galaxies at 0.36 <
z < 0.46 were defined in the same way as it was done with the clusters, using the colour
bimodality described in §3.4.3. The colour fractions (f;, f, and f,) of field galaxies were
used to infer the contamination in the colour fractions in clusters/substructures due to
field background and foreground sources. To correct our colour fractions in the spec-
trophotometric sample for background contamination we use an approach based on sta-
tistical inference. In practice we build a posterior probability distribution in which the
colour fractions from clusters/substructures are considered as signal and the colour frac-
tions from field are considered as noise. The full mathematical derivation of this ap-
proach is presented in D’ Agostini (2004) (see also Cameron 2011). In the same way as
Cerulo et al. (2017) we defined our background-corrected colour fractions in galaxy clus-
ters/substructures as the median of the posterior probability distribution. The uncertainty
in our background corrected colour fractions was defined as the 68% credible interval of
the distribution.

Our blue and red galaxy fractions in cluster, substructures and the field were further
corrected for contamination of dusty star-forming galaxies on the red sequence using the
UV J-diagram as a diagnostic tool to distinguish young, star-forming and dusty from old
and passive galaxies (Wuyts et al. 2007, Patel et al. 2011, Nantais et al. 2016). We used
the UV J selection proposed by Williams et al. (2009) to select quiescent galaxies and
clean the red sequence in the clusters, substructures and field from dusty star-forming
contaminants. In our sample of 3,166 field galaxies at 0.36 < z < 0.46 from COS-
MOS/UltraVISTA we found that 40% of the galaxies selected on the field red sequence are
dusty-star forming galaxies. To estimate the contamination of dusty star-forming galaxies
in the red sequence in the cluster centres (r < ryyp) we matched, using R.A. and Dec., the
spectrophotometric member catalogue with the photometric catalogue from HST. We set
an aperture of 1”7 as the maximum separation between the matched galaxies. We found
that 5% of the selected galaxies in the red sequence of the clusters in the inner regions
(r < ryp) are dusty star-forming galaxies. Finally, to estimate the contamination in the
substructures and in outer regions of the clusters (r > ryyy) we used the groups catalogue
from COSMOS published by George et al. (2011) limited to the redshift of the clusters
(0.36 < 7 < 0.46). The COSMOS groups in this redshift range are similar, in terms of

mass and size, to the selected substructures. We found that 17% of the galaxies selected
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on the red sequence of the COSMOS groups are dusty star-forming. Our results will be
discussed in §3.5.

Figures 3.8, 3.9 and 3.10 show the f}, f, and f, as a function of distance from the
overdensity centre, R. magnitude and stellar mass for cluster and substructure galaxies.
These results will be discussed in §3.5. In the figures we have added the fractions of blue,
green and red field galaxies. These fractions were estimated in our sample of 3,166 field
galaxies at 0.36 < z < 0.46 after removing group members according to the catalogue of
George et al. (2011).

1.0}
0.8f
e_’i 0.6}
0.4}
0.2}

0.0
1.0

0.8
> L
4> 0.6
0.4
0.2}

0.0
1.0t

0.8}
4= 0.6
0.4}
0.2 L ......‘.......‘.......‘.....‘.‘....”.....m.....:.....”:.'

e i gz e o 1 1

08005 10 15 20 25 30 35 4000 0.2 0.4 0.6 0.8 1.0
Tcl/ 72004 7”/ 7200

— Cluster Galaxies = (B — R,)-selected Field Galaxies

-=-- Substructure Galaxies ---- UVJ-selected Field Galaxies

Figure 3.8 Background-corrected colour fractions as a function of projected distance nor-
malised by ry. Left panel: Fractions of blue (f,), green (f,) and red (f,) galaxies as a
function of projected distance from the cluster centre. Right panel: f,, f, and f, as a func-
tion of projected distance from cluster or substructure centre, accordingly. The dotted
horizontal black line represents the f;, f, and f, of field galaxies, while the dash-dotted
horizontal black lines represent the fractions of star-forming (fsr) and passive galaxies
(fp) in the field. Galaxy fractions in the field are mean values. In general, galaxies in
overdensities (clusters and substructures) have higher f, than in the field. Source: Olave-
Rojas et al. (2018)

Since we found that 40% of the galaxies selected on the field red sequence are dusty-

star forming galaxies, we use the UV J-diagram (Wuyts et al. 2007, Patel et al. 2011,
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Figure 3.9 Background-corrected colour fractions as a function of projected distance in
bins of stellar mass normalised by ryo. Left panel: Fractions of blue (f;), green (f,) and
red (f,) galaxies as a function of projected distance from the cluster centre. Right panel:
f». f; and f, as a function of projected distance from cluster or substructure centre, accord-
ingly. The dotted horizontal black line represents the f;, f, and f, of field galaxies, while
the dash-dotted horizontal black lines represent the fractions of star-forming (fsr) and
passive galaxies (fp) in the field. Galaxy fractions in the field are mean values. Galaxy
fractions as a function of projected distance in all environments were estimated by sepa-
rating galaxies in two bins of stellar mass in massive (M, > 10'%°M,) and less massive
galaxies (M, < 10'%°M,). In general, independent of the stellar mass, galaxies in dense
environments such as clusters and substructures tend to be redder than galaxies in the
field. Source: Olave-Rojas et al. (2018)

Nantais et al. 2016) to estimate the fraction of star-forming (fsr) and passive (fp) galax-
ies in the field. In the clusters/substructures we cannot use the UV J-diagram to estimate
the fsr and fp because there are not data in the UV.J-bands that cover the outer regions
of the clusters (r > ryy). However, we correct the colour fractions for cluster and sub-
structure members, in both the spectroscopic and spectrophotometric samples, for the
contamination from dusty star-forming galaxies derived from the CLASH HST data and
the COSMOS groups. The fractions shown in Figures 3.5 — 3.10 are all corrected for

contamination from dusty star-forming galaxies.



3.4. Results 53

1.0}
0.8
~= 0.6
g
0.4
0.2
0.0
1.0}
0.8
0.6
Ry
0.4}
M """" e e o
0.0 ; ! ! X3
1.0}
0.8
& 0.6 -
<% %1
0.4f LT
—"
0.2 -
0.0 . . . L . . . .
9 20 21 22 23 24 80 85 90 95 100 105 11.0 11.5 12.0
R, log(M, /Ms)
— Cluster Galaxies (B— R,)-selected Field Galaxies
-=-- Substructure Galaxies -~ UVJ-selected Field Galaxies

Figure 3.10 Background-corrected colour fractions as a function of apparent magnitude
and stellar mass. Left panel: Background-corrected colour fractions for clusters and sub-
structures as a function of R. apparent magnitude. Right panel: Background-corrected
colour fractions for clusters and substructures as a function of log(M, /M;). The dashed
black curve represents the f;, f, and f, of field galaxies, while the dash-dotted black lines
represent the fractions of star-forming (fsr) and passive galaxies (fp) in the field. Galaxy
fractions in the field were estimated in bins of R.-band magnitude or stellar mass. The
fraction of red or quiescent galaxies increases towards bright magnitudes and massive
galaxies in all environments. Source: Olave-Rojas et al. (2018)

3.4.7 Substructure Quenching Efficiency

In our analysis, we assume that the colour change of galaxies in clusters/substructures
is associated with the migration of galaxies from the blue cloud to the red sequence in
the CMD. This migration is caused by the quenching of star-formation (e.g Peng et al.
2010). To quantify the role of the substructures in the star formation quenching, or pre-
processing, we estimated the environmental quenching efficiency (¢;; Peng et al. 2010,
Peng et al. 2012, Nantais et al. 2016), or conversion fraction, because it quantifies the
fraction of galaxies that would be blue in the field but are red in a denser environment
(e.g cluster or substructures; Peng et al. 2010). The environmental quenching efficiency

is defined as follows:
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_ (fr,dense - f;',field)
ﬂ,field ,

(3.7)

&

where in this equation, ¢, is the environmental quenching efficiency, f. jense 18 the red frac-
tion in a dense environment (cluster or substructure), and f, fie;q and fj, fie1q are the red and
blue fractions in the field, respectively. In our sample, we estimated ¢, in clusters and sub-
structures as a function of projected distance from the cluster centre, normalised by 7.
Besides, we estimated the €, in cluster and substructure as a function of projected dis-
tance from cluster or substructure centre normalised by r,g of the cluster or substructure,
accordingly. €, is calculated in the same bins used to derive colour fractions. The un-
certainty on the environmental quenching efficiency was defined, in each bin of projected
distance, as the 68% width of the distribution of ¢, after 100,000 Monte-Carlo iterations
performed by randomly perturbing the values of the colour fractions within their error
bars. In Table 3.4 we summarise our mean environmental quenching efficiency in clus-
ters and substructures, estimated using the spectroscopic and spectrophotometric samples.

Our results are presented in Figures 3.11 — 3.13, and will be discussed in §3.5.
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Figure 3.11 Environmental quenching efficiency in clusters and substructures calculated
with equation 3.7 (Peng et al., 2010) as a function of projected distance from the cluster
centre normalised by r50,,. The solid brown and dashed yellow lines represent the €, in the
clusters for the spectroscopic (see §3.4.1) and spectrophotometric (see §3.4.4) samples,
respectively. The dotted indigo and dash-dotted magenta lines represent the €, in the
substructures for the spectroscopic and spectrophotometric samples, respectively. In the
outskirts of clusters (r > r,,) the €, of substructures becomes comparable to the €, of
clusters. Source: Olave-Rojas et al. (2018)
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Figure 3.12 Environmental quenching efficiency separated by mass in massive
(M, > 10'°3M,) and less massive galaxies (M, < 10'%°M,) in clusters and substructures
calculated with equation 3.7 (Peng et al., 2010) as a function of projected distance from
the cluster centre normalised by ry,. The solid orange and dashed gold lines represent
the ¢, in the clusters for massive and less massive galaxies, respectively. The green dotted
and dash-dotted lines represent the ¢, in substructures. Left panel: spectroscopic sam-
ple. Right panel: spectrophotometric sample. The environmental quenching efficiency is
higher in massive galaxies. Source: Olave-Rojas et al. (2018)

Table 3.4 Mean environmental quenching efficiency in clusters and substructures.

Environment Clusters Substructures
(%) (%)

All Galaxies Massive Galaxies Less Massive Galaxies All Galaxies Massive Galaxies Less Massive Galaxies
Tet/ 1200,
Spectroscopic Sample 31+22 47 +32 17+5 25+ 18 28 + 18 18+ 11
Spectrophotometric Sample 26+ 5 39 +26 24 + 12 28+ 17 59 +25 28 + 18
/1200
Spectroscopic Sample 70+ 7 73+ 11 55+7 35+11 55+ 19 21 +4
Spectrophotometric Sample 73+5 92+5 64 +29 405 54+8 38+4

3.5 Discussion

3.5.1 Substructure detections

The first difficulty to overcome in studies of pre-processing is the accurate detection of
substructures and infalling groups. This is due mainly to the limitations given by the
amount of data available, the dynamical state of the clusters and the methods used in the
search and characterisation of the substructures (e.g Cohn 2012, Tempel et al. 2017).

In order to find the substructures in MACS0416 and MACS1206 we used the DS-
test Dressler & Shectman (1988) along with clustering algorithms (K-means and DB-
SCAN; Lloyd 2006, Ester et al. 1996). As shown in §3.4.2 we found more substructures
in MACS0416 than in MASC1206. This result could be a consequence of the dynami-
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Figure 3.13 Environmental quenching efficiency as a function of distance from the over-
density centre in clusters and substructures calculated with equation 3.7 (Peng et al.,
2010) as a function of projected distance from the cluster centre or substructure cen-
tre normalised by ryy of the cluster or substructure, accordingly. The solid brown and
dashed yellow lines represent the ¢, in the clusters for the spectroscopic (see §3.4.1) and
spectrophotometric (see §3.4.4) samples, respectively. The dotted indigo and dash-dotted
magenta lines represent the ¢, in the substructures for the spectroscopic and spectrophoto-
metric samples, respectively. In the innermost regions (r < r,go) of the overdensity (either
cluster or substructure) clusters are more efficient than substructures in quenching star
formation. Source: Olave-Rojas et al. (2018)

cal state of the clusters. Cohn (2012) shows that the presence of galaxy substructures is
correlated with the dynamical state of a cluster. While MACS0416 is a merger between
two large structures (Balestra et al., 2016), MACS1206 is a relaxed cluster (Biviano et al.,
2013). However, according to Tempel et al. (2017) the ability to detect substructures
depends on the data available regardless of the method used. In our study, as shown
in §3.2.2, we have more spectroscopic data for MACS0416 than MACS1206 and this
could be the reason why we have more spectroscopic members in MACS0416 than in
MACS1206 (see 3.4.1), and thus more substructures in MACS0416 than MACS1206.
This idea is supported by a simple test that we have done in which we have randomly
selected the same number of spectroscopic members in MACS0416 and in MACS1206.
In this new sample for MACS0416 we only find 10 substructures. Futhermore, the fall of
spectroscopic completeness spectroscopic completeness at r > 2 X rpg (shown in §3.3.1)
may affect our ability of detecting substructures (Biviano et al. 2013, Balestra et al. 2016).

We note that the ~ 40% of our identified substructures are in the inner (r < ryg) re-
gions of the clusters, whereas the ~ 60% are in the outer (r > ryq) regions (see §3.4.2).

Our results are in agreement with observational and theoretical studies (e.g Jaffé et al.
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Figure 3.14 Environmental quenching efficiency as a function of distance from the over-
density centre separated by mass in massive (M,

> 10'%5M,) and less massive galaxies

(M, < 10" M) in clusters and substructures calculated with equation 3.7 (Peng et al.,
2010) as a function of projected distance from the cluster centre or substructure centre
normalised by ryy of the cluster or substructure, accordingly. The solid orange and gold
dashed lines represent the €, in the clusters for massive and less massive galaxies, respec-
tively. The solid orange and dashed gold lines represent the ¢, in the substructures for
massive and less massive galaxies, respectively. Left panel: spectroscopic sample. Right
panel: spectrophotometric sample. The environmental quenching efficiency is higher in
massive galaxies. Source: Olave-Rojas et al. (2018)

2016, Vijayaraghavan & Ricker 2013, respectively) in which it is shown that most of the
identifiable substructures are located in the outermost regions of galaxy clusters (at r > ryq).
In addition, Vijayaraghavan & Ricker (2013) suggest that when a group falls into a cluster
and is at a distance of ~ 2 X ryo from the cluster centre, the group is stretched out along
the direction of infall, due to the effect of the cluster gravitational potential on the group.
In our case, using visual inspection (see §3.4.2), we found that substructures in the outer
regions of the clusters, especially in MACS0416, even at 2 X ry(, tend to be less elon-
gated than substructures in the inner regions of the clusters. Interestingly, we notice that
the inner (r < ryg0) elongated substructures found in MACS0416 are elongated along the
NE-SW direction, the same in which this cluster is elongated (Balestra et al., 2016). This
supports the notion that the inner substructures are more susceptible to the gravitational

effects of the overall cluster potential.



3.5. Discussion 58

3.5.2 Colour fractions in substructures and galaxy clusters

Figure 3.3 shows that galaxies in substructures show the same bimodality in colours ob-
served in the entire clusters. We note the absence of very bright red and blue galaxies in
substructures. This could be a consequence of the selection criteria for the spectroscopic
targets since the spectroscopic target selection was mostly done in a colour-colour space.

The well established morphology-density relation (Dressler 1980, Postman et al. 2005)
can be translated to a morphology-clustercentric radius relation (e.g Whitmore et al. 1993,
Goto et al. 2003). That is, early-type galaxies are more frequent in the cluster core while
late-type galaxies are more frequent in the outer regions of clusters. Moreover, the mor-
phology of galaxies is related with other physical properties such as their stellar masses,
colours and star-formation rates. In this sense, the morphology of galaxies can also be
inferred from their colours, for example: early-type galaxies tend to be red, whereas late-
type galaxies tend to be blue. In this context, the relation between the morphology of
galaxies and the environment can be explained by a colour-environment relation (Blanton
et al. 2005, Skibba et al. 2009, Griitzbauch et al. 2011b).

In the case of MACS0416 and MACS1206, the spectroscopic colour fractions as a
function of projected distance from the cluster centre obtained in §3.4.6 (see left panel of
Figure 3.5) show that galaxies in clusters and substructures follow a colour-clustercentric
radius relation. Galaxies within ry_,, independent of whether they are part of a cluster or
substructure, tend to be redder than galaxies beyond ryy,. This suggests that this result
is likely a consequence of the effect of the cluster environment over the properties of
galaxies traced by their colours (e.g Miller 1986, Byrd & Valtonen 1990, Boselli et al.
2014). Moreover, studying the colour fraction of galaxies as a function of the distance
from the cluster or substructure centre (see right panel of Figure 3.5), we note that the
total colour-clustercentric radius relation in substructures follows similar trends observed
in the main clusters. According to this, substructures may be considered as down-scaled
versions of clusters in which galaxy properties, traced by their colours, have been sculpted
by the gravitational potential and physical processes within the substructures (e.g. ram-
pressure stripping and galaxy-galaxy interactions), which can stop star-formation and turn
galaxies red.

Figure 3.6 shows the spectroscopic colour fractions as a function of projected distance
by separating galaxies in all environments according to their stellar masses in massive

(M, > 10'%°M,) and less massive (M, < 10'"M,). We note that fraction of green
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galaxies is constant in all environments, independent of the stellar mass of the galaxies
and that massive galaxies tend to be red independent of the environment in which they
are located. Besides, the fraction of red galaxies (f,) in clusters and substructures at
r < 1.5 X 0, s higher than the f, in the field, independent of the stellar mass. This result
1s in agreement with the result presented in the left panel of Figure 3.5, in which the cluster
environment models galaxy properties traced by their colours at least within 1.5 X ryq,,.
Beyond 1.5 X ryg0, f; in all environments become comparable. The f, of massive galaxies
in substructures is slightly higher than in the clusters. Moreover, right panel of Figure 3.6
shows that the f, in dense environments tend to be higher than the fraction of red galaxies
in the field. This suggest that denser environments are more effective in producing red
galaxies independent of the stellar masses of the galaxies. Figure 3.9 shows that the
results for the spectroscopic sample are reproduced by the spectrophotometric sample.

To test the colour fractions estimated using the spectroscopic sample and motivated
by the low spectroscopic completeness beyond r > 1.5 X ryp, we increased the statis-
tics in the sample by adding to the spectroscopic sample z-phot selected galaxies at all
radii from the cluster centres (see §3.4.4). For substructures, following George et al.
(2011), we added z,;,; selected galaxies only within r,o from the substructure centres
(see §3.4.4). Figure 3.8 (left panel) shows that the colour fractions as a function of the
projected distance from the cluster centre obtained with the spectrophotometric sample re-
produce those of the spectroscopic sample. Figure 3.8 (right panel) shows that the results
for the spectroscopic sample are reproduced by the spectrophotometric sample.

In the spectroscopic and background-corrected colour fractions as a function of dis-
tance (see Figures 3.5 and 3.8) we see that the fraction of blue galaxies is larger in sub-
structures than in the cluster, at all distances. Substructures host, on average, less dense
environments than the entire cluster, thus allowing for a higher star formation activity (e.g.
Dressler 1980, van der Wel et al. 2007). Interestingly, as noted in Perez et al. 2011, Jaffé
et al. 2016, galaxy-galaxy interactions, especially those involving gas-rich galaxies, can
induce bursts of star formation. This may also contribute to the enhanced blue fraction
in substructures. The fraction of red galaxies in clusters and substructures is higher for
massive galaxies than for less massive galaxies. This suggests that at such stellar masses
internal processes play a significant role in quenching star formation.

The uncertainties in the colour fractions, in the spectroscopic sample, as a function of

projected distance from the centre of the overdensity (either cluster or substructure) are
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of the order of ~ 10%. We note here that our cluster sample does not include substructure
members; the results of this Chapter, however, do not change if we consider substructure
members in the cluster sample.

With only 3 photometric bands available for MACS0416, it is not possible to obtain
reliable stellar masses through SED fitting. For this reason we decided to estimate the
stellar mass of galaxies using the empirical approach proposed by Bell et al. (2003) (see
§3.4.5). Since the two clusters are almost at the same redshift, we used the R-band ap-
parent magnitude as a proxy for galaxy luminosity. The colour fractions as a function
of R-band luminosity and stellar mass are shown in Figures 3.7 and 3.10 for the spectro-
scopic and “spectrophotometric” samples, respectively. We see that the colour fractions
follow the same trends with luminosity or stellar masses regardless of the galaxies being
in the cluster or the substructures.

These results support the notion that internal physical mechanisms, related to galaxy
stellar mass, act independently from the environment in quenching star formation in
galaxies. Interestingly, when considering the spectrophotometric sample, the red frac-
tion is higher in substructures than in the clusters. Although still consistent within the
errors, this result seems to be at odd with what we see in the spectroscopic sample, where
the red fraction in substructures is slightly lower than in the clusters. We argue that this
could be a consequence of the small statistics in the spectroscopic sample as we go to-
wards the cluster outskirts, which results in the loss of substructure members. As a result,
the substructure red fraction in the spectroscopic sample may be slightly underestimated.
If the effect that we see in the spectrophotometric sample is real, then this suggests that
the environment of substructures favours the quenching of star formation and thus pre-

processing is significant in the overall quenching of star formation in clusters of galaxies.

3.5.3 Evidence for pre-processing from the colour fractions in sub-

structures

An easy way to detect the existence of pre-processing in galaxy clusters consists in com-
paring the fractions of quiescent or star-forming galaxies in cluster outskirts and in the
field. For example, Wetzel et al. (2013) find that galaxies in groups or satellite groups
have lower SFR than in the field. Hou et al. (2014) find that the fraction of quiescent

galaxies in the outer (2 — 3Xryg0) substructures of galaxy clusters is higher than in the
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field. Similarly, Haines et al. (2015) show that the fraction of star-forming galaxies in
clusters is lower than in the field out to 3Xryyy from the cluster centre. All these results
point towards the existence of pre-processing.

In this work we compare the fractions of blue and red galaxies in the clusters with
the fractions of star-forming and quiescent galaxies in the COSMOS/UltraVISTA field.
As discussed in Section 3.4.4, we selected quiescent ans star-forming galaxies in the field
with the UV J diagram. This selection cannot be done in the two clusters analysed in this
work as the available photometry does not cover the rest-frame J band at the redshifts
of the clusters. We therefore compare the fractions of blue and red galaxies in clusters
and substructures with the fractions of quiescent and star-forming galaxies in the field.
This comparison can be done as the fractions of blue and red galaxies in clusters and
substructures are corrected for contamination of dusty star-forming galaxies as discussed
in Section §3.4.6.

Figure 3.5 shows that in the spectroscopic sample the fractions of red galaxies re-
main higher than the field in the cluster and substructures out to 2Xr,g,, from the cluster
centres and 1Xr,y from the overdensity centre. At larger distances from the cluster cen-
tre (r > 2 X ra,,) the fraction of quiescent galaxies in the field becomes slightly higher
than in substructures. We remind here that the spectroscopic completeness of the sam-
ple is a decreasing function of cluster-centric radius (Figure 3.1), implying that results at
projected distances greater than 2Xxr,o) may be affected by sample incompleteness even
after weighting the observed colour fractions. However, considering the uncertainties on
colour fractions, the fraction of red galaxies in substructures is at least comparable to that
in the field out to 2.5Xryy, from the cluster centre. Figure 3.8 shows, indeed, that when
considering also z,;,-selected members the fraction of red galaxies in substructures is
higher or at least comparable to that in the field out to 2.5Xr;g, from the cluster centre.
In the case of colour fractions as a function of projected distance from the centre of an
overdensity, the right panel of Figures 3.5 and 3.8 show that the fraction of red galaxies
in substructures is higher than that in the field.

We conclude from this that the trends of the colour fractions with projected distance
for cluster and substructure galaxies agree with the existence of pre-processing in galaxy
clusters.

Bianconi et al. (2018) studied the star formation in infalling substructures for a sam-

ple of clusters at 0.15 < z < 0.3 selected from the Local Cluster Substructure Survey
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(LoCuSS, Smith et al. 2010). They find that the fraction of star-forming galaxies in the
substructures is always lower than in the clusters, interpreting this as evidence of pre-
processing. Although this result appears in disagreement with our Figures 3.5 and 3.8, we
can reconcile our findings with those of Bianconi et al. (2018) by noting that those authors
identified substructures using the X-ray luminosity distributions of the clusters. Such a
method privileges the selection of the most massive and dense substructures, where the
environmental quenching effects are stronger. We also point out that the clusters in Bian-
coni et al. (2018) are at lower redshifts than ours and thus their substructures are likely
to host larger fractions of passive galaxies (see e.g. Li et al. 2009). Finally, these authors
restricted themselves only to massive galaxies (M, > 2 x 10'°M,), which may be more
affected by internal quenching processes (see e.g. Muzzin et al. 2012, Gavazzi et al. 2015,
also Figures 3.7 and 3.10 in this Chapter). Our results (see Figures 3.6 and 3.9) show that,
considering the uncertainties, the fraction of red massive (M, > 10'%°M,) galaxies in
substructures is higher or at least comparable to the fraction of red massive galaxies in
the clusters as a function of projected distance from the cluster centre. This result is in
agreement with Bianconi et al. (2018). These results are in agreement with some authors
(e.g Griitzbauch et al. 2011a) that find that the effects of stellar mass and environments
in producing red galaxies are not independent and that massive galaxies are preferentially
located in denser environments.

Figure 3.11 shows that the environmental quenching efficiency in substructures is
lower than in the main cluster and begins to be comparable to the main cluster at 7 > 1Xry,, .
Figure 3.13 shows that the environmental quenching efficiency in clusters is always higher
than in the substructures. In particular, we note that while €, increases towards the cluster
centre, it remains approximately constant with the distance from the centre of the sub-
structures. Despite these differences in the spatial distribution of the quenching efficiency,
we find that on average €, has similar values in the main cluster and in the substructures
(see Table 3.4). All these results can be explained by the fact that environmental quench-
ing processes are stronger in cluster cores than in substructures. Interestingly, we note
that the €, of massive galaxies (M, > 10'%°M,) in substructures is higher than €, of the
massive galaxies in the cluster (see right panel of Figure 3.12). Our results could be ex-
plain by the fact that in lower-mass environments such as galaxy groups or substructures
is more likely to produce red massive galaxies by galaxy mergers than in clusters Mihos

(2003). This fact could be indicating that internal and external mechanisms act together
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in producing red galaxies in substructures.

We note in Figure 3.14 that the values of €, for massive and less massive galaxies in the
inner regions (< ryg0) of clusters and substructures are consistent between them. However,
€, appears larger for massive galaxies in both the cluster and substructure samples. We
need a larger sample to test such a result, which will be addressed in a forthcoming paper.

Kawinwanichakij et al. (2017), using galaxies at 0.5 < z < 2.0 from the FourStar
Galaxy Evolution Survey (ZFOURGE Straatman et al. 2016), found that in the mass range
of 8.8 < log(M/Ms) < 10.0 the environmental quenching efficiency is ~ 30% at z < 1.
These authors suggest that, at z < 1, environmental quenching plays a key role in sup-
pressing the star-formation in low mass galaxies. In our case, using only the spectroscopic
sample, we estimate a mean quenching efficiency of €, = (31 £ 22)% and €, = (25 £ 18)%
for clusters and substructures, respectively (see Table 3.4). When we use the spectropho-
tometric sample we obtain a mean quenching efficiency of €, = (26 + 16)% for clusters,
and a €, = (28 £ 17)% for substructures (see Table 3.4). Our values are close to those ob-
tained by Kawinwanichakij et al. (2017). Besides, we note that for less massive galaxies
(M, < 10'%3M,) in substructures we found a mean environmental quenching efficiency
of the order of (18 £ 11)% and (25 + 18)% for the spectroscopic and spectrophotometric
samples, respectively. Our mean values are slightly lower than the value found by Kaw-
inwanichakij et al. (2017). However, in the case of massive galaxies (M, > 10'%°M_) we
found a mean environmental quenching efficiency in substructures of €, = (59 + 25)% for
the spectrophotometric sample, this value is higher than the environmental quenching ef-
ficiency of massive galaxies in the cluster (see Table 3.4). This suggest that in our studied
clusters the environmental quenching plays a role in producing red galaxies in all stellar

mass ranges.

3.6 Summary and Conclusions

We have studied the effect of the local environment on the colour of galaxies in two
clusters at z ~ 0.4 drawn from the CLASH-VLT survey (Rosati et al., 2014). In these
clusters, we have identified several substructures using a combination of statistical meth-
ods (DS-test) and clustering algorithms (DBSCAN). Most of the identified substructures
are located in the cluster outskirts (r > (), in agreement with literature results.

We have investigated the spectroscopic and background-corrected colour fraction as a
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function of projected distance from the cluster centre for galaxies in cluster and substruc-
tures, and as a function of projected distance from the centre of the overdensity (either
cluster or substructure) for clusters and substructures, accordingly. We found that the
colour-clustercentric radius relation is well established both in clusters and substructures.
In addition we found that the colour-clustercentric radius relation in the clusters can be
reproduced by the colour-clustercentric radius relation in substructures. This suggests
that substructures may be considered as down-scaled versions of clusters, in which the
internal physical properties of the substructures sculpt galaxy properties such as colours,
SFR and morphologies.

We find that the fraction of blue galaxies in both clusters and substructures is lower
than the fraction of star-forming galaxies in the field. The fractions of red and blue galax-
ies in substructures are intermediate between that of the main cluster and the fractions
of quiescent and star-forming galaxies in the field. This result supports the notion of the
existence of pre-processing in galaxy clusters.

The environmental quenching efficiency in the centres of substructures is lower than
in the centres of clusters and becomes comparable to that of the clusters when the distance
from the centre of the overdensity increases. We also find that the environmental quench-
ing efficiency of external substructures (r > ryo from the cluster centres) is comparable
to that of the main cluster. The average environmental quenching efficiencies of cluster
and substructures are similar.

We find that massive galaxies (M, > 10'%°M,) tend to be redder than less massive
galaxies (M, < 10'%3M,) in all environments. However the environmental quenching
efficiency of massive galaxies in substructures is higher than the environmental quenching
efficiency of galaxies in clusters. This fact suggests that stellar mass and environment play
a combined role in producing red galaxies in substructures.

The analysis of MACS0416 and MACS1206 shows that the study of substructures
in clusters is fundamental to understand the evolution of galaxies in dense environments.
Clusters assembled a significant part of their mass through the accretion of smaller groups,
and the properties of galaxies in clusters bear the imprint of this assembly history as we
show in this Chapter. The analysis developed in this work will be extended to the entire
CLASH-VLT sample; this work is already ongoing and will allow us to study galaxy

pre-processing with high statistical significance in a large sample of clusters.



Revealing the effects of galaxy interaction

in the main galaxies of the southern group
Arp 314

The content of this chapter has been sent for publication in Monthly Notices of the Royal
Astronomical Society to be published as: “Revealing the effects of galaxy interaction in
the main galaxies of the southern group Arp 314” by Torres-Flores S., Amram P., Olave-
Rojas D., Muifioz-Elgueta N., Mendes de Oliveira C., de Mello D. E., Urrutia-Viscarra
F.

Abstract

We present new Gemini imaging and spectroscopic data of the poorly studied system
Arp 314, which consists of a triplet of interacting galaxies. This new imagery exhibiting
tidal tails, stellar bridges and shells between the galaxies members and confirms the past
interactions. Using this data set, we have analyzed the physical properties of 22 star-
forming regions located in the main disk of these galaxies, as well as in the intergalactic
medium. All these regions have emission lines typical of young ages and a couple of
them display very high Ha luminosities (Ly, ~ 10* erg s™!). Using the star-forming re-
gions located in Arp 314-1, we derive its gas phase oxygen abundance distribution, which
suggests a flatter behavior than the distribution shown by non-interacting systems. This
is in agreement with results obtained for other interacting systems and simulations. The
presence of gas flows, as indicated by it complex kinematics, could explain this finding.

The nuclear region of this galaxy can be classified as a transition object. Most of the
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star formation in Arp 314-2 is located in a central starburst, where double Ha profiles
can be identified, as shown by archival Fabry-Perot data. Additionally, we found that the
irregular galaxy Arp 314-3 has a low oxygen abundance. Considering its luminosity, this
object has a primordial origin, and it was not formed during the interaction event that this

system has experienced.

4.1 Introduction

Small groups of interacting galaxies are prime environments at z~0 to study galaxy evolu-
tion, mainly due to their low velocity dispersions (c~200 km s~!) and low galaxy-galaxy
separation (typically of the same order of the galaxy diameter), which facilitates interac-
tion and merging of the galaxy members. Given the strong gravitational encounters that
may take place in these small interacting groups (triplets, compact groups and multiplets
in general), one can expect substantial galaxy transformation to happen. For example,
compact group galaxies are found to often display morphological and kinematic pertur-
bations, depending on the evolutionary stage of the group (e.g. Mendes de Oliveira &
Hickson, 1994; Verdes-Montenegro et al., 2001; Amram et al., 2003). Galaxy interac-
tions in small groups are thought to trigger star formation and/or nuclear activity, gas
flows, metal mixing and formation of new objects (e.g. Ellison et al. 2008, Ellison et al.
2010, Scudder et al. 2012). In an attempt to find a large sample of groups with star-
forming galaxies, Herndndez-Fernandez & Mendes de Oliveira (2015) have conducted a
systematic search of new star-forming compact group of galaxies. A small fraction of
them were found within clusters. Indeed, galaxy groups can also play an important role in
the pre-processing of galaxies, i.e., galaxies should quench their star-formation in groups
prior to the infall into the cluster environment (e.g. Zabludoft & Mulchaey, 1998; Fujita,
2004).

Detailed studies of individual galaxies in small galaxy groups can deliver important
information regarding the influence of the environment on their physical properties (star
formation, nuclear activity, metallicity, etc). A natural way to study their properties is
to analyze spectroscopic data for different regions located across the interacting systems.
This analysis can be performed by using multi object capabilities, given the commonly
large spatially extent of interacting galaxies, which often have long tails. Kinematic data

are extremely useful to search for gas inflows and outflows (e.g. Arribas et al., 2014;
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Rupke et al., 2005), which can be associated with nuclear activity and metal mixing.
In this sense, the study of the physical and kinematic properties of interacting galaxies is
another powerful tool to understand these systems and to determine how important the en-
vironment is for galaxy evolution. These points motivated us to use optical spectroscopic
and kinematic data to perform a complete study of the galaxy members of the strongly
interacting group Arp 314, which is dominated by three late-type galaxies located at small
projected distances from one another.

The system Arp 314, at a distance of 51.1 Mpc (Mould et al., 2000, Hy=73.0 km sec”!
Mpc™!) was classified the first time by Arp (1966) and it consists of two late-type spiral
galaxies (Arp 314-1 and Arp 314-2) and one irregular galaxy (Arp 314-3). The median
galaxy separation of this triplet is ~23 kpc (considering a scale of 14.85 kpc arcmin™!,
NED database). Sloan Digital Sky Survey (SDSS) images of this system show an extended
tidal tail which starts from member Arp 314-2. The neutral gas distribution and content
of this system was studied by Nordgren et al. (1997), who found a large Hi cloud that
covers all members. Torres-Flores et al. (2014a) studied the kinematics of the three main
galaxies of Arp 314, by using Ha Fabry-Perot data cubes. These authors found perturbed
velocity fields for members Arp 314-1 and Arp 314-2, which translated into perturbed
rotation curves. Although the dwarf galaxy Arp 314-3 is also perturbed, it displays a
clear velocity gradient. Arp 314 is, therefore, an ideal target to investigate environmental
effects in galaxies.

This Chapter is organized as follows. In Sections 4.2 and 4.3 we present the data and
data analysis. In Section 4.4 we present the results. In Section 4.5 we discuss our results

and in Section 4.6 we summarize our results.

4.2 Data

4.2.1 Imaging and spectroscopy

We have obtained u’, g’ and r’-band imaging and multi slit spectroscopic data of Arp 314
by using the Gemini MultiObject Spectrograph (GMOS, Hook et al. 2004) at the Gemini
South Observatory, under the programme GS-2013B-Q-27 (PI: S. T-F).

We observed five, four and three exposures of 300 seconds each in the filters u’, g’ and

r’, respectively. This allowed the derivation of a false colour image of the main galaxies
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Figure 4.1 r’-band image of Arp 314. Top panel: r’-band high contrast image of Arp 314.
Tidal structures and shells can be identified on this image. Overplotted, u’, g’ and r’-band
Gemini/GMOS false colour images of Arp 314-1 and Arp 314-2 are shown, in order to
highlighting the star-forming regions. Bottom panels (left to right): Arp 314-1, Arp 314-2
and Arp 314-3 r’-band images. Regions with spectroscopic data are labeled (see Table
4.1 for coordinates). Source: Torres-Flores et al. (2019)
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Table 4.1 Positions, radial velocities and internal extinc-
tions for sources in Arp 314

ID R.A. Dec. E(B-V) Velocity
J2000) (J2000) mag km s~}
(1) 2 3) 4 (5)

1 22:58:06.898 -3:49:07.46  0.00 3926+95
3 22:58:07.594 -3:48:46.31  0.15  3835+186
20 22:58:05.926 -3:48:32.65  0.00  3649+185
21 22:58:05.798 -3:48:17.89  0.31 3686+42
22 22:58:07.325 -3:48:37.35  0.06 3845+29

23 22:58:06.499 -3:48:19.81  0.63 3788
24 22:58:07.423 -3:48:28.55  0.08  3785+219
26 22:58:07.030 -3:48:20.90  0.18 3798
33 22:58:01.630 -3:46:22.69  0.22 3699
34 22:58:02.280 -3:46:23.29  0.63 3767
38 22:58:01.411 -3:46:08.63  0.32 3645+25
42 22:58:02.261 -3:46:09.57 3685+69

43 22:58:04.162 -3:46:36.80  0.00  3664+124
44 22:58:03.043 -3:46:19.21  0.04  3579+192
46 22:58:01.618 -3:45:57.13  0.05 378772
47  22:58:02.794 -3:46:11.97  0.19 3606+71
48  22:58:02.597 -3:45:55.13  0.12 3518+73
56 22:58:01.546 -3:45:53.28  0.09  3735+321
58  22:58:01.608 -3:45:41.10  0.09 3721+58
28_1 22:58:07.147 -3:47:12.27  0.14 3525+46
28_2 22:58:07.874 -3:47:18.62  0.22 3541
28_4 22:58:07.968 -3:47:19.67  0.12 3561

of this system, as shown in the top panel of Figure 4.1. On this image its is possible
to observe the faint stellar structures visible in the intergalactic medium of this system,
which mainly corresponds to tidal tails and shells.

In order to design the GMOS spectroscopic mask, we used the false colour image
shown in Figure 4.1 to select the bluest star-forming regions located across the field,
mainly in the disk and tidal structures of our targets. We note that this selection criteria
has been defined based on our goal of detecting young objects in general and emission line
sources in particular. We observe four exposures of 1370 seconds each, using the grating
R400. Observations were centered at 605 nm, 595 nm, 605 nm and 600 nm, with a slit
width of 1.0 arcsec (given that most of our sources are point-like objects). The different
central wavelengths were used to remove the gaps in the CCDs. The heights of the slits
were changed depending on the source size, and also maximizing the number of objects
in the mask design. The position angle of the observations was 135° for Arp 314. In Table
4.1 we list the coordinates of the slits located in the system Arp 314.

The use of the grating R400 allowed us to observe the main nebular emission lines
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necessary to determine the oxygen abundances of these sources (e.g. Marino et al., 2013).
The spectral coverage included Hp, [Omi] 4959A, [Om] 5007A, [Nu] 6548 A, Ha, [N11]
6584A emission lines for all observed sources. Depending on the position of the mask,
for some regions it was also possible to observe Hy in the spectrum. CuAr arc lamps
were observed after each science observation. Data reduction was performed using the
GeMINI reduction package, in IRAF. Having in hand a suitable set of bias and flat fields,
each frame was then corrected using the IRAF tasks GBIAS, GFLAT and GSREDUCE. Wavelength
calibrations were done using the GSWAVELENGHT task. Continuum and sky emission lines
were removed with the GgsskysuB task. Finally, flux calibration was done by using the

observations of the standard star LTT3218.

4.2.2 Fabry-Perot data

Gas flows have often been invoked as a mechanism to produce flattening of the metallic-
ity gradients as a result of mixing of the metal distribution of interacting galaxies (e.g.
Rupke et al. 2010a). In Section 4.4.7 we use Ha Fabry-Perot data of Arp 314 to search
for gas flows in this system. The goal is to then combine these results with those from
the observed oxygen abundance analysis (derived in section 4.4.6) to investigate if there
is a correspondence between gas flow and flat metallicity gradient for this specific sys-
tem. Fabry-Perot data of Arp 314 covering the three members of Arp 314 with a spectral
resolution of R=12600 was published in Torres-Flores et al. (2014a).

4.2.3 Complementary data

In order to complement the analysis presented in this Chapter, we have searched for
medium infrared data of the main galaxies of Arp 314. We searched for data in the Wide-
Field Infrared Survey Explorer, WISE (Wright et al. 2010) archive and in Table 4.2 we
list the different magnitudes for each galaxy. The values listed in Table 4.2 correspond to
the wxgmag value listed in the all-sky release source catalogue and these fluxes have been
measured in elliptical apertures considering previous 2MASS detections. In the case of
the wxgmag values, the x corresponds to the different filters available in WISE (W1, W2,
W3 and W4). We note that we do not find WISE magnitudes for Arp 314-3. In addition,
we have searched for ultraviolet (UV) GALEX data for Arp 314. The UV/GALEX data can

trace star formation up to 200 Myrs, in comparison with the optical nebular emission as-
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Table 4.2 WISE information for galaxies in Arp 314

ID 3.4um 4.6um 12um 22pum
mag mag mag mag
@ @) (©)) “ ®

Arp314-1  1027+0.01  10.07=0.01  5.09+0.01  3.37+0.01
Arp314-2 10752001  10.58+0.01  6.96£0.01  4.23+0.03
Arp 314-3 - - - -

sociated with He, which traces current star formation. Arp 314 has been observed by this
satellite and the general properties of its galaxies have been published by Mufioz-Mateos
et al. (2007) and Gil de Paz et al. (2007).

4.3 Analysis

In this section we describe the analysis that we have performed on the Gemini/GMOS
spectroscopic and ESO/T3.60m Fabry-Perot data of Arp 314.

4.3.1 Extinctions and flux measurements

Each spectrum of star-forming region has been corrected by Galactic and internal ex-
tinctions. We have used the Galactic extinction law suggested by Fitzpatrick (1999),
assuming a colour excess of E(B-V)=0.06 (NED database). The internal extinction has
been derived by comparing the observed and intrinsic Balmer line ratios between Ha
and HB. The observed fluxes of the Ha and HB emission lines were estimated with the
routine PAN, in IpL, Which allows us to fit a single Gaussian on each observed emission
line profile. For the intrinsic Balmer decrement we assume a value of Ha/Hf=2.86, for
a electronic temperature of T=10,000 K and a electron density of N,=100 cm™ (Oster-
brock, 1989). This analysis allows us to obtain a gaseous colour excess E(B-V) following
Dominguez et al. (2013), which was converted into the colour excess of the stellar con-
tinuum (E, (B-V)=0.44xE(B-V), Calzetti et al. 2000). This colour excess (E,(B-V)) was
used to correct each spectrum by internal extinction, by using Calzetti et al. (2000)’s
extinction law, which was adopted taking into account the star-forming nature of our
sources. As an example of the spectroscopic information, in the top and bottom panels of
Figure 4.2 we show the GMOS optical spectra of two regions belonging to Arp 314-2 and
Arp 314-3. On these panels we have labeled the most important emission lines that were

identified in these spectra. Moreover, most of the faint emission lines were not identified
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Figure 4.2 Spectra of two star-forming regions in Arp 314. Top panel: Spectrum of region
#28_1, which corresponds to the brightest Ha source in Arp 314-2. We do not show the
entire flux axis, in order to display faint emission features. Bottom panel: Spectrum of
the most intense star-forming region detected in Arp 314-3. The position of the main
emission lines are labeled. Source: Torres-Flores et al. (2019)

in all the spectra available for Arp 314, as can be seen in the bottom panel of this Figure.
For these reasons, our analysis will be based on the strongest emission lines (i. e. Hg,
[Omr] 4959A, [Om] 5007A, [Nu] 6548 A, Ha and [Nu] 6584A).

In the case of the slits located in the center of Arp 314-1, the strong stellar continuum
emission, which displays absorption features, can affect the measurement of the emission
line fluxes. In order to remove the contribution of the stellar continuum we have used
the Penalized Pixel-Fitting (pPXF) method (Cappellari & Emsellem 2004) enabling us to
estimate the stellar continuum emission. In order to do this, we have used the MILES

stellar library (Sanchez-Blazquez et al. 2006), assuming a Salpeter IMF, ten ages ranging
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Figure 4.3 Observed spectrum of Arp 314-1 (black line). The stellar continuum derived
from the pPXF analysis (blue line) is displaced by +0.1 in the y-axis to make it visible.
The continuum-free spectrum is also displayed (red line) and the main emission lines are
labeled. Source: Torres-Flores et al. (2019)

from 0.063 to 17.78 Gyr and six metallicities ranging from -1.71 to 0.22. Once the model
was derived, we subtracted it from the observed data, in order to obtain a continuum free
spectrum, which was used to measure the line fluxes. The results of this procedure are
shown in Figure 4.3.

Emission line fluxes were measured on the extinction corrected spectra by using the
routine spLOT from IRAF. This routine allow us to fit a single Gaussian on each of the main
nebular emission lines observed in the GMOS data, and also provides uncertainties for
the fluxes measurements, which are computed by Monte-Carlo simulation. At the end,
we measure the fluxes for the HB, [Om] 4959A, [Om] 5007A, [Ni] 6548 A, Ha and [N
6584A emission lines. These lines are typically used to derive oxygen abundances by
using strong emission-line method, like the N2 (Storchi-Bergmann et al. 1994, Denicol6
et al. 2002, Pettini & Pagel 2004) or the O3N2 (Stasiiska, 2006) method. We did not
detect the faint [OIII] 4363 A emission line, which is usually used to determine oxygen
abundances through the direct method, thus we use strong emission-line methods to derive

gas-phase oxygen abundances as described below.
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In order to confirm that the observed star-forming regions belong to the interacting
systems, we have measured their radial velocities by using the task Emsao, in 1RAF. This
routine correlates the observed spectra with a template which contains information for
several emission lines. In the case of six regions (ID #23, #26, #33, #34, #28_2, and
#28_4) the task Emsao was not able to determine their radial velocities automatically. In
these specific cases the radial velocity was estimated by using the observed wavelength

of the Ha emission line. The task Emsao does not provide uncertainties in those cases.

4.3.2 Star formation rates and stellar masses

Studies have found that interacting galaxies may provide an enhancement in their star
formation rates (e.g. Scudder et al., 2012). The effect of tidal encounters and mergers can
trigger star formation bursts, as found in individual systems like the Antennae galaxies
(e.g. Bastian et al., 2009). In order to quantify the effect of the interaction in the galaxies
belonging to Arp 314, we have estimated the star formation rates (SFR) for individual
regions and for the galaxies as a whole. Using the Ha flux measured for each individual
star-forming object, we have determined its SFR by using the standard recipe given in
Kennicutt (1998) (SFR=7.9x10~* L(Ha) erg s~!), under the assumption of a continuous
star formation process.

SFRs for Arp 314-2 and Arp 314-3 have been computed using three different meth-
ods. Firstly, from their Ha fluxes (Fabry-Perot) by using the recipe proposed by Kennicutt
(1998). It is important to note that the Ha fluxes published by Torres-Flores et al. (2014a)
were not corrected by internal extinction, given that these measurements come from the
Ha (Fabry-Perot) emission line and no bluer emission lines, like HB, were available. Sec-
ondly, using the WISE data and the calibrations derived for Wen et al. (2014) and Cluver
etal. (2014). WISE magnitudes were converted into spectral luminosities vL, considering
the corresponding distances. Details about conversion between WISE luminosities (e.g.
in-band and spectral luminosities) can be found in Jarrett et al. (2013) and Cluver et al.
(2014). Thirdly, SFRs were also estimated by using their GALEX far ultraviolet (FUV)
magnitudes published by Gil de Paz et al. (2007) and Mufioz-Mateos et al. (2007). Mag-
nitudes were corrected by internal extinctions (Aryy) and converted in SFRs by using the
Apryy values and calibrations given in Mufioz-Mateos et al. (2007), and considering the
distance to each galaxy.

In addition, a number of authors have found that a combination of Ha and mid-infrared
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luminosities (MIR) can provide a good estimation of the total star formation in a galaxy
(e. g. Calzetti et al. 2007, Smith et al. 2007). In this sense, the infrared data provide
information of obscured star formation and the optical Ha emission gives direct informa-
tion of the current star formation. Wen et al. (2014) provide new calibrations to estimate
the total star formation rates, by using He and MIR WISE emission. Then, we have used
equation 17 in Wen et al. (2014) to compute the total SFR for Arp 314-2, where the Ha
emission comes from the Fabry-Perot data (Torres-Flores et al., 2014a). This estimation
is nevertheless not valid for Arp 314-1, given its AGN nature (as shown in section 4.4.4),
and is not feasible for Arp 314-3, because no WISE magnitudes are available.

Stellar masses for galaxies can be estimated by using their near infrared luminosities,
given that these wavelengths are less affected by extinction and they trace the bulk of the
stellar emission. The main uncertainty in this case is the assumption of a mass-to-light
ratio. Several authors have derived calibrations to estimate this parameter (e.g. Bell & de
Jong, 2001; Bell et al., 2003). Given the current available data, we have used the WISE
W1 fluxes (3.4um) to estimate the stellar masses of our targets. In order to derive the
masses, we have used the calibration proposed by Cluver et al. (2014) (equation 1), which

involves the use of the colour (W1-W2) and the W1 luminosity.

4.3.3 Gas-phase oxygen abundances

The determination of chemical abundances through the direct method will depend on the
detection of auroral emission lines (e.g. [Om] 43631), which typically have low inten-
sities. In addition, these lines are typically found in low metallicity environments. For
all sources observed in Arp 314, except for ID#28_1, it was not possible to measure the
[Om] 43634 line (we detect a weak contribution of the [Omi] 43631 emission line in the
region ID#28_1, see top panel of Figure 4.2). For this reason, oxygen abundances were
estimated by strong line methods. In the literature there exists several empirical methods
to determine chemical abundances. For instance, the N2 calibrator (Storchi-Bergmann
et al. 1994, Denicolo et al. 2002) involves the use of the Ha and the [N1r] 65841 emission
lines, and therefore it does not depend strongly in the reddening correction. However, no
oxygen lines are used in the determination of chemical abundances. On the other hand,
the O3N2 method (see Pettini & Pagel 2004) involves the [Om] 50071 emission line, be-
sides the HB, Ha and [N] 65844 lines. Marino et al. (2013) recommended this method

in the high-metallicity regime. Those authors have also included new direct abundance
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measurements in the calibration that makes the estimation more relevant and suggest the
use of this calibrator for regions that display an O3N2 value ranging from -1.1 to 1.7.
Given that the spectra of our targets cover the whole optical regime, from blue to red,
we have used the O3N2 method and thus the prescription given by Marino et al. (2013)
to determine oxygen abundances. It is worth noting that the empirical calibration meth-
ods display large uncertainties (~0.2 dex), which are associated with the proper scatter of
the calibrator. Also, the use of different methods can give us different estimates for the
oxygen abundances. However, when a single calibrator is used for a given sample, we
can have a reliable determination of the metallicity distribution (see Scarano et al. 2011,
Bresolin et al. 2012). This is important for this kind of studies, where metallicity distri-
butions are studied. In this context, our final measurements include the uncertainties of
0.2 dex derived from the scatter of the calibrators, however, the actual uncertainties arises

from the flux estimates.

4.4 Results

4.4.1 Inspecting the optical morphology of galaxies in Arp 314

Using the Gemini optical imaging data we have inspected the morphology of each galaxy
belonging to Arp 314 (see Figure 4.1). We describe hereafter the main morphological
features of the interacting system. Galaxy Arp 314-1 displays a spiral-arm structure with
several bright blue knots clearly associated with star-forming regions. The nucleus is
dominated by a strong point-like emission. The outskirts of the galaxy display a diffuse
stellar emission in the shape of a shell-like structure. Given their proximity, these shells
should be formed by an interaction of Arp 314-1 with Arp 314-2 as seen in simulations of
interacting galaxies. For instance, Hernquist & Quinn (1989) suggested that shell struc-
tures can be formed during the interaction of a low-mass disk galaxy with a more massive
disk galaxy. Galaxy Arp 314-2 displays an extremely perturbed morphology (see Figure
4.1), with no spiral pattern being detected. Shell-like structures also emerge in this case.
Three bright knots can be observed in its centre, with a diffuse stellar emission to the
Northwest of these regions. Several star-forming regions can be observed across the main
body of this object. Between Arp 314-1 and Arp 314-2 we observe a diffuse and faint stel-

lar emission which seems to connect both galaxies. A chain of compact sources is also
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observed in this region. On the Southeast side of Arp 314-2, there is an extended optical
tidal tail containing a number of compact knots. Finally, Arp 314-3 displays an irregular
shape. Its morphology reveals the presence of a stellar bar surrounded by more than a
dozen star-forming regions. The morphology of this galaxy resembles that of the Large
Magellanic Cloud. Elmegreen et al. (1993) catalogued Arp 314 as a “Multiple galaxy
system with dwarf galaxy-like debris” (Table 2 in that paper).

4.4.2 Internal extinctions, radial velocities and line fluxes

In the fourth column of Table 4.1 we list colour excesses estimated as described in Section
4.3, with the exception of the central spectrum of Arp314-1, given its possible AGN
nature (see Section 4.4.4). The values of colour excess span from E(B-V), ~ 0 to E(B-
V)4 ~ 0.63 (the latter value corresponds to ~ 2.0 mag in the V-band, considering Ry=3.1).
These values are consistent with the estimates derived for star-forming regions located in
other interacting systems. In the last column of Table 4.1 we list the radial velocities
derived for each region, confirming their membership to their parent galaxies.

In Table 4.3 we list the flux of the HB, [OIII] 4959A, [OIII] 5007A, [NII] 6548 A, He,
[NII] 6584A emission lines for the different star-forming regions observed in Arp 314,
where the most intense sources are associated with the nucleus of Arp 314-1 and with a
strong star-forming object located in Arp 314-2. The physical parameters presented in the

following sections have been derived from the fluxes listed in Table 4.3.

4.4.3 Ha luminosities: From typical Hu regions to giant Hu region

candidates

Considering the distance to Arp 314, we have derived the dust-corrected Ha luminosities
for the star-forming complexes (Table 4.3, column 9). Inspecting these values, we found
objects with Ha luminosities larger than some known Giant Hir regions. In the case
of Arp 314-2, the central regions #28_1 and #28_4 display Ha luminosities larger than
log(Ly,)>40 erg s™!. In addition, region #33 also displays high Ha luminosity, with a

1

log(L,) almost equal to 40 erg s™'. We have located these sources on the dispersion

velocity map of Arp 314 published by Torres-Flores et al. (2014a) and we found that

1

these objects display a large velocity dispersion of o ~35-40 km s™'. Similar values

have been measured for several giant Hu regions (GHuR) located in other nearby galaxies
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Table 4.3 Line fluxes for the star-forming regions located in the tidal tail and main body of Arp 314

D HB [OIII]A4959  [OII]A5007  [NII]16548 Ha [NIT]26584  12+log(O/H)  Lp, SFR
107 erg cm™2 57! A ergs™! 1073 Mg yr!
1) 2) (3) ) (5) (6) ) ) (&) (10)
1 0.11+0.07 0.17+0.01 033+0.01 0.0l +0.01 0.23 £ 0.01 0.01 £0.01 8.12+0.22  37.85 0.60
3 032+0.02 039+0.02 0.86+001 0.02+0.01 0.64 +0.01 0.01 +0.01 <8.1 38.30 1.60
20 0.24+0.01 0.19+0.01 040+0.01 0.02+0.01 0.25 +0.01 0.01 +0.01 8.11+0.21  37.90 0.60
21 020+0.03 0.02+0.01 045+0.03 0.00+0.00 0.58 + 0.03 0.02 +0.01 8.13+£0.20  38.26 1.40
22 0.88+0.01 1.04+0.01 292+0.01 0.03+0.01 2.36 +0.01 0.11+0.01 8.14+0.18  38.87 5.80
23 045+0.06 032+0.04 2.62+008 0.03+0.05 2.12 +£0.07 0.02 +0.02 <8.1 38.82 5.20
24 026 +£0.01 0.09+0.01 0.17+0.01 0.00 +0.00 0.61 +0.01 0.06 + 0.01 835+0.18  38.28 1.50
26 223+£0.02 375+0.01 10.65+0.02 0.09=+0.03 6.95+0.02 0.24+0.02 <8.1 39.34 17.10
33 6.67+0.07 141+0.06 4.17+0.06 224+0.06 2421+0.06 6.83+006 846+0.18 39.88 59.80
34 0.64+021 0.11+0.04 1.07+0.12 0.54 +0.09 5.08 + 0.07 1.30+0.08 836+0.18  39.20 12.50
38 0.71+£0.07 0.19+0.03 0.78+0.03 0.30 +0.05 3.08 + 0.04 1.03+0.05 842+0.18 3898 7.60
42 22.83+024 295+027 10.63+0.24 2872+022 132.06+0.23 93.73 +0.39 - 40.62 -
43 0.22+0.01 025+0.01 0.57+0.01 0.01+0.00 0.35+0.01 0.04 +0.01 824 +£0.18  38.04 0.90
44 0.53+0.01 0.18+0.01 047=+0.01 0.22=+0.01 1.38 +0.01 040+0.01 843 +0.18 38.63 3.40
46 0.76 £0.01 0.18+0.01 0.39+0.01 0.26 +0.01 2.22+0.01 0.75+0.01 849+0.18 38.84 5.50
47 1.86 +£0.02 0.88+0.03 221+0.03 0.50+0.03 5.98 +0.03 144 +0.03 838+0.18 39.27 14.80
48 022+0.02 0.13+0.01 051+0.01 0.10=+0.01 1.16 + 0.01 028 +0.01 832+0.18 38.56 2.90
56 0.53+0.01 0.15+0.01 0.39+0.01 0.17 +0.02 142+0.02 044+001 845+0.18 38.65 3.50
58 0.14+0.01 0.03+0.01 0.30+0.01 0.03+0.01 0.45 +0.01 0.12+0.01 834+0.18 38.15 1.10
28_1 3391+0.04 17.13+0.05 48.07+0.05 630+0.04 11252+0.04 1895+0.04 834+0.18 40.55 2717.70
28_2 346+0.03 185+0.03 529+0.03 0.86=+0.04 8.92 +0.03 237+0.03 837+0.18 39.44 22.00
284 10.67+0.03 6.02+0.03 17.42+0.03 229+0.04 3342+0.03 4.80+003 831=+0.18 40.02 82.50

(e.g. Firpo et al., 2010), suggesting that these star-forming regions detected in Arp 314
are GHOR candidates. These kind of strong Ha emitting sources have been found in
several other interacting systems. For example, Miralles-Caballero et al. (2012) studied
the properties of several extranuclear He complexes located in a sample of low-redshift
ultra luminous infrared galaxies. These authors found that their sample present similar
properties to extragalactic Hu regions and tidal dwarf galaxies that are found in mergers
and compact groups of galaxies. This may also be the case for the strong Ha sources
located in Arp 314. Future studies on these regions are necessary in order to understand
the effect of the stellar and supernova feedback on their environment. Higher resolution
imaging achieved using space facilities or ground based adaptive optics is also needed to

eventually resolve multiple Hi regions possibly embedded in non-resolved clumps.

4.4.4 Ionization mechanism and AGN activity

We have analyzed the ionization mechanisms (massive stars versus shocks, e.g. Kon-
stantopoulos et al. 2014a for HCG 92) of the star-forming regions listed in Table 4.3. In
addition, using the available data, we investigated the ionization mechanism of the nuclear
region of the main galaxies of this group and the presence of an active galactic nuclei. In
order to determine the ionization mechanism for the sources, we plot their [NII]/Ha ver-

sus [OIII]/HB emission line ratios (Figure 4.4), following the classic diagnostic diagram
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proposed by Baldwin et al. (1981), which is commonly known as BPT diagram. In the top
panel of Figure 4.4 the solid and dashed lines represent the limits between star-forming
regions and AGN galaxies, which were suggested by Kauffmann et al. (2003) and Kewley
et al. (2001), respectively.

Inspecting the top panel of Figure 4.4 we found that most of the sources observed in
Arp 314 are located in the star-forming locus, confirming their nature, i.e., these sources
are being ionized by massive stars. However, there is one source that lies off the star-
forming domain: the nucleus of Arp 314-1 (region #42). Considering the limits given by
Kauffmann et al. (2003) and Kewley et al. (2001), and the criteria suggested by Kewley
et al. (2006), Arp 314-1 is a composite galaxy in the BPT diagram. The spectra of com-
posite galaxies should be the result of a combination of star formation and AGN activity.
However, recent studies have found that “composite objects” could be the result of star
formation plus shocks (Rich et al., 2015), or even star formation plus ionization produced
by low-mass evolved stars (Belfiore et al., 2016).

In order to elucidate the nature of the nuclear region of Arp 314-1, we have compared
their Ha equivalent width versus their [NII]/Ha ratio (as proposed by Cid Fernandes
etal., 2011). This diagram is shown in the bottom panel of Figure 4.4. SF, sAGN, wAGN
and RG means star-forming, strong AGN weak AGN and “retired galaxies”. Arp 314-1
lies in the strong AGN location, however, the BPT diagram classifies it as a transition
object. Considering both diagrams, we suggest that there is a real AGN contribution in
the central region of Arp 314-1. In addition, we can not exclude that star formation may

play an important role in the nuclear region of this galaxy as well.

4.4.5 Star formation rates
Individual star-forming regions

In the last column of Table 4.3 we list the SFR(Ha) for each individual source observed
in Arp 314, under the assumption of a continuous star formation process. In general,
individual regions display modest level of ongoing star formation. A few exceptions can
be found in Arp 314-2. For instance, region #28_1, displays a relatively high SFR~0.28
M,, yr~!. This region corresponds to a burst of star formation located outside the nuclear
region of this galaxy. On the other hand, regions #1, #3, and #43 display the lower values
for the SFRs (~107 Mg, yr™!). The case of region #43 is peculiar. This source is located
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Figure 4.4 Emission line diagnostic diagram for the regions observed in Arp 314. Top
panel: BPT diagnostic diagram proposed by Baldwin et al. (1981). The solid line repre-
sents the limit between photoionized star-forming objects and AGN galaxies, which was
suggested by Kauffmann et al. (2003) and the dashed black line indicate the same limit
defined by Kewley et al. (2001). Bottom panel: WHAN diagnostic diagram proposed
by Cid Fernandes et al. (2011), on which we have included the data point for the central
region of Arp 314-1. Source: Torres-Flores et al. (2019)
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Figure 4.5 Gemini/GMOS r’-band image of Arp 314-1 and Arp 314-2. On this image we
show the location and spectrum of the region ID #43, which is located in the bridge that
connects the main galaxies of this system. Source: Torres-Flores et al. (2019)

in the bridge that connects Arp 314-1 with Arp 314-2, as can be seen in Figure 4.5,
suggesting that this source was formed from gaseous material that was ejected during the

interaction process.

Global estimates: UV, Ha and MIR data

In Table 4.4 we list the SFRs estimated from the UV, Ha, MIR and Ha corrected by
MIR emission for the main galaxies of Arp 314. Indeed, in the case of Arp 314-1, no
computation was performed given its possible AGN nature.

The galaxy Arp 314-2 displays SFRryy=1.1 Mg yr!, SFR(Ha)=1.3 Mg yr~!, SFR2,,,,=1.9
M, yr ! and SFRy,,, +20m=2.1, Mo yr~'.

In the case of Arp 314-3, we just compute the SFR using the Ha emission, obtaining
a value of SFR(Ha)=0.2 M,, yr! (no FUV magnitude was found in the GALEX archive
for this galaxy).

Stellar masses are tabulated Table 4.4 (column 6), including the galaxy Arp 314-1,

given that the stellar mass is mainly derived from the stellar emission, W1, which should
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Table 4.4 Star formation rates, stellar masses and specific star formation rates

ID SFRFUV SFRpq SFRZQym SFRH(1/+22;1m log(M*) log(SFRH{IJrZZ,um/M*)
Moyr'  Moyr! Mgy Mg yr~!
@ @ (€)) @ (&) ©® (O]
Arp 314-1 - - - - 9.94 -
Arp 314-2 1.1 1.3 1.9/1.8 2.1 9.81 -9.48
Arp 314-3 - 0.2 - - - -

not strongly be affected by AGN activity.

Considering the M, values, and the SFRs, we estimate the specific SFR (sSFR) for
Arp 314-2, value that is listed in the last column of Table 4.4. Its sSFR shows that Arp
314-2 (1og(SFRpo+22um/My)=-9.48 yr 1) lies in the star-forming sequence in the mass
versus sSFR diagram shown by Schiminovich et al. (2007). Considering its mass, this
galaxy is actively forming stars. We could not compute the sSFR for Arp 314-1 and Arp
314-3.

4.4.6 Gas-phase oxygen abundances
Diluted metallicities in Arp 314

In the case of the star-forming complexes observed in Arp 314-1 and Arp 314-2 we mea-
sured oxygen abundances 12+log(O/H) which range from 8.24 to 8.49. All these oxygen
abundances are sub-solar (considering a solar oxygen abundance of 12+log(O/H)»=8.72,
Allende Prieto et al. 2001). Considering the B-band absolute magnitude of Arp 314-1 and
Arp 314-2, which corresponds to Mp=-20.62 and Mp=-20.28 respectively (HyperLeda
database), we found that both galaxies lie off the B-band metallicity-luminosity relation
studied by Kewley et al. (2006). However, we note that the B-band luminosity of these
galaxies should be affected by the star formation episodes that are taking place in these
galaxies. In order to check it, we have used the stellar mass of these galaxies to determine
their location in the mass-metallicity relation studied by Tremonti et al. (2004). Using the
masses listed in Table 4.4 (column 6), we found that Arp 314-1 and 314-2 display slightly
lower oxygen abundances for their respective stellar masses. A similar scenario has been
found in different interacting systems. In fact, Kewley et al. (2006) suggest that gas in-
flows dilute the central metallicities of interacting galaxies. More recently, Olave-Rojas
et al. (2015) suggest that this mechanism is producing the observed metallicity gradient
in NGC 6845A, galaxy that belongs to the group NGC 6845.
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In the case of Arp 314-3, three of their star-forming regions display O3N2 values
that are higher than the limits given by Marino et al. (2013) for using this method. This
implies that these regions belonging to Arp 314-3 have oxygen abundances lower than
12+log(O/H),=8.10. In addition, we did not find WISE information for this galaxy, there-
fore, its mass was not computed. In view of these facts, we can not locate this object in
the mass-metallicity relation. However, some speculations can be done regarding its ori-
gin. Arp 314-3 displays a LMC-like morphology, it could be a pristine irregular dwarf or
a Tidal Dwarf Galaxy (TDG). If Arp 314-3 was formed from pre-enriched material be-
longing to Arp314-1 or/and -2, it should show an oxygen abundance similar to these two
galaxies. The oxygen abundance of Arp 314-3 measured with the O3N2 index indicates a
metallicity of 12+log(O/H)=8.14, which is lower than the one of Arp 314-1 and Arp 314-
2, respectively 12+1og(O/H)=8.39 and 12+log(O/H) =8.34. This suggests that Arp 314-3
1s a primordial dwarf irregular and not a TDG formed from the interaction of the two main
galaxies of the group. This scenario is also supported by the metallicity-luminosity rela-
tion studied by Weilbacher et al. (2003), who included in their analysis a sample of TDG
candidates. Indeed, considering its B-band absolute magnitude, Mz=-14.89 (HyperLeda
database), Arp 314-3 does not lie in the locus of the TDGs.

Flat metal distribution in interacting systems

Using the measured oxygen abundances we have derived the oxygen abundance distri-
bution for the galaxy Arp 314-1, which is shown in Figure 4.6. Distances have been
de-projected by using the kinematical inclination and position angle published in Torres-
Flores et al. (2014a), and using the procedure developed by Scarano et al. (2008). On
this figure, the solid line represents a linear fit on the data, where we have excluded the
nuclear region (region #42), given the contribution of an AGN in the spectra. On the same
plot, we have included the oxygen abundances of regions belonging to Arp 314-2 (empty
circles). In this latter case, distances correspond to linear projected distances estimated
from the centre of Arp 314-1 to each source. Regions belonging to Arp 314-2 were not
included in the fit shown. From the linear fit we derive a zero point of @=8.48+0.04
and a slope of 8=-0.02+0.01 dex kpc™!, which is shallower than the slope displayed by
non-interacting galaxies (e. g. Zaritsky et al. 1994). Inspecting Figure 4.6 we note that
most of the star-forming regions for which we measure oxygen abundances are located

at radius R<5 kpc. These star-forming objects do not display a clear oxygen abundance
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Figure 4.6 Oxygen abundance gradient for Arp 314-1, where different regions are shown
by filled black circles. A linear fit on the data is indicated by a black line. Regions
belonging to Arp 314-2 are included on the plot (empty circles), in order to show the
differences in the oxygen abundances. Source: Torres-Flores et al. (2019)

gradient. Indeed, the reported gradient arises when we include regions #58 and # 43 in
the fit. These objects are located in the outskirts of Arp 314-1, therefore, are expected to
have lower oxygen abundances.

It is important to note that galaxy Arp 314-3 displays a low oxygen abundance, con-
sistent with its luminosity. Nordgren et al. (1997) published the Hi distribution of Arp 314
showing a large cloud of Hi covering the three main galaxies. If gas flows/gas mixing are
responsible for the flattening of metallicity gradients in interacting systems, it is puzzling

that metals have not mixed yet.

4.4.7 Kinematics: Searching for gas motions

The kinematics of the members of Arp 314 has been already analyed by Torres-Flores
et al. (2014a), however, no detailed analyses of the non-circular motions and of the multi-
ple Ha emission components were done. We will use this information, combined with the
Gemini spectroscopic analysis, to understand the observed metal distribution of Arp 314.
In Figure 4.7 we show the r’-band optical images (top panels), the velocity fields (second
to fourth panels) and the residual velocity fields (fifth panel) for Arp 314-1, Arp 314-2
and Arp 314-3 (left, middle and right row, respectively). Here the fourth rows represent
the observed and modelled velocity field, where the model was derived from the rotation

curve derivation (see Torres-Flores et al. 2014a, Epinat et al. 2008). The Ha emission
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Figure 4.7 Images and velocity fields for Arp 314. Arp 314-1 (left row), Arp 314-2
(middle row) and Arp 314-3 (right row). The first line displays Gemini r-band images.
The second line shows the observed color-coded velocity fields on which some bright Ho
contours have been over-plotted in white. The third line is a zoom of the square drawn in
the second line onto which the He profiles observed in the central regions have been over-
plotted (using a bin 4 pixx4 pix). For clarity, the intensity of the Ha profiles have been
normalised to unity. The fourth line shows the observed color velocity fields onto which
the 2D model built from the rotation curves published by Torres-Flores et al. 2014a have
been over-plotted. The model is visualised using black iso-velocities and color ones when
no data are available. The fifth line displays the residual velocity fields, i.e. the difference
between the data and the model plotted in the fourth line; for clarity the isovelocities and
the Ha isocontours have been replotted. Source: Torres-Flores et al. (2019)
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contours and Ha profiles have been superimposed (respectively, in the second and third
lines). The velocity fields and the residual velocity fields clearly indicate that the three
galaxies are far from being pure rotating disks.

In the case of the Sbc galaxy Arp 314-1, Torres-Flores et al. (2014a) reported a rel-
atively regular velocity field. However, they found a misalignment between the mor-
phological and kinematic position angle (33° and 115°, respectively), which is a typical
signature of galaxy interaction. Despite the fact that the galaxy is globally rotating, when
we compare the model and the observed velocity fields (Figure 4.7 left column, fourth
row), we observe strong local velocity jumps (for instance in the outskirts of the disk,
where the data show larger velocity amplitude than the model). These strong kinematical
perturbations are clearly visible on the residual velocity field (Figure 4.7 left column, last
row) that shows non-circular motions randomly distributed in the disk, ranging between
-25 to +25 km s~!. These kinds of features can contain rich information related with
the interaction history of the galaxies, specially in closely face-on systems (e.g Gémez
et al. 2019, submitted). Inspecting the Ha profiles of Arp 314-1, we mostly found a
strong emission line very often accompanied by a second component, which is fainter
in intensity. The fainter emission line is either resolved or embedded in an asymmetric
profile dominated by the brighter emission line. This may suggest that Arp 314-1 has
experienced a recent gas accretion, as has been reported in other interacting systems (e.g.
Font et al. 2011). In addition, the slope of the metallicity gradient observed in Arp 314-1
(8=-0.02+0.01 dex kpc™') is consistent with the slope measured in the metal distribution
of galaxy pairs (Kewley et al. 2010). Kewley et al. (2010) suggest that the flattening in the
metal distribution of galaxy pairs should be connected with large gas inflows. Given the
modest intensity of the second component versus the main one, the gas flow we observe
inspecting the Ha profiles of Arp 314-1 is probably not carrying out large quantities of
material. If gas inflows were the main mechanism in producing a flattening in the metal
distribution of Arp 314-1, these inflows should have already occurred and we would then
expect that presently the process has already finished or it is at its final phase.

The scenario is even more complicated for the SBc galaxy Arp 314-2. The external
region of this galaxy displays a complex velocity field which does not actually show a
well-behaved rotating disk (see Fig. 4.7, central column). The dip in the blue-shifted and
the bump in the redshifted inner rotation curve (Torres-Flores et al., 2014a), likely due to

the strong bar, provide a peculiar pattern for the central isovelocities over-plotted on top
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of the observed velocity field which does not follow a symmetric rotating disk pattern.
Indeed, if we observe a continuity between the data and the model on the blueshifted side
of the galaxy, this is not the case on the redshifted side. This can be seen on the very
asymmetric residual velocity field showing a blueshift side almost flat, but a redshifted
side with velocities which jump from -50 to +50 km s™' within a couple of kpc. In
fact, these velocities display a ring-like structure. The Hea profiles of the central region
of this galaxy display asymmetric profiles. This suggests that more than one kinematic
component is present in this region, resulting in broad Ha emission line profiles. Towards
the northern region of the nucleus of Arp 314-2 we even detect double He profiles (as
can be seen in Fig. 4.7). Given the complex kinematic of this system, it is difficult to
determine if these double-component profiles arise from a gas inflow. In any case, this
galaxy displays a SFR(Ha) ~ 1.1 Mg, yr~!, which suggests that no external gas accretion is
dramatically increasing its SFR. However, the central region of this galaxy, where the Ha
emission peaks (inner 5”x5” centred in R.A.: 22:58:07.94, Dec: -3:47:19.10), displays
velocity dispersions of ~40 km s~!. Those values are larger than the typical values for the
velocity dispersion displayed by non-interacting systems (~25 km s~!, Epinat et al., 2010,
for the GHASP survey). Given that there is a spatial correlation between the maximum of
the Ha emission and the maximum velocity dispersion in the central region of Arp 314-2,
we can not exclude that the stellar feedback produced by star formation is increasing the
interstellar medium velocity dispersion.

Finally, the kinematic of the irregular SBd dwarf galaxy Arp 314-3 displays, despite its
bar, a fairly symmetric rotation disk pattern (Torres-Flores et al., 2014a) of low maximum
rotation velocity ~ 40 km s~! at the optical radius and growing up to ~ 60 km s~! at two
optical radii. These authors suggest that this object could be an irregular star-forming
galaxy or an object formed from tidal debris. The low observed oxygen abundances
confirm the first scenario: Arp 314-3 is a primordial irregular galaxy, as discussed in

session 4.4.6.
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4.5 Discussion

4.5.1 Discovering the unexplored interacting system Arp 314

Despite its spectacular morphology, the interacting system Arp 314 has not been studied
in detail in the past. Garcia (1995) classified it as a compact group. Nordgren et al.
(1997) studied the Hi content in this system. Hi tails, produced by tidal interaction, are
dynamically fragile and have furthermore a limited live time (Hibbard et al., 2000), thus a
classification based on the Hi distribution, morphology, content and kinematics in groups
of galaxies indicate the stage of group evolution. Following Verdes-Montenegro et al.
(2001), Arp 314 is at beginning of stage 2.0, the Hi is still rather concentrated on the
individual galaxies but characteristic tidal tails are in process of formation. Based on
their Hi kinematic information, Nordgren et al. (1997) suggest that Arp 314-1 is in a direct
encounter with Arp 314-2, while Arp 314-2 is in a retrograde encounter with Arp 314-1.
These authors also suggest that Arp 314-3 seems to be in a direct encounter with the main
galaxies of this system. In addition, they found that the Hi emission in Arp 314 encompass
the three members in a large common gaseous cloud. Some gaseous tidal structures were
also reported for these authors, which are typical signatures of galaxy-galaxy interactions.

The gaseous features described by Nordgren et al. (1997) are consistent with the op-
tical appearance of Arp 314. Using Gemini optical imaging we report the existence of
a faint stellar bridge that connects Arp 314-1 with Arp 314-2 (see Figure 4.1). On this
bridge we have found a young star-forming region (ID #43), suggesting that on this object
was formed in situ, on gaseous material which belongs to the main galaxies of this system.
Indeed, region #43 displays an oxygen abundances that is similar to the value displayed
by the main galaxies of the system, which prove that this system was formed from pre-
enriched material, as also found in other interacting systems (Mendes de Oliveira et al.
2004, Trancho et al. 2012, Konstantopoulos et al. 2014b). The fate of this kind of systems
is uncertain. They could be dissolved by their internal feedback (e.g. Fall et al. 2005) or
they could survive as independent entities, as future globular clusters.

The morphology of the members of Arp 314 is complex. Despite the fact that Arp 314-
1 displays a spiral pattern, the presence of shells around this galaxy supports the idea of
a gravitational encounter. The scenario is even more dramatic for Arp 314-2 that displays
a very perturbed morphology, where no spiral arms can be identified. Its central region

is dominated by a star-forming burst, and several small-scale star-forming regions are lo-
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cated around the centre, in a ring-like structure. The observed specific SFR (sSFR) of
Arp 314-2 locates the object in the star-forming sequence of the M, /sSFR plane (Schimi-
novich et al., 2007). To the east of this galaxy is observed an optical tidal tail, which
contains a bright spot on its tip. Finally, the optical imaging of Arp 314-3 displays the
typical morphology of an irregular galaxy, where a stellar bar can be identified. Elmegreen
et al. (1993) speculate that this object was formed from tidal debris. However, this sce-
nario could be discarded, given that this object displays a quite low oxygen abundance,
lower than the values estimated for Arp 314-1 and Arp 314-2.

In addition to the morphological features associated with gravitation encounters, a
wealth of kinematic peculiarities have been measured in interacting systems showing the
close link between interactions and the presence of non-circular motions, distorted veloc-
ity field, changing position angle along the major axis, gas kinematics axis misalignment
with respect to the stellar component axis and/or the stellar kinematic axis, kinematically
decoupled core. These features have been largely observed for a sample of compact group
galaxies studied with Fabry-Perot data (e.g. Amram et al., 2003; Amram et al.; Mufoz-
Elgueta et al., 2018), and the system Arp 314 is not the exception. Galaxies Arp 314-1
and Arp 314-2 display perturbed velocity fields and asymmetric Ha profiles, which in
some cases can be clearly resolved into double components. In addition, non-circular
motions are detected in the members of Arp 314, suggesting the existence of gas flows in
these galaxies. These gas flows can play an important role in the evolution of interacting
galaxies, given that they can transport gaseous material across the galaxies, favouring the
metal mixing and fuelling the nuclear region of galaxies.

Indeed, the merging of gas-rich galaxies can be associated with nuclear inflows which
will most probably create a strong central burst of star formation, which seems to be
the case of Arp 314-2. On the other hand, gas flows can trigger the nuclear activity
in interacting galaxies. In this context, Ellison et al. (2011) studied a sample of pairs
galaxies, finding that the AGN fraction increase once the separation of the galaxy pair
decrease (for pairs located at separations lower than 40 h;& kpc). In the case of Arp
314, we found that Arp 314-1 is located in the “composite region” of the BPT diagnostic
diagram. This fact may suggest that this object display nuclear star formation activity,
plus a possible AGN contribution. However, recent studies based on 3D spectroscopy
have found that evolved low-mass stars or even shocks can contribute to the ionization
of the nuclear region (Rich et al., 2015; Belfiore et al., 2016). Future Gemini/GMOS 3D
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spectroscopy of the nuclear region of Arp 314-1 can help us to discern the nature of this

object.

4.5.2 Gas flows and the flattening of the gas-phase oxygen distribu-
tion

Several authors have found that interacting galaxies display flatter metallicity gradients
than isolated systems, suggesting that gas flows during interacting events play an impor-
tant role in the chemical evolution of these systems (e.g. Kewley et al., 2006, 2010; Rupke
et al., 2010b). These gas flows should produce a metal dilution in the central region of
interacting galaxies and they may be responsible in triggering star formation burst. These
observational results have been confirmed by simulations (e.g. Rupke et al., 2010a). How-
ever, the suggested and expected gas flows are difficult to observe, given the complexity
of interacting systems and also due to the lack of large field of view high-resolution spec-
troscopic data. In this sense, a combination of data that allow us to determine metallicity
gradients (in large areas) plus a detailed kinematic analysis is essential to understand
metallicity gradients in interacting systems. This has motivated us to study the metallic-
ity evolution in a sample of galaxies located in small nearby galaxy groups. For most of
these groups we have high resolution Fabry-Perot Ha spectroscopic data, which is useful
to determine the kinematics of these systems.

As part of this project, Torres-Flores et al. (2014b) have studied the metal distribution
in the tidal tails of NGC 92, which is the main galaxy of the compact group called Robert’s
quartet, and found that NGC 92 displays a flat metallicity distribution along its tidal tail.
However, the kinematic analysis data did not reveal the existence of a gas flow along it.
As another part of this project, Torres-Flores et al. (2015) and Alfaro-Cuello et al. (2015)
have studied the metal distribution in the merging compact group HCG 31. In this case,
the use of integral field unit (IFU) spectroscopy plus Ha Fabry-Perot data allow them to
detect a gas flow between the nucleus of HCG 31A and HCG 31C. This gas flow should
explain the smooth transition observed in the oxygen abundance between HCG 31A and
HCG 31C. Finally, Olave-Rojas et al. (2015) have studied the chemical distribution in the
tails of NGC 6845A, which is the main galaxy of the compact group NGC 6845, and also
found a flat metallicity distribution; however no Fabry-Perot data was available for this

target.
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For the present study, by using the oxygen abundances of ten regions belonging to Arp
314-1 we have determined its metal distribution. We derived a slope which is consistent
with the values found in sample of galaxy pairs studied by Kewley et al. (2010), which in-
dicates a flatter metallicity distribution when compared with isolated systems. The result
found for Arp 314-1 is consistent with the metallicity gradients measured in other galax-
ies belonging to small galaxy groups, suggesting that the group environment facilitate
the mixture of gases and the chemical evolution of galaxies. However, our Fabry-Perot
kinematic data does not reveal the existence of recent large gas flows in Arp 314-1, as
could be expected from its metallicity distribution. If a gas-poor accretion occurred, as
suggested by the rather flat metallicity distribution, this event must have occurred long
enough for the traces of gaseous kinematic disturbances to have disappeared. Since the
gas flow, the system had enough time to dampen this fresh gas supply and regain a dy-
namic equilibrium. The gas accretion has to be much older than the typical age of Hu
region, i.e. 107 yr. Large kinematic perturbations can be interpreted as signs of recent gas
flows, as can be the case of Arp 314-2, or even other interacting systems analysed with
Fabry-Perot data, where multiple profiles can be easily identified (e.g. Arp 299, Ram-
pazzo et al. 2005; HCG 31, Amram et al. 2007). In the case of Arp 314-1, the kinematic
data show asymmetric Ha profiles, where a weak secondary component can be identified.
This secondary component could suggest a small-scale gas accretion event, which may be
playing a role in the chemical distribution of this system, but it should be accompanied by
other process in order to strongly affect the metal distribution in Arp 314-1 (or previous
gas flows have been responsible in flattening the metal distribution). We note that an extra
mechanism can act to affect the metal distribution of galaxies. Martin et al. (2002) found
evidence that galactic outflows are chemically enriched. Therefore, central outflows in
Arp 314-1 could be carrying enriched material, which can be contributing in the flatten-
ing of the metal distribution. This scenario will be tested with future 3D spectroscopy of
Arp 314-1. In the case of Arp 314-2, it is not possible to determine a metallicity gradient,
given the few number of observed star-forming regions. However, the kinematics richness
of this object converts it as an ideal target for 3D spectroscopic studies, which can be used
to understand its metal distribution. Thus, the mixture of 3D high-resolution kinematic
data and optical 3D spectroscopic capabilities (with large field of views) can be extremely
useful to determine the importance of gas flows in the chemical evolution of interacting

galaxies.
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4.6 Summary and conclusions

In this Chapter we present new Gemini/GMOS images and spectroscopic observations of

the poorly studied interacting system Arp 314. The main results are:

e Deep optical imaging reveals the presence of tidal tails, stellar bridges and shells
around the main galaxies of this system. These features are typical signatures of

galaxy-galaxy interactions.

e The spectrum of the nuclear region of Arp 314-1 displays emission line ratios that
classified this source as a “composite object”, where the ionization arises from star
formation plus AGN activity or shocks or the contribution of evolved low mass

stars.

e The sSFR of Arp 314-2 locates this object in the star-forming sequence of the M,
versus sSFR plane. Most of the star formation of this galaxy is located in a central
burst, where double Ha profiles can be identified. In addition, this galaxy displays

a complex kinematics.

e The use of Gemini multislit data allowed us to follow the metallicity behavior of
the main galaxy of this system, Arp 314-1, finding a flatter/complex metal distribu-
tion than the displayed by non-interacting systems. The observed metal distribution
can be explained by the presence of gas flows, which were identified in this galaxy
through the inspection of the kinematic data. However, it is unclear the real contri-

bution of the observed gas flows in the flattening of the metal distribution.

e We discarded that Arp 314-3 had a tidal origin, mainly due to its low oxygen abun-
dance, and suggested that Arp 314-3 is a primordial dwarf galaxy.

All the physical phenomena that are taking place in Arp 314 makes this system an
ideal target to study galaxy transformation, and future integral field unit observations will

reveal in more detail this important path in the evolution of galaxies.



Conclusions and Future Plans

The present chapter summarises the main results of the Thesis, outlining the main sci-
entific conclusions and the implications that they have in the general context of galaxy
evolution and giving an overview of the further developments that are planned for the

present studies in the future.

5.1 General Conclusions

The present Thesis was dedicated to the study of the environmental drivers of galaxy
evolution, focussing on the phenomenon of galaxy pre-processing which was addressed
from a global and a local perspectives.

The first part of the Thesis addressed the problem of the relationships between cluster
assembly and star-formation quenching in galaxies. We focussed on the importance that
the accretion of quenched galaxies in clusters, especially when these galaxies are mem-
bers of groups, has in the build-up of the red sequence. We identified substructures in the
two z = 0.4 clusters MACS0416 ad MACS1206, which are in two very different dynam-
ical states, and studied the colours of galaxies in the clusters and in their substructures.
We compared the fractions of red and blue galaxies, which are proxies for the fractions
of quiescent and star-forming galaxies, in clusters, substructures and the field. We found
that out to 3Xr,( from the cluster centre the fraction of red galaxies in the clusters and in
their substructures are always higher than in the field and, conversely, that the fractions
of blue galaxies in the clusters and in their substructures are always lower than the frac-

tion of star-forming galaxies in the field. We also found that substructures behave like
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down-scaled clusters since the fractions of blue and red galaxies in them follow the same
trends with distance from the centre and stellar mass that galaxies in clusters follow. As
we discussed in Chapter 1, substructures are the remnants of the accretion of groups from
the surrounding field and thus we conclude that pre-processing plays a significant role in
the star-formation quenching of galaxies in clusters and in the resulting build-up of the
red sequence.

In the second part of the Thesis we investigated the interaction processes that take
place in groups, studying one particular system which is the Arp 314 group. We found
that gravitational and tidal interactions in groups can change the morphology of galaxies
and alter their star formation and the chemical composition of their stellar populations.
The interaction that is happening in Arp 314 is promoting star formation in the group
members. This result suggests that when groups of galaxies are accreted on to a cluster,
their members may be undergoing or may have undergone a transformation in their mor-
phology and star formation activity, supporting the notion that pre-processing represents
an important piece in the evolution of cluster galaxies. It is interesting to note that the
ongoing interaction in Arp 314 is enhancing star formation in the group members and
that in Chapter 3 we showed that the fraction of blue galaxies in substructures is slightly
higher than in the main clusters. If interactions that enhance star formation are happening
in groups, then these may be, at least partly, responsible for the higher fraction of blue

galaxies that we detect in substructures.

5.2 Future Plans

The results obtained in this Thesis lay the foundations for a systematic study of the en-
vironmental processes that regulate the evolution of galaxies and, in particular, of their
relationships with the assembly of clusters. We plan to develop the study presented in the

Thesis along the following directions:

e extension of the methodology developed in Chapter 3 to the CLASH-VLT and/or
other large cluster samples to study the effects of pre-processing as a function of

cosmic time;

e study of the luminosity/stellar mass distributions of galaxies in clusters and sub-

structures to investigate the different pathways to star formation quenching and
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stellar mass assembly in clusters and accreted groups;

e extension of the study presented in Chapter 4 to a large sample of interacting galax-
ies in groups to derive a complete view of the physical mechanisms that pre-process

galaxies;

e application of the global and local approaches developed in Chapters 3 and 4, re-
spectively, to samples of clusters that have sufficient spatial coverage to include the
outskirts and high-resolution IFU spectroscopy of galaxies in infalling groups and

substructures.

All these studies will allow us to draw a comprehensive picture of pre-processing and

to understand the actual importance that this phenomenon has in the evolution of galaxies.
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Data Tables

The content of this Appendix has been published with Chapter 3 in Monthly Notices of
the Royal Astronomical Society (2018, vol. 479, page 2328) as “Galaxy pre-processing
in substructures around z~0.4 galaxy clusters” by Olave-Rojas D., Cerulo P., Demarco
R., Jaffé Y. L., Mercurio A., Rosati P., Balestra 1., Nonino M.

Here we present the data used to plot the colour fractions and quenching efficiency
in the spectroscopic and spectrophotometric samples of galaxies in clusters and substruc-
tures. Tables A.1 — A.6 show the spectroscopic colour fractions as a function of projected
distance, magnitude and stellar mass for substructures and clusters. Tables A.7 — A.12
show the background-corrected colour fractions as a function of projected distance, mag-
nitude and stellar mass for the spectrophotometric sample of galaxies in substructures and
clusters. Finally, Tables A.13 — A.16 show the mean environmental quenching efficiency
as a function of distance for spectroscopic and spectrophotometric samples of galaxies in

clusters and substructures.
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Table A.1 Spectroscopic colour fraction as a function of distance
from the cluster centre.

ret/ 1200,
0.5 1.5 2.5 3.5

Cluster

0.007 0.013 0.024 0.194
’ ppeest 1 b 1 b 1 M 1
; ot 1 B Bt 1 Bt
fr . -0.009 . -0.011 . -0.018 . —0.158
Substructures

0.029 0.023 0.033
S 00 OSltam 0%
s e 1 et T et T
Jr 17~ -0.032 2 2-0.020 72-0.033 _

Table A.2 Spectroscopic colour fraction as a function of distance from the

overdensity centre

r/1r200
0.1 0.3 0.5 0.7 0.9

Cluster

0.011 0.014 0.023 0.027 0.029
f O Olvaan Mg 02T 0380
f’ . -0.016 . -0.017 . —0.028 . —0.031 . -0.029
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" Rttt Mg g | g I e 11
h 03208l (30508 04si08B 0 a0, 00RO orb0
f’ . -0.116 . -0.111 . —0.183 . -0.159 . -0.274
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Table A.3 Spectroscopic colour fraction as a function of distance

from the cluster centre for massive and less massive galaxies

ret/ 200,
0.5 1.5 2.5 3.5
Cluster
M, > 1093,
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Table A.4 Spectroscopic colour fraction as a function of distance from the

overdensity centre for massive and less massive galaxies

r/1r200
0.1 0.3 0.5 0.7 0.9
Cluster
M*Z IOIO'SMQ
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Table A.5 Spectroscopic colour fraction as a function of R,
R.
19.5 20.5 21.5 22.5 23.5
Cluster
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Table A.6 Spectroscopic colour fraction as a function of

log(M, /M)
log(My/Mo)
8.5 9.5 10.5 11.5

Cluster

£ 0.978+001 0.636f§;§{§ 0.296709110.141+0:9%¢
7 0,025 0.18200] 0.130000 00267008
£ 0.021%0 010 0.1750013  0.5467003  0.808%0,)
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I - 0.048*422  0.4837 0028 0.81670()

Table A.7 Spectrophotometric colour fraction as a function of dis-
tance from the cluster centre.

Tet/ 1200,
0.5 15 25 3.5

Cluster
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S BB IO OTem oo e
s et et 17 ot SR TN
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Substructures
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f AN O ame OTa
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Table A.8 Spectrophotometric colour fraction as a function of distance from
the overdensity centre

r/1r200

0.1 0.3 0.5 0.7 0.9
Cluster
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Table A.9 Spectrophotometric colour fraction as a function of dis-
tance from the cluster centre for massive and less massive galaxies

Tet/ 1200,
0.5 1.5 2.5 3.5
Cluster
M, > 1093,
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Table A.10 Spectrophotometric colour fraction as a function of distance from

the overdensity centre for massive and less massive galaxies

r/1r200
0.1 0.3 0.5 0.7 0.9
Cluster
M* > IOIO'SMQ
0.014 0.017 0.029 0.024 0.047
S 000 OocTaml o0oeml M0 018 an
fr . -0.016 . -0.021 . -0.040 : -0.025 : -0.066
M, < 10'93p,
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Substructures
M* > IOIO'SMQ
0.136 0.100 0.133 0.079 0.153
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Table A.11 Spectrophotometric colour fraction as a function of R,
R.
19.5 20.5 21.5 22.5 23.5
Cluster
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" peete | Bt T e 11 oot 1 et 1
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Table A.12 Spectrophotometric colour fraction as a function of

log(My /M)
log(My /M)
8.5 9.5 10.5 11.5
Cluster

Jo 0.860*091%  0.6267001)  0.301*091%  0.127+5:029
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; 007170008 020770018 ) 56570003 () 650 0031
Jr Yrio0007 22l 0010 0000013 000,034

Substructures
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0.023 0.031 0.040 0.107
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Table A.13 Mean environmental quenching efficiency as a function of distance from
the cluster centre for the spectroscopic sample.

ret/ 1200, 0.5 1.5 2.5 3.5
€

Cluster Galaxies 0.709*0:0%  0.151*0011 0.012t‘8);g}g 0.382+0-1%9
Massive Cluster Galaxies 0.768f8:8%j 0.021f§:§;§ 0.8054_“0:83‘3t 0.266:“8:?82
Less Massive Cluster Galaxies 0.540* 0010 0.078* 010 0.031%0012  0.02377 80
Substructure Galaxies 0.593700%  0.086*0 00 0.06670-0°8 -
Massive Substructure Galaxies 0.600f§:§;§ 0.056f§:§8§ 0.171f§:gz i -
Less Massive Substructure Galaxies 042670030 0.0207000¢  0.096* 0057 -

Table A.14 Mean environmental quenching efficiency as a function of distance from the overdensity
centre for the spectroscopic sample.

r/1200 0.1 0.3 0.5 0.7 0.9
€

- 0014 0015 0025 0.028 0.028
Cluster Galaxies 0.875 014 O.825f8_818 0.728% 52 0.5937705¢  0.4747 550
Massive Cluster Galaxies 0.903f(8):8§% 0.8361’8:839 0.685%0 010 0.800i§:8§§ 0.420%000
Less Massive Cluster Galaxies 0.741*0051 06357037 0.558*031 04077003 0.386%05)
Substructure Galaxies 0.361j§;g§g 0.418700% 052070038 0.44570041  0.00670018
Massive Substructure Galaxies 0.387f8:%3‘1t O.772f§:%§§ 0.659f§:§‘3‘§ 0.721f§:§?§ O.234f§:§8§
Less Massive Substructure Galaxies  0.23970(33  0.194*0072  0.298*00%)  0.222*000 010607,




127

Table A.15 Mean environmental quenching efficiency as a function of distance from
the cluster centre for the spectrophotometric sample.

re1/ 1200, 0.5 1.5 2.5 3.5
€
Cluster Galaxies 0.676t§;§}§ 0.136f§;§}} 0.091t§;‘8)}‘8) 0. 147t§;3};
Massive Cluster Galaxies 0.844*0001 0.102f8;8$g 0.180* 0050 0.450*0 %
Less Massive Cluster Galaxies 0.548* 0016 0.122% 001 0.097+0000  0.17670 017
; 0.030 0.023 0.069

Substructure Galaxies 0.570%¢ 030 0.1881“8023 0.0717 54 -
Massive Substructure Galaxies 0.93070 0% 0.185*-0¢  0.67070-% -
Less Massive Substructure Galaxies  0.535* 050 0.20470°7  0.006*008) -

Table A.16 Mean environmental quenching efficiency as a function of distance from the overdensity
centre for the spectrophotometric sample.

/100

0.1

0.3

0.5
€

0.7

0.9

Cluster Galaxies

0.023
0.99970023

0.029
0.8497 %

q
0.032
0.698700%2

0.031
0.62870 0!

0.029
0.04470 50

Massive Cluster Galaxies 0.972j§fg§§ 09630054 0.905f§f§gg 09510042 0.789+0:123
Less Massive Cluster Galaxies 0.999* 0030 073370040 0.584%0,5 050470130 0.359*031
Substructure Galaxies 0.537f8:83; O.361f8:8§§ 0.368J_r8:82? 0.336f8:8§2 O.377f8:8§§
Massive Sgbstructure Galaxies . 0.298f§:§§5 O.740f§i§%j 0.323f§:?é 0.718f§:§i§ O.638f§§§?
Less Massive Substructure Galaxies  0.468*0000  0.324* (%0 03737000 0.335%0 0% 0.383* {33
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