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RESUMO

O paradigma atual para a formagao de galédxias é baseado em um modelo hierarquico,
em que ao longo da historia do Universo galaxias menores se fundiram em sucessivas
interacoes até chegarem ao estado atual. Ao mesmo tempo, sabemos que a maior parte do
crescimento dos buracos negros supermassivos (SMBH) que se encontram no niucleo das
galaxias ocorreu antes de z = 1. Portanto, fusoes de galdxias mais recentes do que isso
necessariamente implicam na interacao entre os SMBHSs e, eventualmente, em sua fusao.
O objetivo deste trabalho é compreender a fusao de buracos negros a partir da observagao
de sistemas em que estes ainda sao entidades separadas e comparar essas observagoes com
outros sistemas em interagao, para tentar tracar um quadro mais geral, que sirva de vinculo
para os modelos cosmologicos e de evolucao de galaxias. Neste trabalho estudamos dados
de espectroscopia de campo integral obtidos com o instrumento MUSE, instalado no Very
Large Telescope (VLT) do Observatorio Europeu Austral (ESO). Utilizamos dados do trio
de galdxias em interagao SDSSJ0849-+1114, que possui trés nucleos ativos confirmados por
emissao de raio-X, e com distancia projetada de ~ 3.5 kpc e ~ 5.3 kpc para os ntucleos sul
e norte, respectivamente, com relacao ao niicleo principal. Utilizando o software IFSCube,
fizemos os ajustes das linhas de emissao, e identificamos a presenga de uma regiao de linhas
estreitas estendida em todas as galéxias, com velocidades relativas entre +150 km s},
que sugere que a interacao estd ocorrendo majoritariamente no plano do céu. A anélise de
emissao também mostrou uma regiao no centro do sistema cuja cinemética do gés necessita
de uma segunda funcao gaussiana para ser corretamente ajustada; acreditamos ser devido
ao feedback do AGN principal, cujas observacoes anteriores mostraram a presenca de um
jato de radio na regiao, que estaria causando um outflow. A partir de uma analise da
cinemética do sistema, nés conseguimos determinar uma possivel 6rbita para as galéxias
do sistema. As galaxias principal e sul parecem estar orbitando uma a outra rotacionando
da direita para a esquerda, em um angulo de aproximadamente 135°. A galaxia norte,
entretanto, parece estar orbitando as outras duas perpendicularmente. Pelos rastros de
gas deixados para tréas, nés acreditamos que ela ja tenha contornado as outras duas pelo
menos uma vez. A analise das razoes de linhas de emissao mostram que o processo de
ionizagao do gés presente na galdxia nao pode ser explicado apenas por formacao estelar;
ao redor dos trés nucleos os diagramas BPT e WHAN sugerem que a fonte ionizagao do
gas naquelas regioes se da pela presenca do AGN. Também vemos indicios de regices de
formagao estelar proximas ao ntucleo sul e ao longo do brago adjacente a ele. A anélise de
populagao estelar mostra que, em média, as estrelas do sistema sao bastante velhas (> 1
Gyr), e com metalicidades um pouco menor do que a metalicidade do Sol.

Palavras-chave: Astrofisica extragalactica. Nucleos ativos de galéxias. Evolucao de
galéxias.



ABSTRACT

The current paradigm for galaxy formation is based on a hierarchical model, in which,
throughout the history of the Universe, smaller galaxies merged through successive inter-
actions until they reached their current state. At the same time, we know that most of the
growth of supermassive black holes (SMBHs) at the cores of galaxies occurred before z—1.
Therefore, galaxy mergers more recent than this necessarily imply interactions between
SMBHs and, eventually, their merger. The goal of this work is to understand black hole
mergers by observing systems in which they are still separate entities and to compare
these observations with other interacting systems, attempting to draw a more general
picture that serves as a link for cosmological and galaxy evolution models. In this work,
we study integral-field spectroscopy data obtained with the MUSE instrument, installed
on the Very Large Telescope (VLT) of the European Southern Observatory (ESO). We
used data from the interacting galaxy trio SDSSJ0849-+1114, which has three active nuclei
confirmed by X-ray emission, and with projected distances of ~ 3.5 kpc and ~ 5.3 kpc
for the southern and northern nuclei, respectively, relative to the main nucleus. Using
[FSCube software, we fitted the emission lines and identified the presence of a region of
narrow lines extended across all galaxies, with relative velocities between 4150 km s 1,
suggesting that the interaction is occurring primarily in the plane of the sky. The emission
analysis also revealed a region at the center of the system whose gas kinematics require
a second Gaussian function to fit correctly; we believe this is due to feedback from the
main AGN, whose previous observations showed the presence of a radio jet in the region,
causing an outflow. From an analysis of the system’s kinematics, we were able to determine
a possible orbit for the galaxies in the system. The main and southern galaxies appear to
be orbiting each other, rotating from right to left, at an angle of approximately 135°. The
northern galaxy, however, appears to be orbiting the other two at right angles. From the
gas trails it leaves behind, we believe it has already circled the other two at least once.
Analysis of the emission line ratios shows that the ionization process of the gas present
in the galaxy cannot be explained solely by star formation; around the three cores, the
BPT and WHAN diagrams suggest that the source of gas ionization in those regions is
the presence of AGN. We also see evidence of star-forming regions near the southern core
and along the adjacent arm. Analysis of the stellar population shows that, on average, the
stars in the system are quite old (> 1 Gyr) and with metallicities slightly below that of
the Sun.

Keywords: Extragalactic astrophysics. Active galactic nuclei. Galaxy evolution.



RESUMO EXPANDIDO

Introdugao

Os Niucleos Ativos de Galaxias (AGN — Active Galactic Nuclei em inglés) sdo regioes
compactas no centro de algumas galédxias capazes de produzir grandes quantidades de
energia. Essa energia nao pode ser explicada pela fusao termonuclear das estrelas presentes
na galaxia; em vez disso, é atribuida a acrecao de matéria por buracos negros supermassivos
localizados no niicleo destas. A investigacao de AGNs é crucial para a compreensao da
evolucao das galaxias, servindo como um laboratorio para o estudo da fisica em condi¢oes
extremas.

O consenso atual é de que buracos negros supermassivos (SMBH) estao presentes no centro
da maioria das galaxias [Kormendy e Richstone 1995|, [Kormendy e Ho 2013, conceito que
foi primeiro proposto por [Lynden-Bell, D. 1969]. O modelo unificado propoe que, ao redor
do SMBH, forma-se um disco de acre¢ao composto pela matéria de sua galaxia hospedeira
quando esta matéria perde momento angular e cai em dire¢ao ao nicleo. Quando este
processo ocorre, dizemos que o niicleo da galaxia esta ativo, onde energia gravitacional é
convertida em energia térmica e luz.

O paradigma atual da evolugao galactica se baseia em um modelo hierarquico, em que a
formacao das galdxias massivas que observamos hoje resulta de sucessivas fusoes de galaxias
menores. Ao mesmo tempo, sabemos que a maior parte do crescimento de SMBH ocorreu
antes de z = 1. Portanto, fusdes de galaxias mais recentes do que isso necessariamente
implicam na interacao entre os SMBHs e, eventualmente, em sua fusao. O estudo de
galaxias em processo de interacao, entao, se torna essencial para compreender os impactos
que o AGN causa na sua galaxia hospedeira, ja que pode suprimir ou aumentar a taxa de
formagao estelar.

Neste trabalho investigamos um trio de galaxias em estagios inicias de interacao que possui
trés nucleos ativos confirmados pela deteccao de emissao de raio-X pelo Chandra X-ray
Survey [Foord et al. 2021] e com distancia projetada de ~ 3.5 kpc e ~ 5.3 kpc para os
ntcleos sul e norte, respectivamente, com relagao ao nicleo principal.

Metodologia

A anélise dos dados foi conduzida por meio de uma sequéncia de procedimentos, comecando
pelo pré-processamento dos dados, onde identificamos e descartamos dados incorretos
devido a erros computacionais e de instrumentacao. Isolamos os dados da galaxia no cubo
de dados e os cortamos para otimizar nosso trabalho. Apos extrair os espectros, fizemos as
correcoes por redshift e extingao Galactica por poeira.

Para a sintese de populacoes estelares, utilizamos o cédigo STARLIGHT para modelar
a composicao estelar das galaxias, a fim de recuperar a historia de formagao estelar da
galaxia. Para isso, ajustamos uma combinagao linear de populacoes estelares compostas
(CSPs), baseadas na biblioteca BC03 [Bruzual e Charlot 2003]. Utilizamos uma base com
3 metalicidades e 15 idades. Adicionalmente, incluimos na base uma combinagao de leis de
poténcia para ajustar melhor a regiao ao redor do ntcleo. A analise das linhas de emissao
foi feita com o software IFSCube, que ajustou as diferentes componentes das linhas de
emissao utilizando fun¢oes gaussianas.



Resultados

A sintese de populagao estelar revela que as populacoes estelares presentes na galaxia
sao, em média, bastante velhas (> 1 Gyr), e com metalicidades um pouco abaixo da
metalicidade do Sol.

A analise de emissao também mostrou uma regiao no centro do sistema cuja cinemética do
gas necessita de uma segunda fungao gaussiana para ajustar corretamente; acreditamos ser
devido ao feedback do AGN principal, cujas observacoes anteriores mostraram a presenca
de um jato de radio na regiao, que estaria causando um outflow.

A partir de uma anélise da cinematica do sistema, nés conseguimos determinar uma possivel
orbita para as galaxias do sistema. As galaxias principal e sul parecem estar orbitando uma
a outra rotacionando da direita para a esquerda, em um angulo de aproximadamente 135°.
A galéxia norte, entretanto, parece estar orbitando as outras duas perpendicularmente.
Pelos rastros de gas deixados para tras, nos acreditamos que ela ja tenha contornado as
outras duas pelo menos uma vez.

A anélise das razoes de linhas de emissao mostram que o processo de ionizagao do gas
presente na galaxia nao pode ser explicado apenas por formacao estelar; ao redor dos
trés nicleos os diagramas BPT e WHAN sugerem que a fonte ionizacao do gas naquelas
regioes se da pela presenca do AGN. Também vemos indicios de regioes de formacao estelar
proximas ao nicleo sul e ao longo do brago adjacente a ele.

Consideragoes finais

Neste trabalho, realizamos uma analise detalhada de um sistema triplo de galdxias em
interacao, obtendo resultados sobre a cinemética das galaxias, suas populacoes estelares
e os mecanismos de fotoionizacao. Identificamos perturbacoes dindmicas causadas pelas
interacoes gravitacionais entre as galaxias, que afetam a distribuicao do gas e o movimento
das estrelas. Esperamos que estes resultados nos ajudem a descobrir os mecanismos
complexos que regem a formagao e evolugao de galaxias.

Palavras-chave: Astrofisica extragalactica. Nucleos ativos de galéxias. Evolucao de
galéxias.
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1 INTRODUCTION

Active Galactic Nuclei (AGNs) are among the most energetic and dynamic phenom-
ena in the Universe. At the center of these objects lies a supermassive black hole [Magor-
rian et al. 1998, Ho 2008, Kormendy e Ho 2013]. Powered by a mass accretion process,
AGNs are extremely bright, often outshining all the stars present in their host galaxies
combined [Lynden-Bell, D. 1969, Shakura e Sunyaev 1973]. Evidence suggests a strong
connection between the build-up of stellar mass in galactic bulges and the evolution of
the central black hole, with gravitational torques funneling gas to the central regions of
galaxies, thereby fueling both star formation and black hole accretion [Haehnelt, Natarajan
e Rees 1998, Richstone et al. 1998 Haan et al. 2009]. Some properties of the bulge, such
as stellar velocity dispersion, are linked to the mass of the black hole, which also scales
linearly with the absolute blue luminosity of the bulge [Ferrarese e Merritt 2000, Gebhardt
et al. 2000, Kormendy e Richstone 1995|. We know that the mass growth of SMBHs is
due to the accretion during the AGN phase, but there is speculation whether energy and
momentum feedback from nuclear activity may be sufficient to reshape the host galaxy,
since the exact mechanisms remain unclear [Silk e Rees 1998, Matteo, Springel e Hernquist
2005, Croton et al. 2006]. It is still uncertain how feedback operates within galaxies and
what the specific processes behind AGN feedback are, but simulations and observational
data suggest that it can affect the properties of the interstellar medium (ISM), suppress
or trigger star formation [Fabian 2012, King e Pounds 2015].

The current consensus, based on the hierarchical model of evolution, is that the
massive galaxies we see nowadays are the product of successive interactions and eventual
merger of smaller, less massive galaxies. When galaxies collide or interact, gravitational
forces can funnel gas towards their central regions, triggering or enhancing AGN activity.
Studying such interactions is crucial to understand how galaxy dynamics influence black
hole growth and AGN fueling mechanisms. These interactions also provide valuable
insight into galactic and black holes co-evolution, a complex process that is still being
investigated [White e Rees 1978, Somerville e Davé 2015].

1.1 GALAXY EVOLUTION

1.1.1 The Hierarchical model

To understand galactic evolution, and the role Active Galactic Nuclei (AGN) have
on the process, we need to take a step back and explore the basics of cosmology. Cosmology
as we have it today is the result of a century of observations, hypothesis and modeling,
and it began when Albert Einstein used general relativity to create a relativistic universe
model. Starting from Newtonian cosmology, where the universe is infinite, Einstein solved

the field equations of gravity for a static, spatially closed, spherical, Universe with an
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uniform distribution of matter, which required the addition of an extra term. This term
was a constant sufficiently small to not affect the general relativity’s success in predicting
planetary motion, and determines the density of matter and the radius of cosmic space:
the cosmological constant A [O’Raifeartaigh et al. 2017]. Around the same time, in 1917,
Slipher found evidence of redshift in the spectra of spiral nebulae, indicating that they
were moving away from us at velocities that range from 300 to 1000 km s~!. This means
that these objects could not be gravitationally bound to the Milky Way, and therefore,
were outside our galaxy [Slipher 1917]. In 1929, based on observations of extragalactic
nebulae, Edwin Hubble noticed the velocity—distance relation: the velocity of the receding
nebula was linearly proportional to its distance [Hubble 1929|. This result is known as
the Hubble law, v = Hyr, where Hy = 71 km s~! Mpc~! is the Hubble’s constant and
represents the rate at which the Universe is expanding.

In 1939, Fritz Zwicky studied the properties of extragalactic nebulae, particularly
their motions and redshifts (translated by [Zwicky 2009])!. Focusing on the Coma Galaxy
Cluster, he applied the virial theorem to estimate the total mass required to keep the
cluster gravitationally bound. His analysis found that the average mass density of the
system needed be at least 400 times larger that what was derived from observations of
luminous matter. Based on this significant discrepancy, Zwicky proposed that non-luminous
matter, or dark matter, must exist in far greater quantities than luminous, visible matter
throughout the universe. The idea that galaxies are immersed in halos of dark matter was
discussed in further detail in the 1970s, as analyses of observational data indicated that
mass was missing from galaxies, which was consistent with Zwicky’s hypothesis. This idea
was further supported by a numerical study of the stability of galaxies [Ostriker e Peebles
1973, which showed that models including a spherical component (the halo) are more
stable than those without. In 1978, White and Rees proposed a galaxy formation model
where gas cools and condenses to form galaxies in the gravitational potential wells of the
dark matter halos, which are the product of a hierarchical merging process [White e Rees
1978]. The discovery of Cosmic Microwave Background, in 1965, confirmed Lemaitre’s
theory of the Big Bang, where the expansion of the Universe started from a hot dense
state. Major developments were made in the 1980s, with the introduction of the theory of
cosmological inflation by |Guth 1981] and |[Linde 1982|. Around the same time, the CfA
Redshift Survey [Davis et al. 1982], the first large scale 3D galaxy survey, was published,
providing the first detailed view of the complex distribution of galaxies in the Universe.
These cosmological structures were later called the “comic web”. Since then, new data
from a range of surveys and experiments helped shape the currently accepted standard
model of cosmology: the ACDM model. Some of the important results came from the

BOOMERanG experiment (Balloon Observations Of Millimetric Extragalactic Radiation

1

Original paper: F. Zwicky, “Die Rotverschiebung von extragalaktischen Nebeln”, Helv. Phys. Acta 6,
110-127 (1933). Reprinted with the original publisher’s permission and translated by Anita Ehlers.
More information available in the link https://link.springer.com/article/10.1007/s10714-008-0707-4.
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And Geophysics, [Bernardis et al. 2000]), which showed that the universe’s geometry is
very close to flat, and large-scale structure surveys such as the Two-degree-Field Galaxy
Redshift Survey (2dFFGRS, [Colless et al. 2001]), and Sloan Digital Sky Survey (SDSS).
These surveys raised large amounts of data that have been used to test and prove models
and theories to this day. In the ACDM model, the universe is dominated by cold dark
matter, that is, non-relativistic matter that clusters under gravity, and dark energy, a
component that drives the accelerated expansion of the universe. Dark energy, which only
interacts through gravity, provides a scale for the cosmic acceleration and is represented by
the cosmological constant A [Frenk e White 2012|. Observations of Type Ia supernovae by
the Supernova Cosmology Project served as evidence of the existence of dark energy, and
concluded that the Universe is accelerating [Goobar et al. 2000]. A natural outcome from
the ACDM model is that galaxies form and evolve through an hierarchical merger process:
smaller galaxies interact and merge into bigger, more massive galaxies, due to gravity.
Because light has a finite speed, it takes time for it to reach the Earth after it was
emitted. When we observe far away galaxies, we are seeing them as they were in the past.
Comparing observations of nearby galaxies with far away galaxies can help us trace an

evolutionary path for these objects.

1.1.2 Galaxy formation

In the context of the hierarchical model that has been discussed until now, galaxies
started to form in the early Universe, shortly after the Big Bang, when small density
fluctuations in the dark matter field caused the collapse of dark matter halos. These halos
acted as gravitational wells, attracting gas and leading to the formation of the first stars
and proto-galaxies. Over time, proto-galaxies coalesced into larger, more massive galaxies.
This merger process is responsible for galaxy growth and evolution [Somerville e Davé
2015]. Not only do mergers form larger galaxies, they also affect the history of their stars
as the condensation of gas within galaxies creates stars. The nuclear fusion that happen
inside the stars creates new elements, and as stars die, these elements are returned to the
interstellar medium, where they can be used to create new stars. The initial phases of
galaxy evolution were dominated by intense star formation, which peaked around redshift
z ~ 2, when the Universe was around 3 billion years old. During this period, galaxies were
rich in gas, and their star formation rates (SFRs) often exceed 100 M, year—! [Barger et
al. 1998, Madau e Dickinson 2014|. As the Universe aged, SFRs began to decline due to the
exhaustion of gas available for star formation, and other environmental factors that prevent
gas from cooling, such as feedback from massive stars that heat the ISM. Understanding
how star formation rates change over time, through the study of star formation histories
(SFHs), is essential to understand galaxy evolution.

In 1926, Edwin Hubble proposed a classification system for different types of galaxies

based on their morphology: elliptical galaxies (E), normal spiral galaxies (S), barred spiral
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ELLIPTICAL NEBULAE

Figure 1 — Hubble Tuning Fork, taken from [Hubble 1936|. The horizontal branch represents
elliptical galaxies (EO to E7). The two branches to the right of the picture
represent spiral galaxies. The one on top represents normal spirals (Sa to
Sc), and the one on the bottom represents barred spiral (SBa to SBc). In the
intersection is the lenticular galaxy type SO, an intermediate type between an
elliptical and a spiral galaxy.

galaxies (SB), and irregular galaxies (Irr). Each class of galaxy except irregular galaxies has
a subclassification to it, as can be seen in Figure 1. Elliptical galaxies can be classified from
EO to E6, depending on its ellipticity, EO galaxies are very round, E6 galaxies have a very
flat elliptical shape. Normal and barred (B) spiral galaxies can be classified by the shape
of their arms. Sa and SBa present very tight arms and a prominent bulge, while Sc and
SBc have a smaller bulge and less tight arms [Hubble 1926]. In 1936, he added lenticular
galaxies (S0) to his classification system, known as Hubble Tuning Fork [Hubble 1936].
Hubble called elliptical and lenticular galaxies “early-type” galaxies, and spiral galaxies
“late-type”, although these terms are not based on evolutionary stages. In fact, elliptical
galaxies are very massive galaxies formed when spiral galaxies merge, therefore, elliptical
galaxies host older stars than spiral galaxies. This reflects into a bimodal distribution
in galaxy properties, which surveys such as the SDSS have highlighted, such as color,
morphology, and SFR. This bimodality becomes evident at a transitional stellar mass of
3 x 10'° M, [Kauffmann et al. 2003|, indicating the presence of the two dominant galaxy
types: star-forming (blue) spiral galaxies, which host young, massive stars, and quiescent
(red) spheroidal or elliptical galaxies, which have already ceased star formation and are
dominated by older stellar populations.

Multi-wavelength imaging and spectroscopy data indicate that galaxies have been
growing in mass consistently over cosmic time [Madau e Dickinson 2014|. From z ~ 4 — 2,
the number density of massive galaxies increases rapidly as galaxies merge (M > 101! M,).

However, observations from z ~ 2 to present day show that this growth has slowed
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considerably, with the number density of massive galaxies remaining relatively constant. In
contrast, the number density of low-mass galaxies began rising more rapidly later, around
z < 1 — 2. These observations suggest that massive galaxies formed earlier in cosmic
history, growing their stellar masses, and then ceasing star formation relatively quickly.
Meanwhile, low-mass galaxies evolved more recently, and are still forming stars [Muzzin et
al. 2013, Marchesini et al. 2009, Moustakas et al. 2013]. As a direct consequence, massive
galaxies host the oldest stars, a phenomenon called archaeological downsizing. At first,
archaeological downsizing seems to go against the hierarchical model, since it predicts that
the dark matter halos collapse and merge over time into more massive structures, which
should apply to galaxies as well. However, while older stars originally formed in smaller
galaxies, those galaxies later merged to form the massive systems we observe today.

Galaxy mergers are powerful processes that trigger star formation, severely impact-
ing the SFR of the galaxies involved |Larson e Tinsley 1978, Yee e Ellingson 1995, Kenni-
cutt, Barton, Geller e Kenyon 2000]. Theoretical and numerical studies have shown that,
during the merger process, gravitational torques cause gas to lose angular momentum,
which results it to fall towards the center of the galaxie [ HERNQUIST 1989]. The efficiency
in which this process happens not only depends on the individual characteristics of the
galaxies involved, and in the gas present on them, but also on the characteristics of the
merger itself [Lambas et al. 2012, Pan et al. 2019].

Both observational and theoretical works have shown that in the center of most
galaxies resides a supermassive black hole (SMBH) [Kormendy e Richstone 1995], so it
is essential that we study their evolution as well. Black holes are predicted by General
Relativity, from the Einstein’s equations 1.1, which encode the curvature of space-time
which describes the
distribution of energy, and consequently, matter, Newton’s gravitational constant G and
the speed of light ¢ [Einstein 1916]:

into the Einstein tensor G, in terms of the stress-energy tensor 7),,,

G

ct

G =

T (1.1)

Karl Schwarzschild solved the Einstein’s field equations for a spherical mass with-
out angular momentum in 1916 (translated [Schwarzschild 1999]), a solution called
Schwarzschild metric. The metric tells matter how to move according to the distortion (the
curvature) it causes in the fabric of spacetime. Schwarzchild’s metric, specifically, describes
the gravitational field outside the spherical mass, and predicts a spacetime singularity
at the center of the system, when r = 0. One of the parameters of Schwarzchild’s metric
is the Schwarzchild’s radius, a scale factor related to the mass M, and is the radius of
a spherical surface in which the escape velocity is higher than the speed of light. Every
particle that crosses the Schwarzchild’s inevitably falls into the singularity. If all of the
mass of a body is inside its Schwarzschild’s radius, we call this body a black hole. The

Schwarzschild’s radius form its event horizon and is given by equation 1.2, where G is the
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gravitational constant and c is the speed of light:
2MG

c2

rs = . (1.2)

The collapse of a massive star, under the right conditions, could lead to the formation
of a black hole. In 1965, Penrose demonstrated that the Schwarzschild’s radius delimits a
spherical region called trapped region, where light rays converge inwards, and a spacetime
singularity inevitably forms [Penrose 1965]. It wasn’t until 1972, however, that a black hole
was observed, proving their existence [Bolton 1972, Webster ¢ Murdin 1972|. Observations
of the binary system HDE 226868 = Cygnus X-1 showed strong X-ray emissions coming
from a compact source, Cygnus X-1, the black hole, due to the accretion of mass coming
from stellar winds of its blue supergiant variable star companion HDE 226868 [Gies e
Bolton 1986]. While stellar-mass black holes (BH), with mass ranging from ~ 3-100Mg,
are thought to form from the collapse of massive stars, the origins of SMBHs, with masses
> 10% M, are still not known [Volonteri, Habouzit e Colpi 2021]. One possible explanation
is the collapse of population III stars, supermassive stars with mass up to 200 M that
formed in the begining of the universe from primordial gas clouds. These stars then
collapsed into SMBH with mass of around 100 My [Madau e Rees 2001].

BH growth can happen through two processes, accretion of falling matter during the
AGN phase [Shakura e Sunyaev 1973|, and SMBH mergers |[Antonini, Gieles e Gualandris
2019]. When galaxies merge, so do their central SMBHs. As the interaction happens, the
evolution of the interacting SMBH progresses through three stages, from its formation
to eventual merger. First, as the galaxies merge, the SMBHs spiral inward and form a
binary system. They orbit each other closer and closer, and the gravitational torques from
surrounding objects can cause the orbit of the SMBH binary to decay even further. As a
result, an accretion disk may form, structure present in almost all types of AGN, irradiating
large amounts of energy as it falls into the SMBHs. When the SMBH is accreting mass,
we call it an active galactic nucleus. In later stages of the galaxy merger, at small enough
separations, the system starts to rapidly lose energy in the form of gravitational waves,
and the SMHB binary finally merge [Begelman, Blandford e Rees 1980]. This means that

the evolution of SMBHs is intrinsically connected to the evolution of its host galaxy.

1.2 ACTIVE GALACTIC NUCLEI

The term Active Galactic Nuclei (AGN) refers to the existence of highly energetic
phenomena happening in the central region of its host galaxy which cannot be attributed
to star formation. For an AGN, the energy emitted by the nucleus can be comparable or
sometimes even surpass the energy emitted by all the stars present in the galaxy combined.
In their spectra, the presence of broad emission lines suggests that gas is moving around
the nuclear region at high speeds, being photoionized by a hard source that emits UV and
X-ray photons.
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1.2.1 Historical Overview

Early 20th century observations found strong resolved emission lines present in spiral
nebulae, later identified as galaxies, that were several angstroms wide [Fath 1909, Slipher
1917|. Carl Seyfert was the one who identified a new class of galaxies, later called Seyfert
galaxies, through a systematic analysis in 1943 [Seyfert|. The emission lines in the spectra
of the observed galaxies appeared broadened, assumed to be due to the Doppler effect
caused by the high velocities of the gas. For this reason, the widths of these lines are
measured in kilometers per second (km s7).

From the twelve galaxies known to exhibit high-excitation nuclear emission lines
at the time, ten were either early or intermediate type spiral galaxies, and the remaining
two could be classified as either peculiar elliptical or irregular galaxies. Other common
features of these galaxies were their high luminosity nuclei, and the fact that the average
of their absolute magnitudes were brighter than those of typical spiral galaxies without
nuclear activity. Seyfert studied the spectra of the galaxies NGC 1068, NGC 3516, NGC
4051, NGC 4151 and NGC 7469, six of the brightest known galaxies showing emission
bands in their nuclei at the time. He found that the nuclei of these galaxies had an
extremely high surface brightness and spectra dominated by emission lines of very high
excitation. All of them presented broadening of hydrogen emission lines. Some of these
galaxies, like NGC 3516 and NGC 7469 had the total width of hydrogen lines up to 8500
km s~!, while galaxies like NGC 4151 had more narrow lines, with total widths up to 7500
km s!. Seyfert measured the Doppler broadening using the total width of the emission
lines, that is, the full extent of the line from one end to the other from where it differs
from the continuum, rather than using a standardized metric like the full width at half
maximum (FWHM). This approach captured the broadest velocity components present
but made comparisons between different objects or studies less precise. In the 1950’s,
AGNSs continued to be studied in the radio band. Several radio surveys were conducted,
such as the Third Cambridge survey (3C) [Edge et al. 1959].

In 1963, Schmidt discovered that the emission lines of the galaxy 3C 273 were
dislocated by redshift [Schmidt 1963], which was attributed to the expansion of the
universe |Greenstein e Schmidt 1964]. Since the optical source had not been resolved but
appeared point-like, this object, and the ones identified subsequently, were classified as
QSRs (quasi-stellar radio sources), or quasars. Although AGNs were first identified due
to their strong radio emissions, they emit across the entire electromagnetic spectrum,
ranging from radio waves to X-rays, and in some cases, even gamma rays. The main
difference between Quasars and Seyfert galaxies is the amount of radiation emitted
by the compact central source; a typical nucleus of a Seyfert galaxy has a bolometric
luminosity of Ly, > 10*? erg/s, which is comparable to the emission of all stars present
in the host galaxy, while quasar nuclei outshine the starlight of their host galaxies, with
Ly > 10 erg/s |Blandford, Meier e Readhead 2019).
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1.2.2 Unified model

Over the past decades, our understanding of AGN has grown significantly, as
technology advances made computer simulation and modeling more efficient, as well as
better instruments and detectors. Since AGN emissions cover the entire electromagnetic
spectrum, multiple surveys collecting data at different wavelengths have aided in the
detection and classification of these objects, such as the Sloan Digital Sky Survey (SDSS
[York et al. 2000]) in the optical band. Due to the instrumental limitation of the time
when these objects began to be investigated, AGN classification was divided into two
categories based on their radio emissions. Galaxies with faint radio emissions were called
radio-quiet AGN, while those with strong radio emissions were called radio-loud AGN.
Over the years, as more AGN were being discovered, different classifications were created
based on the difference in their spectral features, radio emissions, redshift, brightness. One
of the dominant characteristics of AGNs is the presence of Doppler-broadened emission
lines in their spectra. AGNs are classified as type 1 and type 2 depending on the presence
or absence of broad components in the emission lines of the hydrogen Balmer series, in
their optical spectra, characterized by their full width at half maximum (FWHM). Broad
lines (FWMH> 2000 km s7!), are produced in the broad line region (BLR), located
near the SMBH. Depending on the orientation of the system with respect to our line of
sight, the BLR can be obscured, resulting in a spectrum that shows only narrow lines
(FWMH< 1000 km s71). These narrow lines, on the other hand, are produced in the
narrow line region (NLR), which lies farther from the nucleus and can extend from ~ 10 pc
to ~ 1 kpc.

In 1979, Stockman, Angel and Miley made a significant discovery when they found
that, in a sample of quasars, the position angle of optical polarization was strongly
correlated with the position angle of the quasars’ extended radio structures [Stockman,
Angel e Miley 1979]. This indicates that quasars maintain a long-term direction memory,
and, more importantly, suggests the presence of a common underlying structure that
dictates their observable features. The discovery of a highly polarized Ha broad component
in the radio galaxy 3C 234, oriented at a position angle perpendicular to the radio
axis [Antonucci 1984], along with observations of NGC 1068 in polarized light [Antonucci
e Miller 1985] where the polarization was found to result from scattered electrons, showed
that both had very high wavelength-independent continuum polarization. For NGC 1068,
the polarized spectrum resembled that of a Seyfert type 1 galaxy; however, observation
in unpolarized light shows the spectrum of a Seyfert type 2. To explain these differences,
they proposed that the BLR is surrounded by an opaque structure. In this case, photons
coming from the accretion disk are scattered by free electrons surrounding it, and are
reflected on the surface of this structure, which causes the polarization. This led to the
development of the unified model [Antonucci 1993].

Figure 2 illustrates the current understanding of the unified model. The main AGN
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structures are seen along the equatorial and polar direction, and an estimative of distances
is presented. In the center of the AGN lies a SMBH surrounded by an accretion disk
and a corona of hot electrons. Gas clouds above and below the accretion disk form the
BLR, a sub-pc scale dust-free region. The lines produced in the BLR are assumed to
be Doppler-broadened, where the proximity to the SMBH causes the gas to orbit it at
velocities up to 10° km s~!. Parallel to the disk is the torus, a structure made of dust
that can obscure the emission coming from the BLR, and it is not always aligned to the
galaxy’s plane. The relative angle with the line of sight determines if broad emission lines
are seen on the spectrum or not. If the torus is seen edge-on, the BLR is obscured, and we
classify those as type-2 AGN. If the torus is face-on, the BLR is visible (type-1 AGN).
Perpendicular to the accretion disk, relativistic jets can generate radio emissions due to
synchrotron radiation. Farther away from the nucleus is the NLR. The density of the NLR
is low enough that the spectrum presents forbidden emission lines (~ 10® cm™3). The most
prominent forbidden emission lines seen are [O III] A4959, 5007, [N II] A6584, 6584, and
[S II] A6717, 6731. Since this region is farther from the SMBH, the velocity of the gas is
not as high, usually as high as 1000 km s™!. Seyfert galaxies follow the same classification
for type 1 and type 2 AGNs. To put the compact nature of an AGN into perspective, the
accretion disk and BLR could fit within our own solar system. If the supermassive black
hole (SMBH) were positioned where the Sun is, the outer boundary of the BLR would
extend to the Oort Cloud, roughly 3.2 lightyears away.

While most of the optical and UV continuum emission detected is emitted by the
accretion disk, a significant portion of these high energy photons are reprocessed. If the
photon interacts with the electrons present in the hot corona, they are up-scattered in the
X-ray band, illuminating the surrounding gas. However, if the photon is reprocessed by
dust in the torus, and is absorbed, it is later re-emitted in the infrared band. The torus can
also collimate the radiation, forming ionization cones, bi-conical shaped structures. X-ray
emission is a common feature in AGN spectra, and its study provides valuable insights
into the structure and physical characteristics of the material surrounding the nucleus. We
parametrize the level of ionization through absorption of X-rays using the line-of-sight
column density (Ng). When Ny > 10?2 cm ™2, the AGN is obscured [Almeida e Ricci
2017|. However, it is still possible to detect AGNs through X-ray emission even when
obscured. X-rays can be divided into two categories according to the produced photon’s
energy: soft X-rays, with energy ranging from 0.5 keV to 2 keV and hard X-rays, with
energy ranging from 2 keV to 8 keV. Hard X-rays are able to penetrate column densities
up to Ny > 10** em=2 [Barger et al. 2002, while the flux of soft X-rays is depleted due
to photo-electric effect [Almeida e Ricci 2017].
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Figure 2 — Sketch of the main AGN structures seen along the equatorial and polar direction.
From the center to host-galaxy scales: SMBH, accretion disk and corona, BLR,
torus and NLR. Different colors indicate different compositions or densities.
Image taken from [Almeida e Ricci 2017].

1.2.3 AGN selection and classification

Photoionization occurs when a photon interacts with an atom or ion and is absorbed.
If the energy of this photon is sufficient to overcome the binding energy of the electrons,
they can be ejected from their orbits. When this happens, we say that the atom is ionized.

In order to identify which ionizing sources are responsible for the emission lines
present in the spectrum there needs to be a quantitative classification system capable
of providing a direct and reliable measure of the dominant excitation mechanism acting
upon the gas. We use two methods based on the relative strengths of the emission lines
present in the spectrum,the Baldwin-Philips-Terlevich (BPT) diagram [Baldwin, Phillips
e Terlevich 1981] and the Wy, versus [N II}/Ha (WHAN) diagram [Fernandes et al. 2011].

They are detailed in the following sections.

1.2.3.1 BPT Diagram

Emission lines can be detected in the spectra of AGN host galaxies due to high
energy emissions coming from it. However, we can see emission lines in the spectra of other
galaxies and objects that don’t host an AGN, like planetary nebulae, ionized by supernovae,

and H II regions, gas clouds that are ionized by O and B massive stars. In 1981 Baldwin,
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Phillips & Terlevich conducted a very detailed study of excitation mechanisms, trying to
find a good system based on strong forbidden emission lines in the optical range [Baldwin,
Phillips e Terlevich 1981|. They classified the strongest emission lines into groups according
to their predominant excitation mechanisms: normal H II regions, giant regions of gas
being ionized by massive O and B stars; power-law ionization, usually powered AGNs;
and shock wave heating. It was known that H II regions could be classified using ([O III]
A5007 /HpB A861) or ([O III] A3727 / [O III] A5007) intensity ratios, but power-law and
shock-wave heating ionization can’t be well represented by these. So they proposed a
two-parameter classification system that could better separate the three groups by plotting
the following emission line ratios: ([N II} A6584 /Ha A6563) vs ([O I1I] A5007 /H5 A4861),
and ([O II] A3727 /[O III] A5007) vs ([O III} A5007 /HB A4861), ([N II] A6584 /Ha A\6563)
or ([O 1] A6300 /Ha A6563).

In 2001, Kewley et al. modeled a large sample of infrared starburst galaxies to find
a theoretical upper limit for photoionization caused only by massive stars [Kewley et al.
2001]. They used two stellar population synthesis models, whose main difference was the
stellar evolutionary tracks and stellar atmosphere models, to generate the SED of young
star clusters. All points above this curve need photoionizing sources harder than massive
stars. But because the SEDs for massive stars were too hard, their data differs from
observation. They used a rectangular hyperbola to parametrize a dividing line between

the theoretical starburst region from objects that are photoionized by other mechanisms:
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Based on the available data from SDSS, Kauffmann et al. selected galaxies whose
four emission lines had S/N > 3 to study the properties of AGN host galaxies and how
they compare to non-active galaxies [Kauffmann et al. 2003]. Their observations consisted
in a 3-arcsecond circular region centered on each galaxy. Because some galaxies were
farther away than others, the data is mixed with light coming from a small region of
somewhat close galaxies, and a bigger region (that could envelop the whole galaxy) of
far away galaxies. When plotting the BPT diagnostic diagram, they noticed that the
galaxies were distributed across the diagram in such a way that they formed two branches,
and tried to trace a dividing curve to separate ionization by stars or AGN. In this case,
any points that fell below their line could be explained solely by stellar photoionization.
Anything above that would need a harder radiation field to explain the photoionization,
such as collisions, or AGN radiation. There has been a discussion around the existence of
“transition” objects, galaxies with low luminosity, and said to have intermediate emission

line properties. With this in mind, some would hypothesize that the points in the region
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under the Kauffmann2003 (Ka03) line were pure starbursts, points in the region between
Ka03 and Kewley2001 (Ke01) would be a mixture starburst and AGN, and points above
the Ke01 line were pure AGN, that is, most of the ionization is due to AGNs. This is,
however, not true. They shifted Kewley’s line to try to match the data from SDSS.

Stasinska et. al analyzed a set of 20,000 galaxies extracted from the SDSS, and
tried to explain why, when plotted in a BPT diagram, the data formed the shape of the
wings of a seagull [Stasinska et al. 2006]. It happens because when the metallicities of
these galaxies are larger than 0.3 Z, the N/O ratio increases with O/H, forming the left
wing, which represents the branch of Normal Star Forming (NSF) galaxies, while the right
wing is formed by galaxies hosting AGNs.

They proposed that the best divisor line between NSF galaxies and AGN host

galaxies in the BPT diagram is as follows:

y = (—30.787 + 1.1358 + 0.2729727) tanh(5.7409z) — 31.093, (1.6)

where y = log([O III}/HS) and = = log([N II]/Ha). If [O III]/Hp is not available, = can
be change to x = —0.4.

Kewley et al. then conducted an empirical analysis in 2006, using SDSS data [Kewley
et al. 2006], and concluded that almost every Low-Ionization Nuclear Emission-line Region
(LINER) galaxy hosts an AGN, and the most notable difference between LINERs and
Seyferts is the accretion rate. However, due to their S/N selection, they missed a huge
population of retired galaxies that have LINER-like spectra [Stasiriska et al. 2008]. Based
on this, they were able to classify these objects with the emission-line ratios [O I]/Ha and
[S II] /Hav, both plotted against [O III]/Hf.
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Figure 3 — (a) The [N II]/Ha vs [O III}/HS diagram for SDSS galaxies with S/N > 3.
The Kewley et al. (2001a) “extreme starburst” line and the Kauffmann et al.
(2003a) classification line are shown as solid and dashed lines respectively. (b)
The [S II]/Ha vs [O III]/Hp diagram, (c¢) The |OI]/Ha vs [O III]/HpS diagram.
Figure taken from |[Kewley et al. 2006].
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1.2.3.2 WHAN diagram

Using emission line ratios as a classification system has proved to be effective
in classifying AGN photoionization. However, in certain cases, not all lines needed are
available in the spectrum, such as in weak-line galaxies. To address this, Cid Fernandes
et al. introduced the Wy, versus [N II]/Ha (WHAN) diagram |Fernandes et al. 2011].
One of the advantages of WHAN is its ability to distinguish between two overlapping
classes in the low-ionization nuclear emission-line region (LINER) region of traditional
diagnostic diagrams: weakly active galactic nucleus (wWAGN) and “retired” galaxies (RGs),
the latter being galaxies that have ceased star formation and are ionized by their hot,
low-mass evolved stars (HOLMES). An useful classification criterion is &, which measures
the ratio of the extinction-corrected Ha luminosity to the Ha luminosity expected from
photoionization by stellar populations older than 10® yr. However, the Ha equivalent width
Whe is a more accessible, and model-independent quantity, making it a better option.

The WHAN diagram only requires two emission lines: Ha and [N II], which are
typically very prominent. We plot Wy, versus the [N II]/Ha to construct it. Wy, has a
bimodal distribution that can help to distinguish between strong and weak AGN (Seyferts)
and “fake” AGNs (RGs), with the practical division set as Wyo = 3 A. The WHAN
diagram plot, shown in Figure 4 and sourced from [Fernandes et al. 2011|, displays and
labels the five regions corresponding to the four distinct classes of galaxies identified in it,

which are as follows:

e pure star-forming galaxies: log [N II]/Ha < —0.4 and Wy, > 3A;
e strong AGN (sAGN): log [N II]/Ha < —0.4 and Wyq > 6A;
e weak AGN (wAGN): log [N II]/Ha < —0.4 and 3A > Wy, > 6A;

e passive galaxies: Wy, and Win 1 < 0.5A2,

2 This division is, however, no longer used.
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Figure 4 — The WHAN diagram, taken from [Fernandes et al. 2011]. The line labelled
S06T represents the optimal transposition of the SF/AGN spectral classification
scheme from [Stasinska et al. 2006|, while the line at Wy, = 6A represents
Seyfert /LINER division by [Kewley et al. 2006]. The dotted lines at Wy, < 0.5A
and W~ ) < 0.5A mark the measurements limits.
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1.2.4 Dual AGNs

Dual AGNs are formed by pairs of interacting galaxies whose SMBHs are accreting
matter. For pairs that have a nuclear separation of < 10 kpc, simulations predict that late-
stage mergers are responsible for black hole growth during the AGN stage [Hopkins et al.
2008]. The dual AGNs are predicted to be obscured by gas and dust due to the interaction,
which leads to emissions in the mid-infrared band [Blecha et al. 2018|. These results are
backed by observational studies that have found that late-stage mergers, and post-merger
galaxies are more obscured by dust and gas than isolated AGNs. In this case, obscured
AGNs in mergers can be identified more easily using mid-infrared detections than in the
optical band [Satyapal et al. 2014, Ellison et al. 2019, Weston et al. 2017]. Unfortunately,
despite decades of observations and theoretical works predicting the existence of dual
AGNs, they are rare. Few dual AGNs have been observed with projected separation of
< 10 kpc [Satyapal et al. 2017]. This scarcity highlights the necessity of better and more
efficient selection methods for these objects, since most of them have been found by
accident.

Selecting dual AGNs is challenging for several reasons. Projected separations don’t
always represent the true physical separation between the SMBHs in dual systems. In
cases where the separation is artificially smaller, this projection can result in the system
being incorrectly classified as being at a more advanced merger stage than it truly is. That
is why high-resolution imaging is essential in the selection of dual AGNs, as it provides
more accurate measurements, even at high redshifts. While detections can be made in the
IR, optical, X-ray and radio bands, the specific configurations of each system can heavily
impact detections. For instance, optical emissions can be obscured by dust surrounding
the nuclei, resulting in the non-detection in this band, although X-ray emissions may
still be detectable. To overcome this problem, Satyapal et al. and Pfeifle et al. selected
SDSS late-stage mergers galaxies and cross-matched their optical images with mid-infrared
observations from the Wide-Field Infrared Survey Explorer (WISE) all-sky survey [Satyapal
et al. 2017, Pfeifle et al. 2019a|. They followed up with X-ray detections from Chandra
X-ray Observatory and were able to identify the presence of dual AGNs in the majority
of the interacting galaxies in the sample. Among the sample was the triple merger SDSS
J084905.51+111447.2.

Dual AGNs can take a long time to merge if they stall in a stable orbit, in
timescales that exceed the age of the Universe. However, a third SMBH can speed up this
process |[Hoffman e Loeb 2007]. Cosmological simulations show that ~ 16% of all binary
BH will interact with a third before total coalescence [Pfeifle et al. 2019b].
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Figure 5 — Optical and near-IR images of SDSSJ0849 from [Liu et al. 2019] are presented.
In panel (a) is the 200" x 200" field of view SDSS gri-color composite image
of the galaxy. Panels (b) and (c¢) show HST/WFC3 images in the IR/F105W
(Y) and UVIS/F336W (U) bands. The circles at the bottom indicate the HST
point-spread function (PSF) sizes.

1.3 THE SCIENCE OBJECT: SDSSJ0849+1114

SDSSJ0849+1114, at redshift z = 0.078, is a trio of interacting galaxies that caught
our attention due to its rarity, since < 2% of major mergers involve three galaxies [Darg et
al. 2011]. The system is made of three spiral galaxies in the late stages of merger |[Pfeifle
et al. 2019a, Pfeifle et al. 2019b]. SDSS J0849+1114, which will be referred to as simply
SDSSJ0849, was identified in multiple surveys for dual AGNs in the optical, X-ray, and
radio bands |Liu et al. 2011,Foord et al. 2021,Liu et al. 2019]. Liu et al. conducted a detailed
multi-wavelength analysis including Chandra X-ray imaging spectroscopy, HST U and Y
band imaging, VLA radio imaging, and spatially resolved optical spectroscopy. From the
BPT diagram, they classified all three nuclei as Seyfert type-2, which makes SDSSJ0849 the
first known triple Seyfert type-2 nucleus. In 2019, Pfeifle et al. used high-spatial resolution
X-ray, near-IR and optical spectroscopic diagnostics to study SDSSJ0849 [Pfeifle et al.
2019b]. They confirmed that the system is in a late stage of its merger, a result that agrees
with their previous work earlier that year [Pfeifle et al. 2019a|, based on the morphology
of the system, which exhibits strong tidal features, and hard X-ray spectral fitting, which
reveals a high column density along the line of sight. They estimate the nuclear pair
projected separations of 3.4 kpc between nucleus A and nucleus B, 5.3 kpc between nucleus
A and nucleus C, and 7.3 kpc between nucleus B and nucleus C. Chandra observations
showed X-ray source points that cannot be explained by star contributions. In 2021, Foord
et al. further confirmed these emissions, confirming the triple AGN system [Foord et al.
2021].

In 2022, Peng et al. presented new high-resolution, multi-band VLA radio imaging
observations of SDSSJ0849 at 3.0, 6.0, 10.0, and 15.0 GHz, providing an unprecedented

radio view of the system, when nucleus A and nucleus C were detected for the first time at



Chapter 1. Introduction 30

50

44" 44"

11°14'52" 11°14'52"
(a) 3.0 GHz o (b) 6.0 GHz
60
50" 00 50"
g w E
b= 8
S 48" 48" £
= 200 =
- 2
L2 >
FR—r 46" g
100 s
f g 0
44" 44"
0
0]
- 5 = e > - 11°14'52" . es )
11°1452"1(¢) 10.0 GHz ’ p > e 50 (d)15.0 GHz - . * 4 ¢ i
v - L / | )_ 'y PN b d . 40
: “ » d o i v ) ",
. iy RS Apex ., S AR |
e? . 4 . A ’ 9 . "
500 ot : . "{ ) - 50 <, A 7. -~ s
: 'h . e s F 30 'I" 9 [N r v - . ’ y g
_ (E5 My Arc - BN S e et I
8 . ., - o gt 3 - ”’ 20 ;‘ .';‘ 1’ s & e i 2 g
3 48" 4 > , / A% ’ g 48" o GV et , g
= » ' ’ =
’ . Y ) v ‘ . ' y 2
é / - l’ ’ o. o o’ . - ,~.",“ sy . ‘ 0 >
‘. ) o 4 =
.E - ; 4 ; - 4 4 v o ! | S
= .y ”
@ Wl » M . 46" o . o ’ o
g 46 - 0 v - of 2 Il to E
o's ¢ T
» ¢ : 10 - o ’ }
¢ e 4 > 7 . . I -0
44" al PN/ ag" 48 o ’ !
f " ' 4 . S &
e 20 P At T o A |
v ’ g <y ‘ -20
ar . o i L )
11°14'52" 11°14'52'
(e) HST IR/F105W 400 &) HST'UVIS/F336W. i 50
350 | 40
300 I 30
50" 50" !
250 20
= 200 | ':f:
=4 O
S 48" 48" il LY
[a} o
- 150 =
>
s B
4{; >
= E4
E 100 g
o) 46" 46" <
a ' =

8"49m05.8° 05.6° 05.4° 05.2° 8M49™m05.8° 05.6° 05.4° 05.2°

Right Ascension (J2000) Right Ascension (J2000)

Figure 6 — VLA and HST images of SDSSJ0849 from [Peng et al. 2022|. Panels (a) to
(d) show the radio images at 3.0, 6.0, 10.0, and 15.0 GHz frequencies. At the
lower-left corner of these panels is indicated the radio synthesized beam. The
purple to yellow contours are at levels of (4, 8, 16, 32, 64, 128, 256, 512) x
RMS, which is 5, 5, 7, and 6 p Jy beam™! at 3, 6, 10, and 15 GHz. In panel (b)
the orange contours indicate the optical positions of the three nuclei. Panels (c)
and (d) reveal the extended radio features. Panels (e) and (f) are HST/WFC3
IR/F105W (Y-band) and UVIS/F336W (U-band) images.
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3.0, 6.0, and 15.0 GHz, emissions consistent with synchrotron radiation [Peng et al. 2022].
By analyzing the high-resolution images, they have also found extended features for both
nuclei, which they attributed to AGN-driven jets and outflows. Nucleus A presents an
inner jet pointing in the southeast-northwest direction at a position angle of ~ —53°, and
extends to 0.6 arcsec, or 0.9 kpc. However, the outer jets show a change of 20° deviation
from the inner jet, which suggests that the SMBH at the center of the nucleus is spinning
and the emission of jets is episodic. Nucleus C also presents jets, but it also presents a
radio lobe that has a length of ~ 1.5 arcsec, or 2.2 kpc, and width of ~ 0.6 arcsec, or
~ 0.9 kpc. Nucleus B, however, did not present emissions in any of the four frequencies.
The data used for the present work came from the MUSE proposal Program
[D:109.238W.009 0109.B-0871(I), which was submitted by our research group. In this
work, we conduct an in depth analysis of SDSSJ0849 emission lines based on Integral Field
Spectroscopy (IFS) hoping to better understand the merging process. We focus in the
kinematics of the gas and the stars. We assumed the standard cosmology of H, = 70km s~!
Mpc~! of the Hubble constant, ,; = 0.3 for the matter density parameter and Q, = 0.7

for the effective mass density of the dark energy.

1.4 DISSERTATION OUTLINE

This dissertation began with a brief historical introduction. We then delved into
what an AGN is, represented by the unified model, and the impact that the presence of
an active nucleus has on the host galaxy. We also covered the role of mergers in galactic
evolution and the methods for classifying AGN. In Chapter 2, we will detail the processes
of data reduction and selection used, the techniques employed, and their justifications.
We also report some difficulties we encountered during this process and how we overcame
them. Chapter 3 presents the results we obtained and their discussions. The results aim to
provide a better understanding of how this galaxy is evolving. We analyzed the stellar
populations, determining their ages and metallicities and kinematic dynamics. We also
analyzed the gas present in the galaxy, and, together with the stellar population results,
we were able to determine the kinematic dynamics of the galaxy as a whole. From the
analysis of the emission lines, we determined the photoionization mechanisms and other

characteristics of the AGN. Finally, Chapter 4 presents our conclusions.
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2 METHODOLOGY AND TECHNIQUES EMPLOYED

To obtain the results reported, we have used various data analysis techniques and
tools, starting by attesting the quality of our data. We filtered the data by isolating the
interacting system in the data cube, reducing the size of the grid from 60 x 60 arcsecs to
20 x 20 arcsecs, in order to optimize the computational process. We then had to prepare
the data before running analysis scripts and other software. In this chapter, we detailed
these procedures, along with the scientific justification for why they were chosen. The
science image reduction was done by ESO using the ESO Data Reduction Pipelines and
Workflow Systems. Aside from that, all of the results here listed were done by me (unless
specified), but the conclusions taken from them were a combined effort between me and
Prof. Daniel.

2.1 INTEGRAL FIELD SPECTROSCOPY (IFS)

Integral Field Spectroscopy (IFS) is a method to collect both spatial and spectral
data over a two-dimensional field in a single exposure [Allington-Smith 2006]. It uses
Integral Field Units (IFU). Each pixel in the resulting 2D image comes with spectral
information encoded in it, in the form of an array of spectral curves throughout the
electromagnetic spectrum. This combination between spectral and spatial information is
called spectral pixel, or “spaxel”. This creates an additional dimension to our data, forming
datacubes.

Even though IFS can capture all the spectral information in a single exposure,
it offers a more limited field of view than other techniques. This means that multiple
exposures with different pointings are required to produce the same number of volume
resolution elements. The individual exposures are then combined to create a complete
datacube. On the other hand, IFS minimizes the effects of atmospheric disturbances
and the interference of cosmic rays, resulting in higher-quality data, crucial for accurate
analysis.

There are many ways to create spaxels; some of the most sophisticated IF'S tech-
niques are the microlens array, fiber arrays and image slicers [Allington-Smith e Content
1998]. The instrument used to collect the data we use in this work, the Multi Unit Spec-
troscopic Explorer (MUSE), uses image slicers, the details of which will be explored in the

next section.

2.1.1 The MUSE instrument

MUSE is an advanced Integral Field Spectrograph (IFS) located at the Very Large
Telescope (VLT) on Cerro Paranal, Chile, specifically mounted at the Nasmyth focus
of the Yepun telescope unit. With a broad wavelength range covering from 4800A to
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9300A, MUSE has applications in diverse astrophysical studies, including galaxy formation
and evolution, exoplanet monitoring, and spectroscopic analysis of high-redshift galaxies.
MUSE’s modular design comprises 24 identical units (Figure 7). Each module consists
of an advanced slicer, a spectrograph, and a 4000 x 4000 pixel Charge-Coupled Device
(CCD) detector. The CCD detector converts incoming photons into digital signals. Light
hits the detector and the electrons move to the conduction band of the semiconductor.
This charge information is sequentially passed between capacitors, forming a continuous
data chain, before being converted into a digital signal by an analog-to-digital converter
(ADC). MUSE can also utilize Adaptive Optics (AO) via the VLT’s secondary deformable
mirror, as detailed by Bacon et al., to enhance spatial resolution. This configuration allows
MUSE to cover a 1 square arcminute field of view in Wide Field Mode (WFM), or 7.5
square arcseconds in Narrow Field Mode (NFM) [Bacon et al. 2010].

The optical system first divides the incoming light into the 24 Integral Field Units
(IFUs), which are then directed through a slicer. The slicer further decomposes the light,
separating each IFU into 48 individual slices. Each of these slices is directed to a distinct
region on the CCD’s surface. Within each region, approximately 76.5 pixel rows capture
the spatial distribution of the light. Simultaneously, each column records the spectral
dispersion for that slice, arranging data from bluer wavelengths at the bottom to redder

wavelengths at the top.
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Figure 7 — A schematic view of the lightpath in the MUSE instrument, from [Weilbacher
et al. 2012].

2.2 SCIENCE IMAGE REDUCTION

The raw images created by the VLT had to be reduced before we could use them,
since there are instrumental characteristics that must be removed for an accurate analysis.
The reduction process was already done when we downloaded the data, and was done
using the ESO Data Reduction Pipelines and Workflow Systems, which are a series of

reduction scripts. Some tasks required for this reduction are listed below.

Bias subtraction

The CCD counts the photons that reach it by detecting the current of excited
electrons it produces. It uses an ADC in order to convert the signals and store the

information into bits. These bits give us a finite number of levels to express the intensity
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of light that each pixel receives. For example, if the information is stored into 8 bits, we
have 256 levels, so the information can be separated into 256 levels of intensity. For 16
bits, this number goes up to 65536 level, allowing a more detailed and accurate separation.
The ADC operates within a certain range. If the baseline is zero, very weak or negative
signals may go undetected, and information will be lost. The bias artificially increases this
baseline so that these signals are within the ADC’s detection range. Each detector has a
bias, and we measure it by taking a zero-second exposure with the camera shutter closed,

and is later subtracted.

Flat-field correction

The telescope lens is prone to getting dust and other particles on its surface, which
appear in the output image. The flat-field frame is an image of a uniformly illuminated
frame, usually a white screen illuminated by a lamp, where we can detect and track
patterns due to any imperfections in the lens, as well as any differences in illumination
due to variations in the optical system. We divide the science image by the normalized

flat-field frame in order to correct these instrumental interferences.

Cosmic ray and bad pixels removal

The flat-field frame is also useful to remove bad pixels from our science image, that
is, spots on the CCD camera that might be damaged, or any other kind of interference
that could induce errors. Damaged spots in the CCD can lead to undercounting photons,
or not counting them at all, while cosmic rays are high-energy particles that cause much

higher counts when they reach the CCD than photons.

2.3 PROCESSING THE DATA CUBE

2.3.1 Cutting, shifting and combining the cube

We had initially intended to analyze 10 data cubes obtained from the observations
on February 7th and 8th, 2022. However, due to the presence of high instrumental noise
in the data obtained on the second night, we were forced to discard the eight datacubes
produced. The level of noise severely compromised the data quality, preventing a reliable
application of our stellar population synthesis models and emission line analysis. Each of
the eight data cubes present straight lines across the image, along both spatial axes, which
was likely due to an error during the sky counts subtraction. When I combined the cubes,
rather than averaging out and canceling itself, the pattern intensified. This effect was
especially problematic along the central axis, where the strongest lines intersected directly
over one of the interacting system’s three nuclei. As a result, the spectral information in
that region was heavily distorted (Figure 8), effectively eliminating our ability to extract
any meaningful data about the third AGN.
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Figure 8 — Combination of the eight datacubes showing the line pattern across the image.
The extracted spectrum is from the point where the lines meet, and shows the
distortion caused by the instrumental errors.

The remaining datacubes consisted of 2 exposures of ~ 900 s each. Each exposure
gave us a data cube covering a grid of 316 x 317 pixels, or 60 x 60 arcsecs. For a more
efficient analysis, I combined the two cubes into one. The first step was to locate the
system in the cube and isolate it, and I did this by constructing a histogram of the flux
emitted (Figure 9). Knowing that the sky emission formed a bell-curve distribution, I set
a threshold of two times the standard deviation, corresponding to ~ 95% of area below
the curve. Data below this threshold was dismissed as sky, leaving me with the signal that
was mainly emitted by the system (Figure 9). I then secured an area of 100 x 100 pixels,
or 20 x 20 arcsecs with the system at the center of it. After both cubes were cut, I had
to combine them, but upon inspection, I saw that the system was not in the same spot
inside both cubes (Figure 10). To overcome this problem, I chose a reference cube and,
based on the position of emission lines in it, shifted the pixels in the other cube to match,
and combined them (Figure 11). I then extracted the spectra from it and corrected it by

removing reddening due to extinction (caused by the dust present in our Galaxy), using
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Figure 9 — Comparison between the original 60 x 60 arcsecs cube and the slice of 20 x
20 arcsecs done to isolate the system.

the model G23 |Gordon et al. 2023| from the package INTERSTELLAR DUST EXTINCTION,
available on Github.
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Figure 10 — Comparison between the two cut cubes highlighting the difference in the
position of the system within each grid in relation to the central reference
pixel.
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2.3.2 Dust extinction correction

Dust extinction is the reddening and dimming effect of light from a source as it
travels through the interstellar medium to Earth. Along our line of sight, dust grains
absorb and scatter photons, predominately affecting shorter (bluer) wavelengths. This
process attenuates the measured flux of light. The extinction curves, that is, the wavelength
dependence of dust extinction, can provide information about the size, composition, and
shape of these interstellar dust grains.

One parameter used to quantify reddening is the color excess, defined as
EB—-V)=Ag—Ay = (B —=V)os — (B = V)ins

where V' and B are the magnitudes in the Johnson-Morgan photometric bands and
Ap = Bys — By and Ay = Vs — Vi, are the interstellar extinction in the B and V
bands, respectively. While the color excess is proportional to the dust column density and
was used as a calibration parameter, it makes more sense to use A,/Ay as our extinction
law, since extinction is expressed directly [Cardelli, Clayton e Mathis 1989]. The extinction

parameter can be defined as
RV - AV/<AB — Av),

which is used to trace the extinction curves for the model G23, and is the ratio of total to
selective extinction. While the value of Ry can change with the line-of-sight, we used the
standard value for a diffuse interstellar medium Ry = 3.1, and Ay = 0.142 mag as the
extinction in the U band [Schlafly e Finkbeiner 2011].

We chose the dust extinction model G23 because it covers the far-ultraviolet
(912 A) to mid-infrared (32 pm). It is based on the spectroscopic extinction curves
used for the GCC09 [Gordon, Cartledge e Clayton 2009, F19 [Fitzpatrick et al. 2019],
G21 MWAvg [Gordon et al. 2021], and D22 [Decleir et al. 2022] studies. The comparison
between G23 and other models is shown in Figure 12, where it can be seen that the
(G23 model covers a much wider range. The extinction corrected spectrum from the main

nucleus is shown in Figure 13.

2.4 STELLAR POPULATION ANALYSIS

Understanding the evolution of a galaxy requires understanding the evolution of the
stellar systems in it. The different stellar populations found in a galaxy provide information
about its history. Stellar Population Synthesis (SPS) is a great tool that allows us to
decode the stellar energy distributions (SED) of a galaxy. SEDs contain information about
the galaxy’s physical properties, dynamical behavior, and evolutionary history, within the
spectra across different wavelengths. We aim to model the observed SEDs as a composite

system based on the knowledge that the light we measure comes from a mixture of different
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Figure 12 — Examples of multiple Parameter Average models showing the wider range of
model G23, taken from [Gordon et al. 2023].
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Figure 13 — Extinction corrected spectrum from the main nucleus of SDSS J0849.

stellar populations, each one with its own properties. Once we determine these components,
we can trace the galaxy’s evolutionary history.

Cid Fernandes et al. pioneered the so-called evolutionary population synthesis
methods, which compare galaxy data with models that follow the time evolution of an
entire stellar system by combining libraries of evolutionary tracks and stellar spectra with
prescriptions for the initial mass function (IMF), star formation and chemical histories.

This study led them to create the software STARLIGHT, which is better explained in section
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2.4.1 [Fernandes et al.|.

Simple Stellar Populations (SSPs) are groups of stars that were born from the
same gas cloud, thus they have the same age and chemical composition. SSPs can be
formed by both giant and dwarf stars. Therefore, when modelling them, we need an initial
mass function, a spectral library, and evolutionary tracks. The initial mass function (IMF)
tells us how the mass might be distributed between the stars within the SSP at their
birth. It is famously associated with Salpeter’s seminal work in 1955, dN/dm « m®, with
a = —2.35. This result is derived from the luminosity function and suggests that the
SSP contains a greater number of low-mass stars than high-mass stars. As the name
implies, the evolutionary tracks represent the known process that stars go through as they
evolve from birth to death, with a significant dependence on their masses and chemical
composition. It traces the star’s development from the early stages, beginning at the
pre-main sequence phase, through the hydrogen burning in the main sequence until its
final stages of evolution in the post-asymptotic branches. Spectral data can be theoretical,
empirical, or a combination of both when creating a Spectral Library, which is a database
of SEDs of various star types. Realistically, galaxies have multiple SSPs in different stages
of evolution, different masses and metallicities. That leads us to consider a galaxy as a
composition of said SSPs, i.e, it forms a Composite Stellar Population (CSP). We aim to
identify the SSPs present in SDSSJ0849 to better understand its evolution.

2.4.1 Spectral fitting with STARLIGHT

STARLIGHT is a software that fits an observed spectrum O, with a model M),
built from a linear combination of N, spectral components from a pre-defined set of base
spectra, the modeled SSPs. Some components are the population vector & containing the
percentage of simple star population (SSP) used in the fit, the global extinction Ay and
the kinematic components velocity shift v,, and velocity dispersion o,.

We can decompose the model M, onto the N, components as follows:

N, Ny
My=Y "Ly =Y L8, ®G(v,,0,)107 44 (2.1)
j=1 7j=1
N,
M)\ = MAO (Z ZL’jbj)\T)\) (029 G(U*, O'*), (22)
j=1

where b; 5 is the spectrum of the 4 SSP normalized at Ay, ry = 107044 =4) is the
reddening term, M,, is the synthetic flux at the normalization wavelength, and G is
the Gaussian filter centered at velocity v, and with dispersion o,. Each component x;
(j = 1...N,) represents the contribution of the SSP with age ¢; and metallicity Z; to
the model flux at \g. STARLIGHT searches for the best fitting model that minimizes
2 =Y, [0 — My)w,]?, where w; ! is the error in O.
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Transition | Wavelength (A) | Masked wavelength range (A)
Hell 4685.7 4670.0 — 4695.0
Hp 4861.3 4840.0 — 4890.0
[OI1]] 4958.9 4930.0 — 4980.0
[OI1]] 5006.8 4980.0 — 5040.0
[NT] 5199.1 5080.0 — 5125.0
INT| 5199.1 5193.0 — 5202.0
[Felll| 5270.4 5260.0 — 5274.0
Hel 5875.6 5850.0 — 5900.0
[OI] 6300.3 6265.0 — 6335.0
Sill 6347.1 6340.0 — 6355.0
INTI| 6548.0 6530.0 — 6547.0
Ho 6562.8 6500.0 — 6645.0
[NTI| 6583.5 6575.0 — 6600.0
[STI] 6716.4 6705.0 — 6750.0
[STI] 6730.8 6735.0 — 6743.0
Hel 7065.2 7040.0 — 7090.0
|ALITI] 7135.8 7120.0 — 7150.0
[OI1] 7319.5 7275.0 — 7320.0
[O11] 7330.2 7320.0 — 7360.0

Table 1 — Masked emission lines.

In order to use STARLIGHT, we need an input spectrum, a mask file, a spectral base,
a configuration file, and a grid file. For each pixel in our 100 x 100 image, we extracted the
spectral information to insert into the grid file. I generated 100 grid files, one for each pixel
along the z-axis, which contained the 100 corresponding spectra along the y-axis. I used
the evolutionary synthesis models BC03, which uses the STELIB spectral library, with 3
metallicities, Z = 0.004, Z = 0.02, and Z = 0.02, and 15 different ages, ranging from 1 Myr
to 1.13 Gyr |[Bruzual e Charlot 2003|. The IMF I used was from Chabrier [Chabrier 2003].
I masked the emission lines in the galaxy’s spectrum by delimitating a region of around 50
to 100 A to each side of the main emission lines present in it, depending on the emission
line’s width. The masked emission lines can be seen on Table 2.4.1. In the configuration file,
I gave STARLIGHT the instructions for the fitting, such as the path of the files mentioned
above and the clipping method chosen. In our case, we chose the NOCLIP option. I used
the 5200 to 5250 A normalization window, and 5225 A normalization wavelength.

2.4.2 Featureless continuum

When investigating the spectra of Seyfert type-2 galaxies and narrow-line radio
galaxies, Koski 1978 found that all galaxies had an UV excess in their spectra in comparison
to non-active galaxies. Additionally, all of them also had an underlying continuous spectrum
that seemed to dilute the stellar light continuum. Subtracting the stellar contribution to

the spectrum left a smooth featureless continuum under the emission line spectrum that
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could be modeled by a power-law of the form F, oc v™*. Such power-law is the source of
photoionization and recombination of hydrogen and helium atoms and ions, producing the
HpS, Hel A5876, and Hell A4686 emission lines. He found that this featureless continuum
is also responsible for about 30% of the light fraction of HB A4861. While the UV excess
cannot yet be fully explained, it is widely assumed that the power-law continuum arises
from the X-rays produced by the Compton scattering of photons produced in the accretion
disk by the hot electron corona surrounding it [Haardt, Maraschi e Ghisellini 1994]. The
power law index « can have values ranging from 0.5 < a < 2.0; however, when dealing
with a large volume of galaxies, the general value &« = —1.5 can be adopted [Kauffmann et
al. 2003, Fernandes et al. 2004]. To add the power law due to the AGN ionization to our
base files, we selected a radius of 3 spaxels around each nucleus, and ran Starlight adding
5 power laws: a = 0.5, a = 1.0, a = 1.5, a = 2.0, and o = 2.5. The results showed that
two nuclei had the same power law, while one had a different combination of power laws.
For the main and north nuclei, the power law exponent was a = 0.5, and for the south
nucleus it was a combination of ~ 19% of a = 1.5 and ~ 6% of o = 2.0. We then created
the spectra of these power laws with a simple linear combination of them, and added to
the base files. To determine which sections of the galaxy we would apply each power law,
we drew a limit of two-times the Point Spread Function (PSF) radius center around each
nucleus. The PSF value was taken from the datacube header. We ran STARLIGHT again

and combined the stellar population synthesis with and without the power law.

2.5 EMISSION LINE ANALYSIS WITH IFSCUBE

The analysis of ionized interstellar gas was based on the emission line profiles fitting,
using the package of functions for integral field spectroscopy data IFSCUBE!. This software
allows the simultaneous fitting of several spectral features, with or without constraints and
limits for the parameters. The plot of the spectra of each nuclei of SDSSJ0849 can be seen
in Figure 14. In this work, we used it to derive a model for the gas emission lines seen in the
SEDs to characterize the dynamics of the ionized gas present in the galaxy. We assumed
the gas dynamics is the same for the entire cloud, which led us to apply constraints on
the kinematic parameters such as radial velocity, velocity dispersion, and flux ratios. We
selected 10 emission lines to fit using Gaussian functions: H3 A4861 , [O III] A\4985, [O III]
A5007, [O I} A6300, [N II] A\6364,[0 I] A6548, Hae A6563, [N II] A6583, [S II] A6717, and
[S II] A6730. I then subtracted the stellar continuum and fitted a pseudo continuum using
a 10th-order polynomial.

[FSCube has two methods of minimization available, Differential Evolution and
Sequential Least Squares Programming (SLSQP). The differential evolution method is

a stochastic population-based evolutionary algorithm for the optimization of continuous

1 https://github.com/danielrd6 /ifscube
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variables [Storn e Price 1995]. Given a parameters grid, this method runs through it and
does not require the optimization problem to be differentiable. This means the chance
of getting stuck in a local minimum is reduced. SLSQP is a method to solve the general
nonlinear programming problem for a local minimum where the functions are assumed to
be continuously differentiable [Kraft 1988]. While the differential equation method results
in a better quality fit, it requires more computational power than SLSQP. IFSCube can fit
either a single spectrum or an entire cube. I first fit one single spectrum, the main nucleus,
using two gaussian components, one narrow and one broad, giving an initial input for
o and the velocity. The initial fitting estimated the velocity of the broad component as
around 300 to 500 km s~!, which classify this galaxy as a type-2 Seyfert. At first, I forced
IFSCube to fit the spectra based on an initial guess, which was adjusted until the fit was
good. After the best initial guess was determined, I let the program adjust the fit freely
based on it. During this process I used the differential evolution minimization method,
which made sure my minimization parameters corresponded to global minimus. I then ran
[FSCUBE for the whole cube, this time using the SLQP minimization method. Once more,
[FSCube was free to fit the cube based on the initial parameters. The spectra of the three
nuclei of SDSSJ0849 is shown in Figure 14.

2.5.1 Equivalent Width

The equivalent width (EW) of a spectral line is a quantitative measurement of an
emission or absorption line area on an intensity versus wavelength plot, compared to the
continuum level. It is used to describe the strength of the spectral line relative to the
adjacent continuum. It is defined as the width of a rectangle placed at the level of the
continuum that has the same area as the spectral line, despite its shape. Mathematically,
it can be defined in terms of the the integral of the fraction of the spectral line intensity

over the continuum intensity [Vollmann e Eversberg]:

Wy = / (1 - ?—2) dA. (2.3)

Since the EW normalizes the line strength relative to the continuum, and is able to
capture the intrinsic strength of a spectral line regardless of its apparent brightness, it
becomes a reliable tool for comparing spectral features from different sources. For example,
an emission line observed in two different regions of a galaxy might appear more intense
if the region has a stronger continuum. However, its EW might actually be the same
or even smaller than that of the same emission line in region with a weaker continuum.
EW can be used to determine stellar parameters, such as the effective temperature and
metallicity of a star [Sousa et al. 2007] and references within, star formation rates in
galaxies [Kauffmann et al. 2003, Khostovan et al. 2024| and photoionization mechanisms,
like the WHAN diagram |Fernandes et al. 2011].



Chapter 2. Methodology and techniques employed 45

Main Nucleus (A) Spectrum

/ pa
7 /

1.6 1 —— Observed Spectrum 16
14 [Oll1] A5@l07 i 14
g i
e 1.2 1 - 1.2
o
7 1.0 - 1.0
("2}
a }
@ 0.8 - 0.8
9 HaA6563
L 0.6 [O111] 24959 J 0.6
~
X 0.4 - J [NII]1 A6583 0.4
2 [NII] 26548
0.2 - HBA4861 J 0.2
0.0 1 , = 0.0
T T T T A d T T T T T
4850 4900 4950 5000 5050 6500 6525 6550 6575 6600 6625 6650
Wavelength (A)
South Nucleus (B) Spectrum
0.12 - # 0.12
HaA6563
< 0.10 - - 0.10
€ [Olll] A5007
(9}
'»n 0.08 A - 0.08
2
i [NII] A6583
2 HBA4861 [NII] A6548
X
=}
i 0.04 - 0.04
0.02 1= T ; T oA o+ T T T T T 0.02
4850 4900 4950 5000 5050 6500 6525 6550 6575 6600 6625 6650
Wavelength (&)
North Nucleus (C) Spectrum
0.25 o # 0.25
HaA6563
o 0.20 - - 0.20
|
€
o
'n 0.15 A - 0.15
(o))
@ [NII] A6583
©o
1 0.10 - 0.10
= [OlIl] A5007
X
3 HBA4861
T 0.05- 3 [Ol11] A4959 J [NII]1 A6548 0.05
0.00 s 2 0.00

4850 4900 4950 5000 5050 6500 6525 6550 6575 6600 6625 6650
Wavelength (A)

Figure 14 — Spectra of the three nuclei of SDSSJ0849. The top panel shows the spectrum
of the main nucleus (A), and a figure of the system with the spatial position
of each nuclei marked with black dots. The middle panel shows the spectrum
of the south nucleus (B) and the bottom panel shows the spectrum of the
north nucleus (C).
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3 RESULTS AND DISCUSSION

3.1 TWO COMPONENT FITTING

When dealing with complex systems, the best approach is to use a set of Gaussian
functions to fit the emission lines. However, it is not always obvious how many functions
are enough to fit the data. When analyzing the spectral features, adding more functions
can improve the fit, but can lead to overfitting statistical fluctuations that do not have any
real physical meaning. Therefore, it is crucial to carefully assess whether the additional
components represent real physical phenomena or if they are simply artifacts of noise.
For each emission line fitted, there were three parameters: the amplitude of the Gaussian
curve, the velocity, and the velocity dispersion. At first, I used a single Gaussian function
for the fit. Upon examining the residual values given by IFSCUBE we found that, while
the fit was satisfactory in some regions of the interacting system, other regions presented
significant differences between the model and the observational data. This prompted
us to incorporate a second Gaussian function. This way, our new fit was set to have
two Gaussian components, one broader and one narrower. Each component represents a
distinct kinematic group, with the velocity and velocity dispersion being the same across all
emission lines within each group. After the introduction of the second Gaussian function,
I plotted a velocity map for the second component and compared it with the velocity map
of the first component, and we can see clear differences between the two (Figure 15).

In some regions of the system, gas in one of the components is moving in the opposite
direction of the gas in the other component. These differences indicate the complexity of
the gas kinematics within the system, suggesting multiple gas components with varying
dynamics. I denominated each component as narrow or broad based on the width of their
Gaussian function. Here, “broad and narrow components” do not mean the same as in the
context of Seyfert Galaxies classification. The term “broad component” refers to the wider
Gaussian function between the two components. All three nuclei present the emission line
profile of Seyfert Type 2 galaxies, with FWHM < 2000 km s~!, and we can only observe
the narrow line regions of the system. We followed the analysis as such, thus allowing for
a more accurate representation of the underlying gas motions and a better understanding
of the interacting system’s kinematic structure.

To determine where the multiple Gaussian functions were needed to properly fit
our data, I created a mask based on a statistical analysis of the reduced y?2, which is the
parameter that indicates how good, or bad, is our fitting. I first calculated x? (Eq. 3.1)
by dividing the square of the difference between the observed data and the fitted model
by the variance, and summed over all points in our data. Then, to get the reduced Y2, I
divided x? by the number of degrees of freedom, v = Ng — Np, where Ng is the number of
samples and Np is the number of parameters, both contained in the wavelength window
4977A-5037A, which encompasses the [O TIT] A4959 and [O IIT] A5007 lines (Eq. 3.2) . I
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Figure 15 — The velocity maps of the two Gaussian components fitted show significant
differences in the gas kinematics. The terms “Narrow” and “Broad” refer to the
width of the Gaussian function used for the fit. The green contour delimits the
region where there is enough signal from the stars to conduct our analyses.

calculated the reduced x? for the single-Gaussian component fit (which I will call one
component fit) and set a threshold of 1.5 for its value, which delimited two regions on the

interacting system where I needed to use the results of the two component fit.

= (O+M)2 (3.1)
2= X—2 (3.2)

"~ (Ns - Np)

I constructed the main component of our fit as follows: outside the regions delimited
by the reduced x? threshold, I used the results from the one component fit; Inside these
regions, | had to determine which was the main component between the two. I compared
the amplitudes of the [O III] emission line of both kinematic groups: the kinematic group
that had the higher amplitude belonged to the main component. Figures 16, 17, and
19 show the comparison between the flux, velocity and velocity dispersion of the main
and secondary components. From the velocity map (figure 16) we see differences in the
direction in which the gas is moving between the two. In the main component map gas
seems to be moving towards us in the small cloud at the bottom in the main component
map. In the central region next to the main nucleus, we see that gas is moving with higher
velocities (a2 100 km s™!), also moving away from us. The gas in the secondary component,
on the other hand, seems to be moving away from us in the small cloud at the bottom,
and in the central region next to the main nucleus, with velocities of ~ —50 km s~!. The
velocity dispersion maps for both components are very similar, although the dispersion is

higher for the secondary component (figure 17). The two component fit for each nucleus
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can be seen in figure 18. It shows the detailed plot of the observed data, the SP synthesis,

the two Gaussian functions used to fit the data, and the resulting fitted curve.
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Figure 16 — Comparison between the velocity of the main component of the fit (left), and
the weaker component (right).
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Figure 17 — Comparison between the velocity dispersion of the main component of the fit
(left), and the weaker component (right).
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Figure 19 — Comparison between the flux values of the main component of the fit (left),
and the weaker component (right).

The Ha flux plot for both components show that the flux of the secondary component
is more intense than in the main component (Figure 19). This is because we constructed
the secondary component using the broader component. Since the flux is proportional to
the width of the Gaussian curve, the wider the broad component is, more flux it has. This
also helps to explains why, when plotted without the contour of the mask that limits the
one and two component regions, we can see clearly that the flux has a discontinuity at the
edge of it (Figure 20). To better understand what is happening, we studied a spaxel at this
very limit. Figure 21 shows the comparison between its one and two component fits. We
can see that the one component fit Gaussian for the [O III] emission line has a higher flux
than the narrow component of the two component fit. In the border, the flux of the broad
component is not zero, and because the total flux of the two component fit is the sum of
the flux of both gaussian components, the presence of the broader component decreases

the flux of the narrow component, which was used to construct the main component.
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Figure 20 — Flux of Ha of the main component of the two component fit plotted without
the mask. It is evident that there is a discontinuity of the flux in the limit
between the two fits. The red dot represents a spaxel located at the limits of
the mask.
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Figure 21 — Comparison between the one and two component fits for a spaxel located at
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used, the narrow component (maroon) and the broad component (red). The
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component.
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3.2 KINEMATIC RESULTS

To fully understand the interacting system’s kinematics, we must also consider the
stellar population and their respective kinematics. Figure 22 compares the gas kinematics
of the main component with the stellar kinematics, offering a side-by-side view of their
behavior across the interacting system. Comparing stellar kinematics with gas kinematics
can only be done in regions with sufficient signal-to-noise ratio. Based on the standard
deviation, I traced a contour which delimits the region where there is enough signal from
the stars to conduct our analyses. Outside this contour, comparisons can’t be done. This
issue could be solved by applying techniques that improve the signal-to-noise ratio, such
as Voronoi binning. Unfortunately, time limitation prevented us from incorporating this
method into our analysis. We see some differences in the kinematics of the stars in the
interacting system compared to the gas in the same regions. In the region around the main
nucleus, the gas is moving away from us in higher relative velocities, as represented by
the redder color in the velocity map. The stars in the same region, however, have relative
velocities closer to zero or slightly negative, which means they are moving closer to us, or
in a perpendicular direction to our line of sight. This is represented by the yellow-green
color in the velocity map. Around the south nucleus, while the gas seems to be moving
towards us, as represented by the light blue color, the stars relative velocities are much
bluer in our scale. This suggests that while both gas and stars are moving towards us, the
stars are doing so in higher relative velocities. The same happens around the north nucleus,
where both gas and stars are moving away from us, although their relative velocities are
similar. To get a clearer understanding of the stellar kinematics, we isolate the system in
Figure 23, allowing for a more focused analysis.

The velocity map of the gas outside the contour show interesting structures, although
we cannot be sure if these would be present in the stellar maps as well. Gas follows down
the arm connected to the south nucleus, and is moving towards us, while in the region
left to the main and north nucleus, the gas is very dispersed and red. In a region south
of the whole interacting system, relatively farther away from the center, is a small cloud
moving in an upward arch in our direction. This information allows us to get an idea of
the kinematic of the system as a whole. Although the velocities along our line of sight
are relatively low, varying between 4150 km s~!, the blue color around the south nucleus
is present in both maps indicating that this region of the system is moving toward us.
The region around the main nucleus and left to it is redder, indicating that this region
is moving away from us. This suggests that the main and south nuclei may be rotating
in a counter-clockwise direction at an angle of approximately —135°. The stellar and gas
velocity maps show that in the region around the north nucleus, both stars and gas are
moving away from us. There is a notable downwards arch-like structure visible extending
downward from the north nucleus, seemingly connecting to the faint gas cloud at the

bottom seen in the gas velocity map. This structure seems to trace the path of gas moving
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Figure 22 — Stellar and gas velocity and velocity dispersion maps of SDSSJ0849. In the
central region, gas is moving away from us faster than the stars, which have
lower or slightly negative velocities (toward us or sideways). Near the south
nucleus, both gas and stars are moving toward us, but the stars are moving
faster. Similarly, near the north nucleus, both are moving away, with similar
velocities.

from the north nucleus, extending behind the interacting system’s disk (therefore obscured)
and rising again on the opposite side. This made us consider the hypothesis that the north
nucleus is rotating in a plane that is nearly perpendicular to the rest of the interacting
system, indicating a distinct kinematic behavior and a possible different evolutionary
history. We hypothesize that this trajectory corresponds to the path followed by the host
galaxy of the north nucleus during the merger process, leaving behind the faint gas traces
we observe today. To better understand how the system is rotating see figure 24.

The velocity dispersion ranges from 50 km s~! to 300 km s~! for both stars and
gas. However, the gas velocity dispersion shows the same disturbances as the ones seen on
the velocity maps, which are also not observed in the stellar velocity map. It makes sense

that we see greater perturbations in the gas. Since the gas has lower inertia than stars, it
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Figure 23 — Isolated stellar velocity and velocity dispersion maps of SDSSJ0849.

Figure 24 — Infrared image of SDSSJ0849 from Hubble Space Telescope, using Wide Field
Camera 3 (WFC3) IR F105W; the arrows represent the direction of rotation
of the interacting system. The main and south nuclei appear to be rotating
from right to left at an angle of approximately 45°. In contrast, the north
nucleus seems to rotate in a plane that is nearly perpendicular to the rest of
the interacting system. We propose that during the merger, the host galaxy
of the north nucleus followed the path indicated by the arrows, and is now
back at the top.

is more susceptible to dynamic perturbations.
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3.3 STELLAR POPULATION SYNTHESIS

We have obtained interesting results from the stellar population synthesis. The
average age of the stars by pixel and their average metallicity, also by pixel, are shown
in figure 25. They show that, on average, the SPs of SDSSJ0849 are very old, their ages
ranging from ~ 9 to 10 Gyr, and have metallicity values ranging from Z ~ 0.050 to 0.015
up to values close to the Sun’s (Z ~ 0.020 to 0.030). These relatively low metallicity
levels are indicatives of a population that has not undergone extensive enrichment through
supernovae and other stellar processes, which is consistent with older SPs.

I then separated the SPs by age, divided into three categories: young stars, interme-
diate age stars and old stars. Young stars are the ones with ages < 100 Myr, intermediate
age stars are the ones with ages between 100 Myr and 1 Gyr, and old stars are the ones
with ages > 1 Gyr. Stellar light and mass fraction maps by age (Figure 26) help us identify
which regions are more populated by a given SP. Both light and mass fraction maps show
that the central region around the main and north nuclei, while the rest of the interacting
system have light and mass fractions dominated by intermediate age SPs. We call the
attention, however, to the maps of light and mass fractions of young age SPs. While they
contribute to these fractions with little over zero percent in almost the whole interacting
system, they can be seen around the north and south nuclei. Contributing with ~ 40%
of the light fraction in that region, the distribution around the south nucleus is very

asymmetrical, and slightly dislocated from it. While we would have needed results from
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Figure 25 — The left panel shows the average age of stars throughout SDSSJ0849: stellar
population of old stars, with the oldest ones present in the central region
with average ages of ~ 9 to 10 Gyr and younger ones on the outskirts of the
interacting system and around the south nucleus. These stars have average
ages of ~ 7 to 8 Gyr. The right panel shows the metallicity of the stars: the
stars in SDSSJ0849 have low values of metallicity around the main nucleus.
In the other regions of the interacting system, the value of the metallicity is
around that of the Sun. The black dots represent the three nuclei positions.
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Stellar Light Fraction by age
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Stellar Mass Fraction by age
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Figure 26 — The top three panels shows the light fraction of stars by age, while the bottom
three show the mass fraction by age. The three black dots represent the
position of the three nuclei. Older SPs dominate both the light and the mass
fractions around the main and north nuclei. Intermediate age SPs the fractions
in the outskirts of the interacting system, and young SPs can be seen around
the south nucleus, and are more evident in the light fraction map than in the
mass fraction one.

SFR to determine if this was caused by a starburst or if the stars from the south nucleus
host galaxy had had younger stars prior to the interaction, these details can give us a
hint. Allied to the asymmetry of the young SPs distribution, the fact that these stars are
very young, less than 100 million years, suggest that these stars might have been formed
while the interaction was already happening, or as a result of it. This is not definitive,
and further analysis must be conducted for a clearer answer. However, this is a strong
indicator that the interaction is driving star formation. The contribution of these SPs to
the mass fraction is not as high, only ~ 20%. Around the north nucleus we can also see
young age SPs as well, and the same arguments for those around the south nucleus can be
used here to suggest that star formation is happening around the north nucleus as well.
However, unlike the others, these SPs don’t contribute much for the mass fraction.

The reddening map is shown in figure 27. Throughout most of the interacting
system, the reddening caused by dust is, on average, < 0.6mag. Reddening is stronger
around the nuclei and close to the outer limits of the interacting system. Reddening

surpasses the value of 1mag in region around the north nucleus down in the direction of
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the main nucleus. We have seen evidence of the perpendicular orbit of the north nucleus
host galaxy to the plane of rotation of the other two in section 3.2, and this region aligns
with its hypothesized pathway. However, this trail of dust left by the north nucleus is
not clear, which can suggest that the gas is too rarefied. The percentage deviation map
(Figure 28) shows the quality of the results obtained, with percentages below 10% around
the main and south nuclei, and the highest values around the north nucleus and at the

edges of the interacting system are lower than 20%.
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Figure 27 — Reddening (Av) map for SDSSJ0849. Throughout the interacting system, the
reddening due to dust is, on average, < 0.6 Mag. The values go up in the
region around the north nucleus extending down in the direction of the main
region. This region coincides with the hypothesized pathway of the North
nucleus orbit, and could suggest that it is leftover gas from its host galaxy,
although the absence of a more clear line following that path in the reddening
map suggests that this gas is very rarefied
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Figure 28 — Mean percentage deviation (Adev) show values bellow 15% throughout the
interacting system, showing the good quality of our results. Close to the
contour, the values go up to 25%, since those are regions with less signal.

3.4 BPT AND WHAN DIAGRAMS

Figures 29 and 30 show the WHAN and BPT diagrams based on the emission line
ratios for the main and weaker fit components. Each figure has three subplots: The BPT
diagram, the spatial distribution of the BPT classification, and the WHAN diagram. The
BPT diagram is the plot of the emission-line flux ratios [O III] A5007/Hf against [N II]
A6583 /Ha. The central solid black curve represents the separation proposed by Kewley
et al. while the dashed curve represents the demarcation between AGN and star-forming
regions, proposed by Stasiriska et al. [Kewley et al. 2001, Stasinska et al. 2006]. Each point
in both BPT and WHAN diagrams corresponds to a spaxel and each color corresponds
to the respective region of the same color in the spatial distribution plot. This way, we
can easily identify the photoionization processes occurring in each region of the system.
Looking at the BPT diagram for the main component (Figure 29), we find that most of
the interacting system’s emission is consistent with ionization by harder sources than those

typically associated with star formation. The distribution of points above the Stasinska’s
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line suggests that most of the gas is being photoionized by harder sources than SF. These
line ratios above it can be caused by other processes such as heating from shockwaves.
However, the spatial distribution along with the detected x-ray emissions coming from
the three nuclei strongly supports the idea that the ionization is predominantly driven by
AGN activity, since we know that the three nuclei are active.

The WHAN diagram provides additional insights into the nature of the ionizing
radiation. In the WHAN diagram, we examine the relationship between the [N II] A\6583/Ha
ratio and the equivalent width of the Ha emission line. This diagram helps to distinguish
regions ionized by AGN, star formation, and other processes such as shockwave ionization.
The classification on the WHAN diagram is in line with the findings from the BPT diagram,
showing that a major portion of the system’s emission is consistent with strong and weak
AGN photoionization. It also shows that the region along the south arm is mainly ionized
by SF, as well as a small region east of the south nucleus.

When plotting the BPT and WHAN diagram for the weak component, we see
clearly that the gas is being strongly ionized by the main nucleus. This result gives us
a very valuable insight about the physical nature of the weak component, which will be

discussed in the next section.
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Figure 29 — WHAN and BPT diagrams for the main fit component of SDSSJ0849. The
left figure shows the BPT diagram; the center figure is a color map of the
interacting system; the right figure shows the WHAN diagram. All three figures
are color-coded to better identify which regions present in the interacting
system have different photoionization processes.
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whan BPT spatial distribution for the weaker fit component
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Figure 30 — WHAN and BPT diagrams for the secondary fit component of SDSSJ0849.
The left figure shows the BPT diagram; the center figure is a color map
of the interacting system; the right figure shows the WHAN diagram. All
three figures are color-coded to better identify which regions present in the
interacting system have different photoionization processes.

3.5 THE TRUE NATURE OF THE SECONDARY COMPONENT

During our analyses, one question lingered: what is the physical process behind
the need of a second component to properly fit our data? We initially speculated that it
could be caused by the perpendicular orbit of the north nucleus. In this case, the observed
differences in direction and velocity between the two components could be explained by a
cloud of gas in front of the center region of the interacting system left there by the north
nucleus’ host galaxy. However, when analyzing the BPT and WHAN diagrams, we saw that
this gas is being ionized by the main nucleus, suggesting that it is physically closer to it.
The leftover cloud would be much further away from the nucleus. Suspecting that the weak
component may be associated to the activity of the main nucleus, we referred back to the
study conducted by Peng et al. [Peng et al. 2022|, whose findings are detailed in section 1.3
of the Introduction chapter. In the mentioned study, they identified AGN-driven outflows
caused by a double-sided radio jet extending from the main nucleus. We compared the
position of the jets relative to the AGN with the region where the secondary component
was needed. We found that they coincide spatially when plotted together (Figure 31). This
allows us to explain why the the gas in the second component had a significantly higher

velocity dispersion than the the gas in the main component.
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Figure 31 — Plot of the Ha flux of the main and secondary component. The contour in red
is our mask, and the contour in orange is the radio detection in 3.0 GHz [Peng
et al. 2022|. The position of the radio jets and with the region where the
secondary component is coincide, which suggests that gas outflow is the reason

we need a second component.
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4 CONCLUSIONS

The main goal of this work was to study the trio of interacting galaxies SDSSJ0849,
the first discovered triple Type 2 Seyfert galaxy. We used integral field spectroscopy data
obtained with the MUSE instrument, installed on the Very Large Telescope (VLT) of
the European Southern Observatory (ESO). Based on this data, we conducted a series of
analysis based on the spectrum of the galaxy, which has three active nuclei confirmed by

X-ray emission.

4.1 OUR FINDINGS

Using the IFSCube software, I fitted 10 emission lines using Gaussian functions:
Hp A4861 , [O III] A4959, [O III] A5007, [N II] A6300, [N II} A6364,[O I} A6548, Haw A6563,
[N IT] A6583, [S II] 6717, and [S II] A6730. We identified the presence of a region of narrow
lines extended across all the three galaxies in the system. Their relative velocities range
between £200 kms~!. These values correspond to the projected velocity in our line of
sight; their magnitude might be greater than the measured values.

When analyzing our data, we noticed the presence of two regions in the interacting
system where one Gaussian function was not enough to properly fit the emission lines.
One of these regions is located near the center of the interacting system, the other region
is further away from the three interacting galaxies. It is very small, and is located south
from the main nucleus. We added a second Gaussian function in these regions in order to
study the gas kinematics. We believe this is the result of feedback from the main nucleus
causing gas outflows. This idea is supported by previously reported radio emissions, where
it was found the existence of a double-sided radio jet coming from it [Peng et al. 2022],
and our own emission line ratio analysis. The BPT and WHAN help us to determine what
ionization processes are present in the system. For the main component, most points in the
BPT diagram lie above the Stasiniska line, and in the strong AGN-like spaxels quadrant of
the WHAN diagram. This suggest that the source of ionization of the gas in the regions
around the three nuclei is the AGN, specially around the main nucleus. The diagrams
also indicate star formation along the arm connected to the south nucleus. For the second
component, all points lie well above the Stasiriska line. It is clear that the gas is being
photoionized by the main nucleus, which further supports the presence of AGN feedback
and gas outflow.

By analyzing the velocity maps, we determined the direction that gas is flowing in
our line of sight and found that the north nucleus orbits perpendicular to the rotation of
the other two galaxies, the ones hosting the main and south nuclei. We can see on the
gas velocity map that the gas near the north nucleus is moving away from us forming a
downward arch. In the region south from the interacting system, gas is moving towards

us in an upwards arch. These two structures seem to align, which led us to the following
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conclusion. From the faint gas clouds that we see, we argue that this galaxy has probably
already circled the other two at least once, leaving these trails behind. The other two
galaxies, main and south nuclei host galaxies, are in turn orbiting each other from left to
right, tilted in an angle of approximately —135°.

Stellar population results show that the galaxy has, on average, an older star
population with low metallicity. The average metalicity in most parts of the galaxy is
around Z ~ 0.050 — 0.015, reaching Z ~ 0.030 in very few spots. For reference, the Sun’s
metallicity is around Z ~ 0.020 — 0.030. These values are indicatives that the stellar
population has not undergone extensive enrichment of the gas, which is consistent with
older SPs.

Analyses of the light and mass fractions by age show that older stars (older than
1 Gyr) dominate those fractions in the central regions of the system, specially around
the main nucleus, extending up towards the north nucleus, intermediate age stars (older
than 100 Myr but younger than 1 Gyr) dominate the light and mass fractions close to the
outer limits of the system, around the south nucleus and extending to the connecting arm.
In the region around the South nucleus, young stars dominate around 30% of the mass
fraction, and 50% of the light fraction. However, the distribution of young stars around
the south nucleus is very asymmetrical, which suggests a burst of star formation in that
region. Since they are very young stars, they were probably formed after the interaction
had already started, and might have possibly been caused by it.

Reddening (Av) caused by dust is, on average, below 1 mag throughout the system,
but is higher near the northern nucleus down in the direction of the main nucleus, with
values up to 1.2 mag. This region coincides with the hypothesized pathway of the north
nucleus’ orbit, which can be another evidence supporting this idea. We suggest that this
the reddening in this region could be caused by leftover gas from its host galaxy. However
the absence of a more clear line following that path in the map indicates that, if this is
the case, the gas is very rarefied.

While we know that gas is falling towards the three black holes, since they are
active, we can’t see that motion reflected in our data. Due to the disturbance in the gas,
and the complexity of the galactic system, more analyses are needed. However, those
are not simple, and might even be impossible to do. The usual methods are based on

assumptions about the galactic disk that cannot be applied to a complex system as ours.

4.2 NEXT STEPS

This work has produced interesting results about the current state of SDSSJ0849.
The next natural step is to compare our results with other interacting systems, in order
to try to better understand the underlying mechanisms that govern galactic mergers.
Through these comparisons, we can draw a more general picture that serves as a link for

cosmological and galaxy evolution models. The challenges that we faced throughout this
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work have highlighted the complexity of these systems. One of the biggest ones was the
noise that compromised the quality of our data, and forced us to discard 80% of it. To
avoid completely wasting the telescope time used, a new reduction of the data could be
conducted from the raw images. More analyses focused on the black holes could also be of

interest, such as their mass accretion rate.
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