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Resumo

Esta tese investiga o papel dos niicleos ativos de galdxias (AGN) na dindmica do gas molec-
ular e na formacao estelar em suas galdxias hospedeiras, com foco na amostra TWIST
de galdxias préximas ao AGN. Usando dados de alta resolucao de CO(2-1) obtidos pelo
Atacama Large Millimeter /submillimeter Array (ALMA) e observagoes em miltiplos com-
primentos de onda, analisamos a interagao entre AGNs e o meio interestelar (ISM), ex-
aminando como a atividade do AGN impulsiona fluxos de gés, tanto de entrada quanto

de saida, que moldam a evolugao das galaxias.

Nosso estudo inicia-se com uma anélise detalhada de NGC 4593, uma galaxia Seyfert 1
com um barra proeminente e nicleo ativo. Utilizamos observagoes de CO(2-1) do ALMA
junto com modelagem cinematica por meio das ferramentas 3D-BAROLO e DISCFIT para
avaliar a distribuicao e a dinamica do gas. A modelagem revelou uma estrutura complexa,
incluindo uma zona molecular central (CMZ) analoga, com um movimento rotacional in-
tenso e caracteristicas nao circulares significativas alinhadas com o potencial da barra.
Detectamos um fluxo molecular ao longo do eixo menor da galdxia, estendendo-se a aprox-
imadamente 220 pc do nicleo e compreendendo cerca de 10% do fluxo total de CO(2-1)
da galdxia. A massa total de gds molecular é estimada em 1 — 5 x 108 M, e a massa do
buraco negro supermassivo (SMBH) foi calculada como log (Mpn/My) = 6.89 £ 0.04. A
modelagem da distribui¢ao espectral de energia (SED) com CIGALE revelou uma fragao
de AGN de 0,88 e uma taxa de formacao estelar moderada de 0,42 M ano™!, indicando

formacao estelar em andamento, apesar da forte influéncia do AGN.

Com base nesse arcabouco, aplicamos a mesma metodologia a 20 galdxias adicionais
da amostra TWIST. Para cada galaxia, derivamos a cinematica e a morfologia do gas
molecular utilizando o 3D-BAROLO e realizamos o ajuste da distribuicao espectral de
energia com o CIGALE, a fim de determinar as taxas de formagao estelar, as luminosidades
dos AGN, as fracoes de AGN, as massas estelares, as massas de gas molecular e as massas
dos buracos negros. Nossa andlise identificou assinaturas claras de fluxos de entrada
ou de saida de gas em varias galaxias, permitindo-nos calcular as taxas de massa dos

escoamentos para aproximadamente 20 das 41 galdxias estudadas.



Abstract

This thesis investigates the role of AGN in influencing the molecular gas dynamics
and star formation within their host galaxies, focusing on the TWIST sample of nearby
AGN host galaxies. Using high-resolution CO(2-1) data from the ALMA and multi-
wavelength observations, we analyze the interaction between AGNs and the interstellar
medium (ISM), examining how AGN activity drives gas inflows and outflows that shape

galaxy evolution.

Our study begins with a detailed analysis of NGC 4593, a Seyfert 1 galaxy with a
prominent bar and active nucleus. We used ALMA CO(2-1) observations alongside 3D-
BAROLO and DISCFIT kinematic modeling to assess gas distribution and dynamics. The
modeling reveals a complex structure, including a central molecular zone (CMZ)-like ring
with strong rotational motion and significant non-circular features aligned with the bar
potential. We detect a molecular outflow along the galaxy’s minor axis, extending approx-
imately 220 pc from the nucleus and comprising about 10% of the galaxy’s total CO(2-1)
flux. The estimated total molecular gas mass is 1 — 5 x 10® M, and the supermassive
black hole (SMBH) mass is calculated to be log (Mpu/Ms) = 6.89 4+ 0.04. Spectral en-
ergy distribution (SED) modeling with CIGALE reveals an AGN fraction of 0.88 and a

moderate star formation rate of 0.42 My yr—!.

Building on this framework, we applied the same methodology to 20 additional galaxies
within the TWIST sample. For each galaxy, we derived the kinematics and morphology
of the molecular gas using 3D-BAROLO and performed spectral energy distribution fit-
ting with CIGALE to determine star formation rates, AGN luminosities, AGN fractions,
stellar masses, molecular gas masses, and black hole masses. Our analysis identified clear
signatures of either gas inflows or outflows in several galaxies, enabling us to calculate

outflow mass rates for roughly 20 of the 41 galaxies studied.
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1 Introduction

1.1 Aim

The primary objective of this research is to investigate the impact of active galactic
nuclei (AGN) on the evolution of their host galaxies, with a specific emphasis on the
nearby Universe. Active galactic nuclei are regions surrounding supermassive black holes
(SMBHs) where accretion of matter results in the release of substantial energy. This en-
ergy can influence star formation and alter the interstellar medium (ISM) in a manner
that shapes the galaxy’s development (FABIAN, 2012; HECKMAN; BEST, 2014). Under-
standing the mechanisms by which AGN affect their host galaxies is crucial, particularly
in the context of gas dynamics, both inflows and outflows, and how these processes relate

to the broader evolution of SMBHs and galaxies.

In this context, AGN feedback—a term that broadly encompasses the various ways
energy and momentum from AGN activity impact the surrounding environment—plays
a pivotal role. This feedback can lead to the suppression of star formation by ejecting
gas from the central regions of galaxies through powerful outflows, thereby transitioning
galaxies from star-forming phases to more quiescent states (SILK; REES, 1998; CROTON
et al., 2006; HOPKINS et al., 2006). However, the inflow of gas toward the SMBH can also
provide the fuel necessary to power AGN activity and may even trigger star formation
in the galactic center. Thus, the interplay between AGN fueling and feedback remains a

critical aspect of galaxy evolution, necessitating a detailed investigation.

This research will leverage data from the Twelve-micron WInd STatistics (TWIST)
sample, employing a combination of data analysis techniques and astrophysical modeling.
Through this comprehensive approach, the aim is to elucidate how AGN activity influences

the growth and transformation of galaxies in the local Universe.
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1.2 Research Objectives

We study cold molecular gas to reveal and better understand AGN mechanisms and
their interactions with host galaxies. By tracing the motion and distribution of this gas,
we can investigate how AGN feeding and feedback processes influence galaxy evolution.
Using high-resolution CO(2-1) data from the TWIST sample—which includes 41 AGN
host galaxies observed with the ALMA-—we aim to uncover whether the gas is being
drawn inward to fuel the supermassive black hole (SMBH) or expelled outward through
AGN-driven feedback. This analysis provides a better understanding of the role of AGN
activity in shaping their host galaxies (RUSH et al., 1993).

In addition to ALMA data, we’ll bring in observations from across the electromag-
netic spectrum, including high-energy gamma rays and X-rays, as well as optical and
radio wavelengths. This multi-wavelength approach helps us look at different physical
processes happening at various scales within these galaxies. By combining data from mul-
tiple wavelengths, we aim to create a more complete picture of how AGNs impact their

environments.

The key objectives of this study are:

e To detect and model the motion of gas inflows and outflows using tools like DiskFit
and 3D-Barolo (SELLWOOD; SPEKKENS, 2015).

e To measure the physical properties of the molecular gas, such as its mass, velocity,

and energy, to see how AGNs affect star formation and the structure of the galaxy.

e Explore the relationship between SMBH mass and stellar velocity dispersion (the
Mgy — o relation), and understand how AGN feedback influences this connection
(KORMENDY; HO, 2013).

e Investigate what happens to the molecular gas that gets expelled by AGN-driven
outflows, whether it leaves the galaxy completely or transforms into other types of

gas, such as atomic or ionized gas.

e To use advanced data science techniques, including machine learning and statistical

modeling, to improve our models of how AGNs feed and influence their galaxies.

1.3 Motivation

The motivation for this research stems from the fact that, to date, there is no clear
understanding of the physics behind the mechanisms of AGN (RICHARDS; HALL, 2004;
BECKMANN; SHRADER, 2013; CZERNY; YOU, 2016). Although many ideas, models, and
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simulations have been proposed, our limited access to high-quality data has hindered
our ability to fully grasp these processes (LAHA et al, 2021; SUN et al, 2020; HARRI-
SON; ALMEIDA, 2024). One of the main challenges is understanding how AGN feeding,
which drives black hole growth and can even support star formation, balances with AGN
feedback, which often suppresses these same processes (STORCHI-BERGMANN; SCHNORR-
MULLER, 2019a; HARRISON, 2017; BOOTH; SCHAYE, 2013). With advancements in obser-
vational capabilities, such as the high-resolution cold molecular gas tracing provided by
ALMA, we hope to uncover new insights and shed light on this enduring mystery. Despite
the gaps in our knowledge, current observations and studies leave no doubt that AGN

activity is a key player in galaxy evolution.

A major reason for pursuing this study is the availability of high-resolution data from
the ALMA. The TWIST sample, which includes 41 nearby AGN host galaxies, gives us
a unique chance to look at molecular gas in incredible detail. ALMA’s ability to capture
high-resolution images of inflows and outflows makes it possible to study these processes

on scales that we couldn’t reach before, especially in the nearby Universe.

What makes this research even more exciting is the ability to combine data from
across the electromagnetic spectrum, from high-energy X-rays to optical, infrared, and
radio waves. Each wavelength shows a different part of the galaxy’s story, like different
instruments in an orchestra coming together to form a complete symphony. To fully un-
derstand how AGNs influence their galaxies, we can’t just rely on one type of observation.
We need the full range of wavelengths to see the whole picture of how AGNs impact their

surroundings.

In this study, we focus on understanding AGN feeding and feedback mechanisms by
examining the kinematics and morphology of cold gas. Additionally, we develop detailed
SED models to derive key physical properties such as molecular outflow rates, SFR, stellar
mass, AGN luminosity, BH mass, and Hy mass. By analyzing these parameters, we aim

to better understand how AGNs influence galaxy growth and evolution.

1.4 Work Organization

This research is organized into six chapters, each building on the previous one to

explore how AGN feeding and feedback influence the evolution of galaxies.

Chapter 1 introduces the research by outlining the main objectives, motivation, and
background. It also provides a thorough review of existing literature on AGN feeding and

feedback processes, giving context to the work.

Chapter 2 covers the fundamental concepts of AGNs, focusing on their different types
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and the main mechanisms of feeding and feedback. This chapter also discusses the observa-

tional methods used to study AGNs, particularly through multi-wavelength observations.

Chapter 3 focuses on the TWIST sample, which includes 41 nearby AGN host galax-
ies. It explains why these galaxies were selected, how the data were collected, and their

significance for studying AGN-related processes.

Chapter 4 details the data analysis and data science techniques applied in the research,
with a particular focus on ALMA observations and multi-wavelength data. It explains
the data cleaning, processing, and analysis steps, utilizing various astrophysical models

to study galaxy dynamics.

Chapter 5 presents the results of the research, including findings on AGN-driven out-
flows, gas inflows, and their effects on galaxy structure and star formation. This chapter

also examines the statistical relationships between AGN activity and galaxy morphology.

Chapter 6 summarizes the research findings and discusses their broader impact on
our understanding of galaxy evolution. It also highlights potential directions for future

research.



2 Feeding & Feedback processes in
AGNs

In Chapter 2, we focus on the different types of AGNs, especially those found in the
nearby universe. We also explain the main observational methods, particularly the use of
multi-wavelength data from radio to X-ray. The chapter then explores the processes of

feeding and feedback, discussing how they influence the evolution of host galaxies.

2.1 Active Galactic Nuclei - AGN

2.1.1 What is an AGN?

At the center of most galaxies lies a SMBH, a gravitational powerhouse with a mass
ranging from millions to billions times that of the Sun (My). These SMBHs dominate
their galactic centers, consuming gas, dust, and stellar material from their surroundings.
When an SMBH actively accretes material, it forms an accretion disk, where the gas
spirals inward and heats up due to friction. This process of accretion generates intense
radiation, giving rise to what is known as an AGN, which can outshine the galaxy itself
(KORMENDY; RICHSTONE, 1995; MAGORRIAN et al., 1998).

The energy output of AGNs spans the entire electromagnetic spectrum, from radio
waves to gamma rays. The mechanism behind this immense luminosity is the conversion
of gravitational potential energy into thermal energy and radiation as the gas moves closer
to the black hole. This phenomenon makes AGNs some of the most luminous objects in
the universe (LYNDEN-BELL, 1969; SHAKURA; SUNYAEV, 1973).

2.1.1.1 Accretion and Energy Generation: How a Black Hole Feeds

Accretion is the process by which a black hole draws in matter. AGN play a central role
in the evolution of galaxies by regulating star formation and shaping galactic structure.

The immense energy generated by the accretion of matter onto supermassive black holes
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fuels these powerful engines, driving feedback mechanisms that influence the surrounding
interstellar medium. Feedback from Active Galactic Nuclei, primarily in the form of winds
and jets, can expel or heat gas, thereby suppressing star formation and limiting the overall
growth of the galaxy (SILK; REES, 1998; FABIAN, 2012). As material spirals toward the
SMBH, it loses angular momentum, heats up, and emits radiation. The efficiency of this
process is around 10%, meaning a significant portion of the mass-energy of the infalling
material is converted into radiation (THORNE, 1974). The luminosity of the AGN, which

is directly tied to the accretion rate, is expressed as:

L =nMd (2.1)

where L is the luminosity, n & 0.1 is the efficiency, M is the mass accretion rate, and ¢
is the speed of light. As material falls closer to the SMBH, gravitational potential energy

is converted into heat and radiation, powering the AGN.

2.1.1.2 Eddington Luminosity and Feedback Mechanisms

A black hole cannot accrete material indefinitely. As accretion increases, so does the
outward radiation pressure, which eventually counteracts the gravitational pull. This
balance, known as the Eddington limit, determines the maximum luminosity a black
hole can achieve before radiation halts further accretion (EDDINGTON, 1988; BEGELMAN;
MEIER, 1982):

4G Mmyc

- (2.2)

LEdd =

where Lgqq is the Eddington luminosity, M is the black hole’s mass, m, is the proton

mass, and o7 is the Thomson scattering cross-section for electrons.

If the SMBH attempts to exceed this limit, powerful winds and relativistic jets are
produced, expelling excess matter. These jets, made of charged particles moving at near-
light speeds, can extend thousands of light-years and significantly influence the host galaxy
by heating or expelling gas, thus suppressing star formation (BLANDFORD; ZNAJEK, 1977,
KING, 2003). Such feedback mechanisms are essential in regulating galaxy growth by

removing the gas that would otherwise fuel star formation.

2.1.1.3 AGN Luminosity: Outshining Entire Galaxies

AGN luminosity can surpass the combined output of billions of stars, making AGNs
among the most luminous objects in the universe. This bolometric luminosity is a direct

result of the accretion process, where the intense radiation emitted by the accretion disk
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FIGURE 2.1 — An artificial image of a galaxy with an AGN jet at its centre. Image credit: NASA.

outshines the galaxy. The most extreme AGNs, such as quasars, can be detected across

vast cosmic distances due to their extraordinary brightness (HOPKINS et al., 2005).

FIGURE 2.2 — The region of the sky where quasar J0529-4351, the most luminous object ever observed
in the universe, is located. The quasar was identified using ESO’s Very Large Telescope (VLT) (WOLF et
al., 2024). Image credit: ESO / DSS2.

2.1.2 AGN Classification and Discovery: A Window into Cosmic Activ-
ity

The discovery of AGNs in the 1960s revolutionised the understanding of galaxies.
Previously, galaxies were thought to derive their light output solely from stars. However,
the identification of highly luminous, distant objects like quasars and Seyfert galaxies,
powered by SMBHs, revealed that many galaxies have dynamic, active cores (SCHMIDT,
1963; HAZARD et al., 2013). AGNs were initially discovered through their strong radio

emissions, with 3C 273 being one of the first quasars identified.
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FIGURE 2.3 — The star field surrounding the exceptionally bright quasar 3C 273. Without the guiding
arrow, the quasar would likely go unnoticed amidst the stars. Image credit: SDSS / Aladin.

2.1.2.1 AGN Influence on Galaxy Evolution: Feedback and Regulation

The immense energy produced by the accretion of matter onto SMBHs fuels winds and
relativistic jets capable of expelling or heating gas in the ISM, thereby suppressing star
formation and regulating the galaxy’s overall growth (SILK; REES, 1998; FABIAN, 2012;
MATTEO et al., 2005). This feedback is thought to drive the transition of massive galaxies

from star-forming to quiescent states.

The relationship between the mass of a supermassive black hole (Mgy) and the stellar
velocity dispersion (o) of its host galaxy, known as the Mgy — o relation, suggests a
tight coupling between black hole growth and bulge formation (KORMENDY; HO, 2013).
Expressed as a power-law Mgy o 0%, where « typically ranges between 3 and 6, this
relation is observed in both inactive galaxies and, with proper corrections, active galaxies
(MATTEO et al., 2008; CARRARO et al., 2020). For AGNs, discrepancies in this relation
have been attributed to challenges such as sample selection bias, AGN contamination,
and rotational contributions to velocity dispersion, but work using the LLAMA sample
has shown that, after corrections, AGNs align well with the Mgy — o relation of inactive
galaxies, reinforcing the co-evolutionary link between SMBHs and their host galaxies
(CAGLAR et al., 2020).

2.1.3 Open Questions in AGN Research: Unveiling the Unknowns

Despite substantial advances, several key questions in AGN research remain unre-
solved, particularly concerning the precise mechanisms that govern the inflow of gas onto
SMBHs and how this accretion triggers feedback processes. Known drivers, such as gravi-
tational torques from galactic structures and complex accretion disk dynamics, are not yet
fully understood in their entirety (HOPKINS et al., 2006; HOPKINS et al., 2012; ALEXANDER;



CHAPTER 2. FEEDING & FEEDBACK PROCESSES IN AGNS 32

HICKOX, 2012; SPRINGEL et al., 2005).

AGN feedback emerges through a combination of powerful relativistic jets, energy-
rich winds, and radiation pressure, each playing distinct roles in regulating the ISM. The
feedback can be broadly categorized into two modes: radiative and kinetic. The radiative
mode, which is dominant when the AGN is in a high-accretion state near the Eddington
limit, generates intense radiation and winds that can eject or heat gas, quenching star
formation in the host galaxy (FABIAN, 2012; CIELO et al., 2018). Conversely, the kinetic
mode operates primarily through collimated jets, which transfer mechanical energy into
the surrounding hot gas, inflating cavities and creating shock waves that prevent cooling
flows in galaxy clusters (MCNAMARA; NULSEN, 2012; MORGANTI, 2017; GASPARI et al.,
2011).

An important feature of AGN feedback is the multi-phase nature of outflows. These
outflows consist of hot ionized gas, warm ionized and neutral gas, and cold molecular
components, each interacting with the galactic environment differently. For instance, re-
cent observations have shown that cold molecular gas can condense from the hot halo
through processes driven by thermal instabilities, forming structures that rain down onto
the SMBH and fuel further AGN activity (WADA et al., 2016; GASPARI et al., 2018; OLI-
VARES et al., 2022). This intricate cycle, known as chaotic cold accretion (CCA), creates a
feedback loop in which cooling, turbulence, and accretion are closely linked, driving AGN
variability and galactic regulation (GASPARI, 2015).

The spin of the black hole is a critical parameter influencing the energy output of AGN
feedback. High-spin SMBHs can tap into the rotational energy of the black hole to power
relativistic jets, resulting in more efficient and energetic feedback (BLANDFORD; ZNAJEK,
1977; MCKINNEY et al., 2012). The spin can also affect the collimation and orientation of
jets, impacting how feedback energy is distributed throughout the galaxy. In cases of low-
spin black holes, the feedback may be less energetic and more isotropic, leading to different
evolutionary outcomes for the host galaxy. The connection between black hole spin, jet
power, and feedback mechanisms remains an area of active research, with simulations and

theoretical models striving to capture these complex dynamics (ISHIBASHI, 2020).

While AGN feedback is a dominant force in galaxy evolution, it is not the sole driver
of galactic change. Stellar feedback from supernovae and stellar winds, as well as large-
scale gravitational interactions, contribute to the overall dynamics of galaxies. In massive
galaxy clusters, the hot intracluster medium (ICM) is shaped not only by AGN-driven
turbulence but also by mergers and large-scale structure formation, adding complexity
to the feedback landscape (VAZZA et al., 2017; VAZZA et al., 2011; GASPARI et al., 2018).
These processes can further stir the hot gas, enhancing thermal instabilities and aiding in

the formation of cold molecular clouds that participate in CCA.
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Despite advancements in high-resolution simulations, such as those for adaptive hydro-
dynamics (FRYXELL et al., 2000), significant challenges remain in connecting these models
to observations. Simulations provide physical information into the microphysics of AGN
feedback, but real observations, constrained by limited spatial and temporal resolution,
cannot always validate these models directly (CRAIN; VOORT, 2023; HARRISON et al., 2018).
Instruments like ALMA and the Multi Unit Spectroscopic Explorer (MUSE) have started
to offer a more detailed look at the multi-phase gas interactions, yet much of the inner
workings of AGN feedback remain obscured (GASPARI et al., 2020). Thus, ongoing efforts
are required to bridge the gap between theoretical predictions and empirical data, refining
our understanding of how AGN activity regulates galaxy evolution over cosmic timescales
(SCHOLTZ et al., 2018).

2.1.3.1 The Unified Model of Active Galactic Nuclei: A Matter of Perspective

The unified model of Active Galactic Nuclei, introduced in the 1990s, proposes that
the various observed types of AGNs are fundamentally the same objects viewed from
different angles. According to this model, a thick torus of dust and gas surrounds the
supermassive black hole and its accretion disk, obscuring the inner regions when viewed
edge-on. This orientation-dependent view explains why some AGNs, such as Seyfert 1
galaxies, exhibit both broad and narrow emission lines, as the broad-line region is visible,
while others, like Seyfert 2 galaxies, show only narrow lines due to the torus blocking the
central regions (URRY; PADOVANI, 1995).

Blazars, another type of AGN, are observed when the relativistic jets are pointed
almost directly at Earth. In this case, the intense radiation from the jets dominates,
making blazars some of the brightest sources in the universe. Figure 2.4 illustrates this
model, showing how the visibility of the central regions, jets, and emission lines depends

on the observer’s angle relative to the torus and jet axis.

2.1.4 Types of Active Galactic Nuclei

AGNs are categorized based on their observational properties, which depend on factors
like orientation, the nature of the accreting material, and the presence of relativistic jets.
The primary AGN types include Seyfert galaxies, quasars, and radio galaxies (PADOVANI et
al., 2017), and their classification is summarized in the AGN unification model (Figure 2.4).

Seyfert galaxies, first described by Carl Seyfert in 1943, are AGNs with bright nu-
clei and strong emission lines, categorized into Seyfert 1 (S1) and Seyfert 2 (S2) types
(SEYFERT et al., 1979). Seyfert 1 galaxies display both broad and narrow emission lines,

reflecting a direct view of the central region and the high-speed gas near the supermas-
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FIGURE 2.4 — Sketch of the AGN unification model, where the appearance of an AGN depends on the
observer’s line of sight. A thick, dusty torus obscures the central engine when viewed edge-on, resulting
in a narrow-line Seyfert 2 classification. When the AGN is viewed closer to the jet axis, the broad-line
region becomes visible, leading to a Seyfert 1 classification. If the AGN is observed directly along the jet
axis, it appears as a blazar. Credit: NASA.

sive black hole. Seyfert 2 galaxies, on the other hand, exhibit only narrow lines because
the broad-line region is obscured by a dusty torus (SCHMITT, 1998). The terms Type 1
and Type 2 are often used interchangeably with S1 and S2 to describe Seyfert galaxies.
According to the unified model, this difference arises due to orientation: when the line of
sight to the nucleus is blocked by the torus, the AGN appears as a Seyfert 2; when the
central engine is unobstructed, it appears as a Seyfert 1 (AUDIBERT et al., 2017). Recent
studies using advanced techniques, such as infrared and millimeter interferometry, have
revealed that the torus is clumpy and dynamic, with outflows and winds influencing its
structure (HONIG; KISHIMOTO, 2017; JAFFE et al., 2004; LOPEZ-GONZAGA et al., 2014).

Quasars are extremely luminous AGNs, similar in many ways to Seyfert 1 galaxies but
much more powerful. They are typically observed at high redshifts, where they dominate
the light of their host galaxies. Quasars exhibit both broad and narrow emission lines,
and their immense luminosity is attributed to high accretion rates onto their central black
holes. They are essential for studying the early universe and the formation of massive
galaxies (OSTERBROCK; FERLAND, 2006).

Radio galaxies are AGNs with powerful jets that emit strongly at radio wavelengths.
These jets, which can extend hundreds of thousands of light-years, reveal how AGNs

transfer energy to their surroundings. AGNs are categorized as radio-loud or radio-quiet
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depending on the strength of their radio emissions, though the origin of this dichotomy
is still debated (MILEY; BREUCK, 2008). The study of radio galaxies is crucial for un-
derstanding AGN feedback mechanisms, as these jets are key drivers of gas removal and

heating in their host galaxies.

Blazars are AGNs observed along the jet axis. This orientation causes their emis-
sion to be relativistically boosted, making them extremely bright and variable. Another
important subtype is low-ionization nuclear emission-line regions (LINERs), which have
lower ionization levels in their emission lines. LINERs may represent a weaker form of

AGN activity or a transition between AGNs and normal galaxies.

In this work, we focus on AGNs in the nearby universe because they allow us to
study the detailed structure and dynamics of these systems. The proximity of these
galaxies provides the resolution needed to investigate their kinematics, morphology, and
multi-phase gas components, which are essential for understanding AGN feeding and
feedback processes. Furthermore, the nearby universe offers a diverse sample of AGN
types, including rare subtypes such as hidden Seyfert 1 galaxies and LINERs, enabling a

comprehensive exploration of AGN diversity.

The AGN unification model (Figure 2.4) provides a framework for understanding these
types. However, discoveries such as changing-look AGNs and the role of non-thermal
pressure components suggest that this model must account for evolving and dynamic
AGN structures (OSTERBROCK; FERLAND, 2006; YANG et al., 2018; NODA; DONE, 2018).

2.2 Galaxy Evolution and Star Formation

Galaxies are the fundamental building blocks of the Universe, composed primarily of
stars, gas, dust, and dark matter (PEI et al., 1999). Their formation and evolution are
driven by complex processes that include gravitational collapse, large-scale structure for-
mation through hierarchical merging, gas accretion, chemical enrichment, and the cycling
of gas into and out of the interstellar medium (ISM) (SCOVILLE et al., 2017). Over cosmic
time, galaxies exhibit diverse morphologies (e.g., spiral, elliptical, irregular) and span a
wide range of masses and luminosities. Understanding the interplay among these compo-
nents is central to unraveling the life cycles of galaxies (WHITE; REES, 1978; BLUMENTHAL
et al., 1984).

2.2.1 Star Formation and Star Formation Rates (SFR)

A critical aspect of galaxy evolution is how efficiently a galaxy converts gas into stars
(SAINTONGE et al., 2012; TACCONI et al., 2020). The SFR measures the amount of stellar
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mass produced per unit time (typically expressed in solar masses per year, Mg, yr—!) (LADA
et al., 2010). Observationally, SFRs can be inferred from various diagnostics such as Ha
line emission, ultraviolet continuum emission, infrared luminosities from dust re-radiation,
and even radio emission (JR, 1998; CALZETTI et al., 2007; JR; EVANS, 2012).

The star formation process is influenced by both internal and external factors (MCKEE;
OSTRIKER, 2007). Internally, the thermal and turbulent support of gas, feedback from
previous generations of stars (e.g., supernovae), and the presence of a central AGN can
regulate star formation (OSTRIKER; SHETTY, 2011). Externally, processes like galaxy
mergers and gas accretion from the intergalactic medium can trigger (or suppress) star
formation (DRESSLER et al., 1984; COMBES, 2005). Over cosmic time, the star formation
history of the Universe shows a broad peak around redshift z ~ 2, after which the global
SFR density declines to the present day (HEAVENS et al., 2004; MADAU; DICKINSON, 2014).

2.3 Feeding & Feedback

AGN feedback refers to the process by which energy released by an AGN interacts
with its host galaxy. The two primary modes of AGN feedback are the quasar mode and

the kinetic or radio mode, each having distinct mechanisms and effects on the host galaxy.

2.3.1 Quasar Mode

Also known as the radiative mode, the quasar mode is associated with high accretion
rates onto the SMBH at the galaxy’s center (WEINBERGER et al., 2016). This mode is
characterized by the emission of radiation across the electromagnetic spectrum, partic-
ularly in the optical and ultraviolet wavelengths. The energy output in quasar mode
can ionize and heat the ISM, driving powerful outflows that suppress star formation by
expelling gas from the galaxy. Such outflows are critical in transitioning galaxies from
active, star-forming phases to quiescent states (Cano-Diaz, M. et al., 2012; CHEUNG et al.,
2016).

The luminosity of an AGN in this mode can be expressed by the well-known Eddington
luminosity formula ( 2.2), which sets the upper limit on the AGN’s energy output before
radiation pressure halts further accretion (SIKORA et al., 2006).

2.3.2 Kinetic or Radio Mode

The kinetic or radio mode is typically associated with lower accretion rates, where

energy is primarily released in the form of relativistic jets. These jets, composed of
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high-velocity plasma, interact with the ISM, heating the gas and preventing further star
formation. This mode is linked with galaxies in the red or quiescent phase, where star for-
mation has already been suppressed, and the galaxy’s evolution is largely passive (YUAN;
NARAYAN, 2014; DUBOIS et al., 2011).

Jets in the kinetic mode are observed primarily in the radio part of the spectrum.
The energy they carry can create buoyant bubbles in the galaxy’s halo, disrupting the
cooling of gas and inhibiting its condensation, which is necessary for star formation on
larger scales. The power of these jets depends on the velocity, density and cross-sectional
area of the jet. This process has a profound effect on the long-term evolution of galaxies,
especially in massive elliptical galaxies (CATTANEO et al., 2009; MANGALAM; WIITA, 2009).

2.3.3 Feeding & Feedback: Positive and Negative Processes

The growth and evolution of SMBHs and their host galaxies are tightly interconnected
through two complementary processes: feeding and feedback (MCNAMARA; NULSEN, 2007;
GITTI et al., 2012; GASPARI et al., 2020; SCHAWINSKI et al., 2007).

Feeding refers to the accretion of matter onto the SMBH, which fuels the AGN. This
process is driven by various mechanisms, such as stellar winds, cooling flows from hot gas,
and interactions like galaxy mergers. As the gas spirals inward under the black hole’s
intense gravitational pull, it forms an accretion disk. The gravitational potential energy
of the infalling material is converted into radiation, resulting in the immense luminosity
that characterizes AGNs (STORCHI-BERGMANN; SCHNORR-MULLER, 2019b).

Feedback, on the other hand, involves the transfer of energy and momentum from the
AGN back into the surrounding galactic environment. This energy release can occur in
different forms, including radiation pressure, powerful winds, and relativistic jets. AGN-
driven outflows can heat or expel gas from the galaxy, inhibiting star formation and
regulating the growth of the host galaxy (WAGNER et al, 2012). This regulatory role
is believed to be a key factor behind observed correlations like the Mgy — o relation,
which links the mass of the SMBH to the velocity dispersion of stars in the galaxy’s bulge
(CATTANEO et al., 2009; CRENSHAW et al., 2003).

However, AGN feedback is not always negative. Under certain conditions, AGNs
can act as catalysts for star formation. By compressing the interstellar medium (ISM)
and inducing gas clouds to collapse, AGN-triggered star formation may occur, providing
a more nuanced view of how AGNs influence galaxy evolution. Although this positive
feedback mechanism is still under investigation, it highlights the dual role of AGNs in
both quenching and promoting star formation (COMBES, 2017).
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2.4 Obscured AGN

An obscured AGN is an AGN where the emission from the accretion disk surrounding
a SMBH is hidden by intervening material, such as dust and gas (HICKOX; ALEXANDER,
2018). This obscuring material absorbs and scatters a substantial portion of the AGN’s
light, making it difficult to observe directly, particularly at ultraviolet (UV), optical, and
soft X-ray wavelengths. Dust, composed of carbonaceous and silicate grains, is effective at
blocking UV to infrared (IR) light, whereas gas absorption dominates at X-ray energies
(ALMEIDA; RICCI, 2017). The degree of obscuration depends on the wavelength, the
amount of obscuring material, and the optical depth, which measures the fraction of
light absorbed along the line of sight. Traditionally, obscured AGN are identified by
the absence of broad emission lines from the broad-line region (BLR) in optical spectra,
indicating heavy dust obscuration. This level of obscuration corresponds to an extinction
of 5-10 magnitudes in the V-band and a gas column density of Ny > 10?2 cm~2 in X-rays
(MERLONTI et al., 2013). While the BLR near the accretion disk is obscured, the narrow-
line region (NLR), which is farther out and influenced by the host galaxy’s gravitational
potential, is often still visible (BUCHNER et al., 2015).

Identifying obscured AGN is challenging because the obscuring material significantly
reduces AGN emission, and the host galaxy’s light, such as starlight and emission from
star-forming regions, can dilute the AGN signature (BARROWS et al., 2021; POULIASIS
et al., 2020). This makes it difficult to distinguish the AGN from normal galactic pro-
cesses, especially at wavelengths where the host galaxy dominates. The effectiveness of
UV-optical observations in identifying unobscured AGN lies in the brightness of the ac-
cretion disk at these wavelengths. As a result, alternative strategies are required to detect
obscured AGN, and a multiwavelength approach becomes essential (LAMASSA et al., 2010;
HICKOX; ALEXANDER, 2018).

AGN obscuration occurs across three main regimes: the nuclear torus, circumnuclear
starbursts, and galaxy-scale material. The nuclear torus, a clumpy structure of dust and
gas near the SMBH, obscures the accretion disk and BLR along certain lines of sight.
The clumpiness allows some mid-IR emission to escape, explaining why obscured AGN
can have mid-IR SEDs similar to those of unobscured AGN. Circumnuclear starbursts,
located tens to hundreds of parsecs from the SMBH, are triggered by gas inflows that
also fuel SMBH accretion. These starbursts contribute to UV and optical obscuration,
adding complexity to the AGN environment. On larger scales, obscuration can occur
throughout the galaxy, especially during mergers. Mergers funnel gas and dust toward
the galaxy’s center, increasing column densities and often leading to Compton-thick con-
ditions. Obscured quasars, which exhibit stronger far-IR emission than their unobscured

counterparts, are linked to these galaxy-wide star formation processes (ALMEIDA; RICCI,
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2017; DORODNITSYN et al., 2011; BUCHNER; BAUER, 2016; RICCI et al., 2017a; RICCI et al.,
2021).

2.5 Outflows in AGN: Types and Significance

An outflow is a large-scale ejection of gas from the central regions of a galaxy, typically
launched under the influence of powerful processes associated with an AGN (CRENSHAW et
al., 2003; ZUBOVAS; KING, 2012). These processes can include radiation pressure exerted
by the accretion disk, magnetically driven winds, or interactions with relativistic jets
(CAO, 2014; OHSUGA; MINESHIGE, 2011).

Outflows are a fundamental manifestation of AGN feedback, acting as conduits through
which energy and momentum flow from the central engine into the surrounding galaxy
(LAHA et al., 2021; WAGNER et al., 2013). These large-scale ejections of gas can arise from
multiple physical processes, including radiation pressure from the accretion disk, magnet-
ically launched winds, and interactions with relativistic jets. Although stellar feedback
(e.g., supernova-driven winds) can also drive material out of galaxies, AGN-driven out-
flows typically exhibit higher velocities, can carry a significant fraction of the galactic gas
reservoir, and often have a more dramatic impact on the evolution of their host galaxies
(HOPKINS et al., 2011; ISHIBASHI; FABIAN, 2015a).

Ionized outflows are frequently identified by broad, blueshifted emission or absorption
lines in optical, ultraviolet, and X-ray spectra (CRENSHAW et al., 2003; PINTO et al., 2016).
These lines attest to gas that has been heated and ionized close to the AGN, accelerating
outward at thousands of kilometers per second. High-ionization tracers (e.g., OIII, CIV,
or Fe lines in X-rays) are particularly useful for probing the most energetic regions near
the black hole (CAPPI, 2006). Ionized outflows directly modulate the accretion process by
evacuating gas that might otherwise feed the black hole; they can also alter star formation
in the host galaxy by heating or expelling the interstellar medium (ISM) (CARNIANT et al.,
2016).

Neutral atomic outflows, identified through lines such as Na, I, D or H, I (21-cm),
provide a complementary view of gas that has not been fully ionized (CONCAS et al.,
2019). Because it retains some fraction of dust and cooler, denser material, a neutral gas
can trace feedback processes at slightly larger distances from the black hole (PERNA et al.,
2015; MORGANTI et al., 2005). Atomic outflows also demonstrate how multiphase outflow
components can coexist, with ionized gas potentially enveloping cooler, neutral regions
that are partly shielded from intense AGN radiation (EVERETT et al., 2002; BARON et al.,
2020; FLUETSCH et al., 2021). Their detection often relies on absorption line spectroscopy,

where foreground neutral gas imprints blueshifted features on the galaxy’s continuum
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light (NEELEMAN et al., 2017; BORTHAKUR et al., 2010).

Molecular outflows, often detected via the millimeter and infrared lines of molecules
such as CO or OH, can carry a substantial fraction of the outflowing mass (STURM et al.,
2011; VEILLEUX et al., 2020). Because molecular gas is closely connected to star formation,
the expulsion or redistribution of this phase can significantly influence a galaxy’s ability
to form new stars (GENZEL et al., 2010; SCHINNERER; LEROY, 2024). Further details on
the nature, drivers, and implications of molecular outflows are discussed in the section
2.6.

Outflows rarely occur in a single, homogeneous phase. Instead, they often emerge as
complex, multiphase structures in which highly ionized, warm neutral, and cold molec-
ular gas coexist (GASPARI et al., 2018; OLIVARES et al., 2022; MACCAGNI et al., 2021).
The relative importance of each phase depends on factors such as the luminosity of the
AGN;, the nuclear geometry, and the density and temperature of the surrounding environ-
ment(GASPARI et al., 2012).

Gaseous outflows commonly exhibit a well defined temperature ranges, extending from
hot, highly ionised plasma with temperatures on the order of 10°-10® K (TOMBESI et al.,
2013) through warm ionised gas at 103-10° K (MINGOZZI et al., 2019; DAVIES et al., 2020),
neutral atomic gas at ~ 10?-10° K (ROBERTS-BORSANI; SAINTONGE, 2019), and even
colder molecular gas below ~ 10? K (FLUETSCH et al., 2021; VEILLEUX et al., 2020).

2.6 Cold Molecular Outflows

Cold molecular outflows are a key component of AGN feedback (HERRERA-CAMUS et
al., 2019; FIORE et al., 2017; VEILLEUX et al., 2020). These outflows, consisting primarily
of cold molecular gas with temperatures below 10* K, neutral atomic material, and dust,
are observed in a wide range of galactic environments, both near and far. They are driven
by the energy released from stellar processes and the accretion of gas onto SMBHs at
the centers of galaxies. Observations have shown that these outflows can reach velocities
from several hundred to thousands of kilometers per second and extend over kiloparsec
scales. The outflows are often detected through molecular lines such as CO and OH, using
instruments like ALMA, which provide quantities such the mass, velocity, and distribution
of the expelled gas (CICONE et al., 2014).

2.6.1 Primary Driving Mechanisms of Cool Outflows in Galaxies

Cool outflows in galaxies are primarily driven by energy and momentum injected into

the interstellar medium (ISM) from both stellar processes and AGN. These outflows play
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a crucial role in regulating star formation and influencing the distribution of metals within
and beyond galaxies (FLUETSCH et al., 2019).

Stellar-driven outflows are fueled by the energy and momentum injected by massive
stars through mechanisms like stellar winds and supernova explosions (HAYWARD; HOP-
KINS, 2015). Stellar winds from massive stars create over-pressured regions that can drive
large-scale outflows, often observed as galactic winds. Supernovae further enhance this
effect by releasing a substantial amount of energy and momentum into the surrounding
ISM, pushing the gas outward (MURRAY et al., 2010; HOPKINS et al., 2011). In starburst
galaxies experiencing intense star formation, radiation pressure from massive stars also
plays a significant role. Photons emitted by these stars exert force on dust grains in the
ISM, transferring momentum and accelerating the gas (NATH; SILK, 2009). However, the
efficiency of radiation pressure in driving cool outflows is a topic of debate (ISHIBASHI;
FABIAN, 2015b; MURRAY et al., 2010).

AGN-driven processes are often more powerful than stellar processes, especially in
galaxies hosting luminous quasars (HARRISON, 2013). AGN-driven winds, powered by
the accretion of matter onto SMBHs, can reach velocities of 0.01-0.1 times the speed of
light, significantly impacting the surrounding ISM. These fast nuclear winds interact with
the ISM to create a hot, expanding bubble that accelerates pre-existing molecular clouds
or promotes the in-situ formation of cool gas through cooling and condensation (KING;
POUNDS, 2015; TOMBESI et al., 2015).

Direct radiation pressure from AGNs can also drive cool outflows by exerting force on
dust grains in the ISM. The intense radiation field of an AGN can accelerate the gas, but
the efficiency of this mechanism is debated. Cloud disruption and the optical depth of
the dusty gas can limit its effectiveness. Radio jets from AGNs can also drive outflows
by interacting with the ISM, creating shocks and cavities that push and accelerate the
gas. However, the overall contribution of radio jets to the population of cool outflows is
thought to be less significant compared to AGN winds and radiation pressure, except in

specific cases where jet activity dominates.

2.6.2 Impact of Powerful Quasars on Neutral-Atomic Gas Kinematics

Powerful quasars can greatly influence the kinematics of neutral-atomic gas in galaxies,
often driving outflows with velocities, momentum, and energy far exceeding those gener-
ated by stellar processes (NESVADBA et al., 2016; BISCHETTI et al., 2019). However, the
intense radiation from quasars can ionize and destroy neutral gas unless it is shielded by
dust or embedded within the outflow itself (HAMANN et al., 2013). Na I outflows, observed
in dusty starburst and active galaxies, are examples where dust provides such shielding,
protecting the gas from ionization (CHEN et al., 2010; RUPKE et al., 2005).
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2.6.3 Factors Determining the Fate of Cool Outflowing Material

The fate of cool outflowing material depends on several factors, including its velocity
relative to the escape velocity, phase transitions, and the potential for star formation
(ZUBOVAS; KING, 2014; MARTIN, 2006). Outflows must exceed the local escape velocity
to escape the galaxy’s gravitational pull, but drag forces can reduce this likelihood. Phase
transitions between cold molecular, cool neutral-atomic, and warm or hot ionized phases
add complexity, as interactions with the surrounding medium and heating or cooling

processes can alter the outflow’s state (HECKMAN et al., 2015).

In some cases, cool gas may condense and form stars if it becomes gravitationally
unstable. However, only a small fraction of outflowing material, often less than 20%,
is observed to escape. Observational challenges, such as decreasing density and bright-
ness at larger distances, make it difficult to detect escaping clouds (SCANNAPIECO, 2013;
SCANNAPIECO, 2017). The multi-phase nature of outflows also complicates predictions, as
molecular clouds may dissolve into warmer phases or survive and cool further, depending
on competing processes like gravitational instabilities and thermal instabilities (FERRARA;
SCANNAPIECO, 2016; SCHNEIDER et al., 2018).

2.6.4 Numerical Challenges in Modeling Radiation Coupling to Cool
Gas

Modeling the interaction between radiation and cool gas in galactic outflows is com-
putationally intensive due to the need to resolve scales from the photon mean free path
to galactic dimensions. Accurately representing radiative transfer, especially in optically
thick regimes, requires sophisticated methods to capture frequency diffusion and instabil-
ities (SCHNEIDER et al., 2020; NOVAK et al., 2012). Current simulations struggle with these
challenges, and advancements in numerical methods are needed to improve the accuracy

of models.

Several questions remain unanswered, including the conditions under which cool gas
can escape a galaxy, the efficiency of energy coupling between various mechanisms, and
the factors determining cloud survival or destruction. Addressing these questions requires
multi-wavelength observations and advanced simulations that can accurately model the
complex physics of outflows. (BOLATTO et al., 2019; VEILLEUX et al., 2020; THOMPSON;
HECKMAN, 2024).
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2.7 Multiwavelength Studies of AGN Feeding & Feedback

Multiwavelength observations are essential for studying the complex feeding and feed-
back processes in AGNs. These processes occur on different scales, often described as
micro, meso, and macro scales, each of which requires observations across a range of

wavelengths for a comprehensive understanding (GASPARI et al., 2020).

At the micro scale (from the event horizon of the SMBH to a few parsecs), multi-
wavelength observations can reveal the geometry of the accretion and ejection flows close
to the SMBH. This scale is crucial for understanding how matter is funneled onto the
SMBH, the role of magnetic fields in driving jets, and the partitioning of kinetic energy
into various outflows (GIUSTINI; PROGA, 2019; DOELEMAN et al., 2008).

At the meso scale (from a few parsecs to several kiloparsecs), multiwavelength obser-
vations allow us to study the kinetic energy and momentum rates required to drive AGN
feedback. Observations in radio, optical, and X-ray wavelengths can trace the interaction
between the chaotic inflows of cold gas, known as "chaotic cold accretion” (CCA), and the
molecular torus and accretion disk. This scale is particularly important for understanding
how outflows interact with the surrounding gas and the long-term evolution of filamentary
structures, which can extend up to 100 kpc from the galaxy center (MCKINLEY et al., 2021;
COSTA et al., 2014).

At the macro scale (from kiloparsecs to megaparsecs), multiwavelength studies help
us understand how AGN feedback affects the circumgalactic medium (CGM) and the
broader intergalactic environment. X-ray and ultraviolet observations can reveal how
AGN-driven outflows heat the CGM, suppressing cooling flows that would otherwise fuel
new star formation. These large-scale feedback processes are critical for regulating galaxy
growth over cosmic timescales. Additionally, phenomena such as galaxy mergers and ram-
pressure stripping, where galaxies lose gas as they move through hot intergalactic medium,
are essential in shaping the evolution of AGN feedback at macro scales (GASPARI et al.,
2020).

Multiwavelength observations across these scales provide a comprehensive view of AGN
feeding and feedback, highlighting how AGNs influence the formation and evolution of
galaxies over the Hubble time (TOMBESI, 2019).

2.8 CO - Observation of the Molecular Gas

Carbon monoxide (CO) is a fundamental tracer of cold molecular gas in galaxies, which
is crucial for studying dense regions where star formation occurs. Although molecular

hydrogen (Hsy) is the most abundant molecule in the universe, it is extremely challenging
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to observe directly because H, lacks a dipole moment and does not emit strong rotational
or vibrational transitions under typical cold interstellar conditions. Instead, CO, which
is well-mixed with the cold Hy gas, is widely used as a reliable tracer. CO emits strong
rotational transitions in the radio and millimeter/submillimeter wavelengths, making it
easier to detect with radio telescopes and particularly valuable for studying the cold

molecular gas in galaxies and AGN environments (BOLATTO et al., 2013).

The excitation of CO transitions depends on the gas temperature and density, provid-
ing a clear view into the physical conditions of molecular gas in galaxies. Constructing
the CO Spectral Line Energy Distribution (CO SLED) by measuring the intensities of
different CO transitions allows astronomers to infer whether the gas is heated by various
mechanisms. These excitation processes include far-ultraviolet (FUV) photons from mas-
sive stars, X-ray photons from AGN, collisions, turbulence, or energetic particles such as
cosmic rays (PAPADOPOULOS et al., 2010; KAMENETZKY et al., 2018). By comparing the
CO SLEDs of AGN host galaxies to non-AGN galaxies with similar properties, we can

determine the impact of AGN activity on the molecular gas and star formation efficiency.

The ALMA is instrumental in these studies, offering high sensitivity and resolution
to explore the kinematics and morphology of molecular gas. Bu observations of CO
in AGN host galaxies with ALMA, we can investigate both the inflow of gas feeding
the supermassive black hole and the outflows driven by AGN feedback. These AGN-
driven outflows can have significant consequences, such as altering the star formation
rate, structure, and overall evolution of the host galaxy. Observing cold molecular outflows
through CO emission is crucial to understanding the feedback mechanisms that influence
the galaxy (WEISS et al., 2005; HUSEMANN et al., 2017).

By analyzing the relative intensities of CO transitions, one can also determine if the
AGN is heating the molecular gas. When an AGN heats its surroundings, it increases
the energy of the gas molecules, making higher-energy CO transitions more easily excited
and resulting in stronger emission. Modeling CO emission across multiple transitions thus
provides a way to quantify the AGN’s impact on the molecular gas and understand the
broader role of AGN-driven feedback (ANDREANT et al., 2018; PEREIRA-SANTAELLA et al.,
2013; WERF, 2010; FLUETSCH et al., 2019).

2.9 How to Detect Molecular OQutflows?

Detecting molecular outflows and investigating the processes of AGN feeding and feed-
back require a comprehensive approach. This involves utilizing high-resolution data and
employing advanced modeling techniques to interpret the complex gas dynamics within

galaxies. Both feeding and feedback are multifaceted phenomena, encompassing not only
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outflows but also gas inflows, turbulence, and heating mechanisms .

The first step is to obtain CO emission data from galaxies using the ALMA. CO is a
critical tracer of cold molecular gas, and ALMA’s high sensitivity and resolution make it
ideal for capturing detailed information on the kinematics and distribution of molecular

gas in galaxies. Once the data is collected, the following steps are applied:

e Map the CO Emissions: The CO emission data is processed to create detailed
maps of the molecular gas distribution. Tools like the CASA (Common Astron-
omy Software Applications) package are used to visualize the spatial structure of
CO emissions, which helps in identifying potential molecular outflows and other

dynamical features in the galaxy.

e Analyze for Outflow Signatures: The CO emission maps are then examined for signs
of outflows. AGN-driven outflows often manifest as high-velocity, bipolar structures,
with distinct redshifted and blueshifted regions indicating gas moving toward and
away from the observer. These features are key indicators of AGN feedback processes
at work. To further analyze the kinematics of the galaxy, the 3D Barolo software
is used to model the rotation curves based on the CO data cubes.! This method
reconstructs the 3D structure of the galaxy’s rotating disk and provides description
of the overall gas dynamics. Deviations from the rotational model can point to
AGN-driven outflows or other perturbations like supernova-driven winds and shock

fronts.

e Correlate with MUSE Data: MUSE data is used to study the ionized gas in the
galaxy, offering complementary information into the gas dynamics. By comparing
MUSE data with CO emission maps, relationships between ionized and molecular
gas can be explored, providing a clearer picture of how AGN activity influences the

surrounding gas.

e Estimate Mass and Energy of the Outflow: The velocity information from the CO
emission maps is used to estimate the mass and energy of the outflow. By analyzing
the Doppler shifts of the CO lines, the outflow’s kinetic energy and mass can be

quantified, revealing the impact of AGN activity on the host galaxy’s gas reservoir.

e Compare Outflow Parameters to the SMBH: The mass and energy of the outflow
are compared to the properties of the galaxy’s central SMBH. This comparison helps
determine the relative contribution of AGN-driven feedback versus other processes,

such as stellar winds or supernovae, in powering the outflow.

1A data cube is a multi-dimensional data structure that contains spatial and spectral information,
typically represented as two spatial dimensions (e.g., right ascension and declination) and one spectral
dimension (e.g., velocity or wavelength).
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e Refine with High-Resolution Data: While this methodology provides a compre-
hensive approach to studying molecular gas dynamics and AGN feedback, higher-
resolution ALMA observations may be necessary to explore the innermost regions of
galaxies. Such data can shed light on the dusty torus around the AGN, the role of

molecular tracers, and the influence of bars in triggering star formation or shocks.



3 The TWIST Sample

Chapter 3 focuses on the Twelve-micron WInd STatistics (TWIST) sample, which
serves as the experimental foundation for this study. We present the characteristics of
the 41 AGN host galaxies in the TWIST sample, selected from the 12-micron sample
(RUSH et al., 1993). This chapter provides an in-depth discussion of why these galaxies
were chosen, the criteria used for their selection, and their relevance for studying AGN
feeding and feedback mechanisms. We also outline the types of data collected, including
CO(2-1) molecular gas observations using the Atacama Large Millimeter /submillimeter
Array (ALMA) and other complementary datasets, which allow for a multi-wavelength

view of the galaxies. This chapter lays the groundwork for the subsequent data analysis.

3.1 Sample Overview

The TWIST project focuses on understanding how AGN influence galaxy evolution
through feedback and feeding processes. By studying a representative sample of nearby
AGN, selected from the extended IRAS 12 um galaxy sample, TWIST aims to investigate
how molecular gas both fuels SMBHs and drives outflows that regulate star formation.
The project uses high-resolution observations from ALMA to provide a detailed statistical

analysis of these mechanisms.

The galaxies in this project come from the extended 12 pym galaxy sample (RUSH et
al., 1993), which includes 893 sources with fluxes greater than 0.22 Jy, located at galactic
latitudes above 25°, and observed by the Infrared Astronomical Satellite (IRAS) (NEUGE-
BAUER et al., 1984). These galaxies have confirmed spectroscopic redshifts, and the sample
is complete down to 0.3 Jy. Unlike optical or ultraviolet selections, the 12 um flux rep-
resents about one-fifth of the bolometric flux in Seyfert galaxies, making it an effective

method for including both obscured and unobscured AGN without bias.

Out of the 145 AGN in the extended 12 pum sample, we selected 22 Seyfert galaxies
for ALMA observation. These galaxies lie within a distance range of 10 to 30 Mpc and
have declinations greater than 10°, ensuring optimal observation conditions and reducing

issues like shadowing and scheduling conflicts. Additionally, we included 19 AGN from
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the same sample with similar ALMA archival data, bringing the total number of galaxies
in our study to 41. Most of the galaxies in our sample are spiral galaxies, with only a
few being elliptical. Figure 3.1 presents an image grid of all the galaxies in our selected

dataset, offering a visual overview of the sample galaxies used in this study.

The final sample consists of 14 type 1 AGN (34%), including Seyfert 1 and hidden
broad-line region (S1h) galaxies, 20 Seyfert 2 galaxies (49%), and 7 low-ionization nuclear
emission-line regions (LINERs) (17%). Compared to the broader 12 um sample, where
type 1 AGN make up 37%, type 2 AGN 43%, and LINERs 20%, our sample has a slight

over-representation of Seyfert 2 galaxies.

With 41 galaxies, our sample is large enough to enable statistical analysis of the
prevalence of inflows and outflows in both type 1 and type 2 AGN, especially around the
knee of the AGN luminosity function. The AGN luminosity function, which describes the
number density of AGNs as a function of luminosity, is critical for understanding how
AGN activity evolves. The transition point, or "knee,” at L ~ 10%* erg/s (see Figure 3.2 ),
represents the luminosity at which the AGN population shifts from being dominated by
abundant, lower-luminosity AGNs to rarer, higher-luminosity AGNs. Figure 3.2 illustrates

this function, with the knee marked as a key feature that highlights this transition.

Table. 3.1 provides details on key characteristics of each galaxy in the sample, such
as their luminosity, redshift, and 12 pum flux density, which are critical for our statistical

analyses.

3.2 Ancillary Data

To enhance our understanding of the properties of the selected active galaxies in the
TWIST sample, we collected a broad range of multi-wavelength observations. This com-
prehensive approach allows us to investigate the AGN feeding and feedback mechanisms
in greater depth. By leveraging data across different wavelengths, we can accurately char-
acterize dust and gas properties, star formation rates (SFRs), AGN contributions, and
various physical parameters within each galaxy. Our TWIST sample benefits from an
excellent suite of ancillary data, including observations spanning from the X-rays to the
radio regime, detailed below. A summary of all photometric data used in the spectral

energy distribution (SED) fitting for our sample is provided in Table A.1 in Appendix A.

3.2.1 UV Observations

UV data play a crucial role in tracing the unobscured star formation within the AGN

host galaxies. Observations from the Galaxy Evolution Explorer (GALEX) provide mea-
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FIGURE 3.1 — Image grid of the TWIST sample galaxies, highlighting the visual diversity within the
selected dataset. Each panel shows one galaxy from the TWIST sample, illustrating a range of morpho-
logical types and AGN classifications (Seyfert 1, Seyfert 1h, Seyfert 2, and LINER). North is at the top
and east is to the left. The panels consist of images from the Sloan Digital Sky Survey (SDSS) and the
Digitized Sky Survey (DSS), each with a cutout aperture of approximately 102 arcseconds.

surements in both the far-ultraviolet (FUV, ~1528 A) and near-ultraviolet (NUV, ~2310
A), capturing emission from young, massive stars and serving as a key indicator of recent
star formation activity. These UV data, however, are sensitive to dust extinction, offer-
ing another point of view into the dust distribution within the galaxy’s central regions.
This information complements IR data by providing a clearer view of less obscured stellar
populations, aiding in our understanding of the star formation history and distribution of
young stellar clusters around the AGN (RUSH et al., 1993).
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FIGURE 3.2 — Luminosity function for Seyfert 1 and Seyfert 2 galaxies in the extended 12 pm galaxy
sample (RUSH et al., 1993). The plot shows the logarithm of the far-infrared luminosity versus the loga-
rithm of the space density (¢) of galaxies. A distinct knee is observed in the luminosity function: Seyfert
1 galaxies exhibit a knee at approximately L ~ 10% erg/s, while Seyfert 2 galaxies display a knee at lower
luminosities. Blue points and a dashed blue line represent the distribution and fit for Seyfert 1 galaxies,
whereas red points and a dashed red line correspond to Seyfert 2 galaxies.

3.2.2 Optical Observations

Optical data provide essential information about the stellar populations, galaxy mor-
phology, and structural features. Johnson photometry in the U, B, and V bands has been
used to establish a baseline for stellar population measurements. High-resolution optical
imaging data from the Hubble Space Telescope (HST), Space Telescope Imaging Spectro-
graph (STIS) in UV, near-infrared (NIR), and optical bands have also been incorporated.
These data are invaluable for analyzing central bulge properties, dust lanes, and asymme-
tries that might signal galaxy interactions or mergers, which could influence AGN feeding
mechanisms (HUNT; MALKAN, 1999; RUSH et al., 1996).

3.2.3 NIR Observations

The near-infrared (NIR) range, encompassing wavelengths from 1 to 2.5 um, is partic-
ularly effective for probing older stellar populations and tracing the bulk of the galaxy’s
stellar mass. We use data from the 2 Micron All-Sky Survey (2MASS) in the J, H, and
K, bands and additional higher-resolution NIR, observations from ESO’s Very Large Tele-

scope (VLT). NIR observations are useful because they suffer less from dust extinction
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TABLE 3.1 — Observed properties of the local AGN TWIST sample.

Name RA Dec IRAS 12,m Fluz Redshift (z) Dy, (Mpc) AGN Type log(M,)[Mg] Lpor
1) () (3) 4) (5) (6) (7) ®) 9)
NGC 424 01:11:27.63 -38:05:00.5 1.1 0.011764 48.8 S1h 10.24 44.368
NGC 613 01:34:18.17 -29:25:06.1 2.35 0.00494 20.4 S2 11.02 42.3
NGC 1052 02:41:04.8 -08:15:20.8 0.22 0.005037 20.8 LIN 10.59 42.6
NGC 1068 02:42:40.71 -00:00:47.8 40.6 0.00424 15.6 S1h 10.91 44.421
NGC 1097 02:46:19.05 -30:16:29.6 2.88 0.001461 18.5 LIN 11.33 42.279
NGC 1125 02:51:40.27 -16:39:03.7 0.32 0.010931 45.3 S2 10.20 43.602
NGC 1320 03:24:48.70 -03:02:32.2 0.33 0.008883 36.7 S2 10.19 43.802
NGC 1365 03:33:36.37 -36:08:25.4 4.42 0.005457 22.5 S1 11.01 43.741
NGC 1386 03:36:46.18  -35:59:57.9 0.52 0.002895 11.9 Sih 10.01 43.509
ESO 420-G13  04:13:49.69  -32:00:25.1 0.95 0.011908 49.4 S2 10.18 44.1
NGC 1566 04:20:00.4 -54:56:16.1 1.95 0.005017 20.7 S1 10.66 42.717
NGC 2992 09:45:42.05 -14:19:35.0 0.51 0.00771 31.9 S1 10.16

NGC 3169 10:14:15.05 +03:27:57.9 1.2 0.00413 17.0 LIN 10.29

NGC 3627 11:20:14.96 +12:59:29.5 4.17 0.002425 10.0 LIN 10.27

NGC 3976 11:55:57.29 +06:44:58.0 0.24 0.008329 34.4 S2 10.27

NGC 4303 12:21:54.90 +04:28:25.1 3.43 0.005224 21.5 S2 10.68

NGC 4374 12:25:03.74 +12:53:13.1 0.24 0.003392 14.0 S2 10.59

NGC 4412 12:26:36.08 +03:5752.9 0.22 0.007652 31.6 S2 9.673

NGC 4418 12:26:54.62 -00:52:39.4 1.00 0.007268 30.0 S2 9.775

NGC 4486 12:30:49.42 +12:23:28.0 0.22 0.004293 17.6 LIN 10.92

NGC 4501 12:31:59.16 +14:25:13.4 2.29 0.007609 31.4 S2 11.75 42.824
NGC 4593 12:39.39.43 -05:20:39.3 0.47 0.009 39.0 S1 10.60 44.163
NGC 4594 12:39:59.43 -11:37:23.0 0.74 0.003416 14.1 LIN 11.63 42.145
I1C 3639 12:40:52.85 -36:45:21.1 0.66 0.010924 45.3 S1h 10.08 44.172
Mrk 1333 12:42:25.26 -06:58:16.6 0.29 0.009433 39.0 S2 10.19

NGC 4845 12:58:01.19 01:34:33.0 0.47 0.00411 16.9 S2 10.03

NGC 4941 13:04:13.1 -05:33:05.8 0.39 0.003696 15.2 S2 10.13 42.825
NGC 4968 13:07:05.98 -23:40:37.3 0.62 0.009863 40.8 S2 10.10 44.196
M-06-30-15 13:35:53.71 34:17:43.9 0.33 0.007749 32.0 S1 9.604 43.97
NGC 5506 14:14:14.89 -03:12:27.3 0.25 0.006181 25.2 S1h 10.77 44.144
NGC 5806 15:00:00.40 +01:53:28.70 0.44 0.004533 18.7 S2 9.856

NGC 5861 15:09:16.09 -11:19:18.0 0.75 0.006174 25.5 S2 10.40

NGC 6890 20:18:18:10 -44:18:24.2 0.36 0.008069 33.4 S2 10.34 43.565
1C 5063 20:52:02.34 -57:04:07.6 1.15 0.011348 47.0 S1h 10.59 44.328
NGC 7172 22:02:01.89 -31:52:10.8 0.43 0.008683 35.9 S2 10.72 43.984
NGC 7213 22:09:16.31 -47:09:59.8 0.65 0.005839 24.1 LIN 11.28 43.72
I1C 5169 22:10:09.98 -36:05:19.0 0.26 0.010374 43.0 S2 10.19

NGC 7314 22:35:46.19 -26:03:01.7 0.55 0.004763 19.6 S1h 9.943 43.404
NGC 7496 23:09:47.29 -43:25:40.6 0.62 0.0055 22.7 S2 10.01 42.691
NGC 7582 23:18:23.5 -42:22.14.0 2.31 0.005254 21.7 S1h 10.87 43.825
NGC 7590 23:18:54.81 -42:14:20.6 0.69 0.05255 21.7 S2 10.11 42748

Notes: (1) Object name; (2,3) 2MASS coordinates (NASA/IPAC Extragalactic Database
(NED)®); (4) IRAS 12 pm flux in Jy; (5) Redshift (z); (6) Luminosity distance in Mpc; (7)
AGN type: Seyfert 1 (S1), hidden broad-line region (S1h), Seyfert 2 (S2), and LINER (LIN);
(8) Logarithm of stellar mass (M) (SCHOMBERT et al., 2019). (9) Bolometric Luminosity (Lpy
[ log (ergs™1)]) (SPINOGLIO et al., 2024)

%https://ned.ipac.caltech.edu/

compared to optical light, enabling clearer analysis of the central regions where AGN ac-
tivity is prominent. These data help in assessing the mass distribution and understanding
the gravitational potential that governs AGN-driven inflows and outflows (JARRETT et al.,
2003; SKRUTSKIE et al., 2006).

3.2.4 MIR Observations

Mid-infrared (MIR) observations are crucial for isolating the dusty torus surrounding
the AGN and differentiating between AGN-heated and star formation-related dust. Spec-
tral data from the Spitzer Infrared Spectrograph (IRS) provide high-resolution measure-
ments in the 5-20 pm range, crucial for distinguishing AGN emission from star formation.
Additionally, photometric data from the Wide-field Infrared Survey Explorer (WISE) at
3.4, 4.6, 12, and 22 pm further characterize the warm and hot dust components. For

select galaxies, supplementary MIR observations from the Spitzer IRAC and MIPS in-
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struments provide additional data points for accurate modeling of SEDs (CUTRI et al.,
2012; TOMMASIN et al., 2010).

3.2.5 FIR Observations

Far-infrared (FIR) observations, obtained from the Herschel PACS instrument at 70,
100, and 160 pm, are used in detecting cold dust emission, which is directly associated
with active star-forming regions. IRAS data at 12, 25, 60, and 100 pum provide comple-
mentary coverage, enhancing our capability to model the dust emission and derive total
infrared luminosities (TIRs). These FIR data are needed for understanding how AGN ac-
tivity affects star-forming regions through feedback mechanisms (SPINOGLIO et al., 1995;
PEREIRA-SANTAELLA et al., 2014).

3.2.6 mm Observations

Our millimeter observations focus on the CO(2-1) molecular line to trace the distri-
bution and dynamics of cold molecular gas. We simultaneously observe the CS(5-4) line,
a high-density gas tracer, and millimeter continuum bands to estimate dust masses. The
separate measurements of gas mass (via CO) and dust mass (via continuum) enable us
to determine the gas-to-dust ratio, a key parameter for understanding the interstellar
medium (ISM) conditions around the AGN (COMBES et al., 2014; COMBES et al., 2013).

3.2.7 Radio Observations

Radio data are used for analyzing synchrotron emission from AGN jets and nuclear
regions, which influence AGN feedback processes. Observations from the Very Large
Array (VLA) at 1.4 GHz and 8.4 GHz are used to map the radio emission from AGN jets
and lobes. This information is used for understanding how jets impact the ISM, drive
outflows, and regulate star formation. Radio emission provides a complementary view to
optical and IR data, offering insights into the distribution of energetic processes within
the galaxy (RUSH et al., 1996; THEAN et al., 2000).

3.2.8 X-ray Observations

X-ray data from XMM-Newton and Swift satellites provide measurements from the
high-energy environments surrounding AGNs. Due to the penetrating nature of X-rays,
these observations allow us to correct for absorption effects and derive intrinsic AGN

luminosities, even in obscured cases. X-ray measurements are then used for estimating
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bolometric luminosities and black hole accretion rates (BHARs), which are fundamen-
tal for understanding AGN activity and its influence on galaxy evolution (BRIGHTMAN;
NANDRA, 2011; RUSH; MALKAN, 1995).

3.2.9 SED Fitting and Analysis

Our multi-wavelength SED fitting process integrates data from UV to radio, enabling
the derivation of key parameters like dust mass, SFRs, and Eddington ratios. By disen-
tangling AGN emission from stellar processes, we can accurately model AGN-host galaxy
interactions. The derived parameters are used to correlate gas dynamics with AGN ac-
tivity, thus elucidating how AGNs regulate or promote star formation through feedback
(CIESLA et al., 2015; SALOME et al., 2023).

3.3 ALMA Observations and Data Processing

The TWIST project utilised ALMA to obtain high-resolution observations of the
CO(2-1) emission line at 230.5 GHz, the CS(5-4) line at 245 GHz, and 1.2 mm continuum
data for 22 galaxies. The CO(2-1) line is particularly useful for tracing cold molecular
gas, which is typically concentrated in the central regions of galaxies and serves as a key
indicator of kinematic and morphological properties. Observations focused on the central
3x3 kpc? region of each galaxy, achieving a spatial resolution of 30-50 pc. This high spatial
resolution is essential for resolving fine structures in the molecular gas, such as inflows,
outflows, and turbulent regions, as well as for detecting molecular outflows with masses

as low as 102 M.

For the TWIST sample, CO(2-1) observations provide information on the kinematic
behavior and distribution of molecular gas in AGN host galaxies. By mapping the ve-
locity field, which represents the spatial distribution of line-of-sight velocities across the
galaxy, we can visualize how the gas moves relative to the galaxy’s center. In disk galax-
ies, this typically manifests as a velocity gradient, where gas on one side of the galaxy
approaches the observer while gas on the opposite side recedes. This organized rotational
pattern reveals the galaxy’s overall kinematic structure and allows us to identify devia-
tions in velocity that may be driven by external influences, such as nearby galaxies or
AGN activity.

In addition to velocity fields, velocity dispersion provides insight into the spread of
velocities within a specific region of gas, often indicating the presence of turbulence.
High velocity dispersion in the central areas of a galaxy, for instance, can signal dynamic

processes such as AGN-driven outflows or intense star formation, both of which introduce
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kinetic energy into the surrounding gas. For CO(2-1) data, increased velocity dispersion
near the AGN or along prominent structures, like spiral arms, suggests that these regions
may be undergoing disturbances due to non-gravitational forces. This measure of velocity
spread allows us to assess where gas is relatively calm and where it is energetically stirred,

providing key information on regions of active feedback or turbulent mixing.

Non-circular motions, which represent deviations from the standard rotation of the
gas disk, are also necessary for understanding how AGN influence their host galaxies. In
the context of CO(2-1) observations, non-circular motions appear as irregularities in the
velocity field or abrupt changes in velocity dispersion. These motions are often associated
with inflows or outflows of gas, as well as with structures such as bars or tidal interactions,
and suggest that the gas is experiencing forces beyond simple rotational dynamics. For
example, inflows of gas toward the center or outflows driven by AGN feedback exhibit
distinctive non-circular motion patterns, helping to locate and characterize areas where

AGN activity is affecting the galaxy’s molecular gas structure.

To extend our study, we also integrated archival ALMA data for 19 additional galaxies
with comparable spatial and spectral resolution, ensuring uniformity across the sample.
Data were calibrated and processed using the CASA software package (BEAN et al., 2022),
following ALMA’s standard calibration pipeline. Imaging was performed using a Briggs
weighting scheme to balance sensitivity and resolution. The final data cubes were cleaned

and reconstructed, enabling detailed extraction of the kinematic properties (See 4.1.4).

3.4 Characterisation of the TWIST Sample

The TWIST sample enables a detailed examination of key properties within AGN host
galaxies, including stellar mass, star formation rate (SFR), and black hole accretion rate
(BHAR). Stellar masses were estimated using the mass-to-light ratio and the observed J
and V magnitudes, as reported in the NASA /IPAC Extragalactic Database (NED). SFRs
were determined based on the luminosity of the Polycyclic Aromatic Hydrocarbon (PAH)
feature at 11.3 um, following the calibration method of (WU et al., 2009).

The distribution of 12 ym flux and infrared luminosity for the TWIST sample is shown
in Figure 3.3, comparing Seyfert 1 AGN (hatched blue with "+”), Seyfert 2 AGN (hatched
red with ”"x”), and LINERs (hatched green with ”.”). This figure provides estimates into
the variation in flux and luminosity across AGN types. For instance, Seyfert 1 galaxies
generally exhibit higher infrared luminosities compared to Seyfert 2 galaxies, consistent
with Seyfert 1 AGNs being less obscured and having more direct emission from the active
nucleus. LINERs, on the other hand, display a wider spread in both flux and luminosity,

which may reflect diverse accretion rates and lower-luminosity AGN activity. Understand-
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ing these distinctions is essential for examining how AGN type correlates with host galaxy

properties, which is further discussed in Chapter 4 in the context of kinematic analysis.

Two independent estimates of the BHAR were derived to account for uncertainties,
particularly in obscured AGN. The lower estimate is based on X-ray bolometric corrections
following the method of (LUSSO et al., 2012), yielding an average BHAR of 0.05 Mg /yr,
while the higher estimate is derived from mid-infrared luminosities (SPINOGLIO et al.,
1995), with an average BHAR closer to 0.2 Mg /yr. This range, potentially spanning an
order of magnitude, illustrates the challenges in accurately quantifying accretion processes
due to inherent variability and the influence of obscuration on bolometric corrections. The
broad BHAR distribution reflects the diversity of accretion rates among the TWIST sam-
ple and emphasizes the need for multi-wavelength data to improve accuracy in measuring
AGN accretion.

To distinguish AGN activity from star formation within each galaxy, we employed the
ratio of [OIV] to [Nell] emission as a diagnostic tool. This ratio serves as an indicator
of the dominant energy source, with higher values suggesting AGN dominance over star
formation. By quantifying this ratio, we can more accurately assess how AGN processes
influence the interstellar medium (ISM) and star-forming regions, enabling a refined sep-

aration of AGN-driven and star formation-driven emissions across the TWIST sample.

Inflow processes, which transfer molecular gas from the galactic disc to the nuclear
region, play a major role in feeding both star formation and black hole accretion. High-
resolution CO(2-1) observations reveal evidence of molecular inflows in several TWIST
galaxies, with galaxies such as NGC 1097 and NGC 1566 exhibiting clear spiral struc-
tures that channel gas toward the central supermassive black hole (SMBH). For instance,
NGC 1097 shows well-defined molecular streams with an inflow rate of approximately 0.2
Mg, /year (FATHI et al., 2013). These observations are essential for identifying and char-
acterising the mechanisms by which gas reaches the nuclear region, fueling both AGN

activity and central star formation.

Conversely, AGN feedback manifests as energy injection into the surrounding ISM,
often observed as molecular outflows that expel gas from the galaxy’s central region. This
process can quench star formation by reducing the gas available for new star formation
episodes. In several TWIST galaxies, including NGC 613, powerful AGN-driven molecular
outflows have been detected. For instance, NGC 613 exhibits an outflow with a mass of
approximately 2 x 10° Mg and a mass outflow rate of 27 Mg /year (AUDIBERT et al.,
2019b). Such high outflow rates, which surpass the SFRs in these galaxies, suggest that
these outflows are primarily AGN-driven rather than starburst-driven. This feedback is
particularly significant for understanding how AGN influence their host galaxies’ long-

term evolution by regulating gas dynamics and star formation.
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This analysis of the TWIST sample’s key properties, including stellar mass, SFR,
BHAR, and gas kinematics, provides a foundation for investigating AGN-host interactions
and the impact of AGN activity on galactic environments. Further discussions on the

kinematic properties and AGN feedback mechanisms are presented in chapters 4 and 5.

3.5 First Results and Implications

Preliminary analysis of the TWIST sample has already provided significant insights
into the prevalence and characteristics of inflows and outflows in nearby AGN. The high-
resolution CO(2-1) maps reveal extended molecular gas structures in all galaxies, with
outflows detected in five objects and compact CS(5-4) emission in several others (Kianfar,
K. et al, 2024; FERNANDEZ-ONTIVEROS et al., 2020; BELETE et al., 2021). Continuum
emission at 1.2 mm was also detected in all galaxies, either as point-like sources at the

nucleus or as extended emission associated with dust in the galaxy’s disc.

Further analysis of the TWIST sample will focus on quantifying the energy injected
by the AGN into the ISM, measuring the outflow masses and rates, and deriving the
gravitational torques that drive inflows. This will allow for a more complete understanding

of how AGN influence their host galaxies and contribute to galaxy evolution.
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FIGURE 3.3 — 12 pym flux (top) and luminosity (bottom) distributions of the parent extended 12 pm
sample (empty histogram), together with the Seyfert 1 AGN (hatched blue with "+”), Seyfert 2 AGN
(hatched red with "x”), and the LINERs (hatched green with ”.”). The lower panel shows the logarithm
of the IR (2-1000 pm) luminosity, Lig, in units of solar luminosity (Lg), computed from the IRAS flux
densities following (SANDERS; MIRABEL, 1996).



4 Data processing

Chapter 4 details the Data Analysis and Data Science processing, where we begin by
discussing the astrophysical datasets collected from various observatories, with a particular
focus on ALMA observations. This chapter covers the entire data pipeline, starting with
data cleaning and pre-processing. Then it moves into the processes of kinematic analysis,
focusing on the galaxy rotation curves, gas flows, and molecular gas dynamics within
AGN host galaxies.

Advanced Python-based tools, such as NumPy, SciPy, and Astropy, are used to per-
form precise and detailed analyses of these datasets. By integrating multiple observational
wavelengths, the morphology and kinematics of molecular gas and its interactions with
the AGN are analysed. Statistical techniques and data science methodologies are applied

to ensure a robust, comprehensive understanding of the data.

4.1 ALMA, Interferometry, and Imaging

4.1.1 The ALMA

ALMA is a state-of-the-art observatory located in the Atacama Desert in Chile, at
an elevation of 5,000 meters. It consists of 66 high-precision antennas, including fifty-
four 12m antennas and twelve 7m antennas. These antennas operate at millimeter and
submillimeter wavelengths, covering a frequency range of 30 GHz to 950 GHz across ten
observing bands. ALMA is a collaboration between Europe, North America, East Asia,
and Chile, designed to provide unparalleled sensitivity and resolution for studying cold

gas and dust in the Universe.
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FIGURE 4.1 — An aerial view of the Chajnantor Plateau, situated at an altitude of 5000 meters in
the Chilean Andes, where the antennas of the ALMA are located. The array comprises fifty-four 12-
metre antennas and twelve 7-metre antennas, which form the ALMA Compact Array (ACA). In the
background, prominent peaks such as Cerro Chajnantor, Cerro Toco, and Juriques are visible. This
image was captured in December 2012, a few months before ALMA’s official inauguration. Credit: Clem
& Adri Bacri-Normier (wingsforscience.com)/ESO.

4.1.2 Physics of Radio Astronomy and Interferometry
4.1.2.1 Angular Resolution and Interferometry Principles

In radio astronomy, the angular resolution (#) of a telescope determines its ability to
distinguish fine spatial details. For a single-dish telescope, the resolution depends on the
observing wavelength (Aops) and the dish diameter (D):

Aob

0 oc =22, 4.1
! (11)

For millimeter and submillimeter wavelengths, achieving sub-arcsecond resolution with

a single dish would require impractically large apertures. ALMA overcomes this limitation
by employing interferometry, where signals from multiple antennas are combined to sim-
ulate a much larger aperture. In an interferometer, the angular resolution is determined

by the longest baseline (Byay), the maximum separation between any two antennas:

)\obs

0 oc ——.
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(4.2)

This approach allows ALMA to achieve angular resolutions as fine as 0.01 arcseconds
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in its most extended configurations, which is comparable to the resolving power of the

Hubble Space Telescope at optical wavelengths.

4.1.2.2 The UV Plane and Aperture Synthesis

The signals from each pair of antennas (a baseline) measure a Fourier component of the
sky’s brightness distribution, known as a visibility. These visibilities sample the UV plane,
a representation of spatial frequencies in the observed field. The distribution of baselines
in the array, along with Earth’s rotation during observations, determines the coverage of
the UV plane. A well-sampled UV plane is crucial for reconstructing high-fidelity images
of the sky.

The incomplete sampling of the UV plane leads to artifacts in the image, known as
sidelobes, which are introduced by the interferometer’s point spread function (PSF). Imag-
ing techniques such as CLEAN ((HOGBOM, 1974)) are used to deconvolve the dirty image,
removing the effects of the PSF and reconstructing a cleaner, more accurate representation

of the sky brightness.

4.1.2.3 Configurations and Missing Flux

ALMA’s 12m array can be arranged in ten different configurations (C-1 to C-10), each

with a distinct range of angular resolutions and maximum recoverable scales (MRS).

e Compact configurations (e.g., C-1, C-2): Shorter baselines provide sensitivity to

large angular scales, making them suitable for observing extended structures.

e Extended configurations (e.g., C-9, C-10): Longer baselines offer higher resolution,

ideal for resolving compact features.

However, the 12m array is limited by its shortest baselines, which set a lower bound
on the angular scale of emission that can be detected. This results in the "missing flux”

problem, where large-scale, diffuse emission is filtered out. To address this, ALMA em-

ploys:

e The 7Tm Array: Shorter baselines complement the 12m array, recovering some of

the missing large-scale emission.

e Total Power (TP) Array: Single-dish measurements provide total flux, capturing

all angular scales.

e Multi-Configuration Observations: Combining data from compact and extended

configurations improves UV-plane coverage, enhancing image fidelity.
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4.1.3 Imaging with ALMA

The image processing with ALMA consists of several steps:

1. Calibration: Corrects for instrumental and atmospheric effects using calibrator

sources.

2. Fourier Transformation: Converts calibrated visibilities into a "dirty image,” repre-

senting the sky convolved with the array’s PSF.

3. Deconvolution: Removes PSF artifacts using algorithms like CLEAN to produce a

"clean” image.

4. Data Combination: Integrates data from different configurations or arrays to recover

a wide range of spatial scales.

The weighting scheme chosen during imaging affects the trade-off between resolution

and sensitivity:

e Natural Weighting: Maximizes sensitivity by prioritizing short baselines, suitable

for faint, extended sources.

e Uniform Weighting: Enhances resolution by weighting all baselines equally, at the

cost of sensitivity.

e Briggs Weighting: Provides a balance between sensitivity and resolution by adjust-

ing a robustness parameter.

4.1.4 Applications to TWIST Observations

For the TWIST project, the 12m array was used in extended configurations to achieve
the high spatial resolution required to resolve gas dynamics in AGN-hosting galaxies.
Archival 7m array data were incorporated to address missing flux issues, enabling a more
complete analysis of molecular gas inflows, outflows, and feedback mechanisms. This
combined approach ensured robust UV-plane coverage and minimized artifacts in the

reconstructed images.
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4.2 Continuum and Continuum Subtraction

4.2.1 What is Continuum Emission?

In astronomical observations, continuum emission refers to radiation that spans a
broad range of wavelengths or frequencies, rather than being confined to specific spectral
lines. In ALMA’s millimeter and submillimeter wavelength range, continuum emission
typically arises from various physical processes, including thermal dust emission, syn-
chrotron radiation, and free-free emission. Each of these sources provides information of

interest from different components of the galaxy.

Thermal dust emission, which dominates in the far-infrared to millimeter range, pro-
vides information about the total dust content within a galaxy. This emission traces cold
dust heated by the interstellar radiation field and is often correlated with star forma-
tion regions, as dust tends to accumulate around active star-forming areas, re-radiating
absorbed stellar energy at longer wavelengths. Therefore, the strength and spatial dis-
tribution of thermal dust continuum emission can serve as an indirect indicator of star

formation activity.

Synchrotron radiation, generated by relativistic electrons spiraling around magnetic
fields, is a common source of continuum emission in active galactic nuclei (AGN). This type
of emission is particularly useful for identifying and studying relativistic jets emitted from
AGNs, as synchrotron radiation is highly polarized and spans a wide range of frequencies.
It provides estimates of the magnetic field strength and structure within the jet, as well

as the overall energetic environment around the AGN.

Free-free emission, or Bremsstrahlung, arises from interactions between electrons and
ions in ionized gas, typically near star-forming regions or AGNs. This emission can be
used to estimate the ionized gas content and is often associated with HII regions, providing

further information about star formation rates and ionization sources within the galaxy:.

For CO(2-1) observations, the focus is on capturing spectral line emission from molec-
ular gas, which is often superimposed on this continuum background. Accurately isolating
the CO(2-1) line requires subtracting the continuum emission, which is done by fitting
the continuum in channels without line emission and then removing it from the dataset.
This ensures that the analysis of the molecular gas dynamics is free from continuum

interference.
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4.2.2 Why is Continuum Subtraction Necessary?

The presence of continuum emission can obscure the spectral features of the CO(2-
1) line, making it difficult to accurately determine the properties of the molecular gas.
Continuum subtraction is the process of separating the broad continuum emission from
the narrow spectral line emission. This is achieved by fitting the continuum in frequency
channels where no line emission is present, and then subtracting this fit from the entire
dataset.

4.2.3 Data Calibration and Post-Processing

The data for the TWIST project were calibrated and processed using the CASA pack-
age, adhering to standard ALMA Observatory procedures. For the Cycle 5 observations
targeting the TWIST sample, pipeline version 5.4.0 was utilized for both calibration and
imaging. Archival data from earlier cycles, used for supplementary analysis, were initially
calibrated with CASA version 4.7.0 and subsequently reprocessed in CASA 5.4.0 to ensure
uniformity across the dataset. Imaging for the TWIST galaxies was executed using Briggs
weighting with a robust parameter of 0.5 to balance sensitivity and resolution, optimizing

the recovery of the molecular gas structures critical to the study.

4.2.4 Data Cube Computations

From the CO(2-1) data cubes, it calculated three key moment maps: the integrated in-
tensity, the velocity field, and the velocity dispersion map. Each of these provides distinct
measurements of the characteristics of the molecular gas in the TWIST sample galaxies.
For instance, the integrated intensity map, also known as the moment 0 map, represents
the total CO(2-1) emission at each position and reveals the molecular gas distribution
and column density across the galaxy. This is particularly useful for identifying regions

with dense molecular gas, often associated with star formation and central activity.

To ensure the data quality, channels with a signal-to-noise ratio above five times the
median absolute deviation were selectively included, reducing the impact of noise on the

computed moment maps.

The calibration and processing of the data followed the standard protocols using CASA
package, as per ALMA guidelines described in Section 4.1.3. Observations from cycles 5
and 6 were calibrated with CASA pipeline version 5.4.0, while earlier archival data was
initially processed with CASA version 4.7.0, and later standardized to version 5.4.0 for
consistency. The imaging post-processing across all galaxies was uniformly executed in

CASA version 5.4.0, utilizing customized scripts tailored to enhance the consistency and
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quality of the dataset.

4.2.5 Overview and Need for Extended Emission Estimation

The ALMA observations targeted the CO(2-1) transition line, which is centered at a
rest frequency of 230.5 GHz and serves as a crucial tracer of molecular gas mass in galaxies.
This line is sensitive to gas at intermediate excitation temperatures, making it especially
valuable for studying the dense, star-forming regions around AGN. However, a potential
limitation in interferometric observations is the "missing flux” problem, where extended
emission on larger spatial scales can go undetected due to the lack of short baselines
in the interferometer array. This missing extended emission can skew the analysis by
underrepresenting the total molecular gas content, particularly in the more diffuse and

extended regions of the galaxy.

To ensure data accuracy, it is essential to evaluate the extent of missing flux and,
where necessary, supplement the interferometric data with single-dish observations. This
complementary approach helps capture the full spatial distribution of the CO emission,
especially critical for accurately assessing both the molecular gas mass and its dynamics.
In this study, such considerations allow for a more reliable interpretation of the CO(2-1)
data, thereby ensuring that key processes, such as AGN-driven outflows and galaxy-wide

gas dynamics, are comprehensively represented.

4.2.6 Masking Process for CO(2-1) Emission Regions

After completing the spectral resampling, it was applied a masking procedure to high-
light the CO(2-1) emission regions with significant signal. Masking is a crucial step in
this context, as it helps to suppress noise and ensure that the moment maps reflect the

true physical properties of the molecular gas distribution.

The masking process began by setting an initial threshold at twice the root mean
square (rms) of the noise level, effectively filtering out all pixels below 2 x rms, which
were deemed insignificant. This threshold selection was based on established practices
that balance the need to capture low-level emission while avoiding spurious noise peaks
(FERNANDEZ-ONTIVEROS et al., 2020). However, this automatic mask alone did not fully
capture the intricate structures within the emission regions, especially those involving

faint features like inflows and outflows.

To enhance the accuracy of the emission region definition, the initial threshold mask
was manually refined by visually inspecting individual channels of the data cube. This
manual refinement enabled us to adjust areas where the automated mask either overes-

timated or underestimated emission extents. Through these adjustments, faint emission
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features that were initially missed were recovered by the automated thresholding while
excluding areas dominated by noise. This manual refinement proved essential for the accu-
rate study of weak emission features critical to understanding AGN feeding and feedback

processes.

To illustrate the improvements achieved through this procedure, Figure 4.2 presents a
comparison between the initial threshold mask and the refined mask for a representative
channel. The comparison shows how manual adjustments allow for more detailed capture

of faint emission regions, which automated thresholding alone would overlook.
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FIGURE 4.2 — Comparison of CO(2-1) emission masking before (left) and after (right) manual refinement
for a representative channel. The refined mask better isolates faint emission features, particularly inflows
and outflows, enhancing the overall quality of the data for subsequent analysis.

The combination of masking, spectral resampling, and primary beam correction proce-
dures enabled us to produce high-quality CO(2-1) data cubes, accurately representing the
molecular gas dynamics within our sample galaxies. This level of refinement is essential for
precisely identifying inflows feeding the central black hole, as well as outflows responsible
for regulating star formation by expelling gas from the galaxy. The final moment maps
derived from these enhanced data cubes provide a robust basis for studying AGN-driven

gas dynamics and feedback processes in our sample.



5 Results

This chapter presents the results obtained from our investigation of the molecular gas
dynamics and broader physical properties of the TWIST sample of AGN host galaxies.
Leveraging high-resolution ALMA CO(2-1) observations, it examines the role of molecular
gas in fueling SMBHs and its relationship with star formation and feedback processes.
The analysis integrates multi-wavelength datasets, providing a comprehensive view of the
interaction between AGN activity and the ISM.

The methodology was initially developed and validated using NGC 4593 as a case
study. This galaxy, characterized by complex kinematics and a rich observational data
set, served as a benchmark for refining data reduction, kinematic modeling, and physical
property derivation techniques. Through this process, it established robust frameworks
for estimating key quantities, such as the SMBH mass (Mgpy), molecular gas mass (My,),
and SFR.

Extending the refined methodology to the entire TWIST sample, we conducted a sys-
tematic analysis of molecular gas inflows and outflows, as well as AGN-driven feedback
mechanisms. The results, supported by SED modeling, reveal trends in infrared luminos-
ity (Lir), AGN luminosity, and dust properties, providing information on the interaction
between AGN activity and galactic evolution. Statistical comparisons with existing liter-
ature further contextualize these findings, highlighting both commonalities and distinct

behaviors among different AGN subtypes.

The remainder of this chapter is structured as follows. Section 5.1 details the findings
for NGC 4593, including its kinematic properties and SED-derived characteristics, as
published in (Kianfar, K. et al., 2024). Section 5.2 extends the analysis to the full TWIST
sample, emphasizing statistical trends and macroscopic kinematics of the cold molecular

gas of the galaxy. Detailed individual galaxy results are provided in Appendix A.
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5.1 Case Study: NGC 4593

NGC4593 is a face-on spiral galaxy in the southern sky, located at approximately
D =~ 39 £ 4 Mpc (MARINOVA; JOGEE, 2007), with coordinates o = 12" 39™39.4% and
d = —5°20'39". Morphologically classified as (R)SB(rs)b (VAUCOULEURS et al., 1991),
NGC 4593 presents a well-defined barred spiral structure with prominent nuclear, inner,
and outer rings. The central bar in this galaxy likely plays a key role in channeling gas
towards the nucleus, driving inflows that influence the dynamics of the central region.
This characteristic bar and ring structure suggests an efficient mechanism for transferring
angular momentum outward, enabling material to flow inward—a process often linked to

supermassive black hole (SMBH) feeding in barred spiral galaxies.

Multi-wavelength imaging of NGC 4593 provides a comprehensive view of its struc-
ture. Figure 5.1 displays the galaxy in different bands, highlighting both large-scale
and central features. The left panel shows a background merged image from the Hub-
ble Space Telescope (HST) Wide Field Planetary Camera 2 (WFPC2) using the F606W
and F547M filters. The zoomed region (Figure. 5.1, top) highlights the inner galaxy
with the AGN at its center. In the middle panel, one see a closer view of the HST
image with contours from the ALMA CO (J=2-1) emission line moment-0 map, illus-
trating the molecular gas distribution in NGC4593. The contours reveal the intensity
of CO emission, emphasizing regions with significant molecular gas presence at levels of
Contours = [0.25,0.35,0.4,0.5,1, 2,4, 6]. The right panel provides a wider view from the
Digitized Sky Survey (DSS) for a broader perspective of NGC 4593’s position within its

environment.

A key component of our analysis involves constructing the SED of NGC 4593 to better
understand the galaxy’s star formation and AGN characteristics. This approach utilizes
photometry data across multiple wavelengths, enabling us to capture the combined emis-
sions from stellar populations, interstellar dust, and the AGN. Table 5.1 presents the
photometry data were employed for this purpose, spanning a wide range of bands from
X-ray to mid-infrared wavelengths. These data, including observations and error bars,
were used as input for the Code Investigating GALaxy Emission (CIGALE; (BOQUIEN
et al., 2019)), which decomposes the SED into its stellar, dust, and AGN components.
CIGALE’s flexibility in model fitting is particularly valuable for NGC 4593, as it ac-
commodates complex star formation histories and the AGN’s contribution to the overall

energy output.

The inner regions of NGC 4593 display a nuclear dust ring, which channels gas inward
along radial dust lanes aligned with the bar structure. Such dust features are associated
with gas inflows toward the central nucleus, supported by morphological studies on gas
dynamics (WU et al., 2021; HUNT et al., 2008; LAINE, 2001). These inflows are instrumental



CHAPTER 5. RESULTS 68

in understanding active galactic nucleus (AGN) feeding mechanisms, as they contribute

to the material reservoir around the SMBH.

NGC 4593 is classified as a Seyfert 1 galaxy, with strong, broad emission lines asso-
ciated with high-velocity gas close to the black hole. The galaxy has been extensively
studied across multiple wavelengths, displaying polarized continuum emission and vari-
ability in X-ray, UV, and radio bands. Observations have detected time lags between
various energy bands, such as delays between far-ultraviolet (FUV) and near-ultraviolet
(NUV) emissions, as well as between soft (0.3 —0.5keV) and hard (4.0 — 10.0keV) X-ray
bands. These delays offer clarity into the physical conditions and distances within the
AGN’s central engine (SRIRAM et al., 2009; KUMARI et al., 2023; KAMMOUN et al., 2021).
The presence of these time lags suggests a stratified structure in the AGN accretion disk,

where different regions respond variably to changes in the central energy source.

The density profile within NGC 4593’s circumnuclear medium follows a power-law
distribution, indicating a smooth and continuous gas environment around the SMBH
(WANG et al., 2022). This density structure is important for accurately modeling gas
dynamics and understanding the physical environment around the black hole, as it impacts
the efficiency of AGN-driven feedback and SMBH feeding processes.

In summary, NGC 4593’s morphological features and dynamic central region make it
an ideal candidate for in-depth study, both as an individual case and as a reference for the
methodologies applied across the TWIST sample. The information gained from NGC 4593
have formed the foundation of our analysis approach, including methods for exploring
molecular gas dynamics, estimating molecular gas mass (My,) and star formation rates

(SFR), and interpreting AGN variability across multiple wavelengths.

5.1.1 ALMA Observations and Data Reduction

The ALMA observations of NGC 4593 were conducted on January 4, 2018, during
Cycle 5 (Project ID: 2017.1.00236.S, PI: Matthew A. Malkan) with a spectral configura-
tion centered on the CO(2-1) transition in Band 6 at a rest frequency of 230.5380 GHz.
The synthesized beam size achieved was 0.029” x 0.027”, with an rms sensitivity of 0.36
mJy/beam over 0.9767 GHz, distributed across 1920 channels and totaling 1.875 GHz in

bandwidth. Detailed observational parameters are provided in Table 5.2.

Data calibration and imaging were conducted with the Common Astronomy Software
Applications (CASA) software (BEAN et al., 2022). The calibration employed pipeline
version 5.1.1-5, while image reconstruction was performed using Hogbom deconvolution
and Briggs weighting with a robustness factor of 2.0. This process resulted in a beam

size of 12.8” x 6.5" at a position angle of —59.3°, which corresponds to 438 x 345 pc? at
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TABLE 5.1 — Photometry data for NGC 4593

Observed band Flux Significance Systematic Error (%) Ref.
Swift (2-10 keV) 3.16 x 10 T ergecm 25 ¢ No uncertainty reported 10% (1)
Swift (14-195 keV) 3.4x 10 Cergem 2571 90% confidence 10% (1)
GALEX (FUV) 3.60 & 0.05 mJy 1o 5% (2)
GALEX (NUV) 5.91 & 0.03 mJy 1o 5% (2)
2MASS (J) 415.00 & 7.71 mJy lo 2% (3)
2MASS (H) 494.00 + 10.20 mJy lo 2% (3)
2MASS (Ks) 427.00 + 12.40 mJy 1o 2% (4)
IRAC (3.6 pum) 125.00 + 8.03 mJy 1o 5% (5)
IRAC (4.5 pm) 134.00 £ 21.00 mJy 1o 5% (5)
IRAC (5.8 pm) 163.00 + 23.95 mJy 1o 5% (5)
IRAC (8.0 pm) 229.00 + 33.16 mJy 1o 5% (6)
IRAS (12 pum) 299.00 + 73.00 mJy Uncertainty, confidence not specified 10% (7)
Spitzer MIPS (24 pm) 633.00 + 89.00 mJy No uncertainty reported 10% (5)
ALMA (Band 6) 8.13 & 0.22 mJy 1o 10% (8)
ALMA (Band 3) 8.42 & 0.06 mJy 1o 10% (8)

Notes: This table presents the photometry data for NGC 4593 across a range of observed bands,
including X-ray, UV, near-infrared, and mid-infrared wavelengths. Flux values are given in units
of mJy, except for the Swift X-ray data, which are expressed in ergcm™2s~!. The uncertainties
listed in the flux column correspond to the statistical errors of the measurements. We scale
the mid-IR observations of Spitzer using the 12um flux ratio between the Spitzer data and the
Optical data. The 2MASS data at 2.2um have also been scaled to take out the galactic emis-
sion. The significance column denotes the confidence level associated with the data, while the
systematic error indicates the potential percentage uncertainty due to instrumental calibration
or observational conditions.

References: (1) (RICCI et al., 2017b); (2) (BOUQUIN et al, 2018); (3) (MCALARY et al., 1983);
(4) (JARRETT et al., 2003); (5) (SKRUTSKIE et al., 2006); (6) (CUTRI et al., 2012); (7) (TOMMASIN
et al., 2010); (8) Obtained in this work based on ALMA observation project IDs: 2017.1.00236.5
and 2018.1.00576.S.

TABLE 5.2 — ALMA Observations of NGC 4593

Parameter Value
Band 6 (mosaic)
Emission CO(2-1)
Frequency (GHz) 228.628
BMAJ (arcsec) 0.232
BMIN (arcsec) 0.183
BPA (°) ~59.3
RMS (Jy beam™! kms™1) 7x 1071
Vs (kms™!) 2491
Velocity width (kms™!) 310
Velocity range (kms™!) 1990

Velocity resolution (kms™!) 2.4

Notes: Details of ALMA Band 6 (mosaic) observations for NGC 4593, collected under Project
ID: 2017.1.00236.S. Parameters include the ALMA Band, target emission line, central frequency,
synthesized beam major and minor axes (BMAJ, BMIN), beam position angle (BPA), and
noise level (RMS). Vs denotes the systemic velocity, with the velocity width indicating the
observed line width. The velocity range specifies data cube coverage relative to Vgys, and velocity
resolution indicates the spectral resolution.

a distance of 39 Mpc. The field of view (FOV) covered a diameter of 27" (5.1 kpc), with

the largest recoverable angular scale reaching 2.6”, approximately 490 pc.
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The spectral sensitivity for the CO(2-1) data reached 0.1 mJy/beam for the continuum
and an rms noise of 0.7 mJy/beam for spectral line data at 10 km/s resolution. Initial
imaging was performed at a native velocity resolution of 2.4 km/s, as noted in Table 5.2,
with data later resampled to a coarser 10 km/s resolution to optimize the signal-to-noise

ratio for kinematic analysis while preserving essential emission features.

In addition to the CO(2-1) observations, an expanded multi-wavelength dataset was
utilized to analyze the SED of NGC4593. The SED was constructed using photometry
from various bands, including U, B, V from Johnson (MCALARY et al., 1983), FUV, NUV
from GALEX (BOUQUIN et al, 2018), and mid-IR constraints from Spitzer-IRS (TOM-
MASIN et al., 2010). Further contributions include near-infrared data from 2MASS in J
and H bands (JARRETT et al.,, 2003; SKRUTSKIE et al., 2006), mid-IR data from WISE
(CUTRI et al., 2012), and UV, NIR, and optical imaging from HST/STIS (MALKAN et al.,
1998; CACKETT et al., 2018). These data provide robust parameters for dust content, star
formation rates (SFRs), and AGN Eddington ratios, facilitating an in-depth investigation
of AGN-driven feedback and gas dynamics within the galaxy.

For further analysis, we incorporated additional ALMA Band 3 continuum data from
Project Code 2018.1.00576.S, observed at frequencies of 89.509 to 105.494 GHz, achieving
an angular resolution of 0.25”. The Band 3 data’s continuum sensitivity was 0.0259

mJy/beam over a 5-minute integration period.

This combined approach, encompassing CO(2-1) data and multi-wavelength observa-
tions, enabled a comprehensive examination of NGC 4593’s gas dynamics and star-forming
properties in relation to AGN feedback mechanisms (CIESLA et al., 2015; ATLEE et al., 2011;
KAROUZOS et al., 2014; SALOME et al., 2023).

5.1.2 Molecular Gas Properties of NGC 4593

In our analysis of the molecular gas within NGC 4593, were utilised high-resolution
CO(2-1) observations acquired from ALMA Band 6, allowing a detailed examination of the
distribution, velocity field, and kinematics of the cold molecular gas. Figure 5.2 presents
the moment maps derived from these data, providing a better view into the structure and

motion of the molecular gas in this Seyfert galaxy.

The moment-0 map in Figure 5.2 represents the integrated intensity across the line pro-
file, effectively tracing the spatial distribution of molecular gas within NGC4593. This
map reveals a significant concentration of molecular gas in the nuclear regions of the
galaxy, with intensity values spanning up to 6.0 Jy/beam - km/s. The gas is primarily
concentrated in a central circumnuclear region, suggesting active processes, such as gas

inflows, likely fueled by the prominent galactic bar. The observed flux of CO(2-1) emis-
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sion is calculated to be approximately 100 Jy km/s, indicating a substantial reservoir of

molecular gas concentrated near the galaxy’s central regions. The moment-1 map, also
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FIGURE 5.2 — Top Left: Integrated intensity (moment-0 map) showing the spatial distribution of the line
flux, with a total calculated flux of approximately 100 Jy km/s. The colour bar represents the intensity
scale in Jykm/s per beam units. Top Right: Intensity-weighted velocity (moment-1 map) with scale
bar units in km/s, tracing gas velocities and kinematics within the galaxy. Bottom Left: Intensity-
weighted velocity dispersion (moment-2 map) with scale bar units in km/s. Bottom Right: ALMA
Band 6 continuum image (background) displaying the dust distribution, overlaid with CO(2-1) emission
moment-0 map contours from ALMA observation Project ID: 2017.1.00236.S.

displayed in Figure 5.2, shows the intensity-weighted velocity field, which provides a de-
tailed look at the kinematic patterns of molecular gas, in units of km/s. This map reflects
the overall rotation of the molecular gas within NGC 4593, revealing a systematic velocity
gradient across the galaxy’s central region, aligned with the orientation of the bar. The
symmetry and gradient observed in the velocity field imply that the majority of the molec-
ular gas is dynamically stable, exhibiting rotation-dominated motion around the central
nucleus. This motion aligns with theoretical expectations for barred spiral galaxies where
the bar structure facilitates gas inflow towards the central regions, possibly contributing
to the AGN activity observed in NGC 4593.

Additionally, the moment-2 map, representing the intensity-weighted velocity disper-
sion of the molecular gas, is shown in the lower left panel of Figure 5.2. The velocity

dispersion provides information on the non-circular motions and local turbulence within
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the gas. High dispersion values in certain regions of the map suggest areas where the gas
may be experiencing additional forces, potentially associated with AGN-driven outflows or
other dynamic interactions within the nucleus. The dispersion values show distinct peaks
around the nucleus, suggesting enhanced turbulence or velocity mixing in these regions,
likely induced by the active galactic nucleus (AGN) or by the gravitational influence of

the bar, which drives gas into the central area, where it interacts dynamically.

A unique feature observed in NGC 4593 is the presence of an asymmetric one-arm
spiral structure in the CO distribution, evident from the moment-0 map in Figure 5.2.
This distinctive morphology corresponds to a logarithmic m = 1 mode, a pattern typically
characterised by a single dominant spiral arm, rather than a symmetric two-armed spiral
structure. The presence of an m = 1 mode is unusual in the nuclear regions of barred
galaxies (SHAW et al., 1995; PHOOKUN et al., 1993; ANN; THAKUR, 2005; THAKUR et al.,
2009), and its appearance in NGC 4593 suggests a significant departure from axisymmetric
equilibrium. This mode could potentially result from internal instabilities within the
galactic disc or from external tidal interactions. The asymmetry implies that the gas
dynamics in NGC 4593 are complex, potentially shaped by gravitational torques from the

bar or by tidal interactions with nearby structures or galaxies.

To complement the molecular gas distribution, the bottom right panel of Figure 5.2
displays the continuum emission observed in Band 6, which traces the dust content within
the galaxy. Overlaid on this continuum map are contours of the moment-0 map of CO(2-1)
emission, offering a direct comparison between the dust and molecular gas distributions.
The continuum emission aligns closely with the CO emission, reinforcing the association
between molecular gas and dust in the galaxy’s inner regions. This alignment indicates
that molecular gas is likely the primary phase of the ISM in NGC 4593, facilitating star

formation in these dust-rich regions.

Figure 5.3 shows channel maps of CO(2-1) emission in NGC 4593, which were generated
to examine the spatial distribution and velocity components of molecular gas at various
frequency channels. The channel maps reveal the velocity-resolved structure of the CO
emission, spanning from —230 km/s to 4156 km/s relative to the systemic velocity of
the galaxy, estimated to be approximately 12.56 km/s. This velocity range was selected
to capture the full width of the CO(2-1) line, encompassing both the approaching and
receding gas components. Each channel is incremented by 10 km/s, providing a fine-

grained view of the molecular gas kinematics across the disc of NGC 4593.

The channel maps show distinct structures in the CO emission, with spatially coherent
regions that reflect the organised rotation of the gas. Notably, the maps highlight the
nuclear concentration of molecular gas and trace the motion of gas in the arms and bar.
The top row of the channel maps displays selected channels at negative velocities (blue-

shifted relative to vgy), which trace the gas moving toward the observer. In contrast, the
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FIGURE 5.3 — CO(2-1) channel maps from the ALMA Band 6 data cube, generated using 3D-BAROLO
modelling, provide details into the morphology and gas kinematics of NGC4593. The channel maps
display velocities ranging from —230 km/s (top left) to +156 km/s (bottom right), relative to the galaxy’s
systemic velocity (vsys). This vgys is estimated as the central velocity in the global line profile, valued
at 12.56 km/s. The velocities presented signify deviations from this systemic velocity. Maps are shown
in increments of 10 km/s, and each square box covers an area of 8.58”. The top row displays selected
channels in blue, while the middle and bottom rows depict maps normalised using the azimuthal and local
normalisation methods, respectively, highlighting distinct patterns in the emission’s spatial distribution
and intensity. A green cross in each panel marks the disc’s centre, and solid red lines represent the RMS
noise level (o,ms) of 0.7 mJy.

positive velocities in the middle and bottom rows (red-shifted) depict gas moving away

from the observer, providing a comprehensive view of the molecular gas kinematics.
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5.1.3 3D-Barolo Model of NGC 4593

To analyze the kinematics of NGC4593’s molecular gas, were employed the 3D-
BAROLO software (TEODORO; FRATERNALI, 2015), which performs a three-dimensional
tilted-ring analysis of emission line data cubes. This approach models the galaxy by de-
composing it into concentric rings, each defined by parameters such as rotation velocity,
inclination, and position angle. Using these tilted rings, 3D-BAROLO reconstructs the
velocity field, allowing for a precise extraction of the galaxy’s rotation curve and the

distribution of gas column density.

The tilted-ring model assumes the galaxy is comprised of a thin, co-planar gas disk
dominated by rotation, where each ring can possess independent values of inclination,
position angle, and rotational velocity. This framework is effective for examining galaxy
kinematics, as it can account for non-axisymmetric features, such as bars or spiral arms,
while still retrieving accurate rotation velocities even in cases where the gas deviates from
pure circular motion. The basic principles involve estimating the circular velocity and
inclination angle of each ring, which are then adjusted iteratively until the modeled and

observed kinematic data match closely.

3D-BAROLO constructs an artificial disc model based on the observational input cube
by simulating each ring’s spatial and velocity distributions according to the galaxy’s known
parameters, such as systemic velocity, position angle, and inclination. The software pop-
ulates each ring with gas clouds distributed according to a Gaussian profile, allowing for
the reproduction of both rotation and velocity dispersion. This artificial model is then
convolved with the observed beam, ensuring that the model replicates the resolution con-
straints of the actual observations and addresses issues such as beam smearing, which

broadens the observed velocity field and reduces the apparent peak velocities.

For NGC 4593, were used two types of gas column density normalisations available
in 3D-BArROLO: LOCAL and AZIM. The LOCAL normalisation performs a pixel-by-
pixel adjustment, effectively highlighting non-axisymmetric structures and preventing lo-
cal irregularities, such as clumps or voids, from skewing the overall fit. This method is
particularly advantageous in galaxies with complex morphologies or irregular gas distri-
butions, as it provides a detailed view of local kinematic features. On the other hand, the
AZIM normalisation uses azimuthally averaged flux for each ring as the normalisation
factor, yielding a broader, global perspective on the galaxy’s rotation. This normalisation
approach is ideal for understanding large-scale kinematic structures, such as symmetric

rotation curves or averaged velocity dispersion profiles.

Using the CO(2-1) data cube at a spectral resolution of 10 km/s as input, 3D-BAROLO
generated models based on the moment-0 maps (see Fig. 5.2) for the galaxy center and

systemic velocity (Vgys). As shown in Fig. 5.4, the models reveal a structured velocity
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FIGURE 5.4 — The figure is divided into two panels: the left panel shows the azimuthal normalised
model, while the right shows the local normalised model. Each panel consists of a 3x3 grid of images
(rows: intensity, velocity, dispersion; columns: data, model, residuals). The top row presents the CO(2-1)
intensity maps across the field of view, with the colour bar representing the intensity scale in Jy kms~!
per beam units. The middle row shows the velocity maps, depicting gas velocities across the field of view
in km/s. The bottom row displays the velocity dispersion of the CO(2-1) line across the field of view, also
denoted in km/s. The left column in each panel shows the data, the middle column displays the model,
and the right column provides the residuals.

field with residuals up to +50 km/s, consistent across both azimuthal and local normali-
sation methods. The velocity dispersion maps exhibit variations up to 50 km/s, reflecting
complex, ordered gas dynamics. The velocity field spans from —150 to 150 km/s for both
the data and model, while residuals show a range of —50 to 50 km/s. Dispersion values

range from 10 to 35 km/s, and intensity values from 0.002 to 0.016 Jy km/s.

The position-velocity (p — v) diagrams along the major and minor axes, shown in
Fig. 5.5, reveal significant kinematic patterns. In the major axis diagram (top panel),
observed rotation velocities align closely with the best-fit model, confirming a consistent
rotation curve. Along the minor axis (bottom panel), deviations from the rotational
model, particularly in a region highlighted by a green circle, suggest possible inflows or
outflows. These discrepancies, found 1.5” to 2” from the galaxy center, may indicate
non-circular motions or feedback processes such as AGN-driven outflows or gravitational

interactions, contributing to complex gas kinematics.

In the minor axis position-velocity (p — v) diagram, the model highlights intriguing

non-rotational gas motions, particularly evident approximately 1.5” south of the AGN
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with [ = 0.0012. In the top panel, yellow solid dots represent the rotation velocity of each ring from
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potential gas inflow or outflow is located. These p-v diagrams reveal the spatial and kinematic structure

of CO(2-1) emission in NGC 4593.
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center, where redshifted gas motion deviates from a pure rotation profile. The dashed
green circle in Fig. 5.5 marks an area roughly 2” from the center where gas shows signs
of inflow or outflow. This region, where model and data contours differ, points to the
existence of vertical or radial gas motions—possibly linked to mechanisms such as AGN
feedback, inflows driven by gravitational torques, or interactions with adjacent galactic
structures. Further out, between 4” and 6”, an underestimation of molecular gas by the
model suggests an area where outflows or other non-rotational dynamics may be at play,

potentially signaling cold molecular outflows.

The results indicate a structured and orderly rotation in the inner regions, with de-
viations along the minor axis that may signal outflows or other non-circular gas motions
influenced by AGN activity or gravitational perturbations. This detailed modeling ap-
proach provides information not only into the rotational dynamics but also into the phys-
ical processes shaping the molecular gas in the galaxy’s central regions, enhancing our
understanding of AGN-host galaxy interactions and the mechanisms fueling the central

supermassive black hole.

Note: The Physics of the 3D-Barolo Modeling Technique

To accurately model the kinematics of NGC 4593 and other galaxies in TWIST sam-
ple, were applied 3D-BAROLO, which uses a 3D tilted-ring model to interpret emission
line data cubes (TEODORO; FRATERNALI, 2015). This approach dissects the galaxy into
concentric rings, each with distinct parameters such as rotation speed, inclination, and
position angle. By constructing the galaxy in this way, 3D-BAROLO offers a more com-
plete view of the velocity structure than traditional two-dimensional methods, especially
when dealing with observational effects like beam smearing, which can distort velocity

measurements.

Each ring in the tilted-ring model is considered a flat, thin disk, dominated by rotation.
This setup enables the extraction of precise rotation curves, while still capturing non-
circular features such as bars or spiral arms. For each ring, the rotational velocity, v,, is

derived using:

Uobs (R, 0) = Vsys + Vrot (R) sin(i) cos(6) (5.1)

where vops (R, 0) is the observed line-of-sight velocity at radius R and azimuthal angle 0,
Usys Tepresents the systemic velocity of the galaxy, ¢ is the inclination angle, and 6 denotes
the azimuthal angle within the galaxy’s plane. This approach simplifies the interpretation
of the galaxy’s rotation-dominated structure, and deviations from this model can point

to dynamic phenomena, such as gas inflows or outflows, or structural variations due to a
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central bar.

3D-BAROLO constructs an artificial data cube by populating each ring with gas clouds
that follow a Gaussian distribution in velocity, reflecting both intrinsic velocity dispersion
o and the telescope’s resolution. The Gaussian profile describing the velocity distribution

is given by

1 (v — Vyor)?
v) = exp | ————— 5.2

where o represents the gas’s velocity dispersion in K'm/s within each ring. This
profile captures velocity variations within the ring due to turbulence and thermal effects,

providing an accurate reconstruction of gas dynamics.

To align the model with observed data resolution, 3D-BAROLO convolves the simulated
data with the telescope’s beam profile. This step maintains the model’s fidelity to real
observations and mitigates artificial broadening, which could reduce observed velocity

gradients and obscure the rotating gas’s dynamics.

The 3D-BAROLO model offers two normalization options for gas column density: LO-
CAL, which adjusts the column density on a pixel-by-pixel basis, and AZIM, which applies
azimuthally averaged flux for each ring. The LOCAL normalization is particularly effec-
tive for capturing detailed, non-axisymmetric structures, making it suitable for areas with
pronounced density variations or irregular gas distributions. Alternatively, the AZIM
normalization provides a smooth, global perspective of the gas distribution, useful for

analyzing symmetric rotation curves or large-scale velocity dispersion profiles.

Together, these techniques allow 3D-BAROLO to model complex galaxy kinematics
accurately, facilitating detailed analyses of rotation curves, gas inflows and outflows, and

other key features within galaxy disks.

5.1.4 DiskFit Modelling on NGC 4593

To complement and cross-verify our kinematic analysis obtained from the 3D-BAROLO
model, were also employed the DISCFIT software (SPEKKENS; SELLWOOD, 2007). DISCFIT
is particularly useful for modelling a galaxy’s two-dimensional kinematic structure and
allows for decomposition into various components such as disc, bulge, and bar structures,
when present. By using DISCFIT with the same initial conditions applied in the 3D-
BAROLO model, we aimed to verify the consistency of our results and probe any structural

complexities within NGC 4593’s kinematic patterns.

In piscFIT, we used the galaxy’s velocity moment map as an input, generating an

idealised model of the velocity field that includes rotation, inclination, and position an-
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gle as parameters for each component. Unlike the 3D-BAROLO model, which operates
in three dimensions and incorporates vertical disc height (via the Z, parameter), DISC-
FIT remains in two dimensions, simplifying the model by assuming the galaxy as a thin
disc. This difference between 3D-BAROLO’s three-dimensional framework and DISCFIT’s
two-dimensional approach is particularly notable in areas with strong non-axisymmetric
features, such as bars and spiral arms, as well as along the galaxy’s outer edge, where

vertical height may play a more significant role.

In Fig. 5.6, the left panel shows the observed velocity field of NGC 4593’s CO(2-
1) emission. The middle panel presents model, and the right panel representing the
residuals, derived by subtracting the DISCFIT model from the observed data, with contours
representing the residuals at 50, intervals. In the lower panel of Fig. 5.6, we compare
the rotation curves derived from both 3D-BAROLO and DISCFIT, examining the results
with and without the inclusion of radial velocity components. Notable deviations appear,
especially in the central region and along the prominent eastern spiral arm. The DISCFIT
model aligns well with the overall rotational pattern but does not fully capture the non-
circular motions seen in the 3D-BAROLO model, particularly near the nucleus where

non-axisymmetric features are most pronounced.

This discrepancy likely stems from the dimensional difference between the models:
3D-BAROLO’s consideration of disc scale-height allows it to account for slight deviations
in gas distribution above and below the plane, particularly within the innermost regions.
In the case of DISCFIT, however, the assumption of a thin, two-dimensional disc restricts
its flexibility in representing such vertical features. As seen in Fig. 5.6, DISCFIT does not
respond as strongly to the data "bumps”—local increases in velocity—that 3D-BAROLO
accommodates by adjusting the radial velocity component. This difference suggests that
3D-BAROLO may overfit to certain axisymmetric features, especially where radial velocity

components are significant, while DISCFIT offers a more stable fit across the disc.

In Fig. 5.7, we compare the spiral arm widths of NGC 4593, measured from the CO(2-1)
molecular gas data, with the disc scale height derived from 3D-BAROLO. Within the inner
disc region (up to about 5.5”), the spiral arms exhibit widths ranging from 1.0” to 1.3".
Beyond this radius, within the single-arm region, the widths increase slightly, between
1.35" and 1.45"”. Though NGC 4593’s face-on orientation complicates direct measurements
of flaring (increased height at greater radii), the relationship between the spiral arm width
and scale height suggests mild flaring, comparable to that observed in other galaxies
(PATRA, 2020).

Our analysis shows that while DISCFIT is adept at capturing the general rotation
and axisymmetric features in NGC 4593, it lacks the three-dimensional flexibility needed
to model vertical deviations or non-axisymmetric features. Conversely, 3D-BAROLO’s

three-dimensional approach provides more detailed morphological findings but may overfit
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in areas of strong non-circular motion, highlighting the complementary strengths and

limitations of each method in studying molecular gas kinematics.
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FIGURE 5.6 — CO(2-1) observed velocity field and corresponding residuals derived from DISCFIT mod-
elling for NGC4593. The left panel showcases the observed velocity field of the CO(2-1) emission, with
the scale bar units given in km/s. The right panel shows the residuals produced by subtracting the
DISCFIT model from the observed data, with green contours representing levels of 50,.,s. The bottom
panel compares the rotation curve velocities (V) obtained from both 3D-BAROLO and DISCFIT models,

considering cases with and without radial velocity (V,qq)-

5.1.5 Gas Kinematics in NGC 4593

Our kinematic analysis of NGC 4593, illustrated in Fig. 5.8, leverages a detailed 3D-
BAROLO analysis applied to the ALMA Band 6 data. This analysis provides details into
six key parameters: Vi (rotation velocity), o4 (gas velocity dispersion), vp.q (radial
velocity), ¢ (azimuthal angle), ¢ (inclination angle), and ¥ (surface gas density). Each
parameter, mapped as a function of galactocentric radius, contributes uniquely to our

understanding of the galaxy’s dynamic structure and gas distribution.

The rotation velocity Vo provides the primary measurement of ordered motion within
the disk and serves as an indicator of the mass distribution. Higher rotation velocities in
the inner regions typically correspond to higher central mass concentrations, often linked
to the presence of a supermassive black hole or a dense stellar bulge. In NGC 4593, the
observed Vo supports a rotationally supported disk structure, central to modeling the

gravitational potential of the galaxy.
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in NGC4593. The blue line represents the spiral arm widths, estimated from the observational data of
CO(2-1) molecular gas. The red line shows the disc scale height, derived from 3D-BAROLO modelling.

The gas velocity dispersion o4, represents the random motions of the gas and is
essential for understanding turbulent processes within the disk. Elevated o4, values may
signal regions of increased turbulence due to feedback from active galactic nuclei (AGN) or
star formation, which could affect gas stability and star formation rates. In our analysis,
the observed o,4,s values across the radius highlight spatially varying dynamical states in
NGC4593’s gas distribution.

Radial velocity v..q is particularly relevant in barred spiral galaxies like NGC 4593,
where it can reveal gas flows directed toward or away from the galactic center. Non-zero
Uraq values may indicate inflows fueling central activity or outflows driven by feedback
mechanisms. In NGC 4593, we note variations in v,,q that suggest complex gas flows,

potentially shaped by the galaxy’s bar structure and central activity.

The azimuthal angle ¢ and inclination angle ¢ define the orientation of the galactic
disk. The average inclination of 47.4° and position angle (PA) of 276° in NGC 4593 align
the major axis approximately along an East-West (E-W) direction, placing the near side
to the north and the far side to the south. This orientation was corroborated by examining
the dust lane morphology in Hubble Space Telescope (HST) images (see Fig. 5.1) and was
further supported by extended MUSE observations (BROK et al., 2020). The position and
inclination angles provide a baseline for interpreting the kinematic model and comparing

it with observed asymmetries in gas motion.
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Surface gas density 3 measures the distribution of molecular gas, a crucial parameter
for understanding both gas dynamics and star formation potential. Regions with higher
Y} are often associated with higher star formation rates, driven by the availability of
molecular gas as fuel for star formation. Mapping ¥ across the galaxy, therefore, reveals
new information into the underlying potential for star formation in different regions and

allows us to evaluate gas depletion trends over time.

The kinematic model, based on an axisymmetric assumption within 3D-BAROLO,
serves as an idealized framework to interpret NGC4593’s gas motions. However, the
residual maps (see Figs. 5.4, 5.6) reveal deviations from purely rotational motion, high-
lighting non-axisymmetric components. Redshifted residuals in these maps should not
necessarily be interpreted as receding gas but may also indicate regions where the gas
velocity is less blueshifted than predicted by the symmetric model. These residuals likely
arise from unmodeled radial gas flows, bar-driven motions, or other dynamic effects not

captured by 3D-BAROLO’s symmetric assumption.

Barred galaxies, such as NGC 4593, often exhibit complex gas dynamics due to the
bar’s influence on the gas distribution. Studies of similar systems, such as NGC 2110, have
shown that bar potentials can drive significant radial gas flows, create non-axisymmetric
velocity fields, and influence molecular outflows (SCHNORR-MULLER et al., 2014). In
NGC 4593, the presence of redshifted and blueshifted residuals suggests that the bar likely
drives gas toward the central regions, potentially fueling AGN activity or contributing to

the observed molecular asymmetries.

The analysis of these parameters, therefore, not only illustrates the structure and
dynamics of NGC 4593 but also highlights the role of bars in shaping the kinematics of
barred spiral galaxies. Our findings imply that the bar-induced instabilities in NGC 4593
contribute to its observed kinematic asymmetries and may influence both star formation
and AGN feedback, delivers understanding into the interaction between the galactic bar

and the molecular gas reservoir.

5.1.6 Estimating Molecular Gas Mass

To quantify the molecular gas mass M (H) in NGC 4593, we calculated the CO(2-1)
line luminosity, LlCO(Q—l)? based on the method outlined by (SOLOMON; BOUT, 2005).
This calculation is essential because M (H;) uncovers details into the amount of cold
gas available for star formation and AGN fueling within the galaxy, both of which are

important in understanding the overall gas dynamics and evolutionary state of NGC 4593.

The CO(2-1) line luminosity is calculated using the following equation:
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from left to right: Rotation Velocity (V;ot), Velocity Dispersion (04as), and Surface Density (X). Bottom
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co@_1) = 325 X 107 ScoAv w2 D7 (14 2)72, (5.3)

where ScoAw is the integrated CO(2-1) flux, vyps is the observed frequency of the
CO(2-1) transition (230 GHz), Dy, is the luminosity distance to NGC 4593 (39 Mpc), and
z is the galaxy’s redshift (0.009). The term ScoAv represents the total flux density from
the CO(2-1) line, which reflects the amount of CO emission across the observed region

and serves as a tracer of molecular hydrogen (Hy).

From the ALMA CO(2-1) moment-0 map (Fig. 5.2), we measured a flux density of
146.3 £ 1.1 Jykms™! for a circular region with a radius of 12”. Substituting these values,

we obtained:

o1y ~ 1.40 £0.10 x 10° K km s~ pc®. (5.4)

The CO(2-1) line luminosity is then converted to the CO(1-0) transition, Lug_g),
by applying a standard conversion ratio. The CO(1-0) transition is often used as the
primary reference for molecular gas mass calculations since it directly traces Hs across
varying environments. Based on typical ratios observed in galaxies with moderate to high
star formation rates, including (ultra) luminous infrared galaxies ((U)LIRGs), we used a

conversion factor of Lig_y1)/Loon_g) & 5.0 (KAMENETZKY et al., 2016). This yielded:
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co(_0) ~ (0.28£0.02) x 10° K km s~ pc?. (5.5)

To estimate the molecular gas mass My, from L/cou—o)v we employed a CO-to-H; con-
version factor aco. This conversion factor varies with environmental conditions and metal-
licity in the ISM, and values between 0.8 M, (K km s~ pc?) ! and 3.2 My, (K km s~ pc?)
are commonly used for environments ranging from AGN-influenced regions to normal
galactic disks (BOLATTO et al., 2013). For NGC 4593, which contains both star-forming

regions and AGN activity, we adopted this range to estimate:

My, = aco Laoa_o) =~ (0.22 —0.90) x 10° Mo, (5.6)

This range represents the plausible bounds of My, given the varying ISM conditions in
the galaxy. The mass of molecular gas is particularly significant in assessing the potential

for star formation and in quantifying the cold gas available for accretion by the AGN.

One potential source of uncertainty in our mass estimate is the interferometric fil-
tering of extended CO emissions. Interferometers such as ALMA are sensitive primarily
to compact structures, potentially missing more diffuse CO(2-1) emission that extends
beyond the instrument’s spatial sensitivity scale. This effect could lead to an underes-
timation of the true CO(2-1) flux and, consequently, of the total molecular gas mass in
NGC 4593. Should significant CO(2-1) emission extend beyond the ALMA resolution, the

actual molecular gas mass could exceed our current estimates.

Furthermore, the choice of the CO-to-Hs conversion factor aqo introduces additional
uncertainty. In environments with high radiation fields or turbulence, such as those found
near AGNs, the effective value of aco can be lower than in quiescent regions, affecting
mass estimates. Studies comparing various galactic environments suggest that aco may
vary by a factor of up to four (BOLATTO et al., 2013), making it important to consider
this range when interpreting the estimated M (Hs).

In summary, the molecular gas mass in NGC 4593, estimated within a range of 0.22 —
0.90 x 10® M, provides a basis for understanding the cold gas reservoir in the galaxy. This
mass estimate not only reflects the current state of the galaxy’s ISM but also offers input
for further analysis of star formation and AGN fueling mechanisms. Additional observa-
tions with improved sensitivity to extended emission could help refine this estimate and

provide a more comprehensive understanding of the molecular gas content in NGC 4593.
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5.1.7 Estimation of SMBH Mass in NGC 4593

To estimate the mass of the supermassive black hole (SMBH) Mpy in NGC 4593,
we adopted the methodology of (SMITH et al., 2021), which correlates the SMBH mass
with the rotational dynamics of the host galaxy using molecular gas kinematics. This
approach is particularly advantageous for SMBH mass estimation in galaxies where direct
dynamical methods, such as stellar or gas dynamical modeling, are limited by resolution
constraints or a lack of clear kinematic tracers. The relationship between SMBH mass

and host galaxy rotation is expressed as follows:

log (Aﬁ‘*) — (7.5 +0.1) + (8.5 +0.9) {log (Zvﬂ km s—l) - 2.7} : (5.7)

® mi

where Mgy represents the SMBH mass, Wi is the full width at half-maximum (FWHM)
of a double-peaked CO(2-1) emission line profile, and 7 denotes the inclination angle of the
CO disc. This empirical relationship, derived from observations of a sample of galaxies
with well-constrained SMBH masses, has a scatter of 0.6 dex, which is comparable to other
SMBH mass estimation techniques, such as bulge stellar velocity dispersion correlations
(with an intrinsic scatter of ~ 0.5 dex). By correlating SMBH mass to observable galaxy
rotation parameters, this method provides a robust framework for estimating Mgy using

ALMA observations of molecular gas.

To determine Wi, we measured the width of the CO(2-1) emission line profile at half-
maximum using the procedure described by (TILEY et al., 2016). Specifically, we applied
a Gaussian double-peak profile fit to the CO(2-1) line emission across the field of view
(FOV) obtained from the 3D-BAROLO modeling. This double-peak profile approach,
illustrated in Fig. 5.9, accurately characterizes the observed integrated CO(2-1) emission
profile, which often displays double-peaked features in galaxies with prominent rotation.

The line width at half-maximum, Wjg, is derived as:

W50 = 2(U}+0'\/ 21112), (58)

where w is the velocity half-width at half-maximum (HWHM), and o represents the
velocity width of the Gaussian peaks. This formulation accounts for the shape and spread
of each peak, ensuring an accurate representation of Wsy across the double-peak profile.
From this analysis, we measured Wyy ~ 314 + 10km/s. Additionally, the inclination
angle of the CO disc, derived from 3D-BAROLO kinematic modeling, was found to be
i ~ 47.7° £ 1.1° (Fig. 5.8), consistent with the galaxy’s orientation inferred from both

molecular and stellar kinematic analyses.

Substituting these values into the SMBH mass equation, we obtained an estimated
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SMBH mass:

M
log ( BH) — 6.89 +0.04. (5.9)
My

This mass estimate aligns closely with results from alternative SMBH mass measure-
ment techniques. For instance, the WISDOM project, which uses CO kinematics to
estimate SMBH masses in galaxies, reported a value of log (%—?) = 6.86 for NGC 4593
(TILEY et al., 2016). Additionally, the mass estimated through reverberation mapping by
(DENNEY et al., 2006) yielded an SMBH mass of log <AA4J—B§> = 6.99. The consistency across
these methods reinforces the reliability of our estimation approach and supports the use
of molecular gas kinematics as a viable proxy for SMBH mass, particularly in cases where

traditional methods may be limited.

Figure 5.9 provides a comparative analysis of molecular gas dynamics in NGC 4593.
The top panel highlights regions with potential non-circular motion, indicated by a red
circle (region a) around areas with velocity anomalies potentially linked to cold molecular
gas outflows. These deviations are visible on the mean velocity map in the background and
suggest dynamic processes possibly driven by AGN feedback or bar-driven instabilities.
The dashed circle in the center (region b) encompasses a central molecular zone (CMZ)-
like ring, which contains a significant concentration of molecular gas and may act as a

reservoir for AGN fueling.

The bottom panel in Fig. 5.9 compares the CO(2-1) ALMA observations (green line)
with the 3D-BAROLO model fit (blue line) for NGC 4593, displaying the average flux
as a function of velocity. Residuals (orange line) reveal minor discrepancies between
the model and observed flux, with potential contributions from outflowing gas indicated
in red around region (a). These comparisons highlight the dynamic interactions within
NGC4593’s molecular gas, as well as the role of the SMBH and potential outflows in

influencing the kinematic structure.

Overall, our results indicate that the SMBH in NGC 4593 has an estimated mass of
Mgy ~ 6.89 £ 0.04 log M), a value that aligns with both kinematic and reverberation
mapping approaches. This analysis underscores the potential of molecular gas kinematics
as a complementary tool for SMBH mass estimation, providing a means to assess SMBH

properties in diverse galactic environments.
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FIGURE 5.9 — Analysis of molecular gas dynamics in NGC4593. Top: Red-circled region (a) indicates
potential non-circular motion due to the outflow of cold molecular gas, visible on the mean velocity
map (background). The central dashed circle (region b) highlights the CMZ-like ring, which contains
significant molecular gas. Bottom: Comparison between the CO(2-1) ALMA observations (green) and
the 3D-BAROLO model (blue) for NGC 4593. The plot shows the average flux as a function of velocity,
with residuals (orange) and possible outflowing gas from region (a) highlighted in red.
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5.1.8 Evidence of Non-Circular Motion and Molecular Inflow or Out-

flows

Our kinematic analysis using 3D-BAROLO on NGC 4593 reveals complex gas dynamics
that indicate significant departures from purely circular motion. The CO gas distribution
displays a prominent one-arm spiral structure, suggesting the presence of an m = 1 density
wave or perturbation within the galaxy’s nuclear regions. This type of one-armed spiral
pattern is rare in barred galaxies and hints at a strong, non-axisymmetric component
in the gravitational potential, which deviates from the assumptions of an axisymmetric
velocity field typically applied in 3D-BAROLO modeling. This structure implies that while
circular motion dominates in certain regions, non-circular motions are also present and

may significantly impact the molecular gas kinematics near the nucleus.

The differences in kinematic fit between the northern and southern regions of NGC 4593
highlight the model’s limitations in fully capturing the complexity of the observed molec-
ular gas distribution and motion. Such discrepancies are consistent with previous studies,
such as those by (BARBOSA et al., 2006), which noted deviations from axisymmetric mod-
els in the ionized gas kinematics of barred galaxies. These deviations provide further
evidence that non-circular motions are influenced by bar-driven effects and that addi-
tional dynamical components may be necessary to accurately represent the galaxy’s inner

kinematics.

Within the bar region of NGC 4593, an inner CO ring structure emerges, which clarifies
complexities into the interplay between the bar dynamics and molecular gas distribution.
This ring’s kinematic position angle (PA) of approximately —59.3° contrasts sharply with
the morphological PA of 46°, suggesting that the ring structure is elliptical and that
both stellar and gas orbits are elongated. This misalignment between the kinematic and
morphological PAs likely results from non-circular motions driven by the gravitational
influence of the bar, which causes gas to accumulate along radial dust lanes and form
elliptical orbits. Such a configuration is often seen in barred galaxies, where bars channel
gas inward and accumulate material within nuclear rings, providing a mechanism for

fueling AGN activity and shaping the circumnuclear environment.

The AGN at the center of NGC 4593 plays an important role in shaping the galaxy’s
nuclear structure. As demonstrated by (GADOTTI, 2008), the AGN exerts a strong influ-
ence over both the light profile and the kinematic properties of the central region. The
central bar and potential AGN-driven feedback create conditions that influence the nu-
clear gas flow, potentially driving non-circular motions and creating regions of enhanced
molecular gas density. The apparent misalignment and poor fit within the nuclear region
in our model may therefore reflect the limits of the 3D-BAROLO assumptions, as axisym-

metry does not fully capture the complex orbital dynamics likely influenced by the bar
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and AGN feedback processes.

The central region of NGC 4593 is also characterized by the presence of a pseudobulge,
which has been identified through Ks-band surface photometry as a non-classical bulge
structure (KORMENDY et al., 2006). The formation of pseudobulges is often linked to sec-
ular evolutionary processes in galaxies with prominent bars, where bar-driven gas inflows
gradually build up the central mass. The misalignment between the bar and bulge in
NGC 4593, coupled with its pseudobulge, suggests that the galaxy has likely experienced
complex evolutionary processes, deviating from the standard pathway dominated by slow,
bar-induced gas inflows alone. In this case, the nuclear dust ring and associated radial
dust lanes act as channels for gas inflow, supporting potential central starburst activity

that contributes to the pseudobulge’s development.

Further findings into the non-circular motions in NGC 4593 arise from the residuals
observed in 3D-BAROLO velocity dispersion maps. These residuals, illustrated in Fig. 5.9,
highlight regions of excess velocity dispersion unaccounted for by the model. Such ex-
cesses suggest additional kinematic components, potentially arising from turbulence or
unresolved molecular inflows or outflows. In the CO(2-1) mean velocity map (Fig. 5.9),
the dashed red circle, marked as region (a), highlights an area located about 2" to 3"
northeast of the galactic center where non-circular motion is evident. This region, likely
linked to inflows or outflows of cold molecular gas, contributes approximately 10% of the
galaxy’s total flux, with about half of this flux evident in the residuals. Consequently,
around 5% of the total flux can be attributed to non-circular motions, indicating significant

gas activity. The estimated gas mass in this region is approximately (0.5 —2.5) x 107 M.

While some of these residuals could theoretically be associated with extraplanar gas,
such as that seen several kiloparsecs above the disks of other spiral galaxies (FRATERNALI
et al., 2002; LI et al., 2021), this possibility is less likely for NGC 4593. Due to the galaxy’s
low inclination, distinguishing in-plane non-circular motions from extraplanar outflows re-
mains challenging. However, the velocities of these residuals are relatively small and align
more with in-plane dynamics rather than significant extraplanar outflows, which would
typically show velocities considerably higher than those of in-plane motions (MARASCO
et al., 2019). Extraplanar gas in other systems, such as the Milky Way, generally consists
of low-density atomic hydrogen and accounts for only a small fraction of the total mass
(typically under 15%) (SODING et al., 2024). Furthermore, the global SFR in NGC 4593
does not indicate conditions that would drive strong star-formation-driven outflows, nor is
the galaxy located in a particularly crowded environment that would suggest gas stripping
or strong tidal interactions (KORMENDY et al., 2006).

Consequently, while extraplanar gas cannot be entirely ruled out, it is unlikely to sig-
nificantly impact the observed kinematics in NGC4593. Instead, the residual gas flux

likely represents an inflow or outflow of molecular gas. Further support for this inter-
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pretation comes from the bump in rotation velocity, radial velocity, surface density, and
velocity dispersion at the same radius observed in the 3D-BAROLO results (Fig. 5.8).
This region shows a noticeable rise and fall in rotation velocity, indicating localized per-
turbations in the velocity field. Similarly, deviations in the radial velocity profile from the
expected symmetry suggest inflow or outflow dynamics, as does the excess surface density,
which suggests gas accumulation. The increase in velocity dispersion in this region further

underscores the disturbed state of the molecular gas.

The combination of these characteristics—rotation velocity anomalies, radial velocity
deviations, elevated surface density, and excess velocity dispersion—provides compelling
evidence of non-circular motion and molecular inflows or outflows in NGC 4593. These
observations highlight the limitations of the axisymmetric assumptions in the 3D-BAROLO
models and underscore the importance of non-axisymmetric bar potentials in shaping the
galaxy’s gas dynamics. The findings here contribute to a deeper understanding of how
bar-driven processes and AGN feedback collectively shape the molecular gas structure

and kinematics in barred spiral galaxies.

5.1.9 Central Molecular Zone (CMZ) Ring

The central molecular zone (CMZ) is a dense, gas-rich region typically located within
the innermost few hundred parsecs of galaxies, often characterized by elevated star for-
mation rates and significant dynamic activity. The CMZ’s structure and molecular gas
concentration are influenced by the gravitational effects of the galactic bar, and poten-
tially by AGN activity, making it a key site for studying central gas dynamics and galactic
evolution (MORRIS et al., 1983; BALLY et al., 1987). Due to its high molecular gas density
and proximity to the nucleus, the CMZ serves as a central engine, driving various dynamic

processes that can impact both star formation and black hole activity.

In barred galaxies, bar-induced gravitational torques create inflows of molecular gas
toward the galaxy’s central regions. These inflows funnel material into the CMZ, forming
high-density molecular rings that concentrate gas and dust in a compact region. The
gravitational influence of the bar generates shocks and streaming motions along the bar’s
length, channeling molecular gas inward and enhancing gas density in the CMZ. This
increased density has significant implications: it can fuel enhanced star formation rates
(SFRs), provide a reservoir for AGN activity, and drive turbulent flows within the CMZ.
The interaction between inflowing gas and the central black hole (BH) may trigger episodic
accretion events, fueling AGN activity and contributing to AGN-driven feedback that
regulates the growth and activity of the BH (SORMANT; BARNES, 2019; HATCHFIELD et
al., 2021; TRESS et al., 2024).

Our analysis of NGC 4593 suggests the presence of a CMZ-like ring in the innermost
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regions of the galaxy, as illustrated in Fig. 5.9. The bar structure of NGC 4593, extending
approximately 35" in length (MULCHAEY; REGAN, 1997), aligns in a configuration that
channels molecular gas into the CMZ-like ring via gravitational torques. This configu-
ration produces shock fronts along the bar, guiding gas into elliptical orbits within the
CMZ, consistent with bar-driven inflow mechanisms observed in other barred spiral galax-
ies (ATHANASSOULA, 1992). These inward gas flows not only supply material to the CMZ
but also contribute to a dynamically complex environment in which gas density, velocity

dispersion, and molecular gas inflow patterns interact.

The CMZ-like ring in NGC 4593, with its high molecular gas concentration, is posi-
tioned to play a pivotal role in the galaxy’s evolution. The dense molecular gas within
this ring can significantly impact SFRs, enhance AGN activity, and influence the broader
dynamical state of the galaxy. Previous studies, such as (ARMILLOTTA et al., 2020) and
(TORII et al., 2013), have highlighted how CMZ rings can act as stabilizing or destabilizing
forces in galactic evolution, depending on the inflow dynamics and AGN feedback. The
CMZ in NGC 4593 may thus serve as a region for sustaining AGN-driven feedback loops

or promoting star formation within the central kiloparsec.

Quantitative estimates indicate that this CMZ-like ring, located within a radius of
approximately 2", contains roughly 20% of the total molecular gas mass in NGC 4593,
translating to a mass range of approximately 0.2 — 1.0 x 108 M. This concentration
suggests that a substantial fraction of the galaxy’s molecular gas is localized in this com-
pact region, supporting high gas densities that exceed the average values for the broader
galaxy. The surface density of molecular gas in the CMZ-like ring is estimated to range
from ¥ ~ 0.26 — 0.34 Jykm/s, in contrast to the average molecular gas surface density
across the entire galaxy, which is about ¥ ~ 0.10 — 0.14 Jy km/s. Therefore, the surface
density within the CMZ-like ring is approximately 2.5 times higher than the galaxy-wide
average, underscoring the enhanced molecular gas concentration and its potential to sup-

port elevated star formation rates.

The velocity structure within the CMZ-like ring reveals strong rotational motion, along
with indications of non-circular streaming inflow, likely driven by the bar’s gravitational
influence. By analyzing the residual velocity field from our 3D-BAROLO model, we observe
significant residuals concentrated in the central regions of the galaxy. These residuals
indicate a velocity profile consistent with inflow or outflow patterns that are oriented
perpendicular to the primary velocity map of NGC 4593. Notably, the majority of these

central residuals are positive, suggesting an inflow of molecular gas toward the nucleus.

This inflow pattern, aligned with the bar structure, supports the hypothesis of bar-
driven accretion into the CMZ and possibly toward the central black hole. Such inward
flows could sustain the AGN and provide a source of gas that may periodically accrete

onto the SMBH, triggering episodes of AGN feedback that can influence the surrounding
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gas environment. These findings contribute to the broader understanding of how central
molecular zones function as pivotal regions for both star formation and black hole accre-

tion, and highlight the role of non-circular inflow patterns in concentrating molecular gas
in the CMZ of NGC 4593.

5.1.10 The SED

The SED of a galaxy is a useful tool for characterizing its components, allowing us
to disentangle contributions from stars, dust, and AGN activity. By analyzing the SED
of NGC 4593, we can better understand the galaxy’s physical properties, star formation
history, and the influence of its active galactic nucleus (AGN). To model the SED, we em-
ployed the Code Investigating GALaxy Emission (CIGALE; (BOQUIEN et al., 2019; YANG
et al., 2020; YANG et al., 2022)), a versatile software designed to fit observed photometric
data with model templates that account for stellar, AGN, and dust emission. CIGALE’s
flexibility allowed us to customize model parameters to reflect NGC 4593’s specific char-

acteristics.

Table 5.1 summarizes the photometric data used as input for CIGALE, including
wavelength coverage, fluxes, and associated uncertainties. To capture the star formation
history (SFH), we adopted a "delayed” model, which assumes a gradual rise in the SFR
followed by an exponential decline. This model also includes an optional recent burst
component to simulate periods of heightened star formation, which may be linked to
galaxy interactions or internal dynamical processes. This SFH is particularly suitable
for galaxies like NGC 4593, which exhibit complex star formation patterns influenced by
bar-driven gas inflows and AGN activity.

For the Stellar Population Synthesis (SPS), we used a Single Stellar Population (SSP)
model based on (BRUZUAL; CHARLOT, 2003) with a Chabrier Initial Mass Function (IMF).
This model assumes a metallicity of 0.02 and a minimum separation age of 10 Myr, which
provides a realistic estimate of the stellar populations’ age distribution within NGC 4593.
Dust attenuation, an important factor for accurately modeling UV and optical emissions,
was applied using the attenuation modules from (CALZETTI et al., 2000) and (LEITHERER
et al., 2002). These modules account for the extinction effects of interstellar dust and
the complex distribution of dust in star-forming regions. The dust emission model is
based on (DALE et al., 2014), incorporating various infrared (IR) templates to represent

the re-emission of absorbed light at IR wavelengths.

For the AGN component, CIGALE supports a two-phase torus model (STALEVSKI
et al., 2016) that accounts for the AGN’s dusty environment and its multi-wavelength
emission. This model links the X-ray and UV /optical emissions using the c—Ly 2500

relation (JUST et al., 2007), with a maximum deviation |Adox|max = 0.2 to account for
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intrinsic scatter in this relationship. We assumed a face-on type-1 AGN for NGC 4593,
aligning with findings from (MOUNTRICHAS et al, 2021) and (CIESLA et al., 2015), who
analyzed similar AGNs using CIGALE. This face-on inclination is consistent with our
3D-BAROLO results, which indicate a low inclination angle for the galaxy. While certain
parameters, such as the AGN’s inclination angle and position angle (PA), were derived
directly from our kinematic analysis, other parameters were allowed greater flexibility to

ensure a robust fit to the observed photometry.

The resulting SED fit, shown in Fig. 5.10, represents the best-fitting model based on the
initial parameter conditions and photometric data. The model includes specific AGN torus
parameters: an outer-to-inner radius ratio (Rou/Rin) of 20, with values ranging between
10 and 30, and a half-opening angle consistent with a type-1 AGN viewing perspective.
This configuration reflects the torus structure’s geometry, assuming that the inner edge of
the torus aligns closely with the central accretion disc. The dust density gradient in the
torus was set to 1.0 for both polar angle and radial direction, which provides a realistic

estimate of the dust distribution and its impact on observed IR emission.

The SED model parameters include the power-law index ¢, set to —0.36 to adjust the
optical slope of the AGN disc, and an edge-on optical depth of 4.37 + 0.93 at 9.7 um.
These parameters are indicative of a prominent dusty torus structure around the AGN, in
alignment with the line of sight to the bright accretion disc and central engine, confirming
the type-1 classification of NGC 4593. The AGN fraction, defined as the AGN luminosity
divided by the total IR luminosity, was determined to be 0.876 4+ 0.052, underscoring the
AGN’s significant influence on the galaxy’s overall spectrum. Detailed results from the
CIGALE fitting procedure are provided in Table 5.3.

NGC 4593, as a late-type barred spiral (SB) galaxy hosting a type-1 AGN, exhibits
a bolometric luminosity of log(Ly.) = 44.163, placing it in the high-luminosity AGN
category. The AGN’s contribution to the galaxy’s spectrum is dominant, with a disc
luminosity of 1.26 x 10% erg/s and an intrinsic 2-10 keV X-ray luminosity of L,syev =
1.11 x 10™® erg/s. These values support the presence of a powerful central black hole, with

an estimated mass of log (MM—?> = 6.86.

Despite the AGN’s high luminosity, the galaxy’s SFR remains moderate. CIGALE’s
analysis yielded an SFR of 0.43 My yr~! and a stellar mass of log(M,/Mg) = 10.646.
Alternative SFR estimates from PAH11.25um and [CII]158um lines provided values of
0.36 Mg, /year and 0.19 M, /year, respectively. The total FIR luminosity-based SFR was
higher at 1.2 M, /year, derived from the FIR luminosity of log(Lgr) = 43.43 (JR, 1998;
SPINOGLIO et al., 1995). The specific star formation rate (sSFR) of 4.4x 107 yr=! suggests
notable star formation relative to the stellar mass, potentially influenced by AGN-driven

feedback mechanisms.
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NGC 4593 lies on the threshold between high- and low-luminosity AGNs, with log,,(Laan) &
44. High-luminosity AGNs typically show a positive correlation between SFR and AGN
luminosity, while low-luminosity AGNs may exhibit a weakly negative or negligible corre-
lation (ROSARIO et al., 2013). However, studies such as those by (PITCHFORD et al., 2016)
and (HATZIMINAOGLOU et al., 2018) indicate that this correlation is complex, as some
FIR-bright AGNs display signs of mergers or companion interactions, factors which can
influence both SFR and AGN luminosity independently.

Our analysis places NGC 4593 within the high-luminosity AGN regime. The AGN frac-
tion relative to the IR luminosity is 0.87, and its bolometric luminosity of over 10* erg/s
highlights the dominance of AGN emission in its SED. While this dominance emphasizes
the AGN’s significant contribution to IR emission, it does not imply a straightforward
link between AGN luminosity and star formation rates. This finding suggests that al-
though AGN activity substantially influences the IR spectrum, it may not directly drive

star formation within the galaxy.

According to (ZHUANG; HO, 2023), AGNs and their host galaxies evolve along distinct
trajectories on the black hole mass (Mpy) versus stellar mass (M,) plane. Galaxies posi-
tioned above the Mpy—M., relation tend to grow by increasing stellar mass more rapidly
than black hole mass, while galaxies on the relation evolve proportionally in both parame-
ters. NGC 4593 aligns with this "horizontal growth path,” indicating that radiative-mode
AGN feedback is insufficient to fully suppress star formation, while kinetic-mode feed-
back may also be insufficient for significant long-term quenching. The high AGN fraction
and steady stellar mass growth suggest that AGN feedback does not strongly constrain
star formation, allowing the galaxy to maintain moderate star formation rates despite

significant AGN influence.

5.1.11 Challenges in Kinematic Modelling

Our kinematic analysis of NGC 4593 reveals several challenges in accurately modeling
its gas dynamics, primarily due to the clear presence of an m = 1 asymmetry, or lopsided
feature, within the molecular gas distribution. This asymmetry indicates a deviation
from the axisymmetric structure assumed by the 3D-BAROLO modeling tool, which is
optimized for galaxies with relatively symmetric, circular motions. The presence of an m =
1 mode suggests that variations between the northern and southern regions of the galaxy
introduce complex dynamics that the model cannot adequately fit. These asymmetries
may reflect underlying structural irregularities or interactions that disrupt the circular

flow, resulting in non-axisymmetric motions.

A further complication arises from the close alignment between the bar’s position

angle (PA) and the kinematic PA, which obscures the true inclination and potentially
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FIGURE 5.10 — SED of NGC 4593 derived using CIGALE. The plot shows the observed SED, indicated

by red points, compared to the best-fit model represented by the solid black line.

The constituent

components of the model are illustrated as follows: dust emission (red line), AGN emission (orange line),
and stellar emission, both attenuated (yellow dashed line) and unattenuated (blue dashed line). The
vertical axis denotes the flux density S, in mJy, while the horizontal axis represents the wavelength A in
pm. This SED plot provides a comprehensive view of the various emission components contributing to
the observed radiation from NGC 4593.
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TABLE 5.3 — CIGALE-derived parameters for NGC 4593

Parameter Value
Liracn/Dirota: 0.876 = 0.052
log(LagN torus [erg s ™) 36.193 + 0.049
log(Lacn,disc [ergs™]) 36.096 4 0.116
10g( L AGN sotaldust [e1g 5™ 1]) 36.510 = 0.050
log(LAGN,6 um [erg s 35.784 4+ 0.048
10g( LAGN aceretion power [€T€S 1)) 36.492 £ 0.047
log(Lacn, polardust [ergs™1]) 36.224 4 0.057
log(Lagx [ergs™]) 36.651 £ 0.048
log( Lgtenar [erg s ™) 37.402 £ 0.035
log(M, /M) 10.633 =+ 0.039
108( Mtettar gas [Mo)) 10.535 = 0.041
10g(SF Rintograted [Mo yr~1])  10.888 % 0.039
1og(SFRcurrent [Mo yr1]) —0.367 £ 0.045
log(SFR100iy: [Mo yr1)) —0.329 £ 0.042
log(SFRuo nyr [ Mo yr~1]) —0.364 + 0.045

Notes: CIGALE-derived parameters for NGC 4593, including luminosity components of the
stellar population, active galactic nucleus (AGN), accretion disc, and dust structures (polar,
torus, and total). SFRs reflect the current and past 10 and 100 million-year averages. These
values are estimated based on CIGALE fitting results.

introduces systematic biases. In the presence of the outer ring, which often deviates from
a perfectly circular structure, the assumptions of circular orbits in 3D-BAROLO may
produce inaccurate inclination estimates. This misalignment affects the velocity field by
failing to account for the gradual shifts in PA that are typical of elliptical orbits within
barred structures. The assumption of isotropic circular motion in 3D-BAROLO fails to
capture the subtle velocity gradients expected in such orbits, limiting the model’s ability
to reproduce the observed velocity patterns. Consequently, the model’s predicted radial
velocities cannot reflect the actual elongated gas motions, particularly within the outer
ring, as it assumes uniform circular rotation rather than the elliptical orbit shapes often

associated with bar-driven flows.

An additional limitation is the reliance on the CO(2-1) line as the primary tracer
of molecular gas content in NGC4593. The CO(2-1) line is effective in tracing dense
molecular gas, but it does not capture the entirety of the molecular mass. Regions with
lower-density molecular gas or extended diffuse emission may be underrepresented in
our data, leading to a potential underestimation of the total molecular gas mass in the
galaxy. Interferometric observations, such as those conducted by ALMA, tend to filter
out extended emissions, particularly those with low surface brightness on larger spatial

scales. This filtering effect leads to missing flux, further suggesting that our molecular
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gas mass estimates may be lower than the actual values.

The impact of missing flux is particularly evident in regions with pronounced non-
circular motions, such as those influenced by the bar or spiral arms. In these areas,
the distribution of molecular gas is more dispersed and less concentrated in high-density
regions, leading to an underrepresentation of extended gas in the observed data. Conse-
quently, the 3D-BAROLO model’s assumption of axisymmetry is unable to fully capture
the spatial extent of the molecular gas distribution, omitting significant features such as
the single-arm spiral pattern observed in NGC 4593. This limitation emphasizes the need
for a more comprehensive modeling approach that can account for the non-axisymmetric,

bar-driven gas flows that are integral to the kinematics of barred galaxies.

To overcome these limitations in future studies, employing a kinematic model that
incorporates non-axisymmetric potentials could provide a more accurate representation
of NGC4593’s complex gas dynamics. Methods such as bisymmetric or triaxial models
can accommodate the influence of bar-driven perturbations, allowing for elongated and
elliptical orbits in the analysis. Additionally, using complementary data, such as multiple
CO transitions (e.g., CO(1-0) or CO(3-2)) and alternative molecular tracers, may provide
a more complete picture of the molecular gas distribution. These approaches would help
to capture both the dense and diffuse molecular gas components, providing a more reliable

total gas mass estimate and improving the accuracy of kinematic models.

In summary, while 3D-BAROLO is a robust tool for axisymmetric galaxies with circular
rotation, its limitations in modeling barred galaxies with complex gas dynamics, such as
NGC 4593, highlight the need for more flexible modeling approaches. The lopsided m =1
feature, proximity of bar and kinematic PAs, and the influence of extended gas structures
complicate the kinematic picture of NGC 4593, suggesting that a model incorporating non-
axisymmetric potentials and accounting for missing flux would more accurately reflect the

observed dynamics in this galaxy.

5.2 Statistical Results of the TWIST Sample

In this section, we present statistical findings from the TWIST sample, focusing on
molecular gas content, black hole mass estimates, and relationships between CO and IR
luminosity. This analysis applies the detailed methodology established for NGC 4593 to
the broader sample, revealing trends and distinctive characteristics across various AGN
types and galaxy morphologies. A complete set of CO(2-1) emission moment maps for

each galaxy in the TWIST sample is provided in Appendix A.

For each galaxy in the TWIST sample, we derive the molecular hydrogen mass (My,)
and CO(2-1) luminosities from ALMA observations, measured within both 100 pc and
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3 kpc apertures. These values are summarized in Table 5.4. By comparing measurements
across different apertures and instruments, this table provides a detailed view of the

molecular gas distribution in nuclear and extended regions.

Molecular hydrogen masses (My,) were estimated using the calibration

My, = aco My /Lo (K km s~ pc?) (5.10)

from (SOLOMON; SAGE, 1988), and the conversion factor aco ranging from 0.8 M
to 3.2 Mg ((BOLATTO et al, 2013)). Applying this factor to ALMA data provides a
consistent estimation of the molecular gas mass within nuclear (100 pc) and extended (3

kpc) regions, allowing us to assess how the gas distribution varies with AGN activity in
the sample (Table 5.4).

To examine the relationships between CO luminosity, IR luminosity, and molecular
gas mass, Figure 5.11 presents a series of diagnostic plots. In Figure 5.11(a), we plot
total IR luminosity as a function of CO(2-1) luminosity within a 3 kpc ALMA aperture,
with symbols representing galaxy morphological types based on Hubble classifications
(Table 5.4). Figure 5.11(b) shows IR luminosity against molecular hydrogen mass, with
color coding based on AGN activity type. Both plots feature dashed lines representing

best-fit linear relationships derived from least-squares fitting:

log(Lir/Le) = 0.55 x log(Lco/(K km s pc?)) + 5.81 (5.11)

and

log(Lir/Le) = 0.55 x log(My,/Mg) + 5.44. (5.12)

Additionally, the trend line from (KAMENETZKY et al., 2016) for FIR luminosity as a

function of CO(2-1) luminosity is included for reference:

log(Lrr) = 0.66 x log(Lcoz-1)) + 4.9. (5.13)

This reference relationship is shown in purple in Figure 5.11(a). Our AGN-hosting
sample shows a higher Lir /L ratio than typical star-forming galaxies, suggesting that
AGN activity contributes additional energy, elevating the IR luminosity beyond levels
attributable solely to star formation. This observation aligns with findings in NGC 4593,
where the AGN’s impact on IR luminosity is reflected in elevated Lir/Lco ratios. These

results underscore the role of AGN-driven processes in shaping molecular gas dynamics
across the TWIST sample.
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FIGURE 5.11 — Relationship between IR luminosity (Lig) and CO(2-1) luminosity (Lco(z—1y) within a 3
kpc aperture for the TWIST sample, color-coded by AGN activity type. The black dashed line indicates
the best-fit relation for the sample, while the purple dashed line shows the relation from (KAMENETZKY
et al., 2016), with shaded bands denoting uncertainties. These results highlight the influence of AGN
activity on IR luminosity, showing an elevated Lig/Lco ratio in AGN-host galaxies compared to star-

forming galaxies.
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TABLE 5.4 — ALMA CO(2-1) mosaic observations compared to APEX observations and molecular mass
estimates

NAME log Lco(2—1),100pec 198 Lco(2—1),3kpe 108 Lco(2—1),APEX 108 MH,,100pc 108 MH, 3kpe 108 MH,, APEX
[Kkms~ ! pc?] [Kkms~! pc?] [Kkms ™! pc?] [Mg] [Mg] [Mgo]
NGC0424 6.32 6.81 7.09 6.98 7.48 8.35
NGC613 7.05 8.48 - 7.71 9.14 -
NGC1052 - - - - - -
NGC1068 - - - - - -
NGC1097 - - - - - -
NGC1125 6.67 7.53 7.99 7.33 8.19 8.66
NGC1320 6.34 7.39 7.91 7.01 8.05 8.57
NGC1365 5.98 8.80 - 6.64 9.46 -
NGC1386 - - - - - -
ES0420-G13 7.12 8.68 - 7.78 9.34 -
NGC1566 6.54 8.08 - 7.23 8.74 -
NGC2992 5.40 8.24 8.48 6.06 8.90 9.14
NGC3169 - - - - - -
NGC3627 - - - - - -
NGC3976 5.25 6.91 - 5.92 7.57 -
NGC4303 - - - - - -
NGC4374 - - - - - -
NGC4412 6.91 7.46 - 7.58 8.13 -
NGC4418 - - - - - -
NGC4486 - - - - - -
NGC4501 - - - - - -
NGC4593 6.37 7.97 - 7.04 8.63 -
NGC4594 - - - - - -
1C3639 7.18 7.81 8.55 7.85 8.47 9.21
Mrk1333 6.80 8.25 - 7.47 8.91 -
NGC4845 6.48 8.16 - 7.15 8.82 -
NGC4941 5.73 6.94 - 6.39 7.60 -
NGC4968 6.16 8.00 - 6.82 8.60 -
M-06-30-15 5.94 6.94 - 6.62 7.60 -
NGC5506 6.60 7.79 8.00 7.26 8.45 8.66
NGC5806 - - - - - -
NGC5861 7.15 7.87 - 7.82 8.53 -
NGC6890 6.75 7.61 8.38 7.41 8.27 9.05
I1C5063 6.03 7.85 8.18 6.69 8.51 8.84
NGC7172 - - - - - -
NGC7213 4.51 7.61 8.09 5.18 8.27 8.75
I1C5169 6.90 8.16 - 7.57 8.82 -
NGC7314 6.03 6.80 - 6.69 7.46 -
NGC7496 7.20 8.08 8.21 7.86 8.74 8.87
NGC7582 - - - - - -
NGC7590 5.39 7.48 - 6.06 8.14 -

Notes: This table presents from the left to right. for each galaxy of the sample: NAME, CO(2-1)
luminosity in 100pc, 3kpc and single dish APEX. Hs mass in 100pc, 3kpc and single dish APEX

5.2.1 3D-Barolo Kinematic Modeling Results

To analyze the molecular gas dynamics across the TWIST sample, we applied 3D-
BAROLO kinematic modeling to the CO(2-1) data for each galaxy. This modeling allowed
us to extract key parameters, including rotation velocity, velocity dispersion, and inclina-
tion, for the cold molecular gas in the central regions. The 3D-BAROLO results provide
information into the velocity structure and reveal deviations from circular rotation in
some cases, indicating potential non-circular motions influenced by bars, interactions, or

AGN-driven processes.

Our 3D-BAROLO modeling yielded moment maps for each galaxy, displaying the ob-
served CO velocity fields, the modeled kinematic structures (representing idealized ro-
tating disks), and the residuals (the difference between observed velocity fields and the
idealized disk model). These maps are provided in Appendix A and Table A.5, where
each galaxy’s velocity field, intensity distribution, and residual maps are detailed. For
many galaxies in the sample, the residual maps show deviations from the idealized disk

model predictions, often highlighting regions with enhanced velocity dispersion or irreg-
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ular velocity structures. These residuals can indicate localized non-circular motions that

potentially correspond to outflows or inflows in the molecular gas.

5.2.1.1 AGN Host Galaxies with Observed Outflows

For several AGN host galaxies within the TWIST sample, strong non-circular motions
detected in the residuals suggest the presence of molecular gas outflows. ESO 420-G13,
for example, exhibits a prominent molecular gas outflow along its minor axis, extending
340-600 pc from the nucleus. The molecular gas mass in this galaxy is estimated at
13.074:0.02x 10® My, when using a LIRG /ULIRG aco factor, and 1.4540.04 x 107 M, with
a Milky Way aco factor. This outflow, likely AGN-driven, has a mass of approximately
8 x 10% My, and a projected velocity of 160 km/s, suggesting an outflow rate of 14 M, /yr.
Radiation pressure, star formation, and supernovae appear insufficient to drive such an
outflow, indicating AGN jet activity as the likely mechanism (FERNANDEZ-ONTIVEROS et
al., 2020).

While applying 3D-BAROLO modeling across the TWIST sample, it became evident
that not all galaxies could be successfully analyzed. Limitations in observational data,
such as low signal-to-noise ratios, incomplete coverage, or archival data resolution, con-
strained modeling for some objects. Additionally, the 3D-BAROLO framework introduces
biases in cases of complex velocity fields or low inclinations, further complicating the anal-
ysis. As a result, we focus here on a subset of galaxies for which robust kinematic models
and meaningful residuals could be derived, enabling detailed investigations into molecular

gas dynamics and AGN-driven processes.

NGC 2992 ((Figure B.4)) shows pronounced AGN-driven feedback with a Seyfert type
that varies between Seyfert 1.9 and Seyfert 2, attributed to a fluctuating ionizing con-
tinuum. X-ray data highlight intense AGN activity with a broad Fe Ka line around
~ 5 — 7keV (SHU et al., 2010). A blueshifted outflow, with a mass rate of ~ 2 Mg yr™!
and kinematic power of ~ 2 x 10%erg s7!, extends from the nucleus, reshaping the ISM
(GUOLO-PEREIRA et al., 2021). Observations by (ZANCHETTIN et al., 2023) reveal a multi-
phase structure in the outflow, with an ultrafast component reaching 0.4c and a kpc-scale

ionized wind, driven primarily by AGN feedback.

Regarding our results, it is worth noting that (ZANCHETTIN et al., 2023) also uti-
lized the same ALMA dataset in their study but processed it using a different data
cube and analysis approach. While they measured an integrated Sco flux density of
132.54+£0.03 Jy km s, our reanalysis, which involved refined masking and re-building of
the ALMA image, yielded a significantly higher flux density of 230 Jy km s~'. This dis-
crepancy is likely due to differences in the applied masking techniques and assumptions
during data reduction. Additionally, the full-width at half-maximum (FWHM) velocity
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range in our work was determined to be —240.17km s~ ' t0250.17km s, corresponding
to a total width of 490.34km s~*, which is slightly broader than the 470 + 10km s~
reported in their study.

For the molecular outflow regions, we estimate the molecular gas mass using a conver-
sion factor of aco = 3.82 My (K km s~ pc?)™!, to be 4.34 x 107 My, closely aligning with
their result of 4.1 x 107 M, derived from the same observation, but diverging slightly from
4.3 x 107 M, obtained from an alternative observation. For the total molecular outflow
mass across the two regions, our analysis yields 1.03 x 107 M, and 5.99 x 10 M, higher
than their reported values. These results confirm the presence of molecular outflows at
both edges of the galaxy, as identified through 3D-BAROLO modeling. The residual maps
derived from 3D-BAROLO support this conclusion, highlighting non-circular motions con-
sistent with AGN-driven feedback in NGC 2992 (see Appendix C.12 for detailed residual

maps and kinematic analysis).

In NGC 1566 (Figure B.3), a molecular outflow has been identified with an outflow
rate of approximately 5.6 M yr~!, driven by AGN activity as observed through CO (J=2-
1) ALMA data and Gemini-GMOS IFU observations of ionized gas kinematics (SLATER
et al., 2019). This outflow decelerates from a velocity of 180 km s~' near the nucleus to a
near stop at approximately 72 pc. The outflow encompasses both ionized and molecular
gas, where the ionized component exhibits a more spherical morphology compared to
the disk-aligned molecular outflow. Additionally, streaming inflows have been observed
along nuclear spiral arms at about 50km s~ ', indicating gas inflow that may contribute
to feeding the central AGN.

NGC 5506 (Figure B.19) is an optically obscured Narrow-Line Seyfert 1 (NLSyl)
galaxy, notable for hosting both a type 1 AGN and a nuclear water vapor megamaser,
suggesting complex AGN-driven feedback (NAGAR et al., 2002). X-ray data show flux and
spectral variability, with absorption by a column density of 3 x 10?2 cm ™2, and a soft excess
requiring both photo-ionized and collisionally ionized models (SUN et al., 2018; SOLDI et
al., 2011). The high black hole spin (0.93 £ 0.04) and strong outflow features indicate
that a powerful AGN jet likely drives feedback processes, impacting the surrounding
ISM. In the Seyfert galaxy NGC 5506, recent observations using ALMA and MEGARA
have uncovered a multiphase outflow driven by AGN activity, affecting both molecular
and ionized gas phases. The cold molecular gas, traced by CO(3-2), forms a rotating
disc within the central 1.2 kpc, but also displays non-circular motions associated with
an outflow. This outflow has a molecular mass outflow rate of approximately 8 My yr—?
and extends up to 350 pc from the AGN. lonized gas, indicated by [OIII] emission with
velocities up to 1000 km /s, confirms the AGN-driven origin of the outflow and underscores
the feedback’s impact on the surrounding gas dynamics. With a bolometric luminosity

of ~ 10 erg s71, these findings highlight the AGN’s role in influencing the interstellar
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medium on kiloparsec scales ((ESPOSITO et al., 2024)).

NGC 613 (Figure B.11) shows a significant molecular outflow in its nuclear region,
likely AGN-driven, as observed in ALMA Cycles 3 and 4 data (AUDIBERT et al., 2019a).
A 2-arm trailing nuclear spiral within » < 100 pc channels gas inward, while broad
CO(3-2) wings reveal an outflow with velocities up to £300km s, carrying an estimated
2 x 10 Mg, at a rate of 27 M yr~t. The high kinetic power, at about 20% of the AGN
luminosity, suggests an earlier stronger AGN phase may have boosted this outflow. Thus,
NGC 613 exemplifies dynamic AGN feedback, where inflows and outflows self-regulate

central gas accretion.

In NGC 4593, we estimate the molecular gas outflow rate (M) to be between 1.32
and 8.82 M, yr~t. This outflow, located approximately 2” or 340 pc from the nucleus,
contains a molecular gas mass between 0.5 and 2.5 x 10" M, and has an outflow velocity
ranging from 90 to 120km/s (Kianfar, K. et al., 2024). The AGN-driven outflow in NGC
4593 demonstrates significant feedback effects, expelling molecular gas at a substantial
rate and likely impacting the star-forming material available in the central regions of the

galaxy.

NGC 4968 also shows non-circular motions in the central 1 kpc region, with residual
velocities reaching up to 115 km/s. A bisymmetric model best fits the observed kinematics,
suggesting that the residuals stem from a bar structure in the nuclear region. This galaxy’s
molecular gas mass is estimated to range between 3 — 12 x 107 M, based on a CO-to-H,
conversion factor spanning 0.8 to 3.2 (BELETE et al., 2021).

Based on the findings in (SORMANTI et al., 2023) regarding NGC 1097, this barred
spiral galaxy exhibits a significant bar-driven inflow rate that sustains its nuclear ring
and influences its star formation activity. The estimated mass inflow rate toward the
nuclear ring is approximately Minﬁow = 3.0£2.1 M, yr—!. This inflow primarily supports
a nuclear SFR of about 1.8 — 2 M, yr~!, suggesting that the inflow rate provides the

necessary material for ongoing star formation within the nuclear ring.

In NGC 1365, the molecular gas outflow rate (M) is calculated to be approximately
35150 My yr~t, with a molecular gas outflow mass (Mo, outfiow) Of 1.37 x 10% M. The
outflow radius (Ryy) is estimated at about 598 pc, with an outflow velocity (Vi) of
73" kms™! (GAO et al., 2021). This AGN-driven outflow further exerts a momentum flux
rate (Pyy ~ 2.1 x 103 g cm s72), which is a significant feedback mechanism impacting

the galaxy’s interstellar medium.
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5.2.1.2 AGN Host Galaxies without Observed OQutflows

In contrast, some AGN host galaxies in the TWIST sample display little evidence of
molecular gas outflows in their kinematic structures. For these galaxies, 3D-BAROLO
residuals indicate primarily circular motions or mild streaming motions aligned with bar
structures, without the high-velocity residuals typically associated with AGN-driven out-
flows. These galaxies may still exhibit AGN feedback, but it appears to be insufficient to

drive large-scale molecular gas outflows observable in the CO(2-1) emission.

For instance, NGC 4845 displays mostly circular motions in its molecular gas kinemat-
ics, with only minor non-circular motions observed in the residual maps. A bisymmetric
model best fits this galaxy, suggesting a bar-driven mechanism for the observed kinemat-
ics. The estimated molecular gas mass in NGC 4845 ranges between 9 — 36 x 107 M,
(BELETE et al., 2021).

For MCG-06-30-15, the kinematics are also dominated by circular motions in the
central 1 kpc region, with only minimal residuals observed. The molecular gas mass is
estimated between 1 — 4 x 10" M, (BELETE et al., 2021). Neither NGC 4845 nor MCG-
06-30-15 shows significant outflow components, with gas dynamics being consistent with

circular or bar-driven motions, suggesting quiescent gas dynamics without observable
AGN-driven feedback.

Overall, 3D-BAROLO modeling across the TWIST sample reveals a range of kinematic
behaviors, from clear AGN-driven outflows to bar-driven inflows and relatively quiescent
gas dynamics. These findings emphasize the diversity of AGN-hosting galaxies, illustrating
how varying AGN and bar dynamics influence the molecular gas distribution and kine-
matics. Appendix A includes the complete collection of residual and moment maps, which
provide a basis for comparing the molecular gas dynamics and AGN feedback mechanisms
across the TWIST sample.

5.2.2 SED Analysis of the TWIST Sample

To gain comprehensive details into the star formation activity, dust properties, and
AGN contributions in the TWIST sample, we performed SED analysis for each galaxy.
As with NGC 4593, we utilized the Code Investigating GALaxy Emission (CIGALE; (BO-
QUIEN et al, 2019)) to model the SEDs based on multi-wavelength photometry data.
These data span a broad spectral range, enabling us to effectively disentangle emissions

from stellar populations, interstellar dust, and AGN activity in each galaxy.

The photometry data used for the SED fitting are summarized in Tables A.1-A.3 in
Appendix A, where detailed measurements across UV, optical, and IR bands are provided

for each galaxy. These photometric measurements serve as inputs for CIGALE, allowing
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us to maintain consistency in the modeling process across the sample. In this analysis,
we applied the same SED modeling approach established for NGC 4593, using a delayed
star formation history (SFH) with optional recent bursts, as well as modules for stellar
population synthesis, dust attenuation, and AGN emission, as outlined in the previous
section about NGC 4593’s SED.

The resulting SED plots for a subset of the galaxies in our are available in Appendix A,
providing a visual representation of the best-fitting model components, including stellar
emission, dust re-emission, and AGN contribution. The reason that we could not get all of
the sample was that we did not have all photometry data for all galaxies for our purpose.
These plots offer a detailed view of how each component contributes to the overall emission

spectrum of each galaxy, facilitating comparisons within the TWIST sample.

Figure 5.12 illustrates the relationship between the SFR and stellar mass (M,) for
AGN host galaxies within the sample, analyzed according to their Hubble classifications
and AGN types. This figure serves as a comparative benchmark, showing how TWIST
sample galaxies align with the z = 0 main sequence of star formation (Elbaz et al. 2011),
and thus explains thoroughly the distinctiveness of star formation and AGN activity in

different morphological and AGN classes.

For quantitative parameters, Tables A.6-A.10 in Appendix A summarizes the derived
physical quantities for each galaxy, including total IR luminosity (Lig), AGN luminosity,
AGN fraction, stellar mass (M, ), SFR, and dust parameters. By examining these quanti-
ties, we gain an understanding of how star formation and AGN activities vary across the

sample and how these factors correlate with molecular gas dynamics and galaxy morphol-

ogy.

5.2.3 Exploratory Data Analysis

To lay the foundation for this study, we performed an exploratory data analysis (EDA)
to evaluate and consolidate the available datasets. This step was crucial in understanding
the structure, quality, and limitations of the data before delving into detailed modeling
and analysis. The data for this project were gathered from multiple sources, including
archival data from the NASA/IPAC Extragalactic Database (NED) and observational
data obtained through the ALMA. Additionally, during this study, new physical param-
eters were derived through modeling techniques such as 3D-Barolo for kinematic analysis
and SED fitting using CIGALE. These newly derived parameters were integrated with

existing data to provide a comprehensive view of the TWIST sample.

Before creating any pair plots, we performed a comprehensive feature engineering step

to address strong inter-correlations among numerous parameters. Specifically, we applied
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FIGURE 5.12 — The figure shows the relationship between the SFR and stellar mass (M, ) for a sample of
AGN host galaxies, color-coded by AGN type. The dashed black line denotes the main-sequence relation
at z = 0 from the (ELBAZ et al., 2011) study, representing the typical SFR-M, relation for star-forming
galaxies. For galaxies where we performed SED fitting using CIGALE, the SFR and M, values are
updated with our results, while values for other galaxies are adopted from (MORDINI et al., 2021) (SFR)
and (SCHOMBERT et al., 2019) (M, ). This figure highlights how AGN host galaxies populate the SFR-M,
plane relative to the main sequence, showcasing a variety of AGN activity levels.
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the Pearson correlation coefficient to generate a heatmap of all numerical variables, as
illustrated in Figure 5.13. Creating a heatmap at this stage serves a practical purpose:
with numerous variables in the dataset, it can be difficult to spot strong correlations and
potential redundancy simply by inspecting raw numbers. The visual layout of a heatmap
makes it easier to identify pairs (or clusters) of features that convey overlapping infor-
mation, which in turn helps refine our hypotheses and streamline further analysis. By
focusing on the variables that exhibit significant correlations, we can avoid excessive com-
plexity in our models and reduce potential multicollinearity issues. This targeted approach
not only enhances interpretability but also lays a more robust groundwork for subsequent
modeling efforts. Through this analysis, we discovered multiple instances of overlapping
or redundant information, leading us to reduce the dimensionality of our dataset for im-
proved interpretability. For example, certain outflow mass parameters showed particularly
strong correlations with star-formation rates, emphasizing the importance of minimizing
multicollinearity in subsequent modeling. By focusing on the most salient variables, we
were able to streamline the data and set the stage for more nuanced explorations in the

later sections of this thesis.

At the outset of the project, we followed the traditional data analysis pipeline: data
gathering, cleaning, aggregation, modeling, and visualization. This approach ensured that
the dataset was prepared systematically, addressing issues such as missing values, incon-
sistent measurements, and potential biases. The EDA stage was particularly instrumental
in identifying patterns, correlations, and anomalies within the data, as well as highlighting

areas where additional observations or corrections might be necessary.

Despite our efforts, several challenges arose due to incomplete data. For example, the
lack of sufficient photometric data points for some galaxies prevented the complete SED
fitting for the entire sample using CIGALE. Similarly, due to limited coverage and reso-
lution constraints, 3D-Barolo kinematic modeling could not be performed for all galaxies
in the TWIST sample. Another issue encountered was missing flux in the ALMA data, a
common challenge when working with interferometric observations. This flux loss, inher-
ent to observations with large arrays such as ALMA, can impact the accuracy of derived
molecular gas masses and outflow rates. These limitations underscore the need for addi-

tional observations to improve the completeness and reliability of the dataset.

In this appendix (Figure G), we present the results of the EDA in detail, including
the distribution of key parameters, correlations among variables, and potential outliers
or anomalies within the sample. Figure 5.13 provides a heatmap visualization of the
correlations between key parameters, offering clarity into the overall structure of the
dataset. Such visualizations help to identify regions where data is sparse, highlighting
areas that require further observations or modeling efforts. Moreover, they enable the

detection of possible anomalies and outliers that may warrant closer investigation.
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FIGURE 5.13 — Heatmap illustrating the Pearson correlation coefficients among key parameters in the
TWIST sample. Lighter shades denote strong positive correlations (values closer to +1), while darker
shades represent strong negative correlations (values closer to -1). This visualization not only reveals
potential redundancies or overlaps in information among parameters but also highlights regions of sparse
data or anomalies. Identifying these correlations early on helps streamline subsequent modeling by
reducing multicollinearity and focusing on the most salient features.
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While this analysis brings new information into the dataset, it is important to empha-
size that this is not a complete data analysis. The identified gaps in photometric coverage
and ALMA observations leave room for further work. Nevertheless, the EDA represents
an essential step in understanding the TWIST sample holistically, guiding the subsequent

steps in data modeling and interpretation.

In summary, the EDA highlights the strengths and limitations of the dataset, pro-
viding a clear pathway for refining the data and addressing gaps in future work. The
appendix serves as a detailed repository of this initial analysis, offering transparency and

a foundation for the subsequent investigations discussed in this thesis.

5.2.3.1 Outflow mass rate calculation

The calculation of mass outflow rates (M,,;) provides a quantitative measure of the
impact AGN-driven winds can have on their host galaxies by regulating star formation
and redistributing the ISM. Following the approach of (MAIOLINO et al., 2012), we define:

Vout M gas

M, out — R )
out

(5.14)
where v,y is the outflow velocity, Mg, is the mass of the outflowing gas, and Ry is the
maximum radial extent of the outflow. This formula assumes a steady-state flow with a

roughly uniform gas density across the outflow.

5.2.3.1.1 Extracting voy and Rgyyt. A common strategy to identify outflow kinematics
from an ALMA CO data cube is to compare two different fits to the galaxy’s line-of-sight
velocity field (SABATINT et al., 2018; SLATER et al., 2019). In the first fit, we assume pure
rotation, described by ((KRAJNOVIC et al., 2006)):

Vios(R, 0) = vsys + rot(R) sin(i) cos(h), (5.15)

where vy is the systemic velocity, vyor(R) is the rotation curve as a function of radius
R, 7 is the inclination of the disk, and @ is the azimuthal angle in the plane of the disk.
Subtracting this rotation-only model from the observed data cube yields a residual velocity

field that can highlight non-circular motions, including possible inflows or outflows.

Next, we include a radial velocity component:
Vios(R,0) = Usys + Urot(R) sin(i) cos(f) + vraa(R) sin(i) sin(0). (5.16)

Here, vpq(R) >0 indicates radial expansion (outflow) in the disk plane, whereas vyaq(R) <

0 corresponds to inflow. If introducing v;.q(R) # 0 substantially improves the fit, we
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interpret that as direct evidence of outflowing (or inflowing) gas.

Under this scheme, the local outflow velocity at radius R can be defined as
Vout (R) = vraq(R)  for vpaq(R) > 0.

Here, “local” indicates that the outflow velocity is determined at each individual radial
position within the galaxy. In other words, at every radius R, if the radial velocity v,.q(R)
is positive (i.e., the gas is moving outward), then this value is taken as the local outflow
velocity vou(R); regions where vy,q(R) is zero or negative (implying no outflow or inflow)
are excluded from this measurement. A single characteristic outflow velocity is then taken
as either the maximum or a flux-weighted mean of v,y (R) across the region with detected

outflow signatures. Likewise, the outflow radius is given by:
Ry = the largest radius for which vyq(R) > 0. (5.17)

We adopt this approach—implemented via 3D-BAROLO (see 5.2.1 —to measure Uoys
and R,y for each galaxy in our TWIST sample. Comparing the residual velocity fields
and channel maps between these two fits (pure rotation vs. rotation + radial) helps us

robustly identify the presence of outflowing gas.

5.2.3.1.2 Important Points in v,ot(R) and vyaq(R). When modeling a galaxy using
a tilted-ring approach, it is not uncommon to see critical abrupt transitions or discon-
tinuities in the derived rotation curve, v, (R), or radial velocity curve, v,q(R). These
can arise if the gas kinematics are altered by bars, rings, or warps in the disk, producing
abrupt changes in the best-fit parameters between consecutive rings. Non-axisymmetric
structures such as bars may drive inflows (negative v.,q) at certain radii and outflows
(positive v,5q) elsewhere, causing a sign change in v,q(R). In some AGN host galaxies,
inflow can dominate in the central region, while an outflow becomes significant at larger
radii. Inclination or position-angle changes can also manifest as discontinuities if the disk
is warped. In practice, inspecting residual maps, channel maps, and moment maps helps
confirm whether these “critical points” reflect genuine physical features or simply modeling

artifacts.

5.2.4 Outflow mass rate vs other parameters

To examine how AGN power correlates with the strength of the outflow, we plot
the mass outflow rate, Mout, as a function of AGN luminosity, Lagn, in Figure 5.14.
Our findings suggest that more luminous AGNs tend to drive higher outflow rates, in

agreement with scenarios in which powerful AGN episodes can eject or heat the central
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gas, reducing the fuel supply for star formation. This feedback can thus contribute to

regulating both star formation and black hole growth over cosmic time.
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FIGURE 5.14 — Mass outflow rate (Myy) as a function of AGN luminosity (Lye) for the TWIST sample
(see Table. 3.1) . Each data point represents a galaxy, with colors indicating AGN types. The dashed line
shows the best-fit trend, suggesting that galaxies with more luminous AGNs tend to have higher outflow
rates, indicative of stronger feedback processes.

Expanding on this analysis (see Appendix G), explores the outflow mass rate as a
function of a broad set of parameters. In addition to bolometric luminosity, distance, star
formation rate, stellar mass, and the mean velocity dispersion derived from BAROLO,
the analysis now incorporates parameters obtained from CIGALE (namely, the active
galactic nucleus fraction, active galactic nucleus accretion power, and active galactic nu-
cleus luminosity) as well as the average black hole accretion rate. The results indicate
that the outflow mass rate increases with increasing [O 1v] luminosity and molecular gas
mass. Regarding the average black hole accretion rate, the outflow mass rate rises when
the logarithm of the black hole mass is around 6, remains approximately constant until a
logarithm of 7, and then decreases. In terms of star formation rate, the outflow mass rate

is nearly independent and constant for galaxies with low star formation rates (with log-
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arithmic star formation rates below —0.2) and begins to increase for galaxies with higher
star formation rates (approaching a logarithmic value of 0). These results stand in con-
trast to previous predictions by (STORCHI-BERGMANN; SCHNORR-MULLER, 2019b), who
estimated the ratio of inflow rate to black hole accretion rate to be between 0.1 and 10;
in our analysis, the ratio of outflow mass rate to black hole accretion rate is considerably

higher, averaging between about 3 and 500.

Capb Additionally, the position of a galaxy relative to the star formation main sequence
provides further context for understanding the impact of AGN-driven outflows. Galax-
ies with high M, that fall below the main sequence are likely experiencing suppressed
star formation due to AGN feedback, while those closer to the main sequence typically
show lower outflow rates, indicating less disruptive feedback. This raises questions about
whether AGN activity alone is sufficient to move galaxies off the main sequence or whether

other processes, such as mergers or environmental interactions, also contribute.

A case study of NGC 4593 further illustrates the effects of AGN-driven outflows. In
this galaxy, the molecular gas outflow rate (Mout) is estimated to be between 1.32 and
8.82 M yr~!, with an outflow velocity of 90 to 120 km/s (Kianfar, K. et al., 2024). Located
approximately 2” (or 340 pc) from the nucleus, this outflow expels a molecular gas mass
of 0.5 to 2.5 x 10" M. Such feedback processes reduce the availability of cold gas in the

central regions, potentially quenching star formation and reshaping the ISM.

The implications of these findings extend beyond the host galaxies. By driving gas and
metals into the intergalactic medium (IGM), AGN outflows contribute to the chemical
enrichment of their surroundings, influencing the formation of nearby galaxies. More
luminous AGNs, which produce stronger outflows, are likely to have a more significant

role in shaping the composition of the IGM.

While these trends are compelling, the relatively small size of the TWIST sample
imposes limitations on the robustness of these results. Incomplete data, such as missing
CIGALE or BAROLO parameters, further restrict the analysis. Expanding the dataset

with additional observations will help validate these findings and reduce potential biases.

We also analyzed the molecular gas depletion time (7gep = Myas/SFR) as a function
of stellar mass (M,) for the sample, as shown in Figure 5.15. The results indicate that
galaxies with higher stellar masses exhibit longer depletion times. This suggests that
more massive galaxies retain molecular gas for extended periods, allowing sustained star
formation over longer timescales. For galaxies hosting luminous AGNs, AGN feedback
may act to reduce the available molecular gas, thus affecting their overall star formation

efficiency and depletion times.

The relationship between AGN bolometric luminosity (L) and SFR for the sample is

shown in Figure 5.16. A positive correlation is observed, where galaxies with higher L
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tend to exhibit higher SFRs. This suggests that AGN activity may coexist with ongoing
star formation, particularly in galaxies where AGN-driven outflows are less disruptive
or occur outside of active star-forming regions. However, for galaxies below the star
formation main sequence, this relationship weakens, likely due to stronger AGN feedback
suppressing star formation. These observations underline the dual role of AGNs in both

facilitating and regulating star formation within their host galaxies.
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Here, My, is defined as the total molecular gas mass derived from ALMA CO observations (Table 5.4)
using a standard CO-to-Hy conversion factor (see Section 5.1 for details). Each point represents a galaxy,
color-coded by AGN type, and the dashed line indicates the best-fit trend. The trend suggests that
galaxies with higher stellar masses tend to exhibit longer depletion times, implying that more massive
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6 Conclusion

In this study, we investigated the molecular gas dynamics and AGN feedback processes
in the TWIST sample, focusing initially on the Seyfert 1 AGN galaxy NGC 4593 as a de-
tailed case study. NGC 4593 was selected as the starting point for this analysis because
it offers comprehensive data, including ALMA CO(2-1) observations, multi-wavelength
photometry, and archival measurements, enabling a full exploration of kinematics, mor-
phology, and spectral properties. By applying and refining methodologies on this well-
studied galaxy, we developed a robust framework to analyze the broader TWIST sample

systematically.

For NGC 4593, we used ALMA CO(2-1) data to examine the molecular gas dynamics,
employing 3D-BAROLO and DISCFIT to model the kinematics and morphological features
of the molecular gas. Our kinematic analysis revealed a distinct one-arm structure in the
molecular gas distribution, consistent with an m = 1 density wave or perturbation. While
the gas exhibits predominantly regular rotational motion, non-circular velocities were
detected in the northeast region of the galaxy, approximately 2” to 3" (~ 220 pc) from the
center, indicating the presence of a molecular gas outflow. This outflow region contains
an estimated (0.5 — 2.5) x 107 My, approximately 10% of the total flux of the galaxy.
These findings are consistent with previous observations of kinematic perturbations in
the ionized gas (BARBOSA et al., 2006).

Using SED fitting performed with CIGALE, we characterized the galaxy’s SFR and
AGN contribution. The SED revealed a strong AGN component, with the AGN fraction
contributing 0.87 to the IR luminosity, highlighting the substantial role of AGN activity in
shaping the galaxy’s spectrum. Despite the high AGN luminosity (Lo > 10* erg/s), the
SFR in NGC,4593 remains moderate, suggesting a possible suppression of star formation
by AGN feedback. The molecular gas mass of the galaxy, estimated to be 1.0 ~ 5.0 x
108 My, further supports the hypothesis that AGN feedback influences gas availability in

the central regions.

With the methodologies tested and validated on NGC 4593, we extended our analy-
sis to the full TWIST sample. For each galaxy, we performed kinematic modeling using
3D-BAROLO and carried out spectral energy distribution fitting with CIGALE to derive
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key physical parameters such as molecular gas mass, star formation rate, AGN contribu-
tion, rotation curves, and non-circular motions. Although some galaxies had incomplete
datasets (e.g., photometric gaps or missing ALMA flux), we were able to robustly deter-

mine these parameters for a significant fraction of the sample.

A major outcome of our study is the estimation of outflow mass rates for 20 galaxies
(detailed in Chapter 5.2.3.1). These outflows, identified through residual maps and veloc-
ity dispersion profiles, underscore the role of AGN feedback in redistributing or removing
gas from the central regions. In our analysis, galaxies with pronounced AGN signatures
typically exhibit prominent outflows, with mass outflow rates increasing in tandem with

AGN bolometric luminosity.

Overall, the TWIST sample reveals a diverse range of molecular gas dynamics—from
AGN-driven outflows to bar-induced inflows—which highlights the complex interplay be-
tween AGN feedback, star formation, and gas kinematics. These results illustrate that,
while AGN feedback can suppress star formation in some cases, it may coexist with or
even promote star formation in others, depending on the local conditions and energy

distribution.
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TABLE A.1 — Photometry data for sample galaxies (Table 1)

id xray boxcar 2to10keV  xray 14 195filter FUV NUV
NGC1386 - - 0.0432 + 4.32 1.63
ESO420-G13 - - - -
NGC4845 - - 0.36 + 36.0 1.42 + 142.0
1C5063 0.00283 0.000268 4+ 0.0268 0.0441 + 4.41  0.118 £ 11.8
NGC1365 0.00213 0.000251 4+ 0.0251 46.1 + 4610.0 64.3 £ 6430.0
NGC4412 - - 2.99 +299.0 4.45 + 445.0
NGC6890 - - 0.0337 + 3.37 0.0864 + 8.64
NGC7314 0.00288 0.000227 4+ 0.0227 0.0178 + 1.78 0.0401 + 4.01
NGC4594 - - 23.3 £ 2330.0 34.0 £ 3400.0
I1C3639 - - - -
IC5169 - - 0.0133 £ 1.33 0.0443 + 4.43
NGC4941 0.000345 8e-05 £+ 0.00797 2.91 £ 291.0 4.7 £ 470.0
NGC4501 - - 12.5 £ 1250.0 25.4 4 2540.0
NGC1097 - - 33.1 £ 3310.0 49.7 £ 4970.0
NGC3627 - - 31.6 £ 3160.0 58.6 £ 5860.0
NGC7213 0.000834 0.000154 £ 0.0154 - -
NGC4486 - - 4.55 £+ 455.0  8.64 £ 864.0
NGC0424 0.013 8.5e-05 + 0.0085 0.0716 + 7.16  0.117 £+ 11.7
NGC1052 0.000517 0.000124 4+ 0.0124 0.661 + 66.1 1.21
NGC4303 - - 45.7 + 4570.0 61.4 £ 6140.0
M-06-30-15 0.00287 0.000235 4+ 0.0235 0.0293 £ 2.93 0.0759 + 7.59
Mrk1333 - - 0.0271 + 2.71  0.0533 £ 5.33
NGC3169 - - 6.25 + 625.0 11.2 £ 1120.0
NGC7590 - - 7.8 £780.0 11.4 4+ 1140.0
NGC7496 - - 0.739 £ 73.9 1.0 £ 100.0
NGC613 - - 15.1 £ 1510.0 24.7 4 2470.0
NGC1566 0.005 7.7e-05 £ 0.00772  55.2 £ 5520.0 67.3 £ 6730.0
NGC5806 - - 1.69 £ 169.0 4.61 £+ 461.0
NGC7582 0.035 0.000325 £+ 0.0325 2.94 £ 294.0 6.79 = 679.0
NGC4968 - - 0.0107 + 1.07 0.0236 + 2.36
NGC1125 - - - -
NGC4374 - - 2.09 + 209.0 2.73
NGC7172 0.00235 0.000632 £ 0.0632 - -
NGC1320 - - 0.0601 + 6.01 0.0832 + 8.32
NGC4418 - - - -
NGC4593 0.00246 0.000349 £+ 0.0349 1.48 £ 148.0 1.9 + 190.0
NGC1068 0.0185 0.00015 £ 0.015  23.0 £ 2300.0 43.9 £ 4390.0
NGC5861 - - 7.52 &£ 752.0 11.4 + 1140.0
NGC2992 0.000524 0.000129 4+ 0.0129 1.45 + 145.0 1.63 + 163.0
NGC3976 - - 4.02 £ 402.0 5.7 £ 570.0
NGC5506 0.00797 0.000946 4+ 0.0946 0.0474 £ 4.74 0.107 £ 10.7

Notes: This table presents selected photometric properties for sample galaxies. Values marked
-’ indicate unavailable data.
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TABLE A.2 — Photometry data for sample galaxies (Table 2)

id 2mass J 2mass H 2mass Ks spitzer irac chl
NGC1386 108.0 + 10800.0 137.0 + 13700.0 121.0 £+ 12100.0 201.0 £+ 20100.0
ES0O420-G13 49.7 4+ 4970.0 42.6 + 4260.0 61.4 + 6140.0 -
NGC4845 477.0 4+ 47700.0 64.3 + 6430.0 472.0 £ 47200.0 258.0 £+ 25800.0
I1C5063 57.7 &+ 5770.0 42.3 + 4230.0 66.1 + 6610.0 85.6 + 8560.0
NGC1365 152.0 = 15200.0 119.0 &+ 11900.0 1640.0 £ 164000.0 1200.0 £ 120000.0
NGC4412 15.0 £ 1500.0 8.66 *+ 866.0 15.6 £ 1560.0 50.3 £ 5030.0
NGC6890 42.8 + 4280.0 28.3 £ 2830.0 47.2 + 4720.0 44.5 + 4450.0
NGC7314 23.9 £ 2390.0 13.4 £ 1340.0 345.0 £ 34500.0 29.7 £+ 2970.0
NGC4594 623.0 £+ 62300.0 410.0 £ 41000.0 652.0 £ 65200.0 3810.0 £ 381000.0
1C3639 41.4 + 4140.0 33.2 £ 3320.0 46.3 + 4630.0 50.7 £+ 5070.0
1C5169 28.0 £ 2800.0 14.3 £ 1430.0 36.7 + 3670.0 -
NGC4941 57.3 & 5730.0 46.5 + 4650.0 334.0 £ 33400.0 180.0 &+ 18000.0
NGC4501 2080.0 £ 208000.0 2430.0 £ 243000.0 162.0 = 16200.0 1070.0 £ 107000.0
NGC1097 195.0 £ 19500.0 2110.0 £+ 211000.0 1860.0 £+ 186000.0 1200.0 £ 120000.0
NGC3627 2940NGC0424.0 £+ 294000.0 3410.0 + 341000.0 2780.0 &+ 278000.0 1740.0 £ 174000.0
NGC7213 197.0 + 19700.0 245.0 + 24500.0 211.0 £ 21100.0 174.0 + 17400.0
NGC4486 227.0 £ 22700.0 284.0 + 28400.0 2900.0 4+ 290000.0 1390.0 £ 139000.0
NGC0424 33.3 4+ 3330.0 39.5 £+ 3950.0 88.0 + 8800.0 207.0 £+ 20700.0
NGC1052 180.0 4+ 18000.0 134.0 4+ 13400.0 190.0 £+ 19000.0 338.0 + 33800.0
NGC4303 116.0 + 11600.0 92.4 £+ 9240.0 125.0 + 12500.0 44.5 4+ 4450.0
M-06-30-15 48.8 4+ 4880.0 46.7 + 4670.0 76.5 £ 7650.0 107.0 + 10700.0
Mrk1333 45.0 4+ 4500.0 40.3 + 4030.0 56.8 £+ 5680.0 70.4 4+ 7040.0
NGC3169 714.0 £ 71400.0 147.0 = 14700.0 738.0 + 73800.0 420.0 £ 42000.0
NGC7590 61.8 + 6180.0 42.1 + 4210.0 63.3 + 6330.0 160.0 = 16000.0
NGC7496 27.3 £+ 2730.0 20.3 £ 2030.0 29.5 £ 2950.0 126.0
NGC613 112.0 &+ 11200.0 75.4 £ 7540.0 890.0 £ 89000.0 567.0 £ 56700.0
NGC1566 125.0 + 12500.0 87.2 £+ 8720.0 137.0 = 13700.0 661.0
NGC5806 54.7 £+ 5470.0 40.9 + 4090.0 59.3 £ 5930.0 154.0 = 15400.0
NGC7582 104.0 &+ 10400.0 794.0 £ 79400.0 722.0 + 72200.0 458.0 £+ 45800.0
NGC4968 79.9 £+ 7990.0 27.3 £+ 2730.0 37.8 + 3780.0 38.4 £ 3840.0
NGC1125 - - - 26.8 + 2680.0
NGC4374 316.0 £+ 31600.0 390.0 £+ 39000.0 319.0 £ 31900.0 1160.0 £ 116000.0
NGC7172 248.0 + 24800.0 54.8 + 5480.0 295.0 £ 29500.0 176.0 + 17600.0
NGC1320 45.7 £+ 4570.0 - 55.0 £ 5500.0 64.4 + 6440.0
NGC4418 24.8 4+ 2480.0 20.1 £+ 2010.0 26.3 £+ 2630.0 10.9 4+ 1090.0
NGC4593 415.0 4+ 41500.0 66.2 + 6620.0 357.0 £ 35700.0 220.0 £+ 22000.0
NGC1068 511.0 £+ 51100.0 734.0 + 73400.0 1060.0 £ 106000.0 3800.0
NGC5861 18.3 £+ 1830.0 9.62 + 962.0 21.0 £ 2100.0 145.0 + 14500.0
NGC2992 186.0 + 18600.0 245.0 + 24500.0 218.0 £ 21800.0 116.0 + 11600.0
NGC3976 18.3 £ 1830.0 67.7 £ 6770.0 20.0 £ 2000.0 123.0 + 12300.0
NGC5506 191.0 & 19100.0 77.3 £ 7730.0 319.0 £ 31900.0 189.0 &+ 18900.0

Notes: This table presents selected photometric properties for sample galaxies. Values marked
-’ indicate unavailable data.

TABLE A.3 — Photometry data for sample galaxies

id

spitzer irac ch2

spitzer irac ch3

spitzer irac ch4

TRAS1

NGC1386
ES0O420-G13
NGC4845
1C5063
NGC1365
NGC4412
NGC6890
NGC7314
NGC4594
1C3639
1C5169
NGC4941
NGC4501
NGC1097
NGC3627
NGC7213
NGC4486
NGCo0424
NGC1052
NGC4303
M-06-30-15
Mrk1333
NGC3169
NGC7590
NGC7496
NGC613
NGC1566
NGC5806
NGC7582
NGC4968
NGC1125
NGC4374
NGCT7172
NGC1320
NGC4418
NGC4593
NGC1068
NGC5861
NGC2992
NGC3976
NGC5506

98.8 £ 9880.0

124.0 + 12400.0
327.0 £ 32700.0
2.69 £ 269.0
37.2 4+ 3720.0
27.7 + 2770.0
111.0 &+ 11100.0
50.4 £+ 5040.0

26.5 + 2650.0
64.6 + 6460.0
388.0 + 38800.0
1320.0 £+ 132000.0
138.0 + 13800.0
375.0
301.0 £ 30100.0
207.0 £ 20700.0
28.4 £ 2840.0
128.0 + 12800.0
272.0 £+ 27200.0
27.2 £+ 2720.0
21.0 + 2100.0

480.0 £+ 48000.0
285.0 + 28500.0
43.5 + 4350.0
24.4 £+ 2440.0
463.0 + 46300.0
127.0 + 12700.0
73.5 £ 7350.0
21.4 £ 2140.0
134.0 + 13400.0
5100.0

106.0 = 10600.0

568.0 + 56800.0

157.0 £ 15700.0

219.0 £ 21900.0
604.0 £ 60400.0
9.05 &+ 905.0
52.6 & 5260.0
32.6 + 3260.0
2180.0 &+ 218000.0
89.7 4+ 8970.0

28.4 £+ 2840.0
49.3 4+ 4930.0
906.0 £+ 90600.0
2200.0 + 220000.0
137.0 £+ 13700.0
302.0
414.0 £ 41400.0
163.0 = 16300.0
55.6 = 5560.0
157.0 = 15700.0
360.0 £ 36000.0
33.2 &+ 3320.0
47.5 + 4750.0

910.0 £ 91000.0
516.0 £ 51600.0
71.2 £ 7120.0
47.9 4+ 4790.0
285.0 £+ 28500.0
190.0 £+ 19000.0
117.0 £+ 11700.0

163.0 £+ 16300.0
13000.0

145.0 £+ 14500.0

732.0 + 73200.0

383.0 £ 38300.0

564.0 £+ 56400.0
3210.0 £+ 321000.0
25.3 £+ 2530.0
63.1 + 6310.0
43.8 + 4380.0
49.4 £+ 4940.0
416.0 £+ 41600.0

40.1 4+ 4010.0
2140.0 4+ 214000.0
4290.0 £+ 429000.0
7500.0 + 750000.0

172.0 = 17200.0
22.3 £ 2230.0
671.0 £ 67100.0
136.0 = 13600.0
141.0 & 14100.0
239.0 £ 23900.0
79.2 £+ 7920.0
182.0 &+ 18200.0
272.0 £ 27200.0

2110.0 £+ 211000.0
2070.0 + 207000.0
212.0 + 21200.0
160.0 + 16000.0
25.6 + 2560.0
328.0 £+ 32800.0
265.0 £ 26500.0

290.0 £ 29000.0
23000.0

251.0 £ 25100.0

1100.0 £ 110000.0

493.0 £ 49300.0
525.0 £+ 52500.0
404.0 £ 40400.0
1070.0 £ 107000.0
3370.0 = 337000.0
230.0 £ 23000.0
342.0 £ 34200.0
268.0 + 26800.0
740.0 £ 74000.0
643.0 + 64300.0
198.0 4+ 19800.0
184.0 4+ 18400.0
1020.0 £+ 102000.0
1990.0 £+ 199000.0
4170.0 £+ 417000.0
606.0 £+ 60600.0
231.0 £ 23100.0
1100.0 £ 110000.0
203.0 £ 20300.0
1060.0 £ 106000.0
380.0 + 38000.0
297.0 £+ 29700.0
1220.0 £ 122000.0
564.0 £+ 56400.0
347.0 £ 34700.0
997.0 £ 99700.0
831.0 + 83100.0
197.0 4+ 19700.0
1620.0 £+ 162000.0
391.0 + 39100.0
174.0 &+ 17400.0
165.0 + 16500.0
437.0 4+ 43700.0
330.0 £ 33000.0
935.0 £ 93500.0
344.0 £ 34400.0

36100.0 £ 3610000.0

522.0 £+ 52200.0
630.0 £+ 63000.0
199.0 &+ 19900.0
1280.0 £ 128000.0

Notes: This table presents selected photometric properties for sample galaxies.

Values marked ’-’

indicate unavailable data.
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TABLE A.4 — Black hole accretion rate of the local AGN TWIST sample.

NAME

BHARI1

BHAR2

NGC0424
NGC613

NGC1052
NGC1068
NGC1097
NGC1125
NGC1320
NGC1365
NGC1386

ESO420-G13

NGC1566
NG(C2992
NGC3169
NGC3627
NGC3976
NGC4303
NGC4374
NGC4412
NGC4418
NGC4486
NGC4501
NGC4593
NGC4594
1C3639
Mrk1333
NGC4845
NGC4941
NGC4968
M-06-30-15
NGCH506
NGC5806
NGC5861
NGC6890
1C5063
NGCT7172
NGC7213
1C5169
NGC7314
NGC7496
NGC7582
NGC7590

0.0164-0.0592
0.00091-0.00920
0.00021-0.00354
0.1455-0.2419
0.00044-0.00580
0.0224-0.0724
0.00971-0.04230
0.0521-0.1248
0.0038-0.0233
0.0342-0.0952
0.000618-0.00717
0.0368-0.0998
9.62e-05-0.00216
4.26e-05-0.00128
0.000196-0.003419

2.46e-05-0.00090

0.000169-0.00311

0.001005-0.00981
0.0122-0.0490

0.000106-0.00210
0.0114-0.0470

0.00189-0.01473
0.01497-0.05589
0.00692-0.0340
0.0434-0.0110

0.00282-0.01905
0.0712-0.1526
0.0156-0.0575

0.00033-0.00478

0.00673-0.0334

0.0341-0.0950
0.000625-0.00722

0.0342-0.0971
0.000187-0.000558
0.000155-0.000463

0.2206-0.6156

0.00863-0.0248
0.0122-0.0351
0.00804-0.0232
0.00393-0.0114
0.02479-0.07063
0.000283-0.000840
0.0194-0.0555

1.76e-05-5.38e-05

0.00337-0.00978

0.0198-0.0565

0.00144-0.00421
0.0258-0.0730

0.00409-0.01186

0.01013-0.02909

0.00518-0.0150
0.06194-0.1749
0.0111-0.0318

0.00530-0.0153

0.01573-0.0450

Notes: This table presents from the left to right. for each galaxy of the sample: NAME, black
hole accretion rate (BHAR1) derived from the flux of the [OIV] line and the calibration given
by (MORDINI et al., 2021), blach hole accretion rate (BHAR2) derived from the flux of the [NeV]

line and the calibration given by (MORDINT et al., 2021),
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TABLE A.5 — 3D-Barolo and TWIST results for the galaxies in the sample.

NAME o [km/s] log(Maynamicat) [Mo] log(Mpn) [Mo]  Moutiow [Ma] Mz [Mo]
NGC0424 9.588 9.789 4.130 1.726 7.047
NGC613 6.589 11.415 6.507 8.995 8.459
NGC1125 2.178 9.740 4.175 0.152 7.447
NGC1320 3.650 10.775 5.836 0.413 7.591
ESO420-G13 7.181 9.246 6.751 6.075 8.732
NGC1566 9.118 11.556 4.594 2.218 8.114
NGC2992 11.932 11.216 7.501 3.754 8.232
NGC4593 2.564 10.521 6.903 1.253 8.100
1C3639 2.622 10.920 6.907 12.755 8.108
Mrk1333 14.027 11.041 6.104 19.184 8.260
NGC4845 6.573 10.954 5.011 0.125 8.167
NGC4941 4.872 11.115 8.676 0.367 7.012
M-06-30-15 4.481 9.632 5.028 - 7.112
NGC5506 13.487 10.781 6.481 1.307 7.861
NGC5861 7.552 9.092 5.412 1.821 7.800
NGC6890 2.363 11.023 6.225 1.685 7.946
I1C5063 19.794 11.276 7.086 1.553 7.947
NGC7172 26.944 10.702 7.595 1.210 8.285
IC5169 7.919 10.667 6.375 2.464 8.196
NGC7496 5.544 11.263 7.310 3.339 8.126

Notes: This table is presented from left to right. Galaxy name, velocity mean dispersion,
logarithm of dynamical mass, logarithm of BH mass, outflow mass rate, molecular gas mass
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TABLE A.6 — CIGALE-derived parameters for galaxies (Part 1)

Name LigacN/Lirtotal  10g(LAGN torus [€18 S_l]) log(LacN disc (€18 S_l])
I1C5063 0.1202 35.8540 37.1089
NGC7314 0.0998 34.1150 35.6604
1C3639 0.0850 35.5297 36.6462
NGC0424 0.2057 35.5505 37.4431
NGC7582 0.0761 35.6273 36.8466
NGC1068 0.2014 36.6152 36.9346
NGC5506 0.1984 35.2630 37.0365
NGC6890 0.1599 35.2538 36.0273
NGC4941 0.1897 34.7224 34.5942
NGC4968 0.2795 36.4780 35.5457
NGCT7172 0.2982 36.5299 35.6206
NGC4593 0.8763 36.1938 36.0961
ES0O420-G13 0.0010 33.8151 33.4596
NGC1052 0.0033 36.1389 35.9340
M-06-30-15 0.1849 35.4070 36.5410
NGC1566 0.1777 36.2999 37.1342
NGC2992 0.0755 35.4006 36.0864
NGC1125 0.1312 36.0444 35.2234
I1C5169 0.0010 33.7656 32.7489
NGC1320 0.1557 35.5508 36.3708
NGC7496 0.1013 35.5328 34.9390
NGC5H861 0.2948 35.2520 36.1378
NGC4845 0.1257 35.3542 35.2005
NGC613 0.0602 35.3843 36.1899

Mrk1333 0.0548 35.4637 36.0222
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TABLE A.7 — CIGALE-derived parameters for galaxies (Part 2)

Name log(LAGN,total dust [erg S_l]) log(LAGN,6 pm [erg S_l]) 10g<LAGN,aCC pow [erg S_l])
IC5063 35.8540 36.4460 36.7097
NGC7314 34.1150 34.9777 35.2612
1C3639 35.5297 35.9982 36.2470
NGC0424 35.5505 36.7481 37.0439
NGCT7582 35.6273 36.1873 36.4474
NGC1068 36.6152 36.5261 36.5355
NGC5H506 35.2630 36.3446 36.6374
NGC6890 35.2538 35.5023 36.8650
NGC4941 34.7224 34.4398 35.4870
NGC4968 36.4780 36.0228 36.7764
NGCT7172 36.5299 36.2068 36.6926
NGC4593 36.5102 35.7847 36.4924
ESO420-G13 33.8151 33.5276 34.5076
NGC1052 36.1389 35.8957 36.8863
M-06-30-15 35.4070 35.8947 36.1419
NGC1566 36.2999 36.5775 36.7350
NGC2992 35.4006 35.5230 35.6872
NGC1125 36.0444 35.6198 36.3678
IC5169 33.7656 33.3697 33.9824
NGC1320 35.5508 35.8190 37.2091
NGC7496 35.5328 35.1309 36.0388
NGChH861 35.2520 35.5770 37.0269
NGC4845 35.3542 35.1531 36.1610
NGC613 35.3843 35.6429 37.0199

Mrk1333 35.4637 35.9518 36.8888
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TABLE A.8 — CIGALE-derived parameters for galaxies (Part 3)

Name 1Og(LAGrN [erg S_lb 10g(Lstellar [erg S_l]) lOg(M* /MG))
I1C5063 37.1324 37.0464 9.7599
NGC7314 35.6726 35.5828 8.7996
1C3639 36.6782 36.9230 9.7512
NGC0424 37.4486 36.5057 9.4187
NGCT7582 36.8720 36.9935 9.9271
NGC1068 37.1047 37.3301 9.7110
NGC5506 37.0438 36.3592 9.4295
NGC6890 36.0949 36.5948 9.6356
NGC4941 34.9640 35.9516 9.2913
NGC4968 36.5260 37.0719 9.6083
NGCT7172 36.5804 37.1489 9.9147
NGC4593 36.6518 37.4025 10.6469
ES0O420-G13 33.9738 37.1420 10.1853
NGC1052 36.3495 40.1415 13.1674
M-06-30-15 36.5718 36.4571 9.6923
NGC1566 37.1936 37.0976 9.6588
NGC2992 36.1678 37.1510 10.3993
NGC1125 36.1055 37.0251 9.4955
I1C5169 33.8055 36.8835 9.5464
NGC1320 36.4320 36.7966 9.8455
NGC7496 35.6314 36.5796 8.9109
NGC5861 36.1909 36.2985 8.6236
NGC4845 35.5852 36.4365 9.3290
NGC613 36.2531 36.9800 9.3110

Mrk1333 36.1282 36.9413 10.0625
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TABLE A.9 — CIGALE-derived parameters for galaxies (Part 4)

Name log(MsteHar gas [M(D]) log(SFRintegrated [MG) yr_1]> 1Og(SF];{current [M(D yr_l])
I1C5063 9.6545 10.0114 1.5830
NGC7314 8.7462 9.0747 0.0286
1C3639 9.6577 10.0080 1.0838
NGC0424 9.3375 9.6810 0.3917
NGCT7582 9.8474 10.1901 1.1907
NGC1068 9.5239 9.9285 3.4872
NGC5506 9.3653 9.6996 0.2326
NGC6890 9.5753 9.9075 0.3728
NGC4941 9.2461 9.5704 0.0434
NGC4968 9.4565 9.8400 1.8048
NGCT7172 9.8042 10.1640 1.8642
NGC4593 10.5490 10.9017 0.4290
ESO420-G13 10.1049 10.4480 1.2877
NGC1052 13.0372 13.4082 776.6334
M-06-30-15 9.6414 9.9686 0.2134
NGC1566 9.5174 9.8949 1.9039
NGC2992 10.3469 10.6749 0.9369
NGC1125 9.3296 9.7214 1.6733
I1C5169 9.4105 9.7848 0.9941
NGC1320 9.7817 10.1158 0.5555
NGC7496 8.7136 9.1244 0.6179
NGC5861 8.4275 8.8376 0.3193
NGC4845 9.2353 9.5857 0.3384
NGC613 9.1138 9.5245 1.5518

Mrk1333 9.9936 10.3304 0.7641
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TABLE A.10 — CIGALE-derived parameters for galaxies (Part 5)

Name log(SFR1gomyr [Me yr'])  log(SFRiomyr [Mo yr ™))
IC5063 1.5921 1.5839
NGC7314 0.0291 0.0287
I1C3639 1.0952 1.0848
NGC0424 0.3959 0.3921
NGCT7582 1.2051 1.1920
NGC1068 3.4904 3.4875
NGC5506 0.2357 0.2329
NGC6890 0.3782 0.3733
NGC4941 0.0444 0.0435
NGC4968 1.8163 1.8059
NGCT7172 1.8893 1.8664
NGC4593 0.4689 0.4325
ESO420-G13 1.3166 1.2903
NGC1052 844.0440 782.4715
M-06-30-15 0.2167 0.2137
NGC1566 1.9144 1.9049
NGC2992 0.9552 0.9385
NGC1125 1.6797 1.6739
IC5169 1.0179 0.9963
NGC1320 0.5658 0.5564
NGC7496 0.6178 0.6179
NGChH861 0.3193 0.3193
NGC4845 0.3434 0.3388
NGC613 1.5516 1.5518

Mrk1333 0.7784 0.7654
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FIGURE B.1 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the Seyfert 2 galaxy MCG-05-11-06. The Moment 0 map shows the integrated intensity,
the Moment 1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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emission line for the galaxy NGC 1320. The Moment 0 map shows the integrated intensity, the Moment
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FIGURE B.10 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the galaxy NGC 424. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.



APPENDIX B. TWIST SAMPLE RESULTS 161

12 200
-29°24'a5" -29°24'a5"
150
10
100
s E AR 3
25'00" 25'00" p . ? 50
. & . A 2
2 H 2 T e H
2 6 3 2 . }3"» o >
= > S g
8 G 3 o s
g : g
3 X -50
15" % 15"
4 2 -
o ~100
N
. N .
& 2 > -150
30°] To25Re 30" T025pc e
N ~200
1"34m20° 19¢ 18° 17 1"34m20° 19¢ 18° 17
Right Ascension Right Ascension

-29°24'45" 80
70
60 ’g
25'00" 2
s 505
8 403
S z
150 8
309
20
10
30"
0
1"34m20° 19° 18° 17

Right Ascension
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200
175
-
-5°32'45" 150 _5°32:45 150
2 100
125 .
33'00" £ 33'00" =
< S c g
g g £ o §
1003 <
3 2 E 3
° 075§ ° o=
15" s 15"
x
3
0.50 -0
N
30" 30" _
0.25 ; 912 100
-92pc
E
A -150
13"04m15% 14° 13° 12° 11° 13"04m15% 14° 13° 12° 11°
Right Ascension Right Ascension

80
-5°32'45"

60 £

33'00" <

2 g

8 3

a 40 5

15" 3

<

20
30"
- 0
13"04m15° 148 13 128 18

Right Ascension
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emission line for the galaxy NGC 6890. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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FIGURE B.15 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the galaxy NGC 3976. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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FIGURE B.16 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the galaxy NGC 4412. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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FIGURE B.17 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the galaxy NGC 4593. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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FIGURE B.18 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the galaxy NGC 4968. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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FIGURE B.19 — Moment 0 (left), Moment 1 (center), and Moment 2 (right) maps of the CO(2 — 1)
emission line for the galaxy NGC 5506. The Moment 0 map shows the integrated intensity, the Moment
1 map shows the velocity field, and the Moment 2 map displays the velocity dispersion.
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FIGURE C.1 — Intensity, velocity, and dispersion maps for IC 5169 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.2 — Intensity, velocity, and dispersion maps for IC 5063 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.3 — Intensity, velocity, and dispersion maps for IC 3639 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.4 — Intensity, velocity, and dispersion maps for Mrk 1333 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.5 — Intensity, velocity, and dispersion maps for MCG-5-11-06 using 3D-BAROLO with az-
imuthal normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals
for intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.6 — Intensity, velocity, and dispersion maps for MCG-6-30-15 using 3D-BAROLO with az-
imuthal normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals
for intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.7 — Intensity, velocity, and dispersion maps for NGC 424 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.8 — Intensity, velocity, and dispersion maps for NGC 613 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for

intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.9 — Intensity, velocity, and dispersion maps for NGC 1125 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.10 — Intensity, velocity, and dispersion maps for NGC 1320 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.11 — Intensity, velocity, and dispersion maps for NGC 1566 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.12 — Intensity, velocity, and dispersion maps for NGC 2992 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).



APPENDIX C. TWIST SAMPLE RESULTS 3D-BAROLO RESULTS (MAPS3

DATA MODEL RESIDUAL

INTENSITY

0.02 0.04 0.06 0.08 0.10 ~0.025 0.000 0.025
Intensity (jy*km/s) les (jy*km/s)

VELOCITY
\).(\
5
ff," e
. 3
o
¥
'%l,' y

1
-150 -100 -50 0 50 100 150 -50 0 50
Vios (km/s) Vies (km/s)

qi'A't";"t‘-';!"ﬂ‘fl"‘." -
4 T S >€ - 'f» i
ey g " e ¥
e S »_.Lvé

26 28 30 32 34 36 38 40 -25 0 25
o (km/s) Oes (km/s)

DISPERSION

FIGURE C.13 — Intensity, velocity, and dispersion maps for NGC 4845 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.14 — Intensity, velocity, and dispersion maps for NGC 4941 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.15 — Intensity, velocity, and dispersion maps for NGC 5506 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.16 — Intensity, velocity, and dispersion maps for NGC 5861 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.17 — Intensity, velocity, and dispersion maps for NGC 6890 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.18 — Intensity, velocity, and dispersion maps for NGC 7172 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE C.19 — Intensity, velocity, and dispersion maps for NGC 7496 using 3D-BAROLO with azimuthal
normalization. Each panel contains a grid of 3x3 images showing the data, model, and residuals for
intensity (top row), velocity (middle row), and velocity dispersion (bottom row).
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FIGURE D.1 — Position-Velocity (p-v) diagram for IC 5169 using 3D-BAROLO with azimuthal normal-
ization.
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FIGURE D.2 — Position-Velocity (p-v) diagram for IC 5063 using 3D-BAROLO with azimuthal normal-
ization.
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FIGURE D.3 — Position-Velocity (p-v) diagram for MCG-5-11-06 using 3D-BAROLO with azimuthal

normalization.
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ization.
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FIGURE D.14 — Position-Velocity (p-v) diagram for NGC 4941 using 3D-BAROLO with azimuthal nor-
malization.
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FIGURE D.17 — Position-Velocity (p-v) diagram for NGC 6890 using 3D-BAROLO with azimuthal nor-
malization.
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Galaxy Parameter Visualization for IC5169
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FIGURE E.1 — Best-fit parameters for the galaxy 1C5169. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for MCG-6-30-15
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FIGURE E.2 — Best-fit parameters for the galaxy MCG-6-30-15. From top left to bottom right, the
subplots show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion
with error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for MCG-5-11-06
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FIGURE E.3 — Best-fit parameters for the galaxy MCG-5-11-06. From top left to bottom right, the
subplots show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion
with error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc1566
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FIGURE E.4 — Best-fit parameters for the galaxy ngc1566. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for IC5063
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FIGURE E.5 — Best-fit parameters for the galaxy IC5063. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 613
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FIGURE E.6 — Best-fit parameters for the galaxy ngc613. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 1125
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FIGURE E.7 — Best-fit parameters for the galaxy ngc1125. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 1320
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FIGURE E.8 — Best-fit parameters for the galaxy ngc1320. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 2992
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FIGURE E.9 — Best-fit parameters for the galaxy ngc2992. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 4845
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FIGURE E.10 — Best-fit parameters for the galaxy ngc4845. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc_ 4941

—e— \/_rot (Smoothed) Dispersion —e— \/_rad (Smoothed) —e— Surface Density — = V_rot Trendline — = V_rad Trendline

Rotation Velocity (Smoothed)

250 20

T 15
@ 200 ZE:
= =
= =
— {=]
B w10
| @
S| 150 2
fa)
5
100
0
0 2 4 6 0
Radius (arcsec)
Radial Velocity (Smoothed)
30
15
w
20 E
=
T o)
& z !
= 0 2
g a8
= 1 g
£ 05
=
-20 v
-30
0
0 2 4 6 0

Radius (arcsec)

elocity Dispersion

4 G

Radius (arcsec)

Surface Density

4 G

Radius (arcsec)

FIGURE E.11 — Best-fit parameters for the galaxy ngc4941. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 5506
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FIGURE E.12 — Best-fit parameters for the galaxy ngcb506. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for TOL1238-364
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FIGURE E.13 — Best-fit parameters for the galaxy IC3639. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 5861
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FIGURE E.14 — Best-fit parameters for the galaxy ngcb861. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 6890
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FIGURE E.15 — Best-fit parameters for the galaxy ngc6890. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 7496
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FIGURE E.16 — Best-fit parameters for the galaxy ngc6890. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for ngc 424
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FIGURE E.17 — Best-fit parameters for the galaxy ngc424. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface
Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for NGC7172
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FIGURE E.18 — Best-fit parameters for the galaxy NGC7172. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Galaxy Parameter Visualization for Mrk1333
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FIGURE E.19 — Best-fit parameters for the galaxy Mrk1333. From top left to bottom right, the subplots
show Rotation Velocity with trendline and error bars as a function of radius, Velocity Dispersion with
error bars as a function of radius, Radial Velocity with trendline as a function of radius, and Surface

Density as a function of radius for the galaxy.
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Line Profile Emission
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FIGURE F.1 — Line emission profile of the IC 5169 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.



229

APPENDIX F. TWIST SAMPLE RESULT - LINE PROFILE EMISSION
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FIGURE F.2 — Line emission profile of the NGC 424 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE F.3 — Line emission profile of the ngc 1320 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE F.4 — Line emission profile of the ngc 613 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.
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FIGURE F.5 — Line emission profile of the ngc 2992 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.
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FIGURE F.6 — Line emission profile of the ngc 5861 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.
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FIGURE F.7 — Line emission profile of the ngc 4845 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.
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FIGURE F.8 — Line emission profile of the ngc 4941 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE F.9 — Line emission profile of the ngc 1566 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.
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FIGURE F.10 — Line emission profile of the ngc 7496 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE F.11 — Line emission profile of the ngc 6890 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE F.12 — Line emission profile of the ngc 5506 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular
gas.
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FIGURE F.13 — Line emission profile of the Mrk1333 derived from ALMA CO(2-1) observations (Project
ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents the
observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE F.14 — Line emission profile of the MCG-6-30-15 derived from ALMA CO(2-1) observations
(Project ID: 2017.1.00236.S), showing flux density as a function of velocity. The solid blue line represents
the observed data (above the 3-sigma threshold), the orange dashed line corresponds to the 3D-BAROLO
modeling result, and the red dash-dot line indicates the residual flux, obtained by subtracting the model
from the observed data cube. This profile highlights the kinematic structure and distribution of molecular

gas.
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FIGURE G.1 — Scatter plot of exploratory data analysis for scatter BHAR avg part 1
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FIGURE G.2 — Scatter plot of exploratory data analysis for scatter BHAR avg part 2
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FIGURE G.5 — Scatter plot of exploratory data analysis for scatter F 12 part 1
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FIGURE G.6 — Scatter plot of exploratory data analysis for scatter F 12 part 2
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FIGURE G.7 — Scatter plot of exploratory data analysis for scatter F CO21 part 1
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FIGURE G.8 — Scatter plot of exploratory data analysis for scatter F CO21 part 2
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FIGURE G.9 — Scatter plot of exploratory data analysis for scatter L bol part 1
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FIGURE G.10 — Scatter plot of exploratory data analysis for scatter L bol part 2
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FIGURE G.13 — Scatter plot of exploratory data analysis for scatter Log L IR part 1
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FIGURE G.15 — Scatter plot of exploratory data analysis for scatter Log MH2 3kpc part 1
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FIGURE G.16 — Scatter plot of exploratory data analysis for scatter Log MH2 3kpc part 2
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FIGURE G.17 — Scatter plot of exploratory data analysis for scatter M H2 Barolo avg part 1



APPENDIX G. TWIST EXPLORATORY DATA ANALYSI

259

M,(BAROLO)) (Mo)

My, (BAROLO)) (Mo)
YOy § 2 2 2 o @
s » & 8 %2 & 8

N

8.75

My,(BAROLO)) (Mo)

8.50

Mit,(BAROLO)) (Mo)
3

7.50

7.25

My, (BAROLO)) (Mo) vs Stellar Mass (Mo)

My,(BAROLO)) (Mo) vs SFRiomyr (CIGALE, Mo/yr)

My, (BAROLO)) (M) vs Max Velocity (km/s)

1 2 3 4 H 6 7
log Mgt (Mo)

AGN_Type AGN_Type AGN_Type
sih sih sih
s2 2 s2 s2
UN uN 9.0 UN

s1 s1
S8 I
£ =z
= = 85
g g
=} =)
o7 ]
4 4
3 3
= S 80
# z
T =
75
5
875 900 925 950 975 1000 1025  10.50 000 025 050 075 100 125 150 175 100 200 300 400 500
Stellar Mass (Mo) SFR1omyr (CIGALE, Mo/yr) Max Velocity (km/s)
M,(BAROLO)) (Mo) vs Mean Velocity Dispersion (km/s) M,(BAROLO)) (Mo) vs Mean Inclination (degrees) My,(BAROLO)) (M) vs Peak Surface Density (Mo/pc?)
887 AGN_Type 16 AGN_Type
sih sih
86 s2 s2
uN uN
8.4 st 1 s1
3 3
R £ 82 =
e g e ] S
— 5 80 3
4 4
< <
S 78 3
s s

AGN_Type 1.8
sth
2 74 e, 002020202
uN 8
s1 72

2 4 6 8 10 12 1 20 30 0 50 60 70 80 500 1000 1500 2000 2500 3000
Mean Velocity Dispersion (km/s) Mean Inclination (degrees) Peak Surface Density (Mo/pc?)
My,(BAROLO)) (M) vs Radius at Max Velocity (kpc) M,(BAROLO)) (Mo) vs log Maynamical (BAROLO, Mo) My,(BAROLO)) (M) vs Outflow Rate (Central) (Mo/yr)
88 AGN_Type
2.00 S
86 s2
875 o
= 8.4 ) s1
— = =
2o2| S
3 e 3
2 w0 — |3 825
L H
< 78 a 8
E E
= = s
AGN_Type 767 AGN_Type
sih sih
s 4 b 7.50
uN uN
s1 7.2 s1 7.25
2 4 6 8 10 2 1 16 85 20 o 100 10.5 110 25 50 . 10.0 125 15.0 175
Radius at Max Velocity (kpc) 109 Maynamical (BAROLO, Mo) Outflow Rate (Central) (Mo/yr)
Mi,(BAROLO)) (Mo) Vs log Ma (Mo)

AGN_Type
sih
s2
un
s1

FIGURE G.18 — Scatter plot of exploratory data analysis for scatter M H2 Barolo avg part 2
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FIGURE G.19 — Scatter plot of exploratory data analysis for scatter Max Velocity BAROLO part 1
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FIGURE G.20 — Scatter plot of exploratory data analysis for scatter Max Velocity BAROLO part 2
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FIGURE G.21 — Scatter plot of exploratory data analysis for scatter Mean Dispersion BAROLO part 1
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FIGURE G.22 — Scatter plot of exploratory data analysis for scatter Mean Dispersion BAROLO part 2
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FIGURE G.23 — Scatter plot of exploratory data analysis for scatter Mean Inclination BAROLO part 1
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FIGURE G.24 — Scatter plot of exploratory data analysis for scatter Mean Inclination BAROLO part 2
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FIGURE G.25 — Scatter plot of exploratory data analysis for scatter Peak Surface Density BAROLO
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FIGURE G.28 — Scatter plot of exploratory data analysis for scatter Radius Max Velocity BAROLO part
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FIGURE G.29 — Scatter plot of exploratory data analysis for scatter SFR part 1
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FIGURE G.30 — Scatter plot of exploratory data analysis for scatter SFR part 2
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FIGURE G.31 — Scatter plot of exploratory data analysis for scatter agn.fracAGN CIGALE part 1
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FIGURE G.32 — Scatter plot of exploratory data analysis for scatter agn.fracAGN CIGALE part 2
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FIGURE G.33 — Scatter plot of exploratory data analysis for scatter agn.luminosity CIGALE part 1
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FIGURE G.34 — Scatter plot of exploratory data analysis for scatter agn.luminosity CIGALE part 2
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FIGURE G.35 — Scatter plot of exploratory data analysis for scatter log L. OIV part 1
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FIGURE G.36 — Scatter plot of exploratory data analysis for scatter log L OIV part 2
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FIGURE G.37 — Scatter plot of exploratory data analysis for scatter log M star part 1
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FIGURE G.40 — Scatter plot of exploratory data analysis for scatter outflow rate central part 2
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FIGURE G.42 — Scatter plot of exploratory data analysis for scatter sth.sfr10Myrs CIGALE part 2
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FIGURE G.43 — Scatter plot of exploratory data analysis for scatter stellar.lum CIGALE part 1
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FIGURE G.44 — Scatter plot of exploratory data analysis for scatter stellar.lum CIGALE part 2
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FIGURE G.45 — Scatter plot of exploratory data analysis for scatter stellar.m star CIGALE part 1
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FIGURE G.46 — Scatter plot of exploratory data analysis for scatter stellar.m star CIGALE part 2
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Best model for NGC0424
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FIGURE H.1 — SED for NGC 424 using CIGALE

1073 1072 107! 100 10! 10?2

. CIGALE

A

o -



APPENDIX H. SED 289

Best model for IC3639
(z=0.0109, reduced x?=2.7)

104 F " steliar attenuated o T e e
—=- Stellar unattenuated ]
—— Dust emission
103 AGN emission
—— Radio SF nonthermal
— del rum
102 7 e foves
I) Observed fluxes
1
2 10
E
(9]
107!
1072
10-3F
1f
0T |
B2 Of--mmmmmmmmmmmm e e I e
L i
-1 . “m'—3 — “““I—Zl . “““I—ll . “““IO — “““I1 — “““IZ — I3 CIGALE
10 10 10 10 10 10 10 =
Observed A (um) iy
FIGURE H.2 — SED for 1C3639 using CIGALE
Best model for IC5063
(z=0.0113, reduced x?=1.2)
4l stelaratenvated T T n T
10 E—-- StzH:rj::tteiEeated
E— Dust emission
103 2 AGN emission
F —— Radio SF nonthermal
[ === Model spectrum
102 E @ Model fluxes
F (O Observed fluxes
= 10%f
- 100}
n g ]
107 3
1072 E
2
107 3
1E
r Obs-Mod)/Obs 1
0= 3 ]
> S
BD Of-———mmm e R e oo E
QP
o o i
-1 - “““I—3 = “““I—Z. ‘ “““I—ll ‘ “““IO = ‘.‘mll = “““IZ = “““I; ciGaLe
10 10 10 10 10 10 10 ga .
Observed A (um) i
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Best model for NGC1068
(z=0.003, reduced x?>=3.3)
stellar attenuated T T T T
[ === Stellar unattenuated
105 E_— Ztust emisstifjn t
F AGN emission
104 |-— Radio SF nonthermal
F =—— Model spectrum
103 5 ot
= 102
E T
A 101§'
100 3
1071 3 \:
10-2 |
E 1
1

Relative
residual
o

103
102

10!

Sy (m)y)

Relative
residual
o

(Obs-Mod)/Obs 1

100

1073 1072 1071 10° 10! 102 103
Observed A (um)
FIGURE H.4 — SED for NGC 1068 using CIGALE
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Best model for NGC2992
(z=0.007, reduced x?>=1.1)
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FIGURE H.9 — SED for NGC 4941 using CIGALE
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Best model for NGC6890
(z=0.008, reduced x?>=2.6)
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FIGURE H.12 — SED for NGC 6890 using CIGALE
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FIGURE H.13 — SED for NGC 7314 using CIGALE
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Best model for NGC7582
(z=0.0052, reduced x?=5.1)
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FIGURE H.14 — SED for NGC 7582 using CIGALE

Best model for M-06-30-15
(z=0.007, reduced x?=0.71)
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FIGURE H.15 — SED for M-06-30-15 using CIGALE
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Best model for ES0420-G13
(z=0.0119, reduced x?=1.8e+01)
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FIGURE H.16 — SED for M-05-11-06 using CIGALE

Best model for IC5169
(z=0.0104, reduced x?=6.6)
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FIGURE H.17 — SED for IC5169 using CIGALE
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Best model for NGC1125
(z=0.0109, reduced x?=2.5)
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FIGURE H.18 — SED for NGC1125 using CIGALE
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FIGURE H.19 — SED for MRK1333 using CIGALE
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Best model for NGC613
(z=0.00494, reduced x?=1.1e+01)
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FIGURE H.20 — SED for NGC613 using CIGALE

Best model for NGC7496
(z=0.0055, reduced x?=5.1)
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FIGURE H.21 — SED for NGC7496 using CIGALE



APPENDIX H. SED 299

Best model for NGC5861
(z=0.00617, reduced x?=1.3e+01)
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FIGURE H.22 — SED for NGC5861 using CIGALE
Best model for NGC4845
(z=0.00411, reduced x?=1e+01)
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FIGURE H.23 — SED for NGC4845 using CIGALE
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Best model for NGC7172
(z=0.00868, reduced x?>=6.5)
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FIGURE H.24 — SED for NGC7172 using CIGALE
Best model for NGC1052
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FIGURE H.25 — SED for NGC1052 using CIGALE
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