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Resumen

Ya es de conocimiento general que ciertas galaxias masivas aumentan su tasa de formacion
estelar (SFR por sus siglas en inglés) al pasar por procesos de colision con galaxias de tamafios
similares. Estos aumentos pueden ser de hasta 100 veces la SFR de galaxias no perturbadas, pero
con la misma masa estelar (M..). Estudios anteriores encontraron que el tamafio de esta alza en
formacioén estelar (SF) estd relacionada con la morfologia y la distancia a la que se encuentra la
galaxia compaifiera. Esta misma tendencia se observa en la fraccion de galaxias con AGN, donde
mientras més cerca se encuentre la galaxia compaiiera, mayor serd la fraccién de galaxias con
AGN encontrada.

Nuestro objetivo principal es analizar esta alza de SF y fraccién de AGN acorde a su evolucion
en el proceso de colisién, usando una secuencia més acorde con las etapas cronolégicas del pro-
ceso. Ademas, otro de nuestros propoésitos es determinar la relacion entre el alza en SF en galaxias
colisionando y la morfologia de éstas.

Aprovechando los valores de M, y SFR de ~600 galaxias cercanas (z<0.1) colisionando,
obtenidos en este estudio, calculamos la distancia que tiene cada una de nuestras galaxias en
proceso de colisidon con la Secuencia Principal de formacion estelar (MS por sus siglas en inglés,
sSFR/sSFRss). Nos referimos a esta distancia como “SF mode”. Luego, analizamos como la SF
mode varia a lo largo del proceso de colision, dependiendo de la morfologia y la M,.. Asimismo,
analizamos el contenido de AGN en nuestras galaxias usando multiples diagndsticos, unos basados

en fracciones de lineas de emision y otro basado en colores de WISE.

Observamos que, generalmente, las galaxias en proceso de colision muestran un SF mode
gobernado por su propia morfologia. Esto significa que, galaxias espirales tienden a tener altos
SF mode, mientras galaxias extremadamente perturbadas (HD por sus siglas en inglés) muestran
ain mads altos SF mode (las respectivas medianas son: +0.8 dex y +1.0 dex sobre la MS). De
forma contraria, galaxias elipticas y lenticulares muestran los més bajos SF mode, como es de
esperar para este tipo de morfologia. Aun asi, estas galaxias muestran SF mode mas elevados
comparados con galaxias elipticas y lenticulares que no estdn en proceso de colisién. Por ejemplo,
la mediana del SF mode para este tipo de galaxias estd dentro del limite de 1-o- desde la MS; y esto
se observa incluso antes que las galaxias se hayan fusionado, formando un solo objeto. En general,
observamos que el SF mode tiende a aumentar gradualmente mientras las galaxias avanzan en el
proceso de colision. Ademas, encontramos que la fraccion de galaxias con AGN tiende a disminuir
a lo largo del proceso.

En conclusién, encontramos que el proceso de colisién ayuda a aumentar la SF en galaxias

de todas las morfologias. Para galaxias elipticas y lenticulares, esto podria sugerir que algo de
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gas existe antes del proceso, el cual es incitado para formar estrellas por las interacciones tidales.
Ademds, como esta alza en SFR continda a lo largo del proceso de colision, sugiere que este
aumento tiene un periodo de duracién largo, contrario a lo predicho por simulaciones. Por otro
lado, la disminucién en la fraccién de galaxias con AGN podria sugerir que el gas que alimenta
el agujero negro supermasivo, sélo cae al agujero en etapas tempranas del proceso, generando un
impacto mucho menor en las etapas de fusion (tardias). Es importante notar que la baja fraccion de
galaxias con AGN puede deberse a la obscuracién por polvo en las galaxias, aunque no observamos

cambios en la tasa de polvo, ni en la etapa del proceso de colision.
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Abstract

It is now well known that certain massive galaxies undergo enormous enhancements in their
star formation rate (SFR) when they undergo major mergers, as high as 100 times the SFR of
unperturbed galaxies of the same stellar mass (M.). Previous works found that the size of this
boost in star formation (SF) is related to the morphology of and the proximity to the companion.
The same trend has also been observed for AGN fraction, where galaxies which are closer together
tend to have higher AGN fractions.

Our main goal is to analyse the SF enhancement and AGN fraction evolution during the merger
process, using a more timeline-like merger sequence. Additionally, we aim to determine the rela-
tion between the SF enhancement in mergers and the morphology of the galaxies involved.

Taking advantage of the M, and SFR of ~600 nearby (z<0.1) isolated mergers obtained in
this study, we calculate the distance of each of our galaxies from the star-forming main sequence
(MS, sSFR/sSFR s ), which we refer to as the SF mode. We then analyse how the SF mode varies
during the merger process, as a function of morphology and M,. Additionally, we analyse the
AGN content of our mergers, using multiple diagnostics based on emission line ratios and WISE
colours.

We observe that, overall, merging galaxies show a SF mode that is governed by their mor-
phology. Spirals typically show high SF mode values while highly-disturbed (HD) galaxies are
generally even more enhanced (median values of +0.8 dex and +1.0 dex above the MS, respec-
tively). On the contrary, elliptical and lenticular galaxies show the lowest SF modes, as expected.
However, even they show SF enhancement compared to their unperturbed counterparts. For exam-
ple, their median SF mode is just within the 1-o0- scatter of the MS, and this can occur even before
the galaxies have coalesced. We see a trend for SF mode to gradually increase with increasing
merger stage and we also find that the fraction of AGN observed during the merger process seem
to decline towards late merger stages.

We find that mergers can significantly enhance SF in galaxies of all morphologies. For early-
type galaxies, this could suggest that some gas was present prior to the merger which may be
triggered to form stars by the tidal interaction. As the SF enhancement continues throughout the
merger process, this suggests that the enhancement may be a long-lived event, contrary to the short
star bursts seen in some models. On the other hand, the decline in AGN fraction could suggest that
gas feeding of the super-massive black hole only occurs at early times and has little impact on the
SF at later times. The decline in AGN fraction could also be a consequence of dust obscuration

but we do not observe a change in dust fraction with merger stage.
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Motivation

Galaxies that are interacting show the most spectacular images observed in our Universe. One of
the first catalogues of these remarkable objects was constructed by Halton Arp in 1966, the famous
”’Atlas of Peculiar Galaxies”. His catalogue includes merging systems with one very perturbed ob-
ject and two or more galaxies interacting. The Hubble Space Telescope (HST) has been observing

these objects for years now. Here, I show some of the most breathtaking images found in the HST

website.

XV
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Figure 1 Images taken from the HST website showing selected merging galaxy systems observed
with the HST.
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As galaxies pass through each other, the battle commences. They begin changing shape, ex-
tending their spiral arms to form tidal tails, a bridge of stars and gas suddenly connects the galaxies
for an instant. As they struggle to part ways, gravity unites them once again, they pass through each
other, over and over again. Now, the objects that were spiral galaxies once, seem to be on their way
to form something new, combining their prior qualities and adding some more to this new cosmic
composition.

How these cosmic compositions were created and how they evolve has been one of the most
interesting topics I have crossed paths with in my scientific learning experience. There have been
several simulation studies about merging galaxies and how the process affect these objects in a
time-line sequence. However, the observational studies of the evolution during the merger pro-
cess have typically used the distance between the galaxies as a proxy for the merger stage, but
the distance might not be an accurate chronological course as galaxies decrease and increase their
separation many times before coalescence; and other studies determine the plausible merger pro-
cess for only a few particular merging systems. Thus my interest on investigating the available
information that has been taken from as many of these astonishing objects as possible, with an
approach more consistent to the time-line of a merger process. This, in order to better understand

how some of the merging galaxies’ properties are affected during this process.



Introduction

For long time now, astronomers have studied galaxy evolution and until this day, this is still one of
the main topics in Astrophysical research. More than 40 years ago, the first theories about galaxy
formation were starting to be established.

Thus, now it is extensively acknowledged that galaxies evolve and grow in stellar mass (M..)
following the hierarchical model, where objects form by mergers between less massive objects.
Furthermore, it is well known that massive ellipticals and massive spirals can be formed by colli-
sions between two smaller spiral galaxies (Toomre & Toomre, 1972; Springel & Hernquist, 2005).

These transformations in morphology also take place in parallel with changes in colour (Larson
& Tinsley, 1978), M., star formation rate (SFR), dust and gas content, metallicity, and also super-
massive black hole (SMBH) activity. Galaxies experience all of these changes throughout the

merging process.

1.1 The Process of Galaxy Merging

Galaxies are highly affected by the environments they inhabit. As Dressler (1980) showed many
decades ago, the fraction of elliptical, lenticular and spirals/irregular galaxies is determined by the
galaxy density of the environment they are embedded. The fraction of spiral galaxies is higher in
the field compared to groups and clusters, while the fraction of elliptical galaxies increases with
increasing environmental density and these galaxies are barely seen in the field in the nearby Uni-
verse. On the other hand, Butcher & Oemler (1978) found that more spirals are found in clusters
at high-redshift compared to low-redshift clusters. Following the hierarchical model, these results
suggest that spiral galaxies are transformed as they populate denser and denser environments.
Moreover, observations and simulations show that groups and clusters of galaxies contain very
hot gas, the so-called intracluster medium (ICM), which can reach temperatures of multimillion

Kelvin (Rhee et al., 2017) for large (10'4~1"M;) clusters. When late-type galaxies fall into the

1



2 Chapter 1. Introduction

cluster’s potential well, the ICM can remove the atomic gas of the galaxy. This process is known
as “ram-pressure stripping” (Gunn & Gott, 1972; Chung et al., 2007; Jachym et al., 2007). When
the interaction between the galaxy and the ICM is not sufficiently strong to strip its atomic disk
gas, it can still strip some of its warm, ionized gas (McCarthy et al., 2008; Font et al., 2008).
This process is called starvation” (Larson et al., 1980). On the other hand, mergers in groups and
clusters are less frequent compared to field galaxies, since the velocities inside a group/cluster are
so high (~750-1000 km/s), galaxies tend to pass through each other without coalesce. These high-
speed tidal encounters in groups and clusters cause galaxies to lose mass. This process is known
as “harassment” (Moore et al., 1998) and it is highly dependent on the orbit that the galaxies have
when interacting (Smith et al., 2010, 2013, 2015). Nevertheless, galaxies still merge in groups and

clusters if they have the right relative velocities.

In order to better understand the merger process alone, we decided to study merging galaxies
in isolation, where we observe only one or maximum two interacting galaxies. Thus, we can
consider the mentioned environmental effects as negligible. Several studies have been done on
merging galaxies. These studies show that as galaxies approach each other, their gas starts to be
disturbed and disrupted, and may even be transferred to their companion, creating tidal tails and
bridges. Additionally, gas is funneled towards their centers, which triggers star formation (SF) and
can also activate their SMBH. This process can enhance the SF of galaxies (Larson & Tinsley,
1978) and this enhancement is found to depend on many of the properties of the merging galaxies,
such as the M, ratio between the two components, the bulge to total luminosity ratio (B/T), the
gas and dust content, the orbital parameters of the collision, and the occurrence of AGN feedback
(Mihos & Hernquist, 1994a,b; Di Matteo et al., 2005; Hopkins et al., 2008; Di Matteo et al., 2008;
Park et al., 2017).
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Figure 1.1 Elliptical galaxy formed by a merger process. Timelapse of two gas-rich spiral galax-
ies merge forming an elliptical galaxy. Gas and stars are shown in the top and bottom panels,
respectively. Snapshots are taken from Di Matteo et al. (2008)
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Figures 1.1 and 1.2 show simulations of two different merger processes. The gas and the stars
can be seen on the top and bottom panels, respectively. The first process consists of two gas-rich
spiral galaxies, which merge forming an elliptical galaxy. The second process consists of one gas-
rich spiral and another spiral without gas, which merge forming a more massive spiral galaxy. The

snapshots are taken from Di Matteo et al. (2008)’s simulations.
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Figure 1.2 Spiral galaxy formed by a merger process. Timelapse of two spiral galaxies (one gas-
rich and one gas-poor) merging to form an spiral galaxy. Gas and stars are shown at the top and
bottom panels, respectively. Snapshots are taken from Di Matteo et al. (2008)

1.1.1 Star Formation Enhancement predicted by Merger Simulations

Simulations of mergers have been studied mainly in isolation, where the set of parameters only
include the galaxies’ properties and the collision orbital parameters. Thus, no detailed properties
of their cosmological surroundings are considered, allowing us to understand the merging process
separately from environmental effects. Nonetheless, since a few decades ago, simulators have
found that there are some properties we do not fully understand and that these can make a large
difference in the merging process results. For example, Mihos & Hernquist (1994a,b) studied how
the star formation of merging galaxies are affected when they have a bulge or not. They also
separate their simulations depending on the mass ratio between the galaxies. For merging galaxies
with similar mass (major mergers), they found that galaxies without a bulge develop bars in the
centers soon after the first passage, these bars allow great amounts of gas to flow towards the center
triggering short but significant starbursts. This does not occur in merging galaxies with a bulge as
the bulge stops the inflow of gas, not allowing the starburst to happen at this stage. However, a
strong starburst occurs as the galaxies coalesce.

Figure 1.3 shows the star formation rate relative to a non-merging galaxy over the full timeline
of merger process for merging galaxies with a bulge (thick line) and without a bulge (thin line).
Following the bulgeless galaxies (thin line), we can see that at the first passage between the galax-

ies (T ~ 40) the SFR is enhanced 20-30 times the SFR of non-merging galaxies. In this manner,
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galaxies use their gas quickly (~1.5 x 108 yr), thus, starburst are not observed after the first pas-
sage. On the other hand, galaxies with a bulge (thick line) do not show a high star formation at this
stage, as the bulge helps to stabilise the gas, but at final coalescence these mergers show a rise in
SFR of 70 times the SFR of non-merging galaxies. This powerful starburst lasts for only 5 x 10’
VI.
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Figure 1.3 Star formation histories of simulated major mergers, with and without a bulge. Time in
the x-axis is in 107 yr. Credits: Mihos & Hernquist (1994a)
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Figure 1.4 Star formation histories of simulated minor mergers, with and without a bulge. Credits:
Mihos & Hernquist (1994b)
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For the case when galaxies with very different masses merge (so called minor mergers), Mihos
& Hernquist (1994b) show that a strong starburst is not observed at the first passage, contrary to
major mergers. Figure 1.4 shows the evolution of the global SFR (similar to the previous figure)
of merging galaxies with and without a bulge. This figure shows that the global SFR rises only at
late merger stages and the highest SFR is reached by the bulgeless merger, which is higher than 10
times the SFR of non-merging galaxies. This starburst lasts for a longer period compared to major
mergers (2.3 x 10® yr). On the other hand, galaxies with a bulge also show an increased SFR at
late-merger stages but only by 3 times the SFR of non-merging galaxies.

As simulations progress, new recipes for the physics of different components are included
to the different coding. Di Matteo et al. (2005) show that numerical simulations including black
hole growth show different results compared to simulations without a nuclear super-massive black
hole (SMBH). Figure 1.5 shows the gas distribution of two of their simulations, the top images
show snapshots of the merging galaxies with a SMBH and the bottom images show snapshots
of the simulation of merging galaxies without a SMBH. From left to right, the figure shows four
different times in the merging process. First, galaxies are shown just after the first passage (1.1
Gyr). The second snapshot shows the moment before coalescence (1.4 Gyr). The third snapshot is
taken at final coalescence (1.6 Gyr). Finally, the fourth snapshot shows the remnant merger at 2.5
Gyr.

Time = 1.1 Gyr

Figure 1.5 Simulations of mergers with and without a black hole. Di Matteo et al. (2005)’s numer-
ical simulations of merging galaxies with (top) and without (bottom) nuclear super-massive black
hole.

We can notice how the morphology of the merging galaxies are affected by the inclusion of
the black hole in the simulation. The third and fourth snapshots show the most evident differences,
where we can observe a concentration of gas in the center of the remnant without the black hole.

This is not observed in the simulations with the black hole, indicating that the black hole plays an
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important role on the gas distribution of mergers. Furthermore, Figure 1.6 shows the star formation

history and the black hole growth of merger simulations of galaxies with different stellar mass.
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Figure 1.6 Star formation history and black hole growth in Di Matteo et al. (2005)’s simulations.
Star formation history (top), black hole accretion rate (middle), and black hole growth (bottom)
of merger simulations shown by Di Matteo et al. (2005). The coloured lines show the models of
galaxies with virial velocity v,;.= 80 (dark red), 160 (red), and 320 km/s (orange). The dashed-
line in the top panel shows the model of a galaxy without SMBH. The four black circles show the
different stages shown in Figure 1.5, from left to right.

The top panel shows the star formation rate throughout the merging process, where we can

observe that different masses (coloured lines) show similar behaviour until the coalescence stage

(third black dot). Just after coalescence, more massive galaxies (light-orange line) show a higher

peak and a more abrupt decay in SFR compare to the low-mass merger (dark-red line). Also notice

the SFR of a merger without a black hole (dashed-orange line), where the peak after coalescence
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is significantly higher than the merger with a black hole (solid-orange line). On the other hand, the
black hole accretion (middle panel) and black hole growth (bottom panel) shows its dependence
on the mass of the merging galaxies. More massive galaxies start the black hole growth sooner
within the merger process (peaking at coalescence), in contrast to lower mass galaxies, where the

growth is only produced at and after coalescence.

Furthermore, Di Matteo et al. (2008) studied hundreds of simulations of major mergers, using
different parameters for these merging galaxies, such as stellar mass, bulge mass, and gas fraction,
and different initial parameters for the merging galaxies’ orbits. For example, Figure 1.7 presents
the star formation history of four different mergers, from which all have as the primary a spiral
galaxy with gas-to-stellar mass ratio of 10%. From left to right, the panels show the primary spiral
merging with: a similar spiral with a retrograde orbit and an angle of 45°, a similar spiral with
a direct orbit and an angle of 90°, a gas-rich (20%) spiral with a retrograde orbit and an angle
of 45°, and a more gas-rich (30%) spiral with a direct orbit and an angle of 45°. Retrograde and
direct orbits refer to the direction of the spin of the galaxy’s rotation, retrograde merging galaxies
have opposite rotations, and direct merging galaxies have the same direction of rotation. The angle

refers to the angle between the disk of each merging galaxy at the time of collision.
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Figure 1.7 Star formation history for different mergers simulated by Di Matteo et al. (2008). The
arrows show the first pericenter passage and the time of coalescence.

As we can see in the first two panels, the direction and the angle of collision affect the SFR
throughout the merger process. We observe a peak in star formation at the first passage when the
two galaxies collide in an angle of 90° (second panel). This is contrary to the merger with the
two galaxies forming an angle of 45° and a opposite rotation direction (first panel), where there
is no starburst at this period. On the other hand, both show a peak of star formation at the time of
coalescence, the highest and longest shown by the merger showing no starburst at early stages, as

the prior merger used its gas at early and intermediate stages.
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On the other hand, the other two mergers show lower relative SFR compared to the two first
cases (notice the y-axes values of the different panels). There is a small peak of star formation
at first passage for both cases, and at the time of coalescence both show higher relative SFR, the
highest being shown by the retrograde orbit. Overall, strong starbursts (stronger than 5x) are rarely
found in these simulations (~15%). Also, the starbursts last for a short period of time (only a few
103 yr).
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Figure 1.8 Star formation history for different mergers simulated by Park et al. (2017). Star forma-
tion history for major (left panels) and minor mergers (right panels). The top panels show mergers
of simulations not considering AGN and the bottom panels show mergers with AGN. The X and

99 99

circle show the second passage and final coalescence, respectively. The e’ parameter (top-left cor-
ner) shows the SFR excess, the comparison between the SFR of the merger (blue) to the isolated
(red) galaxies between the two vertical dashed-lines.

A recent study investigated hydrodynamical simulations to test AGN feedback affecting the
merging process (Park et al., 2017). Several simulations have shown that as the SMBH is triggered,
the AGN can heat the surroundings, halting star formation in its surroundings. Park et al. (2017)
found that the AGN feedback supresses the star formation more efficiently compared to non-
merging galaxies and this effect is larger for major than for minor mergers. Figure 1.8 shows the
star formation history of major and minor mergers, from left to right, with stellar mass ratios of 1:1,
3:1 for the major mergers and 6:1, and 10:1 for the minor mergers. Merging galaxies without AGN
feedback are shown on the top panels and simulations that include AGN feedback are shown on
the bottom panels. The blue shaded regions show the star formation rate of the merging systems to
compare with an isolated galaxy shown in red. The X’ and O’ symbols show the second passage
and final time of coalescence, respectively. It is clear that galaxies reach higher SFR when AGN
feedback is not considered. Also, major mergers show higher SFR compared to minor mergers.

Figure 1.9 shows the star formation history of mergers considering AGN feedback (as the



1.2. The SFR-M, plane and the Main Sequence of Star Formation 9

bottom panels of the previous figure) on the top panel (Park et al., 2017). The middle and bottom
panels show the black hole growth and accretion rate, respectively. Notice the dashed lines in
these panels which show the growth and accretion rate of an isolated galaxy’s black hole. The
AGN accretion is higher at second passage and coalescence (second and third vertical dotted lines)
for major mergers, while for minor mergers, the black hole growth is not that different than the
isolated galaxy, and the accretion rate is much lower. Additionally, Park et al. (2017) studied
the effect of the AGN in bulge and bulgeless galaxies, similar to Mihos & Hernquist (1994a,b)’s
studies mentioned previously. They found that for minor mergers, the primary’s bulge size does
not play an important role when AGN feedback is included. However, there is still a tendency for

SFR to be higher for bulgeless galaxies compared to galaxies with a bulge.
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Figure 1.9 SFH and accretion for different mergers simulated by Park et al. (2017). Star formation
history (top), BH mass growth (middle), and AGN accretion (bottom) for major and minor mergers
(Park et al., 2017).

While simulations show that the SF enhancement can be 2-20 times higher than the SFR of
non-interacting galaxies, observations show that some very perturbed galaxies show SFR up to

10-100 times higher compared to unperturbed galaxies with the same M,.

1.2 The SFR-M., plane and the Main Sequence of Star Formation

Several observations have shown that unperturbed star-forming galaxies form stars according to
their stellar mass. Massive galaxies form stars faster compared to less massive galaxies following a

tight relation, the so-called Main Sequence (MS) of star formation. There have been many studies



10 Chapter 1. Introduction

to determine this relation at low- and higher-redshifts (Elbaz et al., 2007; Noeske et al., 2007;
Daddi et al., 2007; Pannella et al., 2009; Karim et al., 2011; Wuyts et al., 2011; Whitaker et al.,
2012; Rodighiero et al., 2014; Whitaker et al., 2014; Chang et al., 2015; Pannella et al., 2015;
Renzini & Peng, 2015; Schreiber et al., 2015, 2017).

Figure 1.10 Main Sequence. SFR-M, plane of low-redshift SDSS galaxies from Elbaz et al. (2007).
The green-solid line shows the Main Sequence with its scatter (0.3 dex) shown by the dashed-green
lines. Three special cases are shown: our Milky Way (MW), M82, and Arp220. The latter two are
likely involved in galaxy interactions.

Figure 1.10 shows the SFR-M, plane and the MS determined by Elbaz et al. (2007), repre-
sented by the solid-green line, for a sample of low-redshift (0.015 < z < 0.1) galaxies from SDSS.
The dashed-green lines show a scatter of 0.3 dex. Notice the position of our Milky Way (MW)
below the MS but within the scatter. For reference in this figure, the M,(MW) = 6.1 x 10'! Mg
(Flynn et al., 2006) and SFRIMW) = 4 Mg, yr~! (Diehl et al., 2006). It also shows the galaxies
MS82 and Arp220. M82 is a very luminous galaxy within the group of galaxies M81, located in the
constellation of Ursa Major. This galaxy is considered a starburst galaxy which is forming stars
10 times faster than an MS galaxy. Arp220 is a peculiar galaxy catalogued by Halton Arp in 1966,
Arp220 is forming stars at a rate ~200 M, yr~! (Varenius et al., 2016), which is astonishingly high

compared to MS galaxies.
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Figure 1.11 Images of galaxies. From left to right: we show a representation of our
Milky Way, and images of the interacting galaxies M82 and Arp220. Credits: Images from
https:/[www.spacetelescope.org

Figure 1.11 shows an image of our Milky Way (representation; left), M82 (middle), and
Arp220 (right). Just from the morphology, we can observe that the representation of the MW
looks like a normal/unperturbed spiral, in contrast to M82 and Arp220 which have unusual mor-
phologies. M82 is known to have been involved in an interaction with M81, the central galaxy of
the group. And Arp220 is a system of two interacting galaxies in the stage of coalescence. These
two latter cases show high values of SFR, this phenomenon has been observed in a more extensive
sample. Elbaz et al. (2011) studying ultra-luminous infrared galaxies (ULIRGs), observed that
compact galaxies show high SFR compared to non-interacting galaxies with the same M,, and
that these galaxies tend to show features of interactions. Figure 1.12 shows the compact galaxies
(red dots) studied by Elbaz et al. (2011). These galaxies are mostly above their MS upper limit,
showing very high (10-100x) SFR compared to unperturbed galaxies (black dots).
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Figure 1.12 Main Sequence and compact ULIRGs. SFR-M, plane of compact galaxies from Elbaz
et al. (2011). The red dots show compact galaxies which tend to show features of interactions.
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1.2.1 Star Formation Mode

As mentioned previously, simulations compare the SFR to the SFR of simulated non-merging
galaxies, and the observational studies mentioned here compare their SFR to the SFR of a control
sample. In this thesis, in order to study the rise of SFR of galaxies during the merger process, we
compare the SFR of the merging galaxy to the SFR that a galaxy would have at the same M, if
this galaxy were in the MS. We refer to this comparison (sSSFR/sSFR,,s) as star formation mode
(SF mode) also referred to as “starburstiness” in the literature (Elbaz et al., 2011). The SF mode

measures the separation from the MS, hence galaxies in the MS have an SF mode equal to zero.

We chose to perform the comparisons to the MS shown by Chang et al. (2015, hereafter
CHANG+15) as they determined their MS using M, and SFR estimated via SED fitting utilising
the same code we used (MAGPHYS). Galaxies within the 1-o scatter determined by CHANG+15
are referred to as MS galaxies, galaxies above the upper limit (MS plus 1-o scatter) are called
starburst galaxies (SB), which are forming stars faster than 2.5 times the rate of MS galaxies, and
finally, galaxies below the lower limit (MS minus 1-o scatter) of the MS are referred to as passive

galaxies, which are usually dominated by elliptical galaxies in a non-merging sample.

1.3 Dependence on Companion Distance and the Morphology

In interacting galaxies, the IR luminosity, AGN content, and SFR are highly related to the distance
and morphology of the companion galaxy (Hwang et al., 2010, 2011; Ellison et al., 2013; Satyapal
etal., 2014). Hwang et al. (2010, 2011) found that the changes in IR luminosity, AGN content and
SFR occur when the galaxies are at distances lower than their virial radius (v,), showing the highest
values for these three properties at distances lower than 0.5 v,. Figure 1.13 shows the dependency
of the IR luminosity (L;g, top panel), and (U)LIRG fraction (middle and bottom panels) on the
distance to and the morphology of the companion. Blue symbols show (U)LIRGs with a late-type
companion and red symbols show (U)LIRGs with early-type companions. The L;z and (U)LIRG
fraction increases when the companion is a late-type galaxy but these properties seem to decrease

when the companion is an early-type galaxy.
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Figure 1.13 ULIRG fraction according to the distance to and the morphology of its companion.
L;r and (U)LIRG fraction dependency on the distance to and the morphology of the companion
as shown by Hwang et al. (2010). Symbols show the morphology of the companion galaxy, blue
squares and red circles represent late-type and early-type galaxies, respectively.

Figure 1.14 show a similar behaviour for the SFR (top panel) and specific star formation rate
(sSFR; bottom panel) of (U)LIRGs. These two increase as the late-type companion gets closer and
decrease when the close companion is an early-type galaxy. The M. (middle panel) seems to do
the opposite, it decreases when the companion is a late-type and stay almost constant when the

companion is an early-type galaxy (Hwang et al., 2011).
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Figure 1.14 SFR, M., and sSFR according to the distance to and the morphology of its companion.
SFR (top panel), M., (middle panel), and sSFR (bottom panel) dependency on the distance to and
the morphology of the companion as shown by Hwang et al. (2011).

Furthermore, Ellison et al. (2013) showed that galaxies increase their SFR when the distance
to the companion decreases as compare to the respective control sample. Figure 1.15 shows the
dependence of the SFR excess (SFR of the galaxy compared to the control sample) as a function
of the distance to its nearest neighbour. The shaded region shows the SFR of post-mergers. The
decline of SFR with distance to the companion is clear. However, the SFR excess shows low
values (2 - 3), which are similar to the results obtained from simulations but very different to the

interacting (compact) galaxies shown by Elbaz et al. (2011).
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Figure 1.15 SFR excess according to the distance to its companion. Dependece of the SFR excess
as a function of the distance to its companion as shown by Ellison et al. (2013).

Using the same sample as Ellison et al. (2013), Satyapal et al. (2014) studied the fraction
of galaxies with an AGN according to the distance to the nearest companion. They identified
galaxies hosting an AGN using a WISE colour limit (Stern et al., 2012, W1 - W2 > 0.8). These
AGN fractions are shown in Figure 1.16 as blue symbols. They also lower the WISE colour limit
to (W1 - W2) > 0.5 as galaxies with redshift lower than 0.2 show colours much lower than 0.5
(Assef et al., 2013). These AGN fractions are shown in red. Again, the shaded region shows post-
mergers. The AGN fraction shows a clear decline with distance to the companion, post-mergers
showing values twice as large as the smallest separation. However, the values of the fractions are

very small (0.1 - 0.16) which suggest that AGN are not very common in interacting galaxies.
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Figure 1.16 AGN excess according to the distance to its companion. AGN fraction dependency on
the distance to the companion as shown by Satyapal et al. (2014).
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1.4 Stellar Mass and Star Formation Rate Estimators

There are many different methods to estimate M, and SFR. The most frequently method used to
estimate M, is the one shown by Bell et al. (2003), which relates the optical colour (g - r) from
SDSS to the r-band Mass-to-Light (M/L) ratio, as follows:

-0.15 + 0.93(g—r)
log(M./Ly) =
-0.306 + 1.097(g —r) ,for03<(g-r <1

This method is based on mass-to-light ratios (M/L) determined using SED fitting to some or
all of the ugrizK fluxes obtained for the Milky Way. Similarly, Taylor et al. (2011) studied galaxies
from the Galaxy And Mass Assembly (GAMA) sample, using the (g - i) and the i-band luminosity
(L;) from SDSS. They obtained the following relation:

log(M. /L;) = —0.68 + 0.70(g — i)

Another method is the one shown by Cluver et al. (2014), where they show the relation between
M., and WISE colours. They find three different relations, for low-redshift sources, for star-forming

galaxies, and for the entire sample, as follows:

-2.54(W1-W2) -0.17 , for low-redshift galaxies
log(Metiar/Lw1) = { 0.04(W1 — W2)—1.93 , for star-forming galaxies
—-1.96(W1 — W2) - 0.03 , for the entire sample

with Ly ( Lg) = 107%4Mw1=324) where My is the absolute magnitude of the galaxy in W1.

For SFR, there are also several methods. These can be based on the UV emission, the H,
emission line, and/or the IR emission. Cluver et al. (2014) presents two relations, one between
the dust-corrected H,-derived SFR and the W3 luminosity, and the second related to the W4

luminosity. These are as follows:
log SFRy, ( Mg yr™") = 1.13 log vLw3( Lo) — 10.24

log SFRy, (M yr™') = 0.82 log vLwa( Le) — 7.3

Three other studies also relate the W4 luminosity to the SFR: Lee et al. (2013), Jarrett et al.
(2013), and CHanGg+15. Lee et al. (2013) shows two relations, one non-linear and a second with a

slope equal to unity, as follows:
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SFRwa( Mo yr') = (4.25 £ 0.20)x107° L **00! (L)
SFRwa( Mg yr™!) = (1.59 + 0.11)x10™° Lwa( Lo)

Jarrett et al. (2013) and Cuanc+15, as well as Cluver et al. (2014), claim that the relations
to W4 are more accurate than the ones using W3, since W3 is highly affected by PAH emission,
which is not the case for W4. Jarrett et al. (2013) and CuanG+15 relations, respectively, are as

follows:

SFRr(£0.04)( Mg yr™") = (7.50 + 0.07)x10™'%vL4( Lo)
log SFRw4( Mo yr™!) = log Lwa( L) — 9.08

Another way to estimate the SFR is to measure the emission of young stars (UV) and correct
it by the dust extinction (IR). Janowiecki et al. (2017) shows this combined approach, using the
NUYV band from GALEX and the W4 filter from WISE, as follows:

SFRnuv( Mg yr 1) = 10728165 & Lyyy(erg/s/Hz) , from Schiminovich et al. (2007)

SFRw4( Mg yr 1) = 7.50x1071%(Ly4 — 0.04Lw1)( Lo)

where the total SFR will be the sum of both:
SFR = SFRNUV + SFRw4

These methods are based on one or two band photometric data. As merging galaxies are un-
usual galaxies, showing very perturbed morphologies, it is not unexpected that they do not follow
the same relations followed by unperturbed galaxies. Thus, we decided that the best method to
estimate M, and SFR is via fitting the spectral energy distribution (SED) of the merging galaxy
using as many photometric points as possible. For this, we compile all the information from the
largest surveys currently available: the GALaxy Evolution eXplorer (GALEX), the Sloan Digital
Sky Survey (SDSS), and the Wide-field Infrared Survey Explorer (WISE). After compiling the
available data, we noticed that the radius of the merging galaxies, as listed in the catalogues, was
smaller than the ones shown in the images, indicating that the radius measured automatically was
not recovering the light of the entire galaxy for this type of objects. Thus, we were compelled to
perform the photometry on our merging galaxies in a less automated way in order to obtain more

accurate values for M, and SFR.
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1.4.1 Photometry using SExtractor

There are several softwares and tools to extract sources from an image (e.g. SkyCat, IRAF, DS9).
These are mainly aimed to study one or a few objects at a time, as the photometry is performed in a
manual and more precise manner. SExtractor (Source Extractor) is the commonly used software to
perform photometry in large samples, as this can extract sources from many images automatically
setting a few initial parameters. Here, it’s possible to set parameters such as: detection threshold
from the sky, deblending parameters, background sizes, and output images like background, ob-
jects found, the image with the objects subtracted, among many others. These parameters can be
different for each image when is used from a script, e.g. IDL or python. This makes SExtractor the
perfect tool for my task.

Since I noticed that the available photometry from the different surveys underestimates the
flux of merging galaxies, I measured the photometry of the merging galaxies in our sample in all
the 11 filters (FUV, NUV, u, g, r, i, z, W1, W2, W3, and W4) in a less-automated manner, using
SExtractor. The parameters that affect the photometric measurements of merging galaxies the most
are the sky-threshold and the n-deblending. The first one sets the minimum flux to detect an object,
this mainly affects faint merging galaxies and merging galaxies with faint tidal tails. The second
one decides the threshold use to determine whether a separated but nearby source is part of the
same object or not. This parameter also affects the detection of faint tidal tails, and galaxies with

luminous star-forming regions, as these can be detected as separated objects.

1.4.2 SED fitting using MAGPHYS

MAGPHYS is a spectral energy distribution (SED) fitting code created by da Cunha et al. (2008).
The SED shows the flux of the light emitted by a galaxy at different wavelengths. Thus, from an
SED, we can learn about many of the components (e.g. stars, gas, and dust) of a galaxy depending
in which wavelength we observe. MAGPHYS contains 50,000 stellar population template spectra
and 50,000 polycyclic aromatic hydrocarbons (PAH)+dust emission template spectra, which are
used to fit the ultraviolet (UV)/optical and infrared (IR) photometric data, respectively. The stellar
templates include models with random, and superimposed bursts of star formation, generating
templates with different star formation histories. Figure 1.17 shows the SED of three different
galaxies with available photometric points (red symbols) from UV (GALEX) to IR (SCUBA).
The best fit obtained by MAGPHYS to the photometric data is shown in black, with the residuals
shown in the small subpanels. The unattenuated stellar population spectrum is shown in blue.
After computing the goodness of the fit parameter y>, MAGPHYS provides several properties
of a galaxy. For this study, we focus on the M, and the SFR with their respective likelihood

distributions.
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Figure 1.17 SED fitting. The SED of three different galaxies fitted by MAGPHYS (da Cunhaet al.,
2008).

There are several SED fitting codes, these can have different ranges in wavelength and different
methods to estimate the resulting parameters. There also are more recent SED fitting codes that
allow to set more free parameters, and set the fit for different components. MAGPHYS is the best
publicly available SED fitting code as it provides the estimation of M, and SFR that we need,
providing also the point spread functions (PDF) for each property, and it shows to perform well in
fitting the dust of galaxies CHANG+15, which is very important in this study, since merging galaxies

at late stages show to be very dusty.

1.5 Identifying AGNs

Active galactic nuclei (AGNs) are a very powerful source hosted in galaxies, their bolometric
luminosities ranges from Lj,; = 10* to 10% erg/s. AGNs can be observed from X-ray to radio
wavelengths, as their presence can affect the entire SED of a galaxy. However, AGNs can be
obscured by dust in the hosting galaxy. Thus, to detect an AGN in a very dusty host galaxy, X-rays

observations are necessary.
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To identify an active galactic nucleus (AGN) in our merging galaxies, we use three different
methods. The first one is the well-known BPT diagrams (Baldwin et al., 1981), the diagnostic
emission line ratios between the forbidden lines: [OIII], [NII], [SII], and [OI] and the Balmer
lines: Hg, H,. Kewley et al. (2006) summarised the different possible classifications of galaxies
showing emission lines: star-forming (SF) galaxies, galaxies containing an AGN, LINER galaxies,
and Seyfert galaxies. Figure 1.18 shows the three common BPTs. They compare the log([OI11]/Hg)
to the log([NII]/H,) (Ieft panel), to the log([SII]/H,) (middle panel), and to the log([OIl/H,) (right
panel). The red lines separate the star-forming galaxies from the galaxies hosting an AGN (left
panel), and from the Seyferts and LINERS (middle and right panels). There is also a composite
separation (blue-dashed line in the left panel), that includes galaxies hosting an AGN but also star-
forming. The blue lines in the middle and right panels show the separation and scatter of Seyfert

and LINER galaxies.
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Figure 1.18 BPT diagnostic diagrams. BPT diagnostic diagrams summarised by Kewley et al.
(2006). Lines of separation follow the equations shown in the text.

The lines of separation can be summarised as follows:

For the BPT-NII (left panel):
log([OIII]/Hg) = 0.61/(log([NII]/H,) — 0.05) + 1.3 (Kauffmann+03 line, in red)

log([OI1I]/Hg) = 0.61/(log([NII]/H,) — 0.47) + 1.19 (Kewley+01 line, in blue)

For the BPT-SII (middle panel):

log([OI1I]/Hg) = 0.72/(log([SII]/H,) — 0.32) + 1.30 (main AGN line, in red)
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log([OIII]/Hg) = 1.891og([SII]/H,) + 0.76 (LINER/Sy?2 line, in blue)

For the BPT-OI (right panel):
log([OI1I]/Hp) = 0.73/(log([OI]/Hgy) + 0.59) + 1.33 (main AGN line, in red)

log([OIII]/Hg) = 1.18log([OI]/H,) + 1.30 (LINER/Sy?2 line, in blue)

The second method we use is based in the emission line Hell (Shirazi & Brinchmann, 2012),
which can be detected only due to sources with hard ionization radiation. This method is similar to
the BPT but is shown that can detect more AGNs than the BPT. However, the BPT still can identify
AGN:s that the method using the Hell emission line does not. Figure 1.19 shows the Hell diagnostic
diagram (Shirazi & Brinchmann, 2012), which compares log([Hell]/Hg) and log([NII]/H,). The

lines of separation are shown by Shirazi & Brinchmann (2012), as follows:
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Figure 1.19 Hell diagnostic diagrams. Hell diagnostic diagrams summarised by Shirazi & Brinch-
mann (2012).

The symbols are coloured by the classification using the BPT, blue symbols represent star-
forming galaxies, red symbols show galaxies with an AGN, and the magenta symbols are compos-

ite galaxies (star-forming and AGN). The lines coloured with a gradient (1-f) show the fraction of
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the spectrum contributed by the star-forming galaxy, 0.0 (black) meaning that there is no fraction
of SF present in the spectrum and 1.0 (red) means that the galaxy is highly star-forming.

The third method we use is the one based on WISE colours. Stern et al. (2012) and Jarrett
et al. (2011) studied the W1-W2 - W2-W3 diagram, finding that galaxies separate fairly clearly
according to their SF, AGN content, and IR luminosity. The left panel of Figure 1.20 shows the di-
agram as presented by Cluver et al. (2014), where we can observe that ellipticals, spirals, starburst
galaxies, (U)LIRGs, and galaxies with an AGN are reasonably separated. The right panel shows
the separations to detect an AGN as shown by Stern et al. (2012) (dotted line) and Jarrett et al.
(2011) (dashed polygon).
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Figure 1.20 WISE colour-colour diagram. WISE colour-colour diagrams as shown by Cluver et al.
(2014) (left panel) and Jarrett et al. (2017) (right panel).

The lines of separations follow the next equations:
dotted line:
0.8<Wl-WwW2

dashed polygon:
22<W2-W3 <42

0.1(W2-W3)+038 <W1-W2<1.7

These three methods have their own pros and cons. For example, the emission lines come from
the central region (3”) is more likely to be observing only the region where the AGN would be.
However, this is tightly related to the distance to the galaxy, as the farthest the galaxy is located
the more light from the galaxy is observed, and not only the center, where the AGN should be lo-

cated. Thus, we increase the possibilities of observing regions with star formation plus the AGN.
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Additionally, the emission lines are highly affected by dust and mergers at their final stages are
usually very dusty. On the other hand, the WISE colour-colour diagram seem to separate unper-
turbed galaxies with an AGN well enough, but the relatively low resolution of WISE means that
we are forced to use the colours of the entire galaxy, instead of only the nucleus, thus allowing us

to only identify AGNs that outshine their host galaxy.



Multi-band Photometry, Classification,

Stellar Masses, and Star Formation Rates

2.1 Introduction

In this chapter, I present the assembly procedure and characteristics of the merging systems in-
cluded in the final data sample. I classified these merging galaxies according to their morphology
and merger stage in the merger process. After compiling the available information from the public
surveys (GALEX, SDSS, and WISE), I noticed that the sizes show different values between the
ones catalogued and the available images. Thus, I decided to perform the photometry on these
merging galaxies to improve the estimates of stellar mass (M,) and star formation rate (SFR).
The semi-automated photometric procedure is summarised in Section 2.3.2. In order to show the
different results obtained using either a different photometry or estimator, I present comparisons
to different public catalogues and relations available in the literature. As a matter of notation, we
use ‘merger’ to denote a merging system of galaxies that includes one or more individual merging

galaxies. This study has been included in Calder6n-Castillo et al. (submitted, hereafter Paper I).

2.2 Sample and Data

2.2.1 Sample Selection

Our sample has been drawn primarily from five large samples: the Arp’s Catalog of Peculiar
Galaxies! (Arp, 1966) (Arp 1966; ARP Galaxies) containing 338 peculiar galaxies; The VV?
Catalogue of Interacting Galaxies (Vorontsov-Velyaminov et al., 2001) with 852 interacting sys-

tems; the mergers classified by Nagar et al. (submitted) containing 81 mergers with sub-millimetric

Thttp://arpgalaxy.com
2www.sai.msu.su/sn/vv
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and gas information; the mergers classified by citizen scientists in the Galaxy Zoo (GZ) Project’
(Holincheck et al., 2016, GZ mergers) listing 3373 mergers; and the mergers selected from the
Great Observatories All-sky LIRG Survey* (Sanders et al., 2003, GOALS), which includes 629
(U)LIRGs.

From these ~4000 galaxies, we have selected ~600 mergers, counting a merger only once even
when it appears in multiple catalogues, obeying the following criteria:

- if the system contains two galaxies, both components must show a difference in redshift Az <
0.002 (Avyer < 500 km/s), which will exclude most fly-bys or unrelated galaxies, and selecting
systems that are more likely to eventually coalesce.

- the merger is not part of either a group or a cluster, so it can be considered as an isolated
binary system.

- in order to have well sampled SEDs, we only select mergers having full photometric coverage
from imaging: FUV and NUV from GALEX; u, g, r, i, and z from SDSS; and W1, W2, W3, and
W4 from WISE. Table B.1 lists the effective wavelength and detailed information of each filter.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
redshift

Figure 2.1 Redshift Distribution. The green filled histogram shows the redshift distribution of the
540 merging systems and the black histogram shows the distribution for all 919 individual galaxies
in the merging systems. Credits: Calderon Castillo P.

The final sample contains 919 galaxies in 540 mergers. Since our galaxies are found in the
SDSS, the majority of the sample is at z < 0.1, with a median value of z = 0.044 + 0.029. In
Fig. 2.1 the redshift distribution of mergers is shown in green and for individual galaxies in black.
The absolute-magnitude distribution of individual galaxies, shown in Fig. 2.2, has a median of
—21.25 + 1.35 mag in the r-band (SDSS).

Since the mergers have been classified based primarily on the SDSS imaging, where the sen-
sitivity is 24 mag/arcsec? in the r-band, we may miss merging features fainter than this value.
Therefore inevitably, we may miss mergers at early- and late- merging stages, over-accounting for

merging systems at intermediate stages.

Shttp://data.galaxyzoo.org
“Http://goals.ipac.caltech.edu
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Figure 2.2 r-band Absolute Magnitude Distribution. SDSS r-band absolute magnitude distribution
of all individual galaxies in the final sample. Credits: Calderdon Castillo P.

A considerable bias of the GZ project is that the images they provide to the citizens for a visual
inspection are relatively small, hence merging pairs with large separations are missed. Another bias
that can be introduced in the GZ and/or our merging stage classification is that some of the late
merging stages containing only one galaxy could have been an old interaction which did not result
in a merger, where the secondary galaxy which passed-by is too far away to be considered as a

companion.

2.2.2 Imaging Data

We compiled data from several surveys, spanning the UV, optical, and IR wavelengths. We gath-
ered fully reduced imaging for FUV and NUV from GALEX> (GR6/GR7), obtaining images of
1.2° (1450 pixels) in radius. For SDSS® (DR13), we obtained images for the following optical
bands: u, g, r, i, and z (10 x 13 arcmin?, which corresponds to 2048 x 1489 pixelz). Finally, we
used 18.3x18.3arcmin? (800 x 800 pixel?) images for W1, W2, W3, and W4 from WISE’.

2.3 Results

In this section, we will present the classification distributions of the sample. Also, we will sum-
marise our semi-automated photometry approach, the complications of an automated photometry
and possible solutions. We will show the results of our photometry and compare them to available
catalogs. Finally, we will compare our measurements of M, and SFR to those in the catalogs and

discuss the possible biases.

Shttp://galex.stsci.edu/data/
®https://drl3.sdss.org/sas/dr13/
"http://irsa.ipac.caltech.edu/applications/wise/
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2.3.1 Galaxy and Merger Sequence Classification

The 540 mergers of the final sample were classified by morphology and merging stage based on a
visual inspection of the SDSS images (PCC). The morphological classes of the individual galaxies
in the systems are: spiral, elliptical, lenticular (S0), and highly-disturbed. The latter classification
includes all galaxies that are too disturbed to be clearly included in any of the other three classifica-
tions. An example of each classification is shown in Fig. A.1. Figure 2.3 shows the distribution of
the morphology of the merging galaxies. A larger fraction of the sample (34%) is highly-disturbed.
Most of these galaxies are likely to have been identified as spirals in the past as they presently show
very disturbed tidal tails and nuclear regions. Other galaxies show shells, features often associated

with mergers involving elliptical galaxies.

Spiral Elliptical Lenticular Highly-disturbed
Morphology

Figure 2.3 Morphology Distribution. The distribution of galaxy morphology for all individual
galaxies in the sample: classifications are spiral, elliptical, lenticular (S0), and highly-disturbed.
The latter classification describes galaxies that are too disturbed to be classified in any of the other
classifications. Credits: Calderén Castillo P.

Some studies classify mergers based on their separation (Ellison et al., 2008, 2011, 2013; Darg
et al., 2010). However, applying this criteria based on component separation does not necessarily
imply that mergers are ordered in the correct merging time considering that the distance between
the merger components depends on the mass ratio of the components and the particular orbital
parameters of each merging system (e.g. relative speeds).

Thus, we based our classification on a more timeline-like merging sequence. Firstly, we ap-
plied the classification prescription in Veilleux et al. (2002, hereafter V02), and then further sub-
classified using a new criteria defined in this work. V02 separates the merging sequence into five
merging stages: 1 (First Approach), where the two galaxies are clearly separated but on course
to collide, here we added the additional constraint that the velocity separation is Az < 0.002
(Av < 500km/s). I1 (First Contact), where the galaxies are overlapping but show no clear signs of
disturbances in their morphology. III (Pre-Merger), where galaxies show strong tidal tails, bridges

and/or shells but there are still two nuclei clearly observed. IV (Merger), where there is only one
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nucleus visible (diffuse or compact) and the resulting galaxy shows a very disturbed morphology.
V (Old Merger), where there is only one galaxy with no visible tidal tails but it shows a disturbed
central morphology. Figure 2.4 shows the V02 classification scheme for a complete merging se-

quence as indicated below each image.

Our new merging sequence is based on V02’s sequence with additional separations tracing
a more detailed timeline of the merging process allowing us to explore possible dependencies in
more detail. We separate the merging stage III into 3 sub-stages: Illa (overlap), the two galaxies
overlap and show disturbances. IIIb (disturbed), the two galaxies show strong tidal tails, bridges
and/or shells but they are clearly separated (not overlapping). Illc (double-nucleus), an intermedi-
ate stage between stages IIIb and IV, where only one galaxy is observed as highly perturbed and
shows two clear nuclei. We also separated the merging stage IV into two different stages following
the V02 description but in a more visual way, since our galaxies are all in the nearby Universe.
Merging stage [Va (diffuse-nucleus) shows a diffuse centre, and IVb (compact-nucleus) shows a
compact nucleus. Figure 2.4 shows a representative example where our classification is indicated

above each image.

I II IIIa IIIb ITIc IVa IVb

I II | ==== - III - e ] et SRR U I

Figure 2.4 The Merger Sequence. SDSS images of an example merger from each merging stage
defined in this study (top), and defined in V02 (bottom). Red lines represent 20" in each image.

Figure 2.5 shows the distribution of merging stages defined by V02 (blue) with our additional
definitions (green inserts). Most of the mergers are classified in merging stage III, since this is the
easiest stage in which to detect a merger because the merger features are most notorious at this

stage.
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Figure 2.5 Merger Stage Distribution. Distribution of merger stages following the classification in
V02 (blue), and our own classification (blue plus green). Credits: Calderén Castillo P.

2.3.2 Galaxy Photometry: Problems and Solutions

When visualizing the images using the WISE interactive website, it was immediately clear that
the galaxies were often much larger than the radii listed in the WISE website tables. Figure 2.6
compares the radius measured on the WISE website using the interactive measuring tools to the
semi-major axis (rsemi) tabulated in the AIIWISE extended sources catalogue, their semi-major

axis (rsemi) are always heavily underestimated in the AIIWISE extended sources catalogues.
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Figure 2.6 W1 radius Comparison. A comparison of the aperture radius we find is required to
measure all of a galaxy’s light in the WISE W1 images (x-axis, see text for details) to the rsemi
of the AIIWISE catalog. The line of equality is shown with a solid black line and galaxy symbols
are coloured by their total W1 flux (in Jy) following the colour bar to the right. Credits: Calderon

Castillo P.

These smaller radius measurements are likely linked to the low-sensitivity of 2MASS, which

was used to estimate the apertures for the AIIWISE catalog. This immediately shows that the
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AIIWISE catalog listed photometry of mergers is not accurate, and that the total luminosity is
underestimated. For this reason, we decided to perform our own photometry, not just on the WISE

imaging but across all the filters we use.

Another additional difficulty arising in mergers is that they can be so disturbed that the usual
parameters used when making automated photometric measurements do not extract all the light
from the galaxy. Disturbed morphologies, faint tidal tails, and luminous star-forming regions all
have to be taken into account when measuring a merging galaxy’s luminosity. Also, since the
mergers don’t show the same features along the merging sequence or often with each other, there
is no unique set of parameters which can be used to perform the photometry automatically from
system to system. Therefore, we are forced to perform the photometry for all the systems, and
in all bands, almost completely manually. However, to aid efficiency, we have developed a semi-

automatic procedure that we will now describe.

Figure 2.7 Different mergers need different photometry. An example of the danger of using the
same automated SExtractor photometry on WISE images of the full sample. SExtractor was run
with the same parameters on both examples shown. On the left, SExtractor finds an aperture which
is smaller than the galaxy. On the right, SExtractor detects the different star-forming regions as
separated galaxies and not a galaxy as a whole.

We started by performing the photometry in the WISE images, using SExtractor (Bertin &
Arnouts, 1996). For example, as we apply commonly used values for the sky-threshold (30-) and
deblending-threshold (n-deblending = 4), we noticed that not all the mergers were included com-
pletely within the aperture, hence not all the light was extracted from the source by SExtractor (see
Fig. 2.7, left panel). Also, for some galaxies, the same SExtractor setup extract only the light of
a very bright star-forming region within the merging galaxy (see Fig. 2.7, right panel). Thus, we
experimented with various values for the main SExtractor parameters, until we obtained a matrix
of possible reasonable parameters (sky-threshold (o): 1.5, 3, and 5 and n-deblending: 2, 4, 8, 16,

and 32). We then repeatedly ran SExtractor on each of our sources, applying each pair of values
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from the matrix of SExtractor parameters and, in the process, obtaining 15 images per galaxy per

filter.

Then each image and its resultant SExtractor apertures was checked visually (PCC) in order to
choose the best SExtractor parameters for each individual galaxy. The best parameters are the ones
that show an aperture that encompasses all of the light from the galaxy, avoiding contamination
from other sources, and that does not exclude any star-forming region that belongs to the galaxy.
In the case that the two individual galaxies were overlapping, we chose the parameters for which
SExtractor shows an aperture that includes both galaxies in one aperture. This could happen in
merger stages Il and Illa. We also confirm that the measured flux does not increase when we

increase the size of the aperture in blank regions of the sky.

Some examples of how the parameters affect the result for one system can be found in Fig. 2.8.
The top panel shows how SExtractor separates the galaxy into different regions for o~ = 1.5 and n-
deblending = 4. The middle panel shows how SExtractor detects the central part of the galaxy only,
making an aperture that is too small for o = 3.0 and n-deblending = 4. Finally, the bottom panel
shows how SExtractor successfully detects the galaxy and correctly chooses an aperture which is
sufficiently large to enclose all of the light from the galaxy for o = 5.0 and n-deblending = 4. It
is important to stress that the case shown in Fig. 2.8 is only one example, and that the particular
choice of parameters that is most suitable for this galaxy does not provide acceptable results for
other mergers in our sample. More examples are shown in App. C. This highlights how redoing
the photometry was a necessity for our mergers, and demonstrates that automated photometry on

these type of complex sources is highly challenging.

Our photometric technique can be summarised as follows. We first check which parameters ex-
tract all the light from each galaxy in the WISE bands W1 and W4. After this we choose whichever
is the larger aperture between W1 and W4 and use that aperture size for all filters. The location of
the aperture in the rest of the filters is automatically found by Sextractor. In practice, we find that
once the best set of parameters are found for a particular galaxy from the W1 image, running SEx-
tractor with these parameters on the other filters results in similar detections. We visually check
each filter to ensure that the sources were detected entirely and check for possible contamination,

and rerun with alternative parameters from the set if necessary.
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Figure 2.8 Changing the sky-threshold and n-deblending I. Examples of running SExtractor, with
different parameters (changing sky- and deblending-thresholds), on the same galaxy. See text for
details.

To show an example of how unreliable some catalogued measurements can be, we have se-
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lected a merging galaxy and show the apertures from the different surveys and our aperture mea-
sured by SExtractor using the optimal parameters for this galaxy. Figure 2.9 shows 12 images, the
first image is the SDSS ugriz image, following by the eleven filters we use: FUV, NUV, u, g, r, i, z,
W1, W2, W3 and W4 (as described in the right-bottom corner of each image). For FUV and NUV,
we show the aperture listed in the GALEX catalog in cyan. For the ugriz images, SDSS shows
only one aperture size which is from the r-band aperture (in magenta), this value is also used by
CHANGIS to correct their W1-3 fluxes. The aperture shown for this galaxy by SDSS is so small that
it is barely seen on the figure. For the WISE filters, we show the rsemi values listed in the AIIWISE
catalog (in red). Finally, we show our measured aperture (green circle) on all the images. In this
case, we have selected the aperture size measured for W4, since it is larger than that found for W1.
We can see that for all the images the aperture used by the different catalogues are much smaller

than the galaxy, while our aperture covers the entire galaxy in all the eleven filters.

Figure 2.9 Example of aperture sizes from different surveys compared to our measurements. An
example of the different apertures used by different surveys and our measurement in all the filters.
The first image shows the galaxy in the SDSS ugriz-bands. The orange line represents 20”. This
SDSS image is followed by FUV, NUV from GALEX; u, g, r, i and z from SDSS; and W1, W2, W3
and W4 from WISE. Cyan apertures show the apertures shown on the GALEX catalog. Magenta
apertures show the small aperture listed in SDSS tables, which is barely seen on the figure. Red
apertures are the listed ellipses in AIIWISE tables. The aperture we use for all filters, in this case
measured from the W4 image, is shown in green.

The final fluxes have been corrected for Galactic extinction (Schlafly & Finkbeiner, 2011;
Yuan et al., 2013) for all filters, except W3 and W4, for which Galactic extinction is negligible.
They have also been corrected following each survey’s specification. SDSS u- and z-bands need
a correction of 0.04 and 0.02 mag, respectively, and an extra calibration of 8% for spiral and disk
galaxies is needed for W4. In order to take possible systematic uncertainties into account, we
have added 0.05, 0.02 and 0.1 mag in GALEX, SDSS, and WISE, respectively, to the statistical
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uncertainties calculated by SExtractor. We have compiled useful information from the different
surveys in Table B.1, in order to facilitate the use of the different parameters that are required in

the photometry process.
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Figure 2.10 Flux comparison with GALEX. Flux comparison between our measured photom-
etry and GALEX table’s values. The black line shows equality. The y-axes show the GALEX
FUV-NUV flux. The dashed- and dotted-lines show the 1- and 3-0 from the one-to-one relation,
respectively. Credits: Calderon Castillo, P.

The aperture fluxes measured by us are significantly different from those measured by previous
authors. Figure 2.10 shows a comparison between our aperture fluxes (x-axes) for FUV (left panel)
and NUYV (right panel) and the respective values listed in the GALEX catalog. Most of the galaxies
show higher fluxes for our measurements.

Figure 2.11 shows nine panels comparing our measured fluxes on the x-axis to CHANG15’s
fluxes. The five first panels (from left to right) show the comparison to SDSS MODELFLUX, the
three following panels show the comparison to WISE W1-3 mpro fluxes corrected by the radius
calibration shown by CHaNG15, and the last panel shows the WISE W4 mpro flux which is not
corrected by CHaNG15. WISE W1-4 panels show that for some fraction of our sample, there are no
measurements listed (see CHANG15’s fluxes equal to 10 Jy). Thus, we have increased the number
of useful data for this sample. For the first five panels, most of our fluxes are brighter than those
listed as MODELFLUX as well as for W4 mpro. This is due to the larger apertures we use to measure
the flux. For WISE W 1-3 filters, we observed that CHANG15’s values are systematically larger than
our fluxes. This could be related to their correction that increases the flux depending on the radius
in the r-band of the galaxy. This correction can be adding more flux than that needed for this
type of galaxies, over-correcting the flux for these three filters. The fluxes are affected differently

depending on the filter, which will not just create an offset but it will change the shape of the final
SED.
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Figure 2.11 Flux comparison with SDSS and WISE mpro. A comparison of the aperture fluxes
measured by us to those listed by CHang15 for all galaxies common to our samples. Specifically
we use the SDSS MODELFLUX values and the WISE mpro fluxes from CHanG15. The solid line in
each main panel shows the line of equality and each small panel shows the difference between
the two axes, respectively. Datapoints at the highest y-axis values in each main panel represent
galaxies with fluxes measured by us but not by CHaNG15. The dashed- and dotted-lines show the
1- and 3-0 from the one-to-one relation, respectively. Credits: Calderén Castillo, P.

Figure 2.12 shows the comparison between the fluxes measured by SExtractor (x-axes) and
AIIWISE table gmag, which is recommended for extended sources by the WISE team. Our fluxes
are higher than those listed in the AIIWISE tables due to our larger apertures. For a small frac-
tion of the galaxies at the faint end of W3 and W4 (6 and 10%, respectively), we see that our
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measurements are lower that the listed in the AIIWISE tables.
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Figure 2.12 Flux comparison with SDSS and WISE gmag. Flux comparison between our measured
photometry and WISE table’s values. The black line shows equality. The y-axes show the WISE
gmag flux conversion. The dashed- and dotted-lines show the 1- and 3-o from the one-to-one
relation, respectively. Credits: Calderon Castillo, P.

Figure 2.13 shows the comparison between our W1 photometry measurements on the x-axis
and the WISE table W1 gmag values (recommended for extended sources), coloured by the ratio
between our aperture radius and the WISE table semi-major axis (rsemi). This clearly shows the
dependency of the measured flux on the aperture used during the photometry. For almost all galax-
ies our measurements give higher fluxes than those listed in the WISE table magnitudes, which is

primarily due to our (more correct) larger apertures.
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Figure 2.13 Flux comparison coloured by the radii ratio. Comparison of the total aperture flux
(Jy) measured by us and that listed in the WISE tables for all galaxies in our sample. Symbols are
coloured by the ratio of our measured aperture size to that applied by the WISE team, following
the colour bar on the right, and the black line shows equality. Credits: Calderén Castillo, P.
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The comparisons between our measured fluxes and the ones listed in GALEX, SDSS and
WISE do not depend either on the morphology of the galaxies or the merger stage of the merger.

Some of these comparisons can be seen in Fig. D.1.

2.3.3 MAGPHYS: SED fitting to obtain M, and SFR of mergers

We obtain our M, and SFR using the publicly available SED fitting code, MAGPHYS? (da Cunha
et al., 2008). This program fits photometric data from UV to submillimetric wavelengths. We have
used the 2003 libraries recommended by their website, which assembles 50000 stellar population
template spectra (Bruzual & Charlot, 2003) for the optical photometric library and other 50000
PAH+dust emission template spectra for the infrared photometric library. MAGPHYS models
galaxy SEDs according to the redshift of the given sample and uses a Bayesian approach to inter-
pret the SEDs so as to statistically derive different galaxy properties, such as M., SFR, dust mass,
among other quantities.

In order to obtain more accurate estimations of the M, and the SFR of our galaxies, our sample
was chosen such that all mergers have available imaging covering the FUV, NUV, u, g, r, i, z, W1,
W2, W3, and W4. When a merging galaxy did not show flux in some filter (occasionally FUV,
NUYV, or W4), we set the flux to -99.0 and an uncertainty of 3-c-. In this manner, MAGPHYS will

consider this flux as an upper limit.
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Figure 2.14 Stellar Mass and Star Formation Rate distribution. Distribution of M, (left) and SFR
(right) obtained by MAGPHYS, for all individual galaxies in our sample. The red and blue his-
tograms show the M, and SFR distribution using all the eleven filters and the orange and cyan
histograms show the results using SDSS+WISE only. Credits: Calderon Castillo, P.

The SED fits show a median y? = 0.4 and a mean of 1.9. Some SED fitting examples are shown
in Fig. E.1. The left panel of Fig. 2.14 shows the distribution of the estimated M., (in red), for our
merger sample the median value is log(M../ Mg) = 10.28 £0.76. The resulting SFR have a median

fhttp://www.iap.fr/magphys/
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of 10g(SFR/ Mgyr™!) = 0.51 + 0.86 with the distribution shown in the right panel of Figure 2.14

in blue.

We have also estimated M., and SFR using only the optical and NIR data, in order to compare
these results to CHANG15’s catalog where they use the same more limited numbers of filters. For
this sample, we obtain a mean and a median of y? = 1.7 and 0.25 for the SED fits. A lower x?
could result because MAGPHYS finds it easier to fit to fewer data points but also the fits may
be less accurate since it is missing information from the young population of the merging galaxy.
When we include GALEX data, both M., and SFR estimates are very similar to the ones derived
using SDSS+WISE only (orange and cyan histograms in Fig. 2.14, respectively).

In Figs. E.1 and E.2, we show some examples of the SED fits for the sample using all eleven

filters and SDSS+WISE only, respectively.

2.3.4 M. and SFR comparison to other catalogs

We compare the results obtained by MAGPHY'S using all the filters with those obtained using only
SDSS+WISE (see Fig. 2.15). We can see that they correlate and have a scatter of 0.1 dex for M,
(left panel) and 0.2 dex for SFR (right panel), with no apparent systematic offsets. The scatter may
be larger for SFR compared to M, because UV is a sensitive tracer of recent star formation. This
means that including GALEX may not cause large differences in measurements for the majority of
the sources but it can lead to differences as large as 10 and 15 times for M., and SFR, respectively,

in individual galaxies.
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Figure 2.15 M, and SFR comparison to limited filters. Comparison of the M, (left) and SFR (right)
estimated by MAGPHYS when using all filters (see text) in the x-axis and only SDSS+WISE
filters in the y-axis. The typical error is shown in the bottom-right corner of each panel. The
sample is coloured by morphology as indicated in the legend. Credits: Calderon Castillo, P.
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We coloured the merging galaxies by morphology in order to look for dependencies. Spirals
are shown as blue stars, highly-disturbed galaxies are shown as cyan hexagons, ellipticals are
shown as red circles, and lenticular galaxies are shown as magenta squares. The scatter in M, is
dominated by spirals and highly-disturbed galaxies. In comparison to the SFR, where the scatter
is similar for all morphologies.

Figure 2.16 shows the comparison between our M, (top) and SFR (bottom) results and the
values listed in the CHanG15 (left), MPA-JHU (middle), and NSA (right) catalogues. We cross-
matched our mergers to this catalogue using a distance limit of 57, where all coordinates come

from SDSS. In the case of overlapping galaxies, we considered the one with the minimum distance.
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Figure 2.16 M, and SFR comparison to catalogues. Comparison between our M, (top panels) and
SFR (bottom panels) estimates to the estimates listed by Cuang15 (left panels), MPA-JHU (middle
panels), and NSA (right panel). NSA does not list SFR in their catalog. The typical error is shown
in the bottom-right corner of each main panel. Datapoints at the lowest y-axis values in the top-
left panel represent galaxies with the minimum value set by Cuang15. These datapoints are not
considered for the fits. The merging galaxies are coloured by morphology as shown in the legend.
Credits: Calderon Castillo, P.

Since we have the SDSS+WISE results, we can directly compare our results to CHANG1S5’s
values (see Fig. 2.16 left panels). In both cases MAGPHYS is used to estimate M. (top panel)

and SFR (bottom panel).The only difference is that CuanGg15 used the measurements shown in
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SDSS and AIIWISE tables with an additional correction for W1-3 fluxes based on the aperture
size in the SDSS r-band, whereas we use our own semi-automated photometric approach. Thus,
any differences that arise are primarily a result of the photometric methodology. Stellar masses
show good agreement for most of the sample with a scatter of 0.5 dex, considering only CHANG15’s
sources with M,, > 107 My, and a scatter of 0.76 dex for SFR, considering only CHANG15’s sources
with SFR > 1073 Mgyr~!. The comparisons of M, and SFR show no dependency on merger stage
or separation (see Fig. F.1). The comparison of SFR show a large scatter, which indicates that SFR
are more affected by small differences in photometry compared to M.. There are many galaxies
with very low SFR estimated by Cuang15, which can be underestimations of this property due to
either or both i) the UV emission is not considered and ii) over-corrections of the W1, W2, and
W3 fluxes. This leads to changing the SED shape affecting the M,. and SFR estimates, resulting in
differences up to 500 times in M, and 5000 times in SFR.

We also compare our results to catalogs using a different approach to estimate M, and SFR.
From here on we only use our results obtained by MAGPHYS using all of our filters (GALEX,
SDSS, and WISE) on the x-axis in our figures and analysis.

The MPA-JHU estimated M, and SFR, among other properties. The M, were estimated within
the 3” fibre spectra and extending it for the entire galaxy based on the SDSS ugriz galaxy photom-
etry, using a Bayesian approach, and the model grids shown by Kauffmann et al. (2003), applying
an additional correction for the nebular emission contribution to the photometry based on the spec-
tra. The SFR were estimated from the spectra and photometry, depending on the presence of an
AGN content and the strength of the emission lines. For galaxies with strong emission lines, the
SFR within the 3 fibre was obtained using the nebular emission lines as described by Brinchmann
et al. (2004) and, beyond the fibre, the SFR was calculated using the photometry based in Salim
et al. (2007). For galaxies containing an AGN and galaxies showing weak emission lines, the SFR

was calculated based on the optical photometry only.

Comparing our results to the MPA-JHU tables, we observe that the M.. show a scatter of 0.5
dex (the top-middle panel of Fig. 2.16). We also observe galaxies with 100 - 1000 times smaller M.,
compared to our results. Lower M, values are probably the result of lower luminosities measured
in optical filters. Since MPA-JHU uses the SDSS tables to derived M., and SFR, their SDSS fluxes
are lower than our photometric measurements, as shown in Sec. 2.3.2. On the other hand, MPA-
JHU SFR estimates show no clear correlation with our SFR results (the bottom-middle panel of
Fig. 2.16). The scatter of a linear fit to the datapoints is 0.9 dex and some SFR estimates can be
as much as 10000 times smaller than our estimates. MPA-JHU estimates their SFR based in the
3” spectra corrected by their optical photometry. This correction was based mostly on unperturbed

galaxies, thus we might consider that this could lead to large problems when considering highly
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perturbed galaxies like mergers.

The NASA SLOAN Atlas (NSA) provides images, measurements and derived properties of
~140000 nearby galaxies with available GALEX and SDSS photometry, and emission lines mea-
surements. Stellar masses were calculated using the k-correction fit, similar to Kauffmann et al.
(2003).

Figure 2.16 (right panel) shows the comparison between our M., and NSA catalogued M... The
M., correlate but show a large scatter (0.4 dex), with differences up to 100 times our own estimates.
These differences are likely related to the lower fluxes for GALEX and SDSS photometry that NSA
uses to obtain their M.

The comparison between our M., and SFR results and these 3 catalogues show similar depen-
dency on morphology. The correlation does not clearly depend on morphology but the scatter of
M. is dominated by spirals and highly-disturbed galaxies. For the SFR, a large fraction of spirals
and highly-disturbed galaxies are close to the one-to-one relation. However, there is still a large
scatter, similar to ellipticals and lenticular galaxies.

We made a linear fit to the distribution of datapoints in Fig. 2.16. The parameters of the best
fit and the scatter about that fit are provided in Tab. 6.1.

Table 2.1 List of the best fit parameters obtained from the comparison between our M, and SFR
results and the ones listed in each catalogue. Credits: Calderén Castillo, P.
Catalogue slope intercept scatter
Cuangl5 0.89 1.07 0.49
M. MPA-JHU 092 0.82 0.53
NSA 0.79 2.05 0.44
Cuangl5 0.81 -042 0.76

SFR MPA-JHU 0.56 -0.62  0.88

Comparisons to MPA-JHU and NSA catalogues are complex, since these use different ap-
proaches to estimate M, and SFR. However, we can investigate some of the reasons for the dif-
ferences observed between our results and CHaNG+15’s. In order to better understand the largest
differences between our results and CHaNG+15, we have plotted the SEDs of some galaxies show-
ing some of the largest differences.

Figure 2.17 shows the SEDs of the galaxies shown in Figure 2.16 marked with the same symbol
as the one at the top-right corner of each SED. Next to each SED, we show the ugriz image of each
galaxy with the aperture we use in green, and the SDSS aperture used by CHANG+15 in magenta.

From top to bottom:

O Most of the fluxes shown by CHANG+15 are very similar to our measurements, even when
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Figure 2.17 SEDs of galaxies with the largest differences to CHanG+15. SEDs and ugriz image for
some examples of galaxies with large differences between our M., and SFR results to CHANG+15s.
The symbol shown in the top-right corner of each SED represents the galaxy’s symbol in Figure
2.16. The black and blue lines show the attenuated and unattenuated SED fitted to our measure-
ments in green. The red dots show the fluxes used by CuanG+15. The ugriz image show the aper-
tures measured in our study in green and the one measured by SDSS in magenta. The red line
represents 20” in each image. Credits: Calderon Castillo, P.

their aperture is much smaller than ours. However, the # and W4 shows lower values for CHANG+15.
This can be the reason why their SFR value is much lower than ours, since these wavelengths show

the emission and re-emission of young star formation, respectively.

4 shows a galaxy that had not been measured accurately either by SDSS or WISE. The SDSS
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aperture is very small, barely seen in the ugriz image. Thus, the M, and SFR values are very
different between ours and CHANG+15’s.

® The SDSS photometry shows a very different shape for the SED. However, the fluxes are not
very different at these wavelengths. On the other hand, CHaNG+15 shows lower fluxes for WISE
compared to ours. Furthermore, there is no W4 flux shown by CHaNG+15. The similarity in the
SDSS fluxes might originate the similarity in M, and the higher WISE fluxes of our measurements
can explain our higher SFR estimate.

Finally, ¢ shows a very small aperture for SDSS, showing very low fluxes compared to our
measurements. For WISE, however, the measurements are very similar. This results in very differ-
ent M,. and SFR estimates.

This shows that there are several factors affecting the difference in the results; such as, differ-
ences in the photometric data of one survey compared to the other, low measurements in all of the
filters, different measurements made in one or two filters which changes the shape of the SED.

Hence, mergers must be studied with extreme caution if the catalogued values may be used.

2.3.5 Testing common estimators of M, and SFR

In this section, we consider how various M, and SFR indicators perform on samples of mergers.
The indicators we show in this section were derived using different methods than this study, but
using some of the filters that we use. Thus, we can compare commonly used M, and SFR indica-
tors from the literature with our results measured using MAGPHYS. The M.. and SFR computed
for this section were calculated using our new photometric values. We start by comparing M.,
indicators.

We also contrast our MAGPHY S-derived M. values with those estimated from one or two
band photometry by Cluver et al. (2014, hereafter CL14), Bell et al. (2003, hereafter BO3) and
Taylor et al. (2011, hereafter T11). CL14 have studied two of their equatorial fields in the Galaxy
and Mass Assembly (GAMA) Survey. They note that "the typical W1 1-o isophotal radius is more
than a factor of ~2 in scale compared to the equivalent 2MASS K;-band isophotal radius’, and
that WISE gmags should be used with caution since no deblending nor star subtraction has been
made in WISE tables, which is further reason to apply our semi-automatic approach. They also
show empirical relations between the M. derived from synthetic stellar population models and
W1 and W2 colours and W1 luminosity, which they separate into three equations following the
form: logMepar/Lw1 = a(W1 — W2) — b, with Ly (Lg) = 10704Mw1=324 where My is the
absolute magnitude in W1. For low-redshift sources, a and b are —2.54 and 0.17, respectively. For
star-forming galaxies, a and b = 0.04 and —1.93, repectively. a = —1.96 and b = 0.03 in the best-fit

for the entire sample.
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Figure 2.18 M., comparison to CLuver14. Comparison of our M, values (derived from our MAG-
PHYS fits to data in GALEX, SDSS and WISE filters) to those estimated using only WISE W1
and W2 photometry combined with the relations provided in CL14. The left panel shows the com-
parison to the relation for low-redshift sources, and the right panel shows the comparison to the
relation for star-forming galaxies (see text). The typical error is shown in the bottom-right corner
of each panel. Credits: Calderén Castillo, P.

Figure 2.18 shows the comparison between our M, and the estimates using the CL14 relations.
The left panel shows the M, estimated using Cr14’s relation for low-redshift galaxies, and the
right panel shows the M, estimations using the Cr14 relation for their entire sample, and using
the star-forming relation for star-forming galaxies. Both methods tend to provide higher values
of M, compared to our results, and there is a large scatter in both methods (1.1 dex and 1.0 dex,

respectively), leading to differences of up to a factor of 1000.

The correlations of these comparisons do not show a clear dependency on the morphology of

the merging galaxies but the scatter is dominated by spirals and highly-disturbed galaxies.

The relation shown by BO3 is frequently used, this relates the M, to optical colours, following:
log(M../L;) = =0.15+0.93(g — r)(1) and log(M../L;) = —0.306 + 1.097(g — r)(2) for galaxies in the
range 0.3 < (g — r) < 1, with L, being the luminosity ( L) in the r-band. Figure 2.19 (left panel)
shows the relation between log(M../L;) and the (g-r) colour. Equations (1) and (2) from B03 are
shown in blue and green, respectively. Our best fit (in cyan) shows a steeper slope than for BO3
sample: log(M../L;) = 0.9 + 1.69(g — r) and redder colours for a large fraction of our sample. This

could be related to the higher dust mass of merging galaxies compared to unperturbed galaxies.
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Figure 2.19 M, comparison to BO3 and T11. The left panel shows the M.-to-light ratio versus
colour relation from BO3. Blue line shows equation (1) and green line shows equation (2) from
BO3. Our best fit is shown in cyan. The right panel shows the M.,-to-light ratio versus colour
relation from T11. Blue line shows M,-colour relation from T11. Our best fit is shown in cyan.
The typical error is shown in the bottom-right corner of each panel. Credits: Calderén Castillo, P.

Figure 2.19 (right panel) shows the relation between the M, /L; and the (g-i) colour. The blue
line shows the relation determined by T11 for the GAMA sample: log(M../L;) = —0.68+0.70(g—1i),
with L; being the luminosity in the i-band in Lg. Our best fit shows a steeper slope: log(M../L;)
=0.96 + 0.90(g — i) but no offset with colour, suggesting a good correction for dust, as they also
use near-infrared filters. This could be related to the span of their wavelength range for their SED
fitting and hence, estimations. The large scatter could be due to different photometry used for their

and our calculations.

These two relations do not show a clear dependency on morphology and the scatter is large for
all morphologies. However, spirals and highly-disturbed galaxies show larger scatter compared to

elliptical and lenticular galaxies.

We now compare our MAGPHY S-derived SFR results to those estimated by CL14, Lee et al.
(2013), Jarrett et al. (2013), CHanG15, and Janowiecki et al. (2017, hereafter J17). CrL14 also
present a relation between a dust-corrected H,-derived SFR and W3 and W4 luminosities sep-
arately:

log SFRy, (Mo yr™!) = 1.13 log vLws3( Lo) — 10.24,

log SFRy, (Mg yr 1) = 0.82 log vLw4( Lo) — 7.3,
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Figure 2.20 SFR comparison to CLuverl4. Comparison of our SFR values (derived from our
MAGPHYS fits to data in GALEX, SDSS and WISE filters) to those estimated using only WISE
W3 and W4 photometry combined with the relations provided in CL14. The left panel shows the
comparison to the relation using W3, and the right panel shows the comparison to the relation
using W4. The typical error is shown in the bottom-right corner of each panel. Credits: Calderon
Castillo, P.

Figure 2.20 shows the comparison between our SFR and the estimates from Cr14’s relations
for W3 (left panel) and for W4 (right panel). CL14 SFR correlate closely to our results, showing
larger scatters for SFR estimated from W3 compared to estimations from W4 (0.5 compared to
0.4, respectively). This could be related to the fact that W3 is more affected by PAH emission, as
shown in previous studies (Jarrett et al., 2013, CL14, CHanG15). It is important to note that even if
they seem to relate closely, the estimations can lead to differences of up to a factor of 50 for the
W4 relation and a factor of 500 for the W3 relation.

The scatter in the results using the W3 relation is large for all morphologies. Nevertheless, a
large fraction of spirals and highly-disturbed galaxies seem to be closer to the one-to-one relation.
The comparison to the SFR using the W4 filter show no dependency on mophology.

The left panel of Fig. 2.21 shows the relation between the SFR and the luminosity in W4.
We show different relations found in the literature. Lee et al. (2013) show two relations, a non-
linear (red-dotted line) and a linear relation (red-solid line). The magenta line shows the relation
found by Jarrett et al. (2013) and the green line shows the relation found by CHaNnG15. Our relation
seems to be in between Lee et al. (2013) relations and CuanG15’s relation. There is a large scatter,
showing higher SFR for the same L4, which might indicate that Lw, does not fully trace all the
SFR of the galaxy. This result does not depend on the morphology of the merging galaxy.
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Figure 2.21 SFR comparison to the literature. Left panel shows the relation between the SFR and
the W4 luminosity (Lwa4/Lg). The lines show different relations from the literature. The red-dotted
line shows the non-linear relation found by Lee et al. (2013), while the red-solid line shows the
linear relation from the same study. The magenta line shows the relation by Jarrett et al. (2013)
and the green line shows the relation found by CaaNG15. The right panel shows the comparison
between our MAGPHY'S SFR results and calculation using the SFR relation defined by J17. The
black line shows the equality line. The typical error is shown in the bottom-right corner of each
panel. Credits: Calderon Castillo, P.

Figure 2.21 right panel shows a comparison of the SFR we derive from MAGPHYS and that
derived using the SFR estimator of J17. J17°s approach combined the SFR from the NUV light
and the attenuated light in W4, following: SFR = SFRxyy + SFRyw4, with
SFRyuv( Mg yr™!) = 10728195 & Lyy (erg/s/Hz)
from Schiminovich et al. (2007) and
SFRw4( Mg yr™) = 7.50x1071%(Lw4 — 0.04Lw)( Lo)
from Jarrett et al. (2013) with an extra correction for stellar contamination. Both ours and J17’s
results show a tight correlation for a large fraction of the sample, except for galaxies with low

SFR. The correlation and scatter are very similar for all morphological classifications.

2.3.6 The Colour-Morphology Relation

The mid-infrared colour-colour relation separates galaxies by morphology, luminosity and AGN
content. Figure 2.22 shows the colour-colour relation (Jarrett et al., 2011; Cluver et al., 2014;
Jarrett et al., 2017), which allows to identify galaxies with an AGN, ULIRGs and also separates

galaxies by morphology, such as spheroids (ellipticals and lenticulars) and disks (intermediate and
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star-forming). The lines shown in the figure follow the separations shown by CL14.
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Figure 2.22 WISE colour-colour diagram. Showing the morphology separation as in Fig. 5 of
CL14, where galaxies can be separated by Spheroids, Intermediate disks, star-forming disks and
AGN and (U)LIRGs. We coloured our merging galaxies by morphology as indicated in the legend.
Credits: Calderon Castillo, P,

We can see that, overall, merging galaxy morphologies differentiate similarly to unperturbed
galaxies on the WISE colour-colour diagram. Elliptical (red) and lenticular (magenta) galaxies
are mostly in the spheroids region, and spiral (blue) and highly-disturbed (cyan) galaxies are in
the disk region. We can see a high number density of datapoints in the star-forming disk region
where we expect to find spirals and starburst galaxies. It’s also important to notice that as expected,
merging galaxies can be found spread on this plot, we can see blue ellipticals and red spirals, as

they change colour due to the merging process.

2.3.7 The Main Sequence and the specific star formation rate

The majority of galaxies follow a relation in the SFR-M, plane called the main sequence (MS;
Elbaz et al. 2007, 2011, CuanG15). The scatter of this MS is ~0.4 dex (Cuang15). Galaxies above
this limit are forming stars 10 to 100 times faster than galaxies in the MS, these galaxies are called
starburst galaxies. Galaxies below the MS region are not forming many stars, these galaxies are

called passive galaxies.



2.3. Results 49

—— Chang et al. (2015)

log (SFR / Mg yr—1)

7 8 9 10 11 12
log (M« / Mg)

Figure 2.23 The SFR-M., plane. The green line shows the MS estimated by Cuancgl5, dotted-
and dashed-green lines show a 0.4 dex from CHang15’s MS. The typical error is shown in the
bottom-right corner. Credits: Calderon Castillo, P.

Figure 2.23 shows the SFR-M,. plane of our sample and the MS found by Cuangl5 (green
line). The scatter of their MS is shown by the dashed- and dotted-green lines. CHaNG15 also use
MAGPHYS to estimate their M. and SFR results, and they determined the MS for their sample.
For this reason, this is the best MS available for studying our sample. Figure 2.23 shows that

almost 60% of our merging galaxies are in the starburst region (above the green-dashed line).
How mergers move in this plane through their merging process will be shown in Chapter 3.

In order to look for a specific star formation rate (sSSFR) indicator using one or two photometric
bands, we look for a relation between this parameter and a combination between the stellar com-
ponent and the dust/obscured star-forming component, which can be traced by the mid-infrared
colour W1-W4 from WISE filters. Figure 2.24 shows the relation found for our merger sample,

which follows the equation below:
log(sSFR/yr™!) = 0.34(W1 — W4) — 11.42
with (W1-W4) in Vega magnitudes.

The scatter of this relation is similar for all morphologies except for lenticular galaxies, which

show a smaller (0.2 dex) scatter compared to that shown by the other morphologies (0.5 dex).
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Figure 2.24 The sSFR - WISE colour relation for mergers. The green line shows the best fit to
our sample (see text). The coloured symbols show the morphology of our merging galaxies as
described in the legend. Credits: Calderon Castillo, P.



Evolution of Star Formation and

Accretion Activity during the Merging Process

3.1 Introduction

In this chapter, we study the star formation mode (SF mode) of merging galaxies during the merger
process. Taking advantage of our new catalogue of isolated merging systems presented in the
previous Chapter, we calculate the SF mode using stellar mass (M..) and star formation rate (SFR)
estimates. We compare these values to the MS presented by Chang et al. (2015), and look for
dependencies on any merger stage as classified in our timeline-like merger sequence. We also study
the possible dependency between the SF enhancement and the morphology of the merging galaxy
or of its companion. Finally, we present the AGN fraction at each merger stage. The AGN are
identify using three different methods, two based in emission line ratios and the third based on the
WISE colour of the merging galaxy. AGNs identified by any of these methods are consider AGN
candidates. Thus, in this chapter when we refer to a galaxy hosting an AGN, we refer to an AGN
candidate. Also in this chapter, we refer to merging galaxies as ‘galaxies’, and for unperturbed
galaxies, we specify that we are referring to “unperturbed galaxies’. This study has been included

in Calderén-Castillo et al. (submitted,b; hereafter Paper II).

3.2 Data

3.2.1 The Sample

The merger sample has been assembled using five parent samples that include mainly mergers: the
Arp’s Catalog of Peculiar Galaxies! (Arp, 1966, ARP Galaxies); the VV? Catalogue of Interacting

'http://arpgalaxy.com
2www.sai.msu.su/sn/vv
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Galaxies (Vorontsov-Velyaminov et al., 2001); the mergers classified by Nagar et al. (submitted);
the mergers classified by citizen scientists in the Galaxy Zoo (GZ) Project3 (Holincheck et al.,
2016, GZ mergers); and the mergers selected from the Great Observatories All-sky LIRG Survey*
(Sanders et al., 2003, GOALS). From this set of catalogues, we have only selected mergers that
are isolated, showing only one or two components, and that do not belong to either a group or
cluster. In the presence of two components, we have restricted our selection to systems where their
respective velocities are Ave < 500 km/s (Az < 0.002), to try to exclude fly-bys or galaxies that
only appear close by projection effects. In this way, we try to select galaxy interactions that are
more likely to eventually coalesce. We also restricted our sample by only including mergers with
available imaging in all of the following filters: FUV and NUV from GALEX; u, g, r, i, and z from
SDSS; and W1, W2, W3, and W4 from WISE. Applying all these constraints result in 540 isolated
mergers (919 merging galaxies in total) as our final sample. The redshift has a range up to z = 0.1.

For more details please refer to Chapter 2.2.

The analysis presented here aims to understand the relation between the merger stage and
the morphology of the components. We classified galaxies in four different types: spiral, ellipti-
cal, lenticular, and, in cases where none of those classes were applied, the galaxies were labeled
as highly-disturbed (HD). This latter classification (HD) was also sub-classified either as late-
or early-type. HD galaxies with gas (visible in their SDSS images as streams, tidal tails, and/or
bridges and blue colour) are considered late-type galaxies. These dominate the HD sample by
number. On the other hand, HD galaxies without gas (red mergers showing shells visible in the

SDSS images) are considered as early-type galaxies.

The merger stages are based on the merger sequence shown by Veilleux et al. (2002), plus
additional sub-classes that we introduced in Chapter 2. We have adopted eight different merger
stages: I (First Approach): the two galaxies are clearly separated but approaching to each other,
following our Avy condition. /1 (First Contact): the two galaxies are overlapping with no strong
perturbations. /1/1a (Pre-Merger overlap): the two galaxies are overlapping and showing strong
perturbations. I11b (Pre-Merger disturbed): the two galaxies are clearly separated but showing
strong perturbations. I11c (Pre-Merger double-nucleus): there is only one very perturbed object
clearly showing two nuclei. IVa (Merger diffuse-nucleus): one very perturbed object with a very
diffuse nucleus. IVb (Merger compact-nucleus): one very perturbed object with a very luminous
and compact nucleus. V (Old Merger): one galaxy with no strong perturbations but disturbed
central morphology. Representative images of the morphology and merger stage classification can

be seen in Figs. Al and 9 described in Chapter 2, respectively.

Shttp://data.galaxyzoo.org
“Http://goals.ipac.caltech.edu
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3.2.2 Merging galaxies properties

In order to study the star-forming properties of mergers, we have estimated the M, and SFR of
these objects using the publicly available code MAGPHYS? (da Cunha et al., 2008). This code
fits the spectral energy distribution (SED) of a galaxy based on photometric data, which can range
from UV to submm. We have chosen the following surveys as they span a large range in wave-
length, tracing young stars (GALEX), old stars (SDSS), and obscuration of young stars by dust
(WISE). This allows us to determine M.. and SFR more accurately, taking advantage of the large,
wide-field surveys that are publicly available. We have fitted SEDs to our entire sample, utiliz-
ing our own photometric measurements, that were measured using a semi-automated method. The
semi-automated method allowed us to extract the entire merging galaxy’s light, including faint
tidal tails, and bright star-forming regions, which might otherwise be considered as distinct objects
by a fully-automated method. This procedure was necessary since the automated measurements
catalogued by the aforementioned surveys are found to be not reliable enough for merging galax-
ies, often showing systematically lower fluxes compared to our measured values (see Chapter 2

for more details).

3.3 Results

3.3.1 Stellar Masses

In order to look for biases in our study, we first considered the distribution of stellar masses sep-
arated by merger stages to search for any dependence. The top panel of Fig. 3.1 shows the M,
distributions of each merger stage, normalised by the number of objects at each merger stage,
coloured as indicated in the legend. The stars and solid lines above the distributions show the
median of each merger stage distribution. The range in M, spans four orders of magnitude (7.5
< log(M../Mg) <11.8) for the entire sample.

The bottom panel of Fig. 3.1 shows the median (blue dot), mean (green square), and the stan-
dard deviation (blue error lines) of the stellar mass according to merger stage. Medians for all
eight merger stages fluctuate within 10'%! and 10'%8 M. It seems there is a small decline in stel-
lar mass related to the merger stage. However, the difference between the median M. of the first
merger stage (Merger Stage I) and the last merger stage (Merger Stage V) is only 0.5 dex, which
can be considered negligible for our present study, and is smaller than the error bars on each data
point. Thus, we can assume that there is no significant bias of stellar mass as a function of merger

stage in our study.

Shttp://www.iap.fr/magphys/
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Figure 3.1 M. distribution at each merger stage. Top: Normalised stellar mass distribution for
each merger stage. Each merger stage is coloured as shown in the legend. The stars and solid lines
above the distributions show the median stellar mass of each merger stage. Bottom: The median
(blue circles), mean (green squares), and standard deviation (blue error lines) of the stellar mass at
each merger stage. Credits: Calderon Castillo, P.

For the SF mode analysis, we have separated our sample according to the stellar mass ratio
between the interacting pairs, since the difference in stellar mass of the components can affect the
resulting SF enhancement (Di Matteo et al., 2008; Hopkins et al., 2008; Park et al., 2017). We
have adopted the definition of major merger when a system shows a stellar mass ratio up to 1:4
(Rodriguez-Gomez et al., 2015; Weinzirl, 2015; van de Voort et al., 2018). Figure 3.2 shows the
stellar mass ratio distribution between the primary (most massive) and the secondary component.
The mergers shown in this figure are the systems where both components are separated enough to
be detected as different objects by SExtractor (not overlapping), thus have separated photometric
measurements and individual M, and SFR. The dashed line shows the separation between major

and minor mergers. The effect on the SF mode caused by the stellar mass ratio of the components
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Figure 3.2 M., ratio distribution. Stellar mass ratio between the primary and the secondary compo-
nent of the mergers showing two separated components. Credits: Calderon Castillo, P.

is presented in Sec. 3.3.3.

We have also separated the sample into different stellar mass bins in order to study how the
stellar mass of a merger affects our results. For this, we have defined three stellar mass bins. The
low-M.,, bin for stellar masses lower than log(M./Mg) < 9.5. The medium-M,, bin for stellar masses
between 9.5 < log(M../Mg) < 10.5. The high-M. bin for stellar masses higher than log(M../Mg) >
10.5. Since there are no clear dependencies on our results caused by the difference in stellar mass

of the merger, we present these results in the App. G.1.

3.3.2 Evolution during the Merger Process: movement in the Main Sequence

Figure 3.3 shows the SFR-M., plane of mergers. The solid-magenta line shows the MS determined
by Chang et al. (2015, hereafter CHanG+15):
log (SFR/(Mgyr™1)) = 0.80 log (M,./101°M,) — 0.23

and the scatter of this MS (0.39 dex) is shown by dashed-magenta lines. All mergers within this
scatter will be referred to as mergers within the MS. We have adopted this choice of MS because
CHANG+15 uses the same SED fitting method (MAGPHY ) as our study to determine it. Other MS
are presented in the literature such as Elbaz et al. (2007, 2011), but their M,. and SFR values are
estimated using a very different approach (based on the SDSS fiber and optical filters) and so are
less easily comparable with our own results. We note that, all of these MS are determined for the
nearby Universe, over a similar redshift range as our sample. Thus, we are not concerned about
evolution of the MS in the redshift range of our sample.

The top panel shows the merging galaxies coloured by morphology as shown in the legend.
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Figure 3.3 SFR-M., plane separated by morphology (top panel) and merger stage (bottom panel).
The solid- and dashed-magenta lines represent the MS and the scatter determined by CHANG+15.
The typical error is shown on the bottom-right corner of each panel. Credits: Calderon Castillo, P.

Spiral and HD galaxies (blue stars and green hexagons) are mainly located within the MS or above

it. On the other hand, elliptical and lenticular (red circles and orange squares) galaxies cover all
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three regions: above, within and below the MS but only at stellar masses higher than 10° M. The
bottom panel shows the SFR-M, plane separated by merger stage according to the legend in each
sub-panel. Again, CHANG+15’s MS is shown by the solid- and dashed-magenta lines. As shown in
these sub-panels, there is no clear dependence on merger stage. Thus, to study the SF enhancement
through the merger sequence, we calculated their SFR/M,, value, and determine their distance from
the MS as given in CHANG+15. We refer to this distance as their SF mode, which can be positive
(for objects above the MS) or negative for objects below the MS. We consider each galaxy’s SF

mode separated by their merger stage.

SF mode
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Figure 3.4 SF mode distribution in each merger stage. The filled circle indicates the median and the
bold lines show the percentile including 34% of objects from each side of the median (equivalent
to one-sigma). The horizontal solid- and dashed-magenta lines represent the MS. The top panel
shows the SF mode distribution of the entire sample. The bottom panel shows the SF mode distri-
bution of the merging galaxies separated by late-(blue) and early-(orange) type. HDs are separated
into the late- and early-type categories (see text for details). Credits: Calderon Castillo, P.
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Figure 3.4 shows the distribution of the SF mode in each merger stage, using so-called ‘violin-
plots’. Violin-plots are essentially histograms of the normalised number distribution, only the bars
are smoothed out to form the shaded region, and bars extend symmetrically to the left and right
to give the characteristic violin-like shape. The median of the distribution is shown by the filled
circle and overlayed horizontal line, found within each distribution. The dark-coloured lines show
the percentiles including 34% of the objects from each side of the median (equivalent to one-sigma
of a Gaussian distribution, but additionally allowing for asymmetry in the distribution about the
median). The MS, as described previously, is shown by the solid- and dashed-magenta lines. The
top panel shows the SF mode distribution of the entire sample. The first thing to notice is that
almost all the mergers show enhanced SF mode. Almost every merger stage has a median that is
above the positive 1-o line of the MS. Furthermore, the merging galaxies show an increase in SF
as the merger evolves, peaking at about merger stage I[Va. More generally, mergers show higher

SF mode at intermediate and late stages (from IIIb to V) compared to early stages (I to IIla).

Galaxies that are actually at early stages of the merging process might fall from large separa-
tion to small separation, and they increase their separation again after passing pericentre. Thus, our
early and intermediate merger stages (I to IIlc) likely contain a mix of different projected distances
between the merging galaxies. Meanwhile post-merger galaxies (e.g. as defined in Ellison et al.
2013) could be found in any of our late merger stages (IVa to V). Ellison et al. (2013) find that the

SFER peaks at post-merger stages, and we indeed see a steady SF enhancement.

The bottom panel shows the SF mode distribution for late-(blue) and early-(orange) type
galaxies separately. Following our morphological classification, spirals are considered late-type
galaxies, and lenticulars and ellipticals are considered early-types. As explained in Sec. 3.2.1, HD
galaxies have been sub-classified as late- and early-type galaxies. These galaxies have been in-
cluded in the blue and orange distributions, respectively. It is clear that late-type galaxies show
higher (+1.0 dex on average) SF mode compared to early-type galaxies. In fact, we find this result
is independent of stellar mass (see Fig. G.1). This suggests that the SF mode principally depends

on the gas content of the merging galaxy.

Figure 3.5 shows the SF mode distribution separated by morphology, as shown in the title of
each sub-panel. Spiral and HD (i.e. late-type) merging galaxies show high SF. The median of each
merger stage is above the MS. In fact it is the HD galaxies which show the highest SF mode values,
with median SF modes of +1 (ten times higher SFR than the MS at that mass) and many being
enhanced by as much as a factor of 100 in SFR. As shown in the HD panel, both late-(light green)
and early-(dark green) type mergers show SF enhancement, suggesting that mergers which have
suffered such strong disturbances enhance their SF either by consuming their own gas reservoir

or possibly using gas acquired from their companion. On the other hand, elliptical and lenticular
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Figure 3.5 SF mode distribution in each merger stage separated by morphology. From top to bot-
tom: Spiral, HD (late- and early-type), elliptical, and lenticular galaxies. The solid- and dashed-
magenta lines represent the MS. Credits: Calderon Castillo, P.

galaxies show lower SF mode compared to spiral and HD galaxies, but still show higher values
compared to unperturbed galaxies with the same morphology (most of which are found below
the MS). This suggests that this type of galaxy could form new stars from their own small (<5%;
Catinella et al. 2018) gas reservoirs or possibly collect enough cold gas from their companion to
form new stars.

A key feature of Figure 3.4 and 3.5 is that enhanced SFR are seen over multiple merger stages,
from stage Illa through to stage V. This might be considered somewhat at odds with the evolving
SFR seen in merger simulations, which often show short peaks of enhanced SF at critical moments
such as first passage, second passage or final coalescence (Mihos & Hernquist, 1994b; Di Matteo
et al., 2005; Park et al., 2017). As a result of the long duration of the SF enhancement that we
observe, it raises the possibility that the enhanced SF could contribute significantly to the overall
stellar mass growth of the galaxies involved. To get some feeling for the significance of this effect,

we employ a back-of-the-envelope calculation. First, we consider two typical MS galaxies; a low-



60  Chapter 3. Evolution of Star Formation and Accretion Activity during the Merging Process

mass (M, = 10° My) and a high-mass (M, = 10'! M) galaxy. We then consider how much they
would increase their own stellar mass over the time period from first passage until final coalescence
(roughly corresponding to the merger stage Illa through to merger stage V). We consider two
cases; if they (a) remain on the MS and continue star-forming at the same rate, and (b) suffers
a SF enhancement of 1 dex above the MS (starburst) over the whole time period. Actually, the
time period between first passage and final coalescence is, in part, a function of mass ratio with
more major mergers tending to merge more quickly. We took the duration of the time period from
the simulations of Park et al. (2017) for a 1:6 (minor) merger and a 1:1 (major) merger with a
parabolic orbit, and found values of 2.3 and 1.1 Gyr, respectively.

The results of the back-of-the-envelope can be summarised as follows: The low-mass MS
galaxy increases its stellar mass by 23% (11%) for the 1:6 (1:1) merger. In comparison, the low-
mass starburst galaxy increases its stellar mass by 230% (110%) for the 1:6 (1:1) merger. Mean-
while, the high-mass MS galaxy increases its stellar mass by 1.3% (0.6%) for the 1:6 (1:1) merger,
while the high-mass starburst galaxy increases its stellar mass by 13% (6%) for the 1:6 (1:1)
merger.

In summary, and noting that we have neglected the limitations driven by the available gas
reservoir, for low-mass galaxies, the starburst can be very significant to the overall stellar mass
growth, and can more than double their mass. We note that our choice of a 1 dex enhancement
in SFR is not even very extreme, with some galaxies showing as much as 2 dex enhancement.
However, for higher mass galaxies, the enhancement in stellar mass is much less significant for
the overall growth. This is a natural consequence of the fact that high-mass MS galaxies tend to
have low sSFR, meaning their current SF is not as significant for their stellar mass growth than in

low-mass MS galaxies.

3.3.3 SF mode dependence on the companion’s morphology

In order to study how the different morphologies affect the SF mode of the merger before coa-
lescence, we first selected a subsample of systems that show both merger components separately.
Thus, the following analysis is based on systems at merger stages I to IIIb. Because of the low
number of mergers at early stages, we study these four merger stages combined. Figure 3.6 shows
the comparison between the SF mode of the primary (x-axis) and secondary (y-axis) component
of the merger in the main panel. The solid- and dashed-magenta lines show the MS location for
each axis and the black line shows the one-to-one relation, i.e. where the SF mode of the primary
is equal to the SF mode of the secondary component. Coloured symbols show the morphology
(see legend) of each component, where unfilled-large symbols show the morphology of the pri-

mary and filled-small symbols show the morphology of the secondary component. For example, a
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merger that has an elliptical as a primary component and a HD galaxy as a secondary component
will be shown as a big red circle with a green hexagon inside (see some examples of this case in
the top-left corner of the main panel). Distributions of the SF mode coloured by morphology are

shown at the top for the primary component and at the right for the secondary component.
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Figure 3.6 Primary’s SF mode compared to Secondary’s SF mode. Comparison between the SF
mode of the primary and the secondary component. The coloured symbols show the morphology
of the primary (unfilled symbols) and secondary (filled symbols) components as shown in the
legend. The solid- and dashed-magenta lines show the MS and the black line shows the one-to-
one relation. The SF mode distributions of the primary and secondary component are shown in the
top and right panel, respectively. The SF mode distributions are coloured by morphology as shown
in the legend. Credits: Calderén Castillo, P.
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As noted previously, the spirals and HD galaxies show higher SF modes compared to ellipti-
cal and lenticular galaxies. Thus, as a rule of thumb, the SF mode of a merging galaxy seems to
be primarily dictated by the galaxy’s morphology. For example, primary spirals (large blue stars)
typically appear on the right-hand side of the diagram, similarly for HD galaxies. Similarly, pri-
mary elliptical and lenticular galaxies (large red and orange symbols) are mostly found towards the
left of the panel. The same is true for secondaries, e.g. secondary spirals (small filled-blue stars)
are found towards the top, while secondary lenticulars (small filled-orange squares) generally are

found towards the bottom of the diagram.
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Figure 3.7 Primary’s SF mode compared to Secondary’s SF mode when Primary and Secondary
have the same morphology. Comparison between the SF mode of the primary and the secondary
component, for mergers with components of the same morphology. The coloured symbols show
the morphology of the primary (unfilled symbols) and the secondary (filled symbols) components
as shown in the legend. The solid- and dashed-magenta lines represent the MS and the black
line shows the one-to-one relation. The typical error is shown in the bottom-right corner. Credits:
Calderon Castillo, P,

Simplifying the previous plot, we now consider only systems where both components share the

same morphology, so both the small filled symbol (the secondary) and large surrounding symbol



3.3. Results 63

(the primary) will match, as shown in Fig. 3.7. It can now be seen that the distribution of points
is not symmetrical about the one-to-one line as would be expected if both primary and secondary
responded equally to the tidal interactions. Instead, an overpopulation of points can be seen above
the one-to-one line compared to the population below (56% compared to 44%, respectively). This
shows that the SF mode of the secondary component tends to be more enhanced than the primary
component . We also tested this in both major and minor mergers separately, and found the same
trend in both cases (see figures in App. H.1). We have so far only considered SF mode calculated
with respect to the MS derived in Caang+15. In fact, this is a sensible choice as the CHANG+15
study also uses the same SED fitting tool, and so is a fairer comparison. However, we were curious
to see how sensitive these results are to our choice of MS. Therefore, we also reproduced Figures
3-7 using the MS derived in Elbaz et al. (2007). Overall, we find the results show the same main
features, and the same general distribution. One minor difference is that the spiral galaxies show a
hint of being slightly closer to the MS with the Elbaz MS, although they are still clearly enhanced,
but for other galaxy morphologies the results are very similar. Therefore, in general, we find our

main conclusions are not strongly dependent on our choice of CHaNG+15 MS over the Elbaz MS.

Spiral-spiral and HD-HD mergers typically show enhancement of their SF mode. We will

consider if having matched morphologies impacts the amount of SF enhancement later in this

section.
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Figure 3.8 SF mode by Component and morphology. SF mode of the primary (left panel) and
secondary (right panel) component separated by their morphology. The filled distributions show
the total distribution of the morphology shown by the text in each panel. The unfilled distributions
show the distribution of the companion’s morphology. Credits: Calderén Castillo, P.

We now attempt to understand if the morphology of the companion has any impact on the SF
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properties of a merging galaxy. To do this we start with the histogram shown at the top of Fig.
3.6, but now separate each of the histograms (separated by primary morphology) shown into a
different sub-panel, as shown in the left column of Figure 3.8. The total sample in each sub-panel
is given by a shaded histogram. We then colour the histogram lines based on the morphology of the
companion. For example, to see how a primary spiral (top panel) responds to having a secondary
elliptical (red lines), we can see where the red bars fall on the x-axis (the primary’s SF mode).
We now repeat this process in the right column of Figure 3.8 but adjusted so that we can instead
see the effect of the primary’s morphology (histogram bar colour) on the secondary galaxy’s SF
mode (x-axis). The labeling of the sub-panels uses the following system: 'Primary morphology’
+ ’Secondary morphology’. e.g. the sub-panel labeled as ’Spiral+’ shows the mergers that have a
spiral galaxy as primary, and ’+Elliptical’ shows galaxy’s with a secondary elliptical. The colour

of the labels in each subpanel matches the colour of the histograms.

As mentioned before, spiral and HD galaxies continue to show clear SF enhancements, with
HD galaxies showing slightly higher SF modes. One exception is when the HD galaxy is a primary
and has an elliptical as secondary. In this case, both galaxies seem to approach the MS from both
sides, with HD galaxies showing decreasing SF mode and ellipticals showing increased SF mode.
For example, the "HD+’ panel shows red bars on the left (i.e. HD suppression), while the same
system can be seen in the ’+Elliptical’ panel as green bars on the right (i.e. elliptical enhancement),

although clearly this result has the caveat of small number statistics.

In order to analyse any dependence on the stellar mass ratio between the components, we
separated the panels in Fig. 3.8 into major and minor mergers. These are shown in the top (major

mergers) and bottom (minor mergers) panels of Fig. 3.9.

Comparing major and minor mergers, spiral and HD galaxies (filled-blue and -green distribu-
tions) as primary or secondary galaxies show similar trends independent of stellar mass ratio. On
the other hand, even considering the low number statistics, it appears that most of the early-type
galaxies (filled-red and -orange distributions) show higher SF enhancement if they are in a minor
merger compared to major mergers, with the single exception of primary ellipticals, which show

the same trend for both major and minor mergers.

Now considering primary spirals, we observe that the median SF mode of the primary is higher
when the secondary is a HD (+0.9 dex) than if the secondary is any other type of galaxy (median
SF mode of 0.5 dex). A similar scenario is observed for primary lenticulars, where higher SF
modes are shown when this type of galaxy interacts with HD galaxies in minor mergers, compared
to when interacting with spirals in major mergers. This could suggest that in minor mergers, the
primary lenticular galaxy more strongly disturbs the secondary component, transforming it into a

HD, and perhaps causing the transfer of some of the cold gas from the secondary to the primary
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Figure 3.9 SF mode by Component and morphology for Major and Minor mergers. As in Fig.
3.8. The left panels show the SF mode of the primary and the right panels show the SF mode of
the secondary component, separated by major (top panels) and minor (bottom panels) mergers.

Major Mergers

Spiral+

el

it

+Spiral

—

L

Highly Disturbed+

0|
" +Highly Disturbed

z, :l z,
[ 1 11 il [TTTTTTTT
Elliptical+ +Elliptical
2
=2 ? z
9 9
PRI pil |
00— 1 0 1 0—= -1 I 2
Primary's SF mode Secondary's SF mode
Minor Mergers
Spiral+ +Spiral
5 5
= . =
| = oAdREER |, -l
4 Highly Disturbed+ 4 +Highly Disturbed
- N m
| meal L m el
Elliptical+ | +Elliptical
2
=2 ‘ z
9 9
M ANE [ B i
00— -1 0 1 0—= -1 0 1 2
Primary's SF mode Secondary's SF mode

Credits: Calderon Castillo, P.

lenticular, resulting in bursts of SF. However, this is not seen in major mergers, where the spiral
galaxy is less strongly affected by the lenticular because of their more similar stellar mass. Without
highly disturbing the spiral, there may be less opportunity for a significant transfer of cold gas
to the lenticular galaxy, hence no rise in SFR. These dependencies on the morphology of the

companion agree with Hwang et al. (2011)’s work, where they show that LIRGs have a dependency

on the morphology (late- and early-type) of their companions.
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For secondary components, these galaxies do not show a clear dependency on stellar mass
ratio, as both of the right panels of Fig. 3.9 show similar distributions. Also, these galaxies do not
seem to be affected by the morphology of the primary, in contrast to the results mentioned above.

We have also separated the sample in different stellar mass bins to study any dependence on
stellar mass. This separation did not show any clear SF mode dependency on the stellar mass of

the merger. The SF mode comparisons separated by stellar mass bin are shown in Fig. G.2.

3.3.4 Evolution during the Merger Process: SMBH activation

To identify the AGNs in our merger sample, we have used three different methods. The first one
is based on the emission line diagnostic diagrams (hereafter BPTs, Baldwin et al. 1981), which
uses the ratio between forbidden emission lines to identify galaxies with either star formation
activity, active nuclei features, or galaxies with both type signatures (composite galaxies). The
BPT that compares [OIII]/Hg and [NII]/H,, will be referred to as BPT-NII. The second and third
BPT diagram compare [OIlI]/Hg and [SII]/H, and [OIlI]/Hg and [OI]/H,, respectively, separating
Seyfert galaxies from star-forming and LINER galaxies. These BPT will be referred to as BPT-SII
and BPT-OI, respectively.

The second method we use is based on a different emission line, Hell, which is observed only
if there is a source with hard ionization radiation. This allows us to detect fainter AGNs and/or
AGNs embedded in a galaxy with strong SF. This method compares Hell/Hg and [NIIJ/H, as
shown by Shirazi & Brinchmann (2012, hereafter SB12). We will refer to this method as Hell
diagram.

For these first two methods, we have matched our sample to the OSSY (Oh et al., 2011)
catalogue. This catalogue has improved the emission line measurements from SDSS DR7, see
details in Oh et al. (2011). Sixty percent of the sample show emission lines. This sub-sample show
a merger stage and a M., distribution similar to the parent sample.

The third method we use is based on the NIR WISE colours, which compares W1-W2 and
W2-W3. This colour-colour diagram (hereafter WISE diagram) can identify an AGN in a galaxy
as shown by Jarrett et al. (2011, hereafter J11) and Stern et al. (2012, hereafter S12).

Figure 3.10 shows the different methods coloured by morphology. The three top panels show
the different BPTs, BPT-NII at the left and BPT-SII in the middle. Each panel shows the separa-
tions found in the literature, summarised by Kewley et al. (2006). The bottom-left panel shows the
Hell diagram. The separation lines are as shown by SB12. The bottom-right panel shows the WISE
diagram, and the lines separating AGN, (U)LIRGs, spheroids and intermediate and star-forming
disks, as shown by J11 and S12.

When analysing the diagrams coloured by morphology (Fig. 3.10), we observe that early-type
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Figure 3.10 Methods to identify AGN. Top: BPT diagnostic diagrams of the sub-sample that
shows emission lines. Separations are shown in the legends. Bottom — left: Diagnostic diagram
based on the Hell emission line. Separations defined by SB12. Bottom—right: WISE colour-colour
diagram. Separations defined by J11 and S12. Mergers in the different panels are coloured by their
morphology as shown in the legend. Credits: Calderon Castillo, P.

mergers are likely to be in the AGN region and the SF region is mainly populated by spirals, as
expected. The WISE diagram shows mostly HD galaxies in the AGN & (U)LIRG region, this is
expected as (U)LIRGs are generally very perturbed objects.

Figure 3.11 shows the percentage of galaxies with an AGN in each merger stage, identified by
any of the methods shown previously. Galaxies considered AGNs only are coloured in red. Galax-
ies within the regions: AGN, composite, Seyfert, and LINER are shown by magenta symbols.
Errors of the percentages were calculated following Sartori et al. (2015)’s work, using binominal
statistics for number of objects (N,,) in each stage higher than 20, and for N,,, < 20 following the
confidence limits shown by Gehrels (1986).

AGN seem to start being triggered at intermediate merger stages (since Illa), where galaxies
are close together and clearly after their first passage. AGN peak at stage I'Va at the coalescence
period and start to slowly decrease at late stages (since IVb).

The peak on the AGN fraction towards coalescence stages agrees with (Park et al., 2017) work.
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Figure 3.11 AGN fraction at each merger stage. Percentage of galaxies contain an AGN identi-
fied by either BPTI, BPTII, Hell emission line or WISE diagram in each merger stage. Credits:
Calderon Castillo, P.

They show that the accretion rate of gas into the central black hole peaks just before coalescence
for pairs with stellar mass ratios of 1:1. However, this declines for merging systems with stellar
mass ratios higher than 1:3. This is similar to (Di Matteo et al., 2005)’s simulations, showing
that the AGN accretion rates tend to peak at coalescence and rise from early stages depending on
the virial velocity of the merging galaxies. On the other hand, observations show that the AGN
fractions are higher when the distance between the galaxies is smaller, and peak for post-mergers
(Ellison et al., 2013; Satyapal et al., 2014; Hwang et al., 2010). This contradicts our findings,
but we need to consider the difference in signal between the studies. Our dependency on merger
stage is much higher than their dependency on projected separation, but our sample is also smaller
compared to theirs. Furthermore, via our selection criteria, we only consider isolated merging

systems.

It is also important to consider some of the caveats of using emission line diagnostics to iden-
tify AGN. In particular, dust obscuration can effectively reduce the spectral lines used to indicate
AGN. Hence, in principle, it might become more difficult to identify AGN at late merger stages,
when the gas and dust may become more centrally concentrated. Also, a common source of data
for AGN identification is the spectra of the SDSS, in which the spectral fiber is 3” in diameter.
Therefore, the spectra will tend to include more light from the galaxy as a galaxy’s distance in-
creases. This latter issue was addressed in Hwang et al. (2010) by restricting their IRGs sample
to galaxies with redshifts z<0.04. We attempt to address these issues by checking for any depen-
dency on redshift and dust fraction of our sample. We do not observe any clear dependency on
these properties, and therefore do not consider these sources to strongly bias our data. Also, by

following our approach, we are able to more fairly compare our results with other measurements of
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AGN fraction in the literature who follow the same approach (Ellison et al., 2011, 2013; Satyapal
et al., 2014). Although to better address this issue, we believe that identifying AGN using X-ray
emission (which is not affected by dust emission) could be of great benefit, and we will consider

this topic in a future publication.

We also analyse the number of AGNs identified by the different methods separately (Fig. 3.12)
and show where the AGNs identified by one method are located in another method’s diagram (App.
I.1). Figure 3.12 shows the percentages, of AGNs identified using, from top to bottom, the BPT-
NII, BPT-SII, BPT-OI, Hell diagram, and the WISE diagram. First, we notice that the peak at late
merger stages is observed in all BPT diagramas as well as WISE-classified AGN. This is not the
same for AGN classified using the Hell diagram. We also observed that composite and LINER
fraction are very similar to the AGN percentage. Thus, the increase on this type of galaxies do not
increase importantly when studying them using this methods. Except when using the BPT-NII,
where the fraction of composite and LINER galaxies increase the final fraction by almost twice its

value. This increase occurs at intermediate-late and late stages (since merger stage II1b).

As we observe the low fractions of AGN identified by WISE colours, we can assume that the
AGN in this type of galaxy might not outshine the total galaxy light. Hence, most of these AGN

are not very powerful.

We have also cross-matched our sample to the VCV (Véron-Cetty & Véron, 2010) catalogue.
This catalogue compiles information of AGN confirmed using different methods. When matching
the merger sample to the VCV catalogue, we obtain 85 galaxies hosting an AGN. Fifty two of these
merging galaxies show emission lines available in OSSY tables. Figure 3.13 shows the VCV-
classified AGNs in the three original BPTs. We observe that about a third of these galaxies are
classified as star-forming using the BPT method. Figure 3.14 shows that less than a third of the

objects are classified as star-forming using the Hell line.

From the objects missing emission lines and not classified as AGN by using either the BPT or
Hell, these are mainly at late stages (IVb and V) of the merger sequence, from which 4 are already
classified using WISE colours. Percentages at each stage of these objects are as follows: 7% at
Merger Stage I, 3.6% at Merger Stage 11, 2.5% at Merger Stage Illa, 3% at Merger Stage IIIb,
1.4% at Merger Stage Illc, 6% at Merger Stage IVa, 22% at Merger Stage IVb, 21% at Merger
Stage V.

Figure 3.15 shows the percentages of merging galaxies hosting an AGN at each merger stage,
these AGN have been classified using all four methods: BPTs, Hell, WISE colours, as shown in
Figure 3.11, and the VCV catalogue in cyan. This emphasizes the rise in the fraction of merging
galaxies hosting an AGN at late stages (Iva to V), suggesting that AGN are mainly triggered at

final coalescence. Also, the high fractions at these stages is the result of also adding composite
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Figure 3.12 AGN fraction at each merger stage from each method. Fraction of galaxies containing
an AGN in each merger stage. The panels show, from top to bottom, the AGNs identified using the
BPT-NII, BPT-SII, BPT-OI, Hell emission line, and WISE diagram. Credits: Calderon Castillo,
P

galaxies and VCV-classified galaxies, suggesting that these objects beside hosting an AGN are

still forming stars as well.
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Figure 3.14 Hell line diagnostics of the merging galaxies hosting an AGN included in the VCV
catalogue. Yellow squares show low (S/N < 3) S/N for H,, magenta triangles show low S/N for
Hg, Red ”x”’s show low S/N for [NII], [SII], or [O]], in the respective BPT, and blue ”+”s show
low S/N for [OIII]. Credits: Calderon Castillo, P.

Figure 3.16 shows the merging galaxies hosting an AGN in the SFR-M.,, plane. They are mainly

located at high SFR and high M., but not exclusively. We observe a dependency on Loy to both

SFR and M.. This is expected for M.., as more massive galaxies host more massive AGN. Galaxies

hosting an AGN showing high SFR might suggest positive feedback from the AGN. This means

that the AGN allows the galaxy to form stars more rapidly. However, as shown previously, these

AGN are not very powefurl, suggesting that the AGN is not importantly affecting the star formation

within the galaxy.
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Figure 3.15 Percentages of merging galaxies hosting an AGN at different merger stages. Red cir-
cles are AGNs classified using either the BPT, Hell or WISE colours. Magenta squares are objects
classified as either AGN, composite, or LINER using any of the methods mentioned previously.
Cyan squares are AGNs classified by the VCV catalogue. Credits: Calderon Castillo, P.
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Discussion and Conclusions

We have assembled a sample of 540 mergers in isolated environments. The galaxies forming part
of the merger have been constrained to have similar redshift, which ensures we are including
only galaxies that could merge (i.e. we exclude clear cases of fly-bys). The mergers have been
classified by morphology and also we have classified the mergers according to their current phase

in the merging process.

4.1 Multi-band Photometry

We have performed photometry in a semi-automated manner in order to extract the flux of the
entire galaxy. We find this is necessary as the automated photometry from publicly available cat-
alogues proves unreliable for this type of galaxy. Our semi-automated photometry has been per-
formed in 11 bands, including ultraviolet (FUV and NUV from GALEX), optical (i, g, r, i and z
from SDSS), and near infrared (W1, W2, W3 and W4 from WISE).

We find that most of the galaxies show higher fluxes using our semi-automated photometry
compared to the GALEX, SDSS, and AIIWISE catalogs. This is a result of the larger apertures
that we find are required in order to capture all of the galaxy’s light in comparison to the fluxes
from these catalogues in the literature. This demonstrates that automated methods are not efficient
in extracting all of the light in merging galaxies, often missing the light in the outskirts where tidal
features may be found, and breaking up the galaxy into individual objects instead of recognising
they are from the same galaxy (e.g. star-forming regions). Also we find that radial corrections,
performed by Chang et al. (2015, hereafter CHanG15), which are designed to correct for aperture
effects, seem to result in over-estimating the flux for W1-3. This shows that corrections of this type
may have poor accuracy in merging galaxies. These combined results have convinced us to pursue
a less-automated approach to perform the photometry in order to make sure that we are measuring

the light of the entire galaxy in all the filters mentioned above.

73
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The differences in photometry results show no clear dependency on either morphology or
merger stage. The only dependency is on the aperture size used when extracting the light from
each source. Thus, an accurate aperture must be chosen for merging galaxies, in order to extract

the entire light of the galaxy, including tidal tails and star-forming regions.

4.2 Stellar Masses and Star Formation Rates Estimates

Comparing the results for M, and SFR using the same method (MAGPHYS) but varying the
number of filters used as an input (GALEX+SDSS+WISE versus SDSS+WISE), the one-to-one
relations are tight for most of the sample but it also can lead to differences of a factor of 10 for
M., and 15 for SFR for individual galaxies. This indicates that UV is clearly important to the SFR
estimation as might be expected, but also it is significant for M, estimations. When we compare
our measured fluxes to CHaNG15 fluxes, we find that our measurements are higher than theirs
except for W1-3. This might be because of the aperture correction tend to over-correct the fluxes
on these filters. This can cause MAGPHYS to fit an altered SED resulting in our measurements
having lower M., and higher SFR.

A similar outcome is shown when we compare the results from MPA-JHU tables to our M.
and SFR measurements. The difference in the results are likely linked to the photometry since they
use optical colours to estimate the M, and correct based on optical images to estimate the total
SFR. These differences arise because their approach is designed for non-perturbed galaxies.

The comparison between our M, estimates to NSA listed M, proves tight for most of the
sample, with a tendency for our estimates to be larger than theirs at the high-M, end.

We note that the scatter in M, and SFR is smaller than the scatter seen when comparing fluxes.
This suggests that the SED fitting is smoothing out some of the scatter seen in the fluxes, which
could be partially related to the resolution of some of the filters that contribute the most to M, and
SFR estimations. However, it is important to note that even when the scatter appears to be small,
the difference in photometry for some of the galaxies can lead to differences in M, of a factor
of 1000 and a factor of 10000 for SFR. This suggests that the previous values in the literature
should be used with caution, and that an adequate photometry must be conducted for these types
of galaxies before estimating M., and SFR.

There is also no clear dependency on morphology or merger stage in the M,. and SFR estimates,
which leads us to conclude that the major factor affecting our results is the photometry performed.

The M. and SFR indicators based on optical colours seem to perform well for mergers in
general, but mergers show a large scatter to these relations. Our results show lower log(M../L;) for

the same colours compared to BO3’s relations. On the other hand, our M, show a closer correlation
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to T11’s M, indicator, which is also based in SED fitting of photometric data spanning from the
UV to the far-infrared but using different photometry.
It is important to remark that these catalogs and indicators have been optimized for statistical

studies. Thus, it is not surprising that they show issues for mergers’ estimations.

4.3 WISE colours and sSFR

The WISE colour-colour diagram separates the morphologies of our sample as it is designed to do.
However, we can see different morphologies in the various regions of the colour-colour diagram,
suggesting that these galaxies go through colour changes when they are involved in a merging
process, as previous studies found.

Overall, mergers appear to inhabit the same regions of the SFR-M., plane as unperturbed galax-
ies and a large fraction of our sample is located in the starburst region. How these mergers move
on this plane as they pass through the merging process will be the focus of Chapter 3.

Finally, the estimation of sSFR from W1-W4 colours is only recommended for lenticular
galaxies, as other morphologies show larger scatter. Instead, sSFR should be estimated using M,
from W1 (CL14) and SFR from W4 (CL14).

4.4 SF mode and SMBH activation during the Merger Process

Several simulations and observations have shown that mergers can raise their star formation rates
(SFR) by 10-100 times the SFR of unperturbed galaxies at the same stellar mass (M..). We decided
to study this enhancement using a more timeline-like approach, to try to better capture the chrono-
logical order of the merging process. For this, we used the M., SFR, and merger stages from the
new catalogue of isolated merging systems. The M, and SFR from this catalogue were estimated
applying the SED fitting code MAGPHYS to the photometric data presented in Chapter 2. As we
mentioned previously, the semi-automated photometry used in this work allows us to extract the
entire light of merging galaxies, including faint tidal tails and bright star-forming regions, which
were excluded by catalogues applying automated photometry. We then compared the SFR/M.,, val-
ues of our galaxies to galaxies on the star-forming main sequence (MS) determined by CHANG+15.
The distance of galaxies from the MS is described as the ‘SF mode’ and we use this parameter to
study the SF enhancement during the merging process.

Our main results are as follows:

e Opverall, merging galaxies show an SF mode according to their own morphology. For ex-

ample, spiral and HD galaxies show high SF enhancement, with the highest values reached
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by the HD galaxies, which show a median value of 1 dex above the MS limit. On the other
hand, elliptical and lenticular galaxies show the lowest SF mode values. However, even the
elliptical and lenticular galaxies show enhanced SF compared to their unperturbed counter-
parts. This could suggest that the merging process induces the transfer of cold gas between
the merging galaxies before coalescence, or enhances SF in any gas that exists prior to the

collision.

In general, secondary merging galaxies show higher SF mode compared to their primary
galaxy, whether they are involved in major or minor mergers. This suggests that the lower-

mass galaxy seems to be more affected by the tidal forces during the interaction.

In minor mergers, when a primary spiral has a HD galaxy as a secondary, the spiral’s SF
mode is generally higher than if the secondary is a spiral. This might suggest that, if the tidal
interaction is sufficiently violent to convert a secondary spiral into a HD, the interaction is

also strong enough to cause a more significant enhancement in the primary spiral itself.

There is a weak trend increasing SF along the merger sequence, peaking at merger stage
IVa. However, overall, the SF is enhanced since early merger stages throughout the merging

process.

After identifying AGNs using three different methods commonly used in the literature, we
show that AGNs are more likely to be found at late stages. As the galaxies coalescence, the

AGN accrete gas more rapidly, as shown by several simulations.

AGN are found mainly at high SFR and M, in the SFR-M., plane. This might suggest a
positive feedback effect. However, the low luminosities found for our AGN suggest that

these do not affect significantly the SFR of their hosting galaxy.

Our results suggest that the transfer of cold gas may possibly occur since very early stages

in the merger sequence. This is observed in simulations, where a bridge of gas can temporarily

link both galaxies during close passages (e.g. Weniger et al. 2009; Moster et al. 2011; Hwang &

Park 2015). This bridge can transfer gas from one galaxy to the other or even, depending on the

properties of the galaxies merging and the orbital parameters, the two galaxies can transfer gas to

the other at the same time (Di Matteo et al., 2007). However, this bridge of gas can be compressed

or even ionised depending on the presence of a hot halo in one or both of the galaxies involved in

the merger (Moster et al., 2011; Hwang & Park, 2015). If this really is gas transfer, then it raises

the possibility that interacting pairs could be used to constrain the hot gas halo content of galaxies.

However, another possibility is that the tidal interactions may simply be inducing or enhancing
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star formation in any small quantities of gas that exist within the pre-merger early-types. As deep-
imaging observations of ellipticals show that some of these objects (some with merger remnant
morphologies) are surrounded by gas (e.g. Young et al. 2018), suggesting that many ellipticals can
still contain some gas provided from previous mergers and/or interactions with gas-rich galaxies.

In addition to the SF enhancement being observed since early merger stages, it is also interest-
ing to note that this enhancement can be seen to last for the entire merging process. This is often
not what is seen in many previous simulations of interacting galaxies, where SF peaks occur for
short durations after the first or second passage and/or during the final coalescence (Park et al.,
2017). This might be related to the sub-grid physics recipes used to model star formation and
feedback which can act to rapidly suppress strong starbursts. It might also be related to the fact
that many of these simulations were not conducted in a fully cosmological context, and thus could
lack the cosmological inflow of gas necessary to sustain SF for longer periods of time. Perhaps,
the new generation of cosmological simulations will have sufficient resolution to enable us to bet-
ter understand the merger process, and to study the transfer of gas between interacting galaxies.
Considering a starburst that lasts for a longer period could affect how we study merging galaxies
and also might help to change some recipes used in future simulations.

Observations show that the fraction of interacting galaxies increases at higher redshifts. Thus,
there were more merging systems in the past than what we find now. If mergers are so destructive to
the prior galaxies, how do we not observe more galaxies with perturbations in the local Universe?
Perhaps, merging processes help to increase the bulge growth and afterwards a disk is re-formed.
Or, we are just lacking deep enough imaging to observe these perturbations, as shown by some
deep observations of elliptical galaxies.

Another aspect to consider is the gas concentration when it is been funneled to the center
of galaxies. Simulations predict this concentrations are very small. However, new cosmological
simulations (FIRE) have found that with the new implementations in the code, these central star-
forming regions are more extended than the ones shown by previous simulations. This can be
tested using different wavelengths, e.g. UV and IR, measuring the size of the emission in these
different wavelengths, we can estimate the sizes of the star-forming regions, and study how large
the central gas concentrations are due to gas inflow.

Furthermore, as merging galaxies show such a steady and high SF enhancement since early
merger stages, this raises the possibility that merger induced star formation could contribute more
significantly to the growth in stellar mass of a galaxy than has previously been considered. Our
very approximate calculations suggest that low-mass MS galaxies can at least double their stellar
mass as a result of the SF enhancement (see Section 3.3.2). Therefore, this could place the merger

process as an important factor in some galaxies’ growth in the hierarchical/cosmological scenario.



Future Work

Other interesting features to study are the (i) stellar populations, (ii) radial metallicity, and (iii)
concentration of the star formation. Different colour diagrams allow us to study the different
stellar populations of a galaxy, where we can learn from the prior stellar populations the galaxies
had before the merger and the new populations formed by the merger. As the gas is funneled to
the center to form stars, it also changes the radial metallicity of the galaxies. Enriching the center
with metals, and leaving the outskirts more metal-poor. This can be study taking advantage of the
most recent telescopes, with integral field units (IFU). These instruments allow us to observe
and study the spatial spectroscopy and light from a galaxy, giving us a more detailed view of the
galaxy. Additionally, the size of the concentration of gas, predicted by simulations, can also be
tested. Though, some current cosmological simulations (FIRE) have shown that the central star-
forming regions are more extended than the sizes determined by previous simulations. Measuring
the sizes of the emission in already available UV/IR images and from future high-resolution
observations, we can also study the size of the star-forming regions. However, as shown in Chapter
2, the photometry in this type of object needs to be less-automated and to be cautious from all the
problems associated to the photometry of mergers mentioned in this study.

The gas that is funneled to the center also feeds the central super-massive black hole (SMBH),
activating it. This AGN can be identified using different methods, which depend on the angle that
the AGN is being observed, how powerful it is, and if it is being blocked by dust within the galaxy.
Thus, the three different methods we show here might be underestimating the (iv) AGN fraction
shown at each merger stage. A more secure method to identify AGN is observing the X-ray
emission of the galaxy. There have been a few surveys and I found that some of our merging
galaxies were detected; hence, we consider this one of our next projects. This is a very interesting

property since many observations predict the peak in accretion near the time of coalescence.



Merging Systems in Isolated Environments.

The Catalogue

6.1 Description of the Catalogue

We have assembled a catalogue of isolated merging systems. This catalogue contains 540 nearby
(z < 0.1) merging systems and it lists all the information we have used for our results. We show
the same name for pairs and adding a ‘b’ to the name for the companion. Coordinates are centered
in the individual merging galaxy. We present the morphology and merger stage as classified in
this study. Fluxes are measured as explained in Chapter 2. Stellar masses (M..) and star formation
rates (SFR) are listed in log-scale. This catalogue will be publicly available in the ViZiER website
(http://vizier.u-strashg. fr).

The columns of the catalogue are as follows:
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Table 6.1 Columns description of the Catalogue. Credits: Calderon Castillo, P.

# Name of Column Units Description

1 Name String Name is in the format PCC_# (for companion: PCC_# b)
2 RA degrees Right Ascension in decimal degrees

2  Dec degrees Declination in decimal degrees

3 z float Redshift

4  Morph Integer Morphology (0=Spiral, 1=Elliptical, 2=S0, 3=HD)
5 MrgStg Integer Merger Stage (1,2,3,4,5,6,7,8 = LII,111a,I1Ib,IlIc,IVa,IVb,V)
6 FUV Jy FUV flux

7 FUV_err Jy FUV flux error

8§ NUV Jy NUV flux

9 NUV_err Jy NUYV flux error

10 u Jy u flux

11 u_err Jy u flux error

12 ¢ Jy g flux

13 gerr Jy g flux error

14 r Jy r flux

15 rerr Jy r flux error

16 i Jy i flux

17 ierr Jy i flux error

18 z Jy z flux

19 zerr Jy z flux error

20 Wi Jy W1 flux
21 Wl_err Jy W1 flux error
22 W2 Jy W2 flux
23 W2_err Jy W2 flux error
24 W3 Jy W3 flux
25 W3_err Jy W3 flux error
26 W4 Jy W4 flux

27 W4 err Jy W4 flux error
28 W _flag Integer Photometry flag (O=0k, 1=two components within same aperture)
29 chi2 float x? of the fit performed by MAGPHYS
30 logMst_Per2p5 log(M..) Percentil 2.5% of the log(M..)

31 logMst_Perl6 log(M.,) Percentil 16% of the log(M.,)

32  logMst_Per50 log(M..) Percentil 50% of the log(M..)

33 logMst_Per84 log(M.,) Percentil 84% of the log(M.,)

34 logMst_Per97p5 log(M..) Percentil 97.5% of the log(M.,)

35 logSFR_Per2p5 log(M,yr™!)  Percentil 2.5% of the log(SFR)

36 logSFR_Perl6 log(M..yr 1)  Percentil 16% of the log(SFR)

37 logSFR_Per50 log(M*yr‘l) Percentil 50% of the log(SFR)

38 logSFR_Per84 log(M..yr 1)  Percentil 84% of the log(SFR)

39 1ogSFR_Per97p5 log(M.yr~') Percentil 97.5% of the log(SFR)
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Morphology Classification

A.1 Examples of morphology

In Sec. 2.3.1, we show the distribution of the galaxies morphology as classified in this study. Here
we present an example of each morphology classification. Figure A.1 shows, from top to bottom,
a spiral, an elliptical, a lenticular (S0) and a highly-disturbed galaxy, from our merger sample.
Specifically, to be classified as an spiral, galaxies will have to show clear spiral arms not heavily
perturbed. Ellipticals show red colours and round shapes with a bright nucleus. Lenticular galaxies
show similar morphologies than ellipticals, but they all show a clear disk. Finally, highly-disturbed
galaxies are all galaxies which can not be classified in any of the previous classes. These could

show highly-perturbed spiral arms, various shells, tidal features, etc.
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Figure A.1 Examples of the morphology classification: Spiral (top-left), Elliptical (top-right),
Lenticular (bottom-left) and highly-disturbed (bottom-right) galaxies. Credits: Images taken from
SDSS



Survey Parameters

B.1 Photometric Parameters used for the Photometry

To perform the photometry, we have searched for the relevant parameters from each survey. We

have assembled a table (Table B.1) with the reference information to use these surveys.

Table B.1 Table of relevant parameters from Surveys. Relevant parameters of the filters and images
used from the different surveys. Credits: Calderon Castillo, P.

Survey | Band | Effective | Zero point | Resolution Sensitivity Pixel Scale Am
wavelength | magnitude (arcsec) (arcsec/pixel) | (map = Myegq + Am)

GALEX | FUV 1528 A 18.82 4.2 20 (AIS!) /22.7 (MIS?) / 24.8 (DIS?) 1.5 222

NUV 2271 A 20.08 53 21/22.7/24.4 (ABmag) 1.5 1.69

SDSS u 3551 A 22.5 22.0 (ABmag) 0.396 0.91

g 4686 A 22.5 22.2 (ABmag) 0.396 -0.08

r 6165 A 225 1.3 22.2 (ABmag) 0.396 0.16

i 7481 A 225 21.3 (ABmag) 0.396 0.37

z 8931 A 22.5 20.5 (ABmag) 0.396 0.54

WISE W1 3.4 ym 20.73 6.1 0.08 mJy (16.5 Vegamag) 1.375 2.699

w2 4.6 um 19.56 6.4 0.11 mJy (15.5 Vegamag) 1.375 3.339

W3 12 ym 17.60 6.5 ImlJy (11.2 Vegamag) 1.375 5.174

w4 22 ym 12.98 12.0 6 mJy (7.9 Vegamag) 1.375 6.620

! All-sky 2Medium, and *Deep Imaging Surveys from GALEX.



Examples of Apertures

C.1 Examples of Apertures depending on different SExtractor pa-
rameters

Here, we show more examples of the different apertures SExtractor calculates depending on the

parameters o and n-deblending (see Sec. 2.3.2). Each figure shows 3 examples for each galaxy

using different o~ and n-deblending, which are described in each caption. We show the best aperture

at the bottom of each figure.
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92 Appendix C. Examples of Apertures

Figure C.1 Changing the sky-threshold and n-deblending II. SExtractor images showing aper-
tures for, from top to bottom, o = 1.5, n-deblending=32. o = 5.0, n-deblending=32. o = 3.0,
n-deblending=2.
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Figure C.2 Changing the sky-threshold and n-deblending III. SExtractor images showing aper-
tures for, from top to bottom, o = 1.5, n-deblending=2. o = 1.5, n-deblending=32. o = 1.5,
n-deblending=4.
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Figure C.3 Changing the sky-threshold and n-deblending IV. SExtractor images showing aper-
tures for, from top to bottom, o = 1.5, n-deblending=32. o = 5.0, n-deblending=32. o = 5.0,
n-deblending=2.
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Figure C.4 Changing the sky-threshold and n-deblending V. SExtractor images showing aper-
tures for, from top to bottom, o = 1.5, n-deblending=32. o = 3.0, n-deblending=32. o = 3.0,
n-deblending=4.



Testing for dependence on the Flux differences

with Catalogues

D.1 Testing for dependencies

In Sec. 2.3.2, we showed the comparison between our measured GALEX NUV fluxes and the
GALEX GR6/GR7 catalog, the SDSS DR13 r-band fluxes of our measurements and the values
listed by Cnanc15, and our measured WISE W1 fluxes and the catalogued values shown in All-
WISE tabulated as gmag. Here we coloured the comparisons in order to look for any dependencies
in morphology, merger stage or photometry flag. The photometry flag shows whether the aper-
tures, measured by our semi-automated method, are completely separated or joined (both galaxies
are within the same aperture).

Figure D.1 shows the fluxes we measured from GALEX NUV (top panels), SDSS r-band (mid-
dle panels), and WISE W1 images (bottom panels) compared to the ones catalogued by GALEX,
SDSS, and AIIWISE. They are coloured by morphology (left panels), merger stage (middle pan-
els), and photometry flag (right panels). The correlations do not show a clear dependency on any
of these parameters. However, spirals and highly-disturbed galaxies show a larger scatter. The
scatter in the SDSS (middle-middle panel) is dominated by merging galaxies at merger stage IIIb,
where a large fraction of the merging galaxies are either spiral or highly-disturbed. This leads to

the conclusion that differences in these values are related mainly to the photometry performed.
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Figure D.1 Flux comparison to catalogues coloured by morphology. Comparison between our
GALEX NUYV (top panels), SDSS r-band (middle panels), and WISE W1 (bottom panels) mea-
sured fluxes and GALEX, SDSS, and AIIWISE catalogued values. Coloured by morphology (left
panels), merger stage (middle panels), and photometry flag (right panels). Credits: Calderon
Castillo, P.



MAGPHYS SED fits

E.1 MAGPHYS SED fits

Some examples of fitted SEDs are shown in Figures E.1 and E.2. The figures show six examples
of MAGPHYS SED fit results. Each row shows the SED fits of the same object, using all the
filters (GALEX, SDSS and WISE) on the left and the SED fits using SDSS+WISE only on the
right. The top panel of each fit shows the photometric points in red, the best SED fit in black and
the unattenuated SED in blue. The reduced chi-squared (y?) of the fit is shown on the top-right
corner of each main panel. The panel below shows the residual between the fit and the photometric
points. In the lower panels of each fit, we show four probability distribution functions (PDFs) of
some of the parameters estimated by MAGPHYS. From left to right, we show the PDFs of the M.,
the sSFR, the SFR and the dust mass (Mgyst)-
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Figure E.1 Examples of SED fittings using MAGPHYS, for some of our mergers using
GALEX+SDSS+WISE filters (left) and using SDSS+WISE only (right). We show the SED fits
for the same object in each row. In the upper panel, the red points show our photometric data, the
black curve shows the best fitted SED to the photometry, and the blue curve shows the unattenu-
ated SED. On the top-right corner, the y? of the fit is shown. The middle panel shows the residuals
of the SED fit. In the lower part, there are four small panels showing the PDFs of the different
parameters estimated by MAGPHYS. In this case, we show the PDFs of the M., sSFR, SFR and
Muust of each fit. Credits: Calderon Castillo, P.
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MAGPHYS SED fits

Figure E.2 Examples of SED fittings using MAGPHYS... continued, as explained in Fig. E.1.
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Testing for dependencies in M, and SFR

differences with Catalogues

F.1 Testing for dependencies

We present comparisons between our estimates of M, and SFR to the estimates made by CHANG+15
(shown in Sec. 2.3.4) coloured by different parameters to look for any dependencies. Figure F.1
shows the comparison between our M, (top) and SFR (bottom) results and CHaNG15’s M, and
SFR, coloured by merger stage (left panel) and photometry flag (right panel). We can see that the

correlations do not show any dependency in merger stage or photometry flag.

101



102 Appendix F. Testing for dependencies in M, and SFR differences with Catalogues
12 12
Merger Stage | + Separated +
Merger Stage Il o+ + Joined o+
Merger Stage llla . ﬂﬁg . ++ i
1 Merger Stage Illb +ha +er1‘ + 1 $ +

o Merger Stage lllc +, 14 A > L S
2 Merger Stage IVa + 4+ 5 45“ 5 B E + 4 fi
~ Merger Stage IVb K + t N y J} ‘* il +++
LHﬂ Merger Stage V +, AR 2 ty +F W++++

10 B i T+ 10 + 4+
2 AR 2 - AR
© + % e+ T © | i e
S L AT + S L AT +
o R R P g
* + + + * + + Vi o

E + E +T t +
~ +/FF T 4 - By i
81 + f + 81 + f T+ +
= g AR ‘ = 3 AR N

T : S +
+ +
7 M u M- . 7 . L u L \
7 8 9 10 11 12 7 8 9 10 11 12
log (M« _this work/ M) log (M«_this work/ M)

3 3

Merger Stage | + Separated

Merger Stage Il + Joined

—_ Merger Stage llla —_

'_l' 2 Merger Stage lllb '_l' 2 + L
N Merger Stage llic A N * A4
> Merger Stage IV: < =

ger Stage IVa T +
o Merger Stage IVb / e+ © H +¢

= 1 M R + s 1 N
= erger Stage V . w‘L @++ ey A +H +f +
a B e 2 iy ol
(@)} t (@)} + + + #+‘H’

c c 0 T e+
e o + U %ﬁ *

< < + 4 AR Ty

o (@] Tohy At k3 t# 4 T
| | + IR TR +

o x -1 AT T
o o A g B
@) ) oL ot
@ L R AT
o o b2 L +
k] S -2 4 57

T
4 +t
. -3 ' . . .
2 3 -3 -2 -1 0 1 2 3

log (SFR_this work/ Mg yr~1)

log (SFR_this work/ Mg yr~1)

Figure F.1 M., ans SFR comparison to CHANG15 coloured by merger stage and photometry flag.
Comparison between the M. (top panels) and SFR (bottom panels) estimated by MAGPHYS
using the SDSS+WISE filters only and CaanGg15’s results, coloured by merger stage (left panels)
and photometry flag (right panels). Credits: Calderén Castillo, P.



Testing for SF mode dependence on Stellar Mass

G.1 Stellar Mass bins

To identify any dependence of the SF mode on stellar mass, we have separated the mergers into
three stellar mass bins. The stellar mass bins are calculated from the stellar mass of the system (pri-
mary’s plus secondary’s stellar masses). The low-mass bin shows stellar masses: log(M./Mg) <
9.5, the medium-mass bin shows stellar masses within the range: 9.5 < log(M./Mg) < 10.5, and

the high-mass bin shows stellar masses: 10.5 < log(M../Mg).

Similar to the bottom panel of Fig. 3.4, Fig. G.1 shows the SF mode distribution for each
merger stage coloured by late-(blue) and early-(orange) type, and separated by stellar mass bin.

From top to bottom: low-, medium-, and high-stellar mass bin.

We notice the lack of early-type galaxies at low-mass mergers, as there are not mergers with
early-type galaxies at these stellar masses in our parent sample. As we increase the stellar mass
bin, early-type mergers appear but there is no strong difference on the trends seen in either of the

three stellar mass bins.
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Testing for dependence on the Stellar Mass ratio of

the merging galaxies

H.1 Major and Minor Mergers

Similar to Figure 3.7 but separated by major and minor mergers. Figure H.1 shows the comparison
between the SF mode of the primary and the SF mode of the secondary component. Big-unfilled
symbols show the morphology of the primary and the small-filled symbols show the morphology
of the secondary component as shown in the legend. Major and minor mergers are shown in the left
and right panels, respectively. There is no clear dependency on the stellar mass ratio between the
components affecting the SF mode for mergers with components of the same morphology. Thus,

our results in Sec. 3.3.3 are not affected by the stellar mass ratio between the merger components.



H.1. Major and Minor Mergers
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Comparison of AGN Identifiers

I.1 Comparison of AGN Identifiers

As mentioned previously, we have used three different methods to identify AGNs in mergers.
These three methods do not identify the same mergers as they measure different properties of the
AGN. In order to show how different these methods perform for mergers, we show where the
AGN:s identified by one method locate in the other methods diagrams.

Figure 1.1 shows the AGNs identified using the BPT-NII in the BPT-NII (top), the Hell diagram
(right), and in the WISE diagram (bottom). BPT-NII-selected AGNs are almost completely in the
AGN area of the Hell diagram, but they are spread all over the WISE diagram.

Figure 1.2 shows the AGNs identified using the BPT-SII in the BPT-SII (top), the Hell diagram
(right), and in the WISE diagram (bottom). BPT-SII-selected AGNs are almost completely in the
AGN area of the Hell diagram, but they are spread all over the WISE diagram, similar to the
BPT-NII-selected AGNs.

Figure 1.3 shows the AGNs selected using the Hell diagram in the Hell diagram (top-left), the
BPT-NII (top-right), the BPT-SII (bottom-left), and in the WISE diagram (bottom-right). Hell-
selected AGNSs are spread all over the three other diagrams.

Figure 1.4 shows the AGNs selected using the WISE diagram in the WISE diagram (top-left),
the BPT-NII (top-right), the BPT-SII (bottom-left), and in the Hell diagram (bottom-right). WISE-
selected AGNs are spread all over the three other diagrams, similar to Hell-selected AGNs, except

that there are many more objects selected as AGN using Hell compared to WISE-selected AGNs.
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