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Abstract:
Supermassive black holes (SMBHs) are known to correlate with host-galaxy
properties, often interpreted as evidence for merger-driven co-evolution. How-
ever, many nearby disc-dominated galaxies lack signatures of major mergers
while still hosting actively accreting SMBHs, providing a means to study secular
growth processes.

In this thesis, we examine whether large-scale stellar bars influence SMBH
growth in disc-dominated, merger-free galaxies hosting Type 1, unobscured ac-
tive galactic nuclei (AGN). Using a sample of disc galaxies hosting Type 1 AGN
with little to no bulge component, together with follow-up spectroscopy and high-
resolution HST imaging, we investigate the relationships between bar strength,
black hole mass, and bolometric luminosity. We find no significant correlation
between bar strength and black hole mass, but identify a moderate negative
correlation between bar strength and bolometric luminosity.

Abstrakt:
Supermasivní černé díry (SMBH) jsou známy tím, že korelují s vlastnostmi svých
hostitelských galaxií, což je často interpretováno jako důkaz koevoluce řízené
galaktickými srážkami. Řada blízkých diskových galaxií však postrádá známky
významných srážek, přesto hostí aktivně akreující SMBH, což umožňuje studium
sekulárních procesů růstu.

V této práci zkoumáme vliv galaktických příček na růst supermasivních
černých děr v diskových galaxiích bez významných srážek, které hostí nezakrytá
aktivní galaktická jádra (AGN) typu 1. Na základě vzorku diskových galaxií s
AGN typu 1 s minimální nebo žádnou výdutí, doplněného o následnou spek-
troskopii a vysokorozlišovací snímky z dalekohledu HST, analyzujeme vztahy
mezi silou příčky, hmotností černé díry a bolometrickou svítivostí. Nezjišťujeme
žádnou významnou korelaci mezi silou příčky a hmotností černé díry, avšak
nacházíme mírnou negativní korelaci mezi silou příčky a bolometrickou svítivostí.
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Chapter 1

Introduction

Supermassive black holes (SMBHs) are now known to reside at the centres of
most massive galaxies and to correlate tightly with several host-galaxy prop-
erties. These scaling relations are often interpreted as evidence for a coupled
evolutionary history in which black holes and their host galaxies grow alongside
each other [Shankar et al., 2020]. In the conventional framework, major merg-
ers are thought to play a dominant role in galaxy evolution. They drive violent
inflows of gas, trigger intense starbursts and fuel luminous active galactic nu-
clei (AGN), thereby contributing to the growth of both bulges and central black
holes.

Since major mergers tend to destroy stellar discs and produce prominent,
dispersion-supported bulges, galaxies lacking a classical bulge are generally un-
derstood to have avoided significant merger events (see Section 2.1.1). However,
many nearby galaxies are strongly disc-dominated and show little or no sign
of a classical bulge, yet still host actively accreting SMBHs. This raises a key
question: how do supermassive black holes grow in galaxies that have evolved
without major mergers? [Barnes et al., 1991, Simmons et al., 2017]

Secular processes are slow, internal evolutionary processes in galaxies, driven
by structures like bars and spiral arms rather than by galaxy mergers. In merger-
free systems, secular processes must dominate the evolution of both the stel-
lar disc and the central black hole. Non-axisymmetric structures—in particu-
lar large-scale stellar bars—are especially important in this context. Bars re-
distribute angular momentum, rearrange disc material into rings and central
concentrations, and are theoretically expected to drive gas inwards toward the
central kiloparsec [Sellwood and Wilkinson, 1993, Kormendy and Kennicutt,
2004]. This bar-driven inflow can, in principle, both build pseudobulges (Section
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2.1.1) and supply gas to fuel AGN activity. Yet, despite decades of theoreti-
cal and numerical work on bar dynamics, observational constraints on how bar
strength relates to SMBH growth in clearly merger-free galaxies remain limited.
Previous studies have often been hampered by small samples or uncertain black
hole mass estimates.

Disc-dominated AGN hosts provide an ideal laboratory for isolating secular
growth channels. These galaxies lack massive classical bulges and show no ev-
idence of recent major mergers, implying that any substantial SMBH growth
must have occurred through internal processes such as bar- or spiral-driven in-
flows. At the same time, Type 1 (unobscured) AGN in these systems offer direct
access to broad emission lines whose widths and luminosities can be used to es-
timate black hole masses via single-epoch virial methods [Greene and Ho, 2005].
This makes it possible to examine whether the properties of the central black
hole correlate with the strength of the bar in the surrounding disc.

The central aim of this thesis is to investigate whether bar strength influences
SMBH growth in disc-dominated, non-merger galaxies hosting Type 1 AGN.
More specifically, we address the following questions:

1. How does black hole mass in disc-dominated, merger-free AGN hosts relate
to the strength of their large-scale stellar bars?

2. Does bar strength correlate with bolometric luminosity, and therefore with
the current accretion rate onto the SMBH?

In other words, the goal is to test whether stronger bars are associated with more
massive black holes, more actively accreting black holes, neither, or both.

To address these questions, we use the disc-dominated Type 1 AGN sam-
ple introduced by [Simmons et al., 2017], consisting of galaxies with little or
no bulge and no evidence for major mergers, which are ideal for studying sec-
ular evolution. This sample is supplemented with follow-up spectroscopy from
the Shane 3m Telescope at Lick Observatory [Garland et al., 2023] and high-
resolution HST imaging with detailed structural decompositions [Fahey et al.,
2025]. These datasets provide reliable broad-line measurements for virial black
hole mass estimates and quantitative bar parameters from GALFIT modelling.

The remainder of this thesis is organised as follows. Chapter 2 reviews the
theoretical background on supermassive black holes, AGN, galactic morphology,
barred galaxies, and secular evolution, and introduces the virial method used
for black hole mass estimation. Chapter 3 describes the observational datasets
employed in this work, including the SDSS, Lick, and HST samples, and the
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construction of the disc-dominated AGN host sample. Chapter 4 details the
derivation of emission-line and structural parameters, the Hα-based black hole
mass estimates, and the bar-strength metric. The main results, including the
relationships between bar strength, black hole mass, and bolometric luminosity,
are presented in Chapter 5. Chapter 6 discusses the implications of these findings
for SMBH growth in merger-free galaxies. Prospects for future work are discussed
in Chapter 7.
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Chapter 2

Theoretical Background

2.1 Galaxies
Galaxies are some of the most complex structures in the Universe, encompassing
a wide range of masses, morphologies, and evolutionary histories. At a fundamen-
tal level, a galaxy may be formally defined as “a gravitationally bound collection
of stars whose properties cannot be explained by a combination of baryons and
Newton’s laws of gravity” [Willman and Strader, 2012]. This definition distin-
guishes galaxies from smaller stellar systems by requiring dynamical properties
that cannot be explained by baryonic matter under Newtonian gravity, a criterion
that in standard cosmological models is typically associated with the presence of
dark matter. Since AGN activity is intimately linked to the large-scale structure
of their host galaxies, we next review the main morphological classes of galaxies
and the structural features relevant to black hole fuelling [Willman and Strader,
2012].

2.1.1 Galactic structures: bulges, pseudobulges, and bars

Classical Bulges and Pseudobulges

Bulges are dense central stellar components commonly found in disc galaxies, but
observations and theoretical work indicate that they can form through distinct
evolutionary pathways. Classical bulges are thought to originate from rapid and
violent processes, such as early dissipative collapse and galaxy mergers, which
dominate galaxy evolution at early cosmic times [Eggen et al., 1962, Toomre,
1977, Sandage, 1990]. These processes produce dynamically hot, spheroidal struc-
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tures resembling elliptical galaxies. A visual illustration of a galactic bulge em-
bedded within a stellar disc is shown in Figure2.1.

In contrast, pseudobulges are central components that form more gradu-
ally from disc material rather than through mergers [Kormendy and Kennicutt,
2004]. Although pseudobulges can appear similar to classical bulges in surface
brightness, they retain clear signatures of their disc origin. Observationally, pseu-
dobulges tend to be flatter, show higher levels of rotational support, and exhibit
lower central velocity dispersions than expected for classical bulges of similar
luminosity [Kormendy and Gebhardt, 2001, Kormendy and Kennicutt, 2004].
They often display nearly exponential surface brightness profiles and may con-
tain nuclear spirals, nuclear bars, or ongoing central star formation [Courteau,
1996, Carollo, 1999].

The coexistence of classical bulges, pseudobulges, and even bulgeless disc
galaxies in the present-day Universe demonstrates the diversity of bulge forma-
tion, highlighting the importance of internal processes in shaping the central
regions of disc galaxies[Kormendy and Kennicutt, 2004]. Because major mergers
efficiently disrupt stellar discs and build dispersion-supported classical bulges,
the absence of a classical bulge is therefore commonly interpreted as evidence
that a galaxy has not experienced a major merger.

Galactic Bars

Galactic bars are very common structural features in disc galaxies. Near-infrared
observational studies show that a large fraction of disc galaxies host bars, with
56% classified as strongly barred and an additional 16% as weakly barred [Es-
kridge et al., 2000]. In optical wavelengths, this number is closer to 30% [Mas-
ters et al., 2010]. Bars display a wide range of morphologies, varying in length,
thickness, and shape, from thin and elongated to short and boxy or peanut-like
structures.

Bars undergo significant changes in shape as they evolve. Numerical simula-
tions show that bars tend to grow longer and more symmetric over time, and
that ring-like structures can develop around them, similar to the inner rings ob-
served in many barred galaxies [Buta, 1987]. When galaxies are viewed edge-on,
bars also thicken vertically and appear boxy or peanut-shaped. Observations in-
dicate that these boxy or peanut-shaped structures are not separate bulges, but
rather bars seen from an edge-on perspective [Contopoulos and Papayannopou-
los, 1980]. This behaviour illustrates the strong link between bar evolution and
the three-dimensional structure of disc galaxies.
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Figure 2.1: Artist’s impression of the central bulge of the Milky Way.
The central bulge appears as a bright, dense concentration of stars at the galaxy’s
centre, embedded within the flattened stellar disc. From this perspective, the
disc and spiral arms form a thin band intersected by dust lanes, while the bulge
dominates the central light distribution. The image provides a visual illustration
of a galactic bulge as discussed in Section 2.1.1 (Image source: [ESO, 2013]).

The evolution of bars is driven by the redistribution of angular momentum
within the galaxy. Angular momentum is mainly emitted by material near reso-
nances within the bar region and absorbed by resonant material in the outer disc
and the dark matter halo [Lynden-Bell and Kalnajs, 1972, Athanassoula, 2003].
As the bar loses angular momentum, it becomes stronger and its rotation slows
down. The dark matter halo plays an important role in this process, as it can
absorb a substantial amount of angular momentum despite being dynamically
hotter than the stellar disc [Athanassoula, 2003].

2.1.2 Morphological Classification of Galaxies

Galaxies can be systematically divided into various types on the basis of their
appearance or their integrated spectra [Binney and Merrifield, 1998]. The most
widely used appearance-based morphological classification system is the Hubble
sequence, which groups galaxies into ellipticals (E), spirals (S), and irregular
(Irr). Spirals are further divided into normal (S) and barred (SB) types, and
lenticular galaxies (S0) form a transitional class between ellipticals and spirals.
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These categories are organised in Hubble’s well-known tuning-fork diagram, as
seen in Figure 2.2, which he mistakenly interpreted as an evolutionary sequence,
giving rise to the terms early-type and late-type galaxies [Kormendy and Ben-
der, 1996, Carroll and Ostlie, 2017]. Beyond the standard Hubble classification,
alternative schemes—particularly the de Vaucouleurs system—incorporate the
symbols (r) and (s) to distinguish galaxies that exhibit ring structures from
those that do not [Binney and Merrifield, 1998].

Figure 2.2: Schematic representation of the Hubble galaxy morphologi-
cal classification sequence. Galaxies are arranged along the so-called Hubble
sequence according to their visual morphology, ranging from elliptical galaxies
(E0–E7) on the left to spiral galaxies on the right. Spiral galaxies are subdivided
into normal spirals (Sa–Sc), characterised by increasingly open spiral arms and
decreasing bulge prominence, and barred spirals (SBa–SBc), which exhibit a cen-
tral stellar bar. Lenticular galaxies (S0) occupy an intermediate position between
ellipticals and spirals. This classification is based purely on morphology and does
not represent an evolutionary sequence [Hubble, 1936, Kormendy and Bender,
1996]

.

2.1.3 Subclassifications of Spiral Galaxies

According to Fix [2007], approximately 80% of galaxies in the local Universe
are observed to be disc-dominated systems, most of which are classified as spiral
galaxies. A normal spiral galaxy consists of a bright central concentration simi-
lar in appearance to an elliptical galaxy, embedded within a thin disc. This disc
contains spiral patterns of increased brightness, known as spiral arms. In barred
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spiral galaxies, a linear bar structure is present inside the region occupied by the
spiral arms. This bar often includes dark lanes, which are thought to result from
dust absorbing starlight. In such galaxies, the spiral arms usually originate at
the ends of the bar. Both normal and barred spirals are further subdivided into
subclasses. These subdivisions are defined using a combination of three classifi-
cation criteria. The first criterion concerns the relative prominence of the central
luminous bulge and the role the outer disc plays in shaping the galaxy’s overall
light distribution. Additional classification criteria include how tightly the spiral
arms are wound and how distinctly they can be resolved into individual stars.
Although this combination of criteria may seem unsatisfactory at first, it is sup-
ported by the fact that these properties are strongly correlated. In particular,
galaxies with prominent central bulges tend to display tightly wound spiral arms
that are not well resolved into stars. As a result, astronomers independently clas-
sifying galaxies usually arrive at very similar type assignments [de Vaucouleurs,
1959, 1963, Binney and Merrifield, 1998].

Early-type spiral galaxies—located toward the left side of the Hubble dia-
gram, are characterised by large, bright central bulges and smooth, tightly wound
spiral arms. These galaxies are classified as Sa or SBa, depending on whether
they are unbarred or barred. In contrast, late-type spirals have smaller central
brightness concentrations and loosely wound arms that are highly resolved into
stars; these systems are designated Sc or SBc. Galaxies with intermediate proper-
ties fall into the Sb and SBb classes. Intermediate stages of bulge prominence and
arm tightness are labelled Sab, Sbc, and related types [Binney and Merrifield,
1998].

2.1.4 Barred Spiral galaxies

Barred galaxies form a large and diverse subset of disc galaxies, with near-
infrared observations revealing that approximately 60% of luminous disc galax-
ies contain a bar [Oh et al., 2012]. Classical catalogues, largely based on optical
classifications, generally find that strongly barred galaxies constitute roughly
one-quarter to one-third of disc galaxies. However, infrared observations reveal
additional bars in systems classified as unbarred at optical wavelengths, suggest-
ing that the true bar fraction is likely higher [Sellwood and Wilkinson, 1993].
Bars that vary widely in strength, size, and associated structures such as rings,
spiral arms, dust lanes, and central gas concentrations. Bars occur across the full
range of disc morphologies in the Hubble sequence, and their apparent strengths
form a continuous distribution, from weak oval distortions to strong, elongated
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bars, making the boundary between barred and unbarred systems partly sub-
jective [Oh et al., 2012]. Ellipticals, despite sometimes appearing elongated, lack
the disc–bulge structure of barred spirals and are not included in this category
[Sellwood and Wilkinson, 1993]. A schematic illustration of the main structural
components of a barred spiral galaxy is shown in Figure2.3.

The light distribution of barred galaxies is commonly decomposed into disc,
bulge, and bar components, although quantitative separation remains challeng-
ing. In the inner regions, the mass is dominated by stars, with gas acting mainly
as a tracer, while dark matter becomes dynamically important only in the outer
disc. Barred galaxies are dynamically evolved systems whose long-lived stellar
orbits indicate structures shaped by slow, secular processes rather than by short-
lived transients. Their morphology, including rings, lenses, and central concen-
trations, is broadly consistent with theoretical expectations for evolution driven
by non-axisymmetric gravitational potentials [Sellwood and Wilkinson, 1993],
[Kormendy and Kennicutt, 2004].

Because bars efficiently redistribute angular momentum, they can funnel
gas toward the central regions of disc galaxies, contributing to circumnuclear
star formation and the build-up of central gas reservoirs [Galloway et al., 2015,
Silva-Lima et al., 2022]. These secular processes are particularly relevant for un-
derstanding merger-free pathways of galaxy evolution, as a significant fraction
of AGN are hosted by disc-dominated systems with no recent major mergers
[Garland et al., 2023]. In this context, bars represent plausible mechanisms for
supplying gas to the central few hundred parsecs, potentially facilitating the
fuelling of supermassive black holes, while additional dynamical processes are
likely required to drive gas inflow on smaller scales [Silva-Lima et al., 2022].

2.1.5 Galaxy evolution

Galaxies are believed to originate from the gravitational collapse of very large gas
clouds, initially much more extended than present-day galaxies. Interactions with
neighbouring gas clouds imparted rotation to these systems through gravitational
forces. Disc galaxies in particular appear to have conserved a large fraction of
this initial angular momentum during their evolution.

In hierarchical models of structure formation, large galaxies grow through
the accretion of smaller systems, making galaxy evolution a gradual process
occurring over cosmic timescales [Carroll and Ostlie, 2017]. Galactic evolution
can proceed through a range of pathways, including slow internal processes that
shape galaxy structure and regulate star formation.
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Figure 2.3: Schematic representation of a typical barred spiral galaxy.
Illustrated here using the Milky Way as an example. The left panel shows a
top-down view of the galaxy, highlighting the central stellar bar, spiral arms,
galactic bulge, and extended stellar disc embedded within a dark matter halo.
The right panel presents a side-on view, illustrating the vertical structure of
the galaxy, including the thin and thick stellar discs, the bulge, the stellar halo,
and the surrounding dark matter halo. Approximate characteristic spatial scales
of the different components are indicated. This diagram emphasises the multi-
component structure of barred spiral galaxies and the role of the central bar
within the disc (Image source:[AstroWiki]).

Secular Evolution

Secular evolution describes the slow, internal rearrangement of mass and energy
in galaxies, in contrast to the rapid, merger-driven evolution that dominated
the early universe. As merger rates decline at low redshift, these long-timescale
internal processes, operating far more slowly than the dynamical time, become
increasingly important. Secular evolution is driven by interactions between stars
or gas and large-scale non-axisymmetric structures such as bars, oval discs, spiral
patterns, and triaxial halos, rather than by direct stellar encounters, which are
too slow to have significant dynamical effects. It is effective across cosmic time, as
suggested by galaxies that maintain thin, fragile discs yet show little or no bulge
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component [Sellwood and Wilkinson, 1993, Kormendy and Kennicutt, 2004].
A major consequence of secular processes is the gradual formation of pseudob-

ulges: dense central components built slowly from disc gas rather than through
mergers. Simulations show that bars rearrange disc material into outer rings,
inner rings, and central concentrations, efficiently funnelling gas to small radii
where it reaches high densities that can fuel star formation. SB(s) morphology
is favoured when the bar is weak or rapidly rotating, while SB(r) structure is
associated with bars that have become stronger and slower through angular-
momentum transport; the rarity of inflow-related dust lanes in SB(r) galaxies is
consistent with this interpretation. Secular evolution is not limited to galaxies
that are barred today, since bars can self-destruct after building up central mass
concentrations, and global spiral structure can also drive slower but significant
long-term evolution [de Vaucouleurs, 1959, 1963, Kormendy, 1979, Kormendy
and Kennicutt, 2004].

Observationally, many barred and oval galaxies contain dense, actively star-
forming centres with young stellar populations, supporting the secular forma-
tion of pseudobulges. These components retain clear signatures of their disc ori-
gin—flattened shapes, rotation-dominated kinematics, low velocity dispersions1,
exponential profiles, and nuclear spirals or bars—and they often host circumnu-
clear starbursts. Their formation on timescales of a few billion years, consistent
with measured gas densities and star-formation rates, demonstrates that secu-
lar evolution is a viable and complementary pathway to hierarchical merging in
building central galactic structure [Kormendy, 1979, Elmegreen and Elmegreen,
1985, Kormendy and Kennicutt, 2004].

Galaxy collisions

Galactic evolution is also influenced by gravitational encounters between galax-
ies, which can reshape galactic structure. Observations and numerical simula-
tions have shown that interactions and mergers can significantly alter galaxy
morphology and internal properties [Barnes et al., 1991]. Such events can trigger
enhanced star formation and drive gas toward galactic centres, where it may
contribute to luminous nuclear activity. As a result, major mergers have tra-
ditionally been viewed as an important mechanism driving galaxy evolution,

1Stellar velocity dispersion, σ, measures the typical random speeds of stars in a galaxy and
is strongly correlated with the mass of the central supermassive black hole through the MBH–σ
relation [Merritt and Ferrarese, 2001]. However, differences in how σ is measured can introduce
systematic uncertainties in this relation [Merritt and Ferrarese, 2001].
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as they can redistribute stars from rotation-supported discs into dispersion-
supported bulges and ellipticals [Barnes et al., 1991]. SMBHs exhibit correlations
with several host-galaxy properties, relations that have often been interpreted
as evidence of merger-driven coevolution [Kormendy and Ho, 2013]. However,
studies of moderate-luminosity AGN indicate that many such systems reside in
disc-dominated galaxies with no enhanced merger incidence relative to inactive
galaxies [Simmons et al., 2017]. In these hosts, significant black hole growth can
occur without substantial bulge formation, suggesting the presence of merger-
free growth channels [Simmons et al., 2017, Garland et al., 2023]. This work
builds on this framework by examining how bar strength relates to SMBH mass
in disc-dominated, merger-free systems.

2.2 Active Galactic Nuclei (AGN)
Many galaxies host unusually compact point-like sources at their centres, known
as active galactic nuclei (AGN) [Binney and Merrifield, 1998]. More specifically,
AGN are the luminous centres of galaxies in which a supermassive black hole,
exceeding the mass of 105 solar masses, is actively accreting gas and dust [Net-
zer, 2015], producing intense radiation, jets, and winds capable of influencing
the evolution of their host galaxies. These central engines can emit so much ra-
diation that they dominate the total luminosity of their host galaxies [Binney
and Merrifield, 1998]. As material spirals inward through the accretion disc, it
becomes extremely hot and emits energy across the entire electromagnetic spec-
trum, from X-rays to radio wavelengths. In addition, if the black hole possesses
angular momentum, electromagnetic processes may extract energy directly from
its rotation [Urry and Padovani, 1995].

The multi-scale structure of AGN, from the central engine to large-scale jets,
is illustrated in Figure 2.4. The main components of AGN and their observational
classification are summarised in the unified model shown in Figure 2.5.

2.2.1 Supermassive Black Holes

Supermassive black holes (SMBHs) reside at the centres of nearly all large galax-
ies and contain masses ranging from several hundred thousand to many billions
of solar masses, far exceeding those of stellar-mass black holes [Shankar et al.,
2020]. Despite extensive observational evidence, their origins remain uncertain.
The presence of extremely massive black holes in very distant galaxies indicates
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Figure 2.4: Multi-scale view of the active galactic nucleus (AGN) in
NGC 4261. The left panel shows a ground-based optical and radio image, re-
vealing large-scale radio jets extending tens of kiloparsecs from the galaxy centre.
The right panel presents a high-resolution Hubble Space Telescope (HST) image
of the central region, resolving a compact, rotating disc of gas and dust sur-
rounding the nucleus on scales of a few hundred light-years. This circumnuclear
structure is interpreted as the obscuring material invoked in unified models of
AGN, feeding the central supermassive black hole while collimating the rela-
tivistic jets. The different spatial scales illustrated highlight the connection be-
tween small-scale accretion processes and large-scale jet activity (Image source:
[NASA/ESA, 1997]).
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Figure 2.5: Schematic illustration of the unified model of AGN. The
central engine consists of a supermassive black hole surrounded by an accretion
disc, which produces intense optical, ultraviolet, and X-ray radiation. A dusty,
geometrically thick torus obscures the central regions along certain lines of sight,
while ionised gas located at different distances gives rise to the broad-line region
(BLR) and narrow-line region (NLR). Relativistic jets may be launched perpen-
dicular to the accretion disc, producing radio-loud AGN when oriented close to
the observer’s line of sight. The observed AGN class (e.g., Seyfert 1 and 2 galax-
ies, radio-quiet and radio-loud quasars, narrow-line and broad-line radio galaxies,
and blazars) depends primarily on the viewing angle relative to the torus and jet
axis, as well as on the presence or absence of strong radio emission. The diagram
is not to scale [Urry and Padovani, 1995]. (Image source: [Alexander, 2022]).

that some SMBHs were already in place within the first billion years of cos-
mic history, implying rapid early growth. One possible explanation is that they
formed from the collapse of unusually massive stars in the early universe, giving
them a substantial initial mass from which to grow [Kormendy and Richstone,
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1995, Kormendy and Ho, 2013].
Direct evidence for SMBHs comes from the motions of stars and gas in galac-

tic centres. Dynamical mass estimates derived from stellar velocity dispersions or
gas rotation curves reveal compact central objects with masses consistent with
supermassive black holes. Such objects are found in both spiral and elliptical
galaxies [Carroll and Ostlie, 2017].

SMBH masses also exhibit strong empirical correlations with global proper-
ties of their host galaxies. The most widely studied relations are those linking
black hole mass to stellar mass and, even more strongly, to stellar velocity dis-
persion. In particular, SMBH mass scales approximately with the fourth or fifth
power of the velocity dispersion, suggesting a close connection (or co-evolution)
between galaxies and their central black holes. Analyses of the residuals in these
relations indicate that velocity dispersion is the most fundamental predictor of
black hole mass, with stellar mass playing a more secondary role. [Kormendy
and Ho, 2013, Shankar et al., 2020].

Because different observational methods probe black hole masses over dif-
ferent ranges of luminosity and distance, studies often rely on AGN-based virial
estimators, which allow masses to be measured even when the sphere of influence
cannot be resolved. These techniques are discussed in detail in Section 2.3.

2.2.2 Types of AGN

According to Heckman and Best [2014], AGN in the local Universe can be broadly
divided into two principal categories based on their dominant mode of energy
output: radiative-mode AGN, in which most of the power is emitted as elec-
tromagnetic radiation through efficient accretion onto the central supermassive
black hole, and jet-mode AGN, in which the primary energetic output is carried
by collimated relativistic jets. Radiative-mode AGN include the traditionally
defined Seyfert galaxies and quasi-stellar objects (QSOs). In this framework,
Seyfert galaxies correspond to lower-luminosity radiative AGN, historically dis-
tinguished from QSOs primarily by luminosity and redshift rather than by in-
trinsic physical differences. Within this population, orientation effects give rise
to Type 1 (unobscured) and Type 2 (obscured) AGN, as described by the unified
model [Antonucci, 1993] (see Section 2.2.3). A small fraction of radiative-mode
AGN are radio-loud and produce powerful jets. In contrast, jet-mode AGN, his-
torically known as low-excitation radio galaxies, are associated with radiatively
inefficient accretion flows such as advection-dominated accretion flows and radia-
tively inefficient accretion flows [Narayan and Yi, 1994, 1995, Narayan, 2005] and
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are commonly classified as Fanaroff–Riley type I or II radio galaxies [Fanaroff
and Riley, 1974]. At the lowest luminosities, low-ionisation nuclear emission-line
regions populate the faint end of the AGN distribution, with the most powerful
systems likely representing low-luminosity jet-mode AGN [Heckman and Best,
2014].

Considering the focus of this thesis, particular attention is given to the
orientation-based classification of radiative-mode AGN. Type 1 AGN are ob-
served from a line of sight close to the polar axis of the obscuring structure
surrounding the central engine. From this viewing angle, there is a direct view
of the supermassive black hole, the geometrically thin accretion disc, the hot
corona, and the broad-line region. As a result, Type 1 AGN exhibit broad per-
mitted emission lines, produced by dense gas clouds with velocity dispersions
of several thousand km/s. Their optical, ultraviolet, and soft X-ray emission is
directly observable. Type 2 AGN, on the other hand, are observed from a line
of sight closer to the equatorial plane of the obscuring dusty molecular struc-
ture. In this orientation, the accretion disc, corona, and broad-line region are
hidden from direct view. The presence of the AGN is instead inferred indirectly
through thermal infrared emission from heated dust, hard X-rays that can pene-
trate the obscuring material, and narrow permitted and forbidden emission lines
originating in the more extended narrow line region [Heckman and Best, 2014].
Permitted emission lines arise in relatively dense gas close to the central source,
where common radiative transitions can occur efficiently and the gas motions
are often dominated by rotation or gravity. In contrast, forbidden emission lines
are produced in very diffuse gas, where particles are far enough apart for these
weak transitions to occur, and they are commonly associated with outflowing
material such as disc winds [Nemer and Goodman, 2024]. These emission lines
are relatively narrow, indicating that the gas moves at speeds of only a few hun-
dred kilometres per second [Heckman and Best, 2014]. A schematic classification
of active galactic nuclei is shown on the Figure 2.6.

2.2.3 A Unified Model of AGN

Despite the wide variety of observed AGN types, evidence indicates that all are
powered by the same basic mechanism: accretion onto a central supermassive
black hole [Carroll and Ostlie, 2017]. As introduced earlier, a surrounding dis-
tribution of gas and dust can block radiation from the inner regions depending
on the orientation of the observer [Urry and Padovani, 1995]. The observed di-
versity among AGN is therefore understood to arise largely from differences in
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Figure 2.6: Schematic classification of active galactic nuclei (AGN) as a
function of accretion mode, radiative efficiency, and radio properties. The dia-
gram separates AGN into jet-mode systems at low Eddington ratios (L/LEdd ≲
0.01) and radiative-mode systems at higher Eddington ratios (L/LEdd ≳ 0.01).
The vertical axis distinguishes radio-loud from radio-quiet AGN, while the hori-
zontal axis indicates whether the observed emission is dominated by host-galaxy
light or by direct AGN emission. Jet-mode AGN, often associated with radia-
tively inefficient accretion flows, include low-excitation radio galaxies and LIN-
ERs, and are characterised by weak ionising continua and prominent radio jets.
Radiative-mode AGN are divided into Type 1 and Type 2 systems depending
on orientation and obscuration, and include Seyfert galaxies and quasars, which
exhibit strong optical emission lines and, in some cases, powerful radio emission.
The figure illustrates how accretion state, radio activity, and orientation jointly
determine the observed AGN class Heckman and Best [2014].

viewing angle, with additional contributions from variations in accretion rate and
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black hole mass. A unified model of AGN is the hypothesis that the broad range
of AGN observational properties can be primarily explained by differences in a
restricted set of physical parameters [Netzer, 2015], and thus must explain why
objects that are physically very similar can appear observationally very different.

To explain in more detail, the central engine is embedded within a complex
environment composed of several gaseous components. Dense clouds moving at
high velocities in the deep gravitational potential near the black hole give rise
to broad optical and ultraviolet emission lines. At larger distances, more slowly
moving gas produces emission lines with narrower profiles. Between these emit-
ting regions and the observer lies an intervening distribution of gas and dust,
often described as a toroidal or warped structure, which absorbs and blocks radi-
ation along certain viewing directions [Urry and Padovani, 1995, Netzer, 2015].
AGN emission is therefore highly directional rather than uniform in all direc-
tions. Obscuration by dusty material prevents direct observation of the innermost
regions along some lines of sight, whereas energetic outflows launched along the
rotational axis form collimated jets. On small scales, plasma within these jets
moves at relativistic speeds, causing radiation to be strongly enhanced in the
direction of motion because of relativistic beaming. These effects introduce a
pronounced dependence of the observed properties on the orientation of the ob-
server relative to the AGN axis [Urry and Padovani, 1995, Netzer, 2015, Hickox
and Alexander, 2018]. Because the overall structure of an AGN is approximately
axisymmetric, its appearance changes substantially with viewing angle. Objects
that share the same underlying physical structure may therefore exhibit very
different observational characteristics, leading them to be classified into distinct
AGN types. The unified model of AGN provides a framework for interpreting
this diversity by proposing that these different classes do not represent funda-
mentally different kinds of objects, but rather the same phenomenon observed
from different perspectives. This unification is a crucial step toward identifying
which intrinsic properties—such as black hole mass, spin, accretion rate, host
galaxy characteristics, and environmental interactions—play the dominant role
in shaping accretion processes, jet production, and radiation output [Urry and
Padovani, 1995, Heckman and Best, 2014, Netzer, 2015].

2.2.4 Broad-Line Region and Emission Lines

The broad-line region (BLR) is a dense, inner region of an active galactic nucleus
located approximately 1015m from the central engine [Carroll and Ostlie, 2017],
composed of ionised gas that produces the characteristic broad emission lines
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observed in AGN spectra. These lines are broadened by large gas velocities that
are gravitationally dominated, indicating that the BLR gas is moving primarily
under the influence of the central supermassive black hole [Gaskell, 2009]. The
BLR forms a thick, flattened structure that is closely linked to the surrounding
dusty torus. It intercepts a large amount of the radiation from the central source,
but because of its shape, type 1 AGN are usually observed from above the plane,
which explains why strong absorption of ionising radiation is not seen. Radiation
mainly escapes along the polar directions, while gas closer to the mid-plane is
more shielded. As a result, gas closer to the black hole produces higher-ionisation
emission lines, while lower-ionisation lines form farther out, up to the region
where the dusty torus begins Gaskell [2009]. Physically, the BLR represents
material in the process of accreting toward the black hole. The inferred inflow
rate of the BLR gas is sufficient to supply the accretion needed to power the
AGN. Because its motions are gravitationally dominated and its structure is
broadly similar across AGN, the BLR provides a reliable basis for estimating
supermassive black hole masses [Gaskell, 2009].

Broad emission lines in AGN spectra are produced by photoionisation from
the continuum radiation. Broad lines such as Hα and Hβ vary on timescales of
weeks to months [Carroll and Ostlie, 2017]. Hα in particular is an optical broad
emission line produced by gas in the BLR whose width reflects the kinematics of
this gas and is therefore used as a virial estimator of the black hole mass [Rakić,
2022] (see Section 4.1.2).

2.2.5 SMBH Mass Measurements from AGN

A central challenge in studying SMBH–galaxy co-evolution comes from observa-
tional biases in black hole mass measurements. Dynamical measurements require
resolving the region where the black hole’s gravity dominates, which is only pos-
sible in nearby galaxies and tends to favour systems with large stellar velocity
dispersions and more massive black holes. In contrast, black hole masses derived
from AGN spectra do not rely on resolving these small spatial scales. Instead,
they use the widths of broad emission-line dispersions to estimate the black
hole mass, allowing measurements for a much wider range of galaxies. For this
reason, AGN samples are often considered less affected by the selection biases
that influence dynamical measurements, although they remain biased toward ac-
tively accreting, unobscured black holes with measurable broad emission lines.
Although stellar velocity dispersion is often considered a fundamental quantity
in SMBH scaling relations, it depends strongly on how it is measured, whereas
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black hole mass more directly reflects the accumulated growth of the black hole
[Merritt and Ferrarese, 2001]. Many studies find that AGN-hosting galaxies lie
below the MBH–M⋆ relation defined by inactive galaxies with dynamically mea-
sured black holes, in line with theoretical models in which feedback during active
phases plays an important role in shaping the link between black holes and their
host galaxies [Shankar et al., 2020].

2.2.6 Accretion Discs, Accretion Rate, and Radiative Out-
put

Accretion onto a black hole occurs through a disc when the infalling gas carries
angular momentum, requiring outward transport of angular momentum for mat-
ter to spiral inward. As material moves to smaller radii, gravitational potential
energy is released and partially converted into radiation emitted from the disc
[Shakura and Sunyaev, 1973].

The radiative output of the accretion disc depends primarily on the mass
accretion rate, Ṁ , which therefore represents the key parameter governing the
luminosity of an accreting black hole. Under the assumption of radiatively effi-
cient accretion, the total luminosity can be expressed as

L = ηṀc2, (2.1)

where η is the radiative efficiency commonly adopted in AGN studies [Heckman
and Best, 2014] and c is the speed of light. In thin accretion disc theory, η de-
pends on the black hole spin and is approximately η ≃ 0.06 for a non-rotating
(Schwarzschild) black hole, with higher values expected for rapidly rotating sys-
tems [Shakura and Sunyaev, 1973].

At high luminosities, radiation can interact with the surrounding gas, driving
outflows and partially regulating further accretion. As a result, the bolometric
luminosity is closely linked to the instantaneous accretion rate, while not nec-
essarily reflecting the long-term growth history of the black hole [Shakura and
Sunyaev, 1973].

2.2.7 Bolometric Luminosity as a Tracer of Accretion Rate

To investigate whether large-scale galactic structures, such as stellar bars, in-
fluence AGN activity, we use the bolometric luminosity as an indirect tracer
of the accretion rate onto the central supermassive black hole. As established
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above, the bolometric luminosity reflects the rate at which gravitational energy
is released through accretion and converted into radiation.

In a simplified Newtonian picture, the bolometric luminosity may also be
expressed as

L ≃ GMṀ

2r
, (2.2)

where G is the gravitational constant, M is the black hole mass, Ṁ is the mass
accretion rate, and r represents the characteristic radius at which the gravita-
tional potential energy is released. Although this expression does not capture the
full complexity of relativistic accretion discs, it illustrates the direct dependence
of luminosity on the accretion rate [Horvath, 2022].

A high bolometric luminosity therefore indicates that the supermassive black
hole is currently accreting material at a high rate, while a low bolometric lu-
minosity suggests a lower accretion rate or a temporary quiescent phase. For
this reason, bolometric luminosity is widely used as an observational proxy for
the instantaneous accretion activity of AGN, and forms the basis for our anal-
ysis of the relationship between bar strength and nuclear activity [Shakura and
Sunyaev, 1973].

2.3 BH mass estimation - virial method
To estimate black hole masses, we focus on unobscured AGN, where broad emis-
sion lines are clearly visible. In this context, single-epoch refers to the use of
a single observation taken at one point in time, rather than long-term moni-
toring of variability. The width of a broad emission line measures the velocity
of gas orbiting the black hole, while the line or continuum luminosity provides
an empirical estimate of the size of this region, calibrated using reverberation-
mapped AGN [Greene and Ho, 2005]. Recent work has shown that black hole
masses derived using this single-epoch approach remain robust even when based
on photometric rather than spectroscopic measurements [Chaves-Montero et al.,
2022]. This approach allows black hole masses to be derived consistently for large
samples. In these systems, the broad-line region is gravitationally influenced by
the central black hole, leading to Doppler-broadened emission lines whose widths
are related to the black hole mass [Blandford and McKee, 1982, Ho, 1999, Wandel
et al., 1999]. We estimate SMBH masses using the widely adopted single-epoch
virial relation of [Greene and Ho, 2005], which is calibrated using reverberation
mapping, a method that measures the delay between changes in the AGN light
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Figure 2.7: Example single-epoch optical spectra of Type 1 AGNs from
Greene and Ho [2005]. The left panels show the observed spectra with con-
tinuum models, the middle panels show fits to the Hβ+[O III] region, and the
right panels show fits to the Hα+[N II] complex. The broad Hα component,
whose width and luminosity are used to estimate black hole masses via the virial
method, is clearly visible in all cases.

and the response of broad emission lines to estimate the black hole mass, [Kaspi
et al., 2000, Peterson et al., 2004] and connects the black hole mass to the full
width at half maximum (FWHM) and luminosity of the broad Hα emission line.

Greene and Ho [2005] developed a method for estimating SMBH masses using
only the luminosity and line width of the broad Hα emission line (See Figure 2.7)
in single-epoch AGN spectra. This method achieves uncertainties comparable to
earlier approaches based on the optical continuum [Kaspi et al., 2000] defined
as the optical continuum refers to the smooth infrared-to-ultraviolet emission of
an AGN produced by non-stellar processes in the nuclear region [O’Dell, 1986],
while avoiding difficulties that arise when the continuum is faint or strongly
affected by host-galaxy light. Its reliability is based on two key empirical results.
First, the luminosity of the broad Hα emission line closely follows the optical
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continuum luminosity, showing that Hα traces the ionising radiation produced
by the AGN. Second, the width of the Hα line strongly correlates with the widths
of other broad Balmer lines, demonstrating that Hα provides a reliable measure
of the gas velocities in the broad-line region [Kaspi et al., 2000]. Their large,
homogeneous sample confirms that Hα reliably traces the virial velocities of BLR
gas, and that broad Hα profiles are only marginally affected by radiative transfer
effects or internal reddening. Because the Hα line is strong, observable across a
wide luminosity range, and minimally influenced by host-galaxy starlight, the
resulting Hα-based virial mass estimator offers a robust and practical tool for
measuring black hole masses in unobscured AGNs where the broad-line region
is directly visible [Greene and Ho, 2005].
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Chapter 3

Data

3.1 Facilities Used
This work combines optical spectroscopic and high-resolution imaging data from
multiple observatories, each contributing complementary information about ac-
tive galaxies and their central black holes. The main datasets used are the Sloan
Digital Sky Survey, the spectroscopy taken from Lick Observatory and the Hub-
ble Space Telescope imaging.

3.1.1 SDSS

SDSS (Sloan Digital Sky Survey) originated in the late 1980s and early 1990s
as part of the Astrophysical Research Consortium’s effort to build a dedicated
wide-field survey telescope at Apache Point Observatory (APO). Supported by
the Alfred P. Sloan Foundation and developed through a collaboration includ-
ing Princeton, IAS, Chicago, JHU, UW, and later several international part-
ners, SDSS constructed a dedicated 2.5m telescope engineered as an integrated
imaging–spectroscopy system. The telescope provides a 3◦ field of view with sta-
ble image quality across the focal plane, enabling efficient drift-scan (time-delay-
and-integrate) imaging in five optical filters (u, g, r, i, z) to a depth of r ≈ 23mag.
These imaging data are used to select targets for spectroscopy with dual fibre-fed
spectrographs, designed to obtain approximately one million galaxy and quasar
redshifts over the planned five-year survey. Although originally expected to begin
around 1995, survey operations began in April 2000 and ultimately produced a
foundational data set for studies of large-scale structure and the broader extra-
galactic sky [Peterson and Mackie, 2006].
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SDSS provides wide-field optical imaging and spectroscopy of galaxies across
the northern sky, along with extensive stellar spectroscopy, and substantially
larger samples expected in DR20 [Collaboration et al., 2025]. SDSS spectra are
widely used to estimate SMBH masses through single-epoch (virial) methods,
which rely on the width and luminosity of broad emission lines such as Hα
and Hβ [Vestergaard and Peterson, 2006]. These measurements make SDSS a
cornerstone for statistical studies of active galactic nuclei (AGN) [York et al.,
2000]. In this thesis, SDSS imaging data from DR8 are used to define and select
the DISKDOM galaxy sample, while the spectroscopic measurements required
for black hole mass estimation are primarily provided by Lick Observatory, with
SDSS spectra used only for a small number of galaxies lacking Lick observations
[Simmons et al., 2017].

3.1.2 Shane/Kast at Lick

Lick follow-up spectroscopy was obtained by the Kast Double Spectrograph
on the Shane 3m Telescope at Lick Observatory. Kast is a dual-beam instrument
mounted at the Cassegrain focus, consisting of two optimised spectrographs, one
blue and one red, housed in a common structure. A diachroic beamsplitter and
two independent CCD detectors enable simultaneous blue- and red-channel ob-
servations, while a range of gratings provides higher-quality data, with substan-
tially improved signal-to-noise relative to the SDSS spectra of the same objects.
This enables a more robust decomposition of broad and narrow emission-line
components and yields more precise measurements of the line widths used in
black hole mass determinations [Lick Observatory, 2024]. Consequently, Lick
spectroscopy serves as a valuable complement to SDSS by enhancing the reliabil-
ity of emission-line measurements for selected targets [Park et al., 2012]. The Lick
spectra were reduced using standard procedures, including cleaning, wavelength
calibration, and flux calibration. Emission-line fitting was performed to derive
redshifts and AGN properties. To isolate host-galaxy features, the AGN contri-
bution was removed using PSF (Point Spread Function) modelling, a commonly
used technique to disentangle the bright unresolved nucleus from surrounding
stellar light in both images and spectra.

3.1.3 Hubble Space Telescope (HST)

High-resolution HST imaging provides more robust morphological information
than ground-based surveys, because atmospheric seeing blurs small-scale struc-
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tures that HST can resolve. While ground-based data (e.g. SDSS or DESI) enable
basic morphological classification, the HST data allow more reliable identifica-
tion and measurement of structural features such as bars, bulges, and discs. Two-
dimensional image decompositions performed on HST images provide accurate
measurements of structural parameters including bulge-to-total ratios, axis ra-
tios, Sérsic indices, and quantitative bar-strength metrics. These measurements
allow us to characterise host-galaxy morphology at the scales relevant for secu-
lar evolution and to correlate these properties with black hole masses and AGN
luminosities derived from the SDSS spectroscopy [e.g. Peng et al., 2002, Fahey
et al., 2025].

3.2 Samples Used

3.2.1 DISKDOM Sample (Simmons et. al. 2017)

We use a sample originally introduced by Simmons et al. [2017], who presented a
large and well-defined set of 101 luminous Type 1 AGN hosted in disc-dominated
galaxies with no significant bulge component. The sample covers a broad range of
stellar masses, reaching up to approximately 2× 1011M⊙, and is uniquely suited
for studying black hole (BH) growth in galaxies evolving through merger-free,
or secular, processes.

The AGN in the DISKDOM sample were selected from the W2R cata-
logue, which contains 4316 high-confidence, unobscured AGN candidates Sim-
mons et al. [2017]. The catalogue is based on a multi-wavelength photometric
selection combining:

• WISE (Wide-field Infrared Survey Explorer) infrared colours,

• 2MASS (Two Micron All-Sky Survey) near-infrared measurements,

• RASS (ROSAT All-Sky Survey) X-ray detections.

This approach identifies unobscured AGN with a confidence level exceeding
95%. It is particularly suitable for studies requiring broad emission lines, which
are essential for accurate virial BH mass estimates Simmons et al. [2017].

The W2R AGN sample was cross-matched with SDSS Data Release 8 yielding
1844 sources located within 3′′ of SDSS imaging. Morphological classification
was then performed manually through visual inspection of SDSS colour images.
From this process, 137 galaxies were selected based on the presence of clear disc
features (e.g. spiral arms, bars) or the absence of a visible bulge.
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The SDSS-matched subsample spans a low-redshift range, meaning that the
galaxies are nearby and well resolved. This enables detailed investigation of sec-
ular (non-merger) evolutionary processes in the present-day Universe.

In their study, the authors used the width of the broad Hα emission line
as a virial indicator to estimate BH masses. These masses were then compared
with two host-galaxy properties: the total stellar mass and cautious upper limits
on bulge stellar mass, acknowledging the inherent difficulty of measuring bulge
components in galaxies hosting bright AGN.

The parent sample consists of 137 disc-dominated AGN identified through
SDSS imaging. From this, a subset of 101 galaxies was defined based on the avail-
ability of spectroscopic data, comprising 96 galaxies that already had available
spectra from SDSS, primarily from Data Release 9 (DR9), which incorporates
earlier data, including that from DR7. For five additional galaxies, spectra were
obtained using the Intermediate Dispersion Spectrograph (IDS) on the Isaac
Newton Telescope (INT) in May 2014. These observations targeted the Hα re-
gion, which is essential for BH mass estimation.

All spectra were reduced using standard pipelines, and each of the 101 galax-
ies in the final sample displays a broad Hα emission line, confirming their clas-
sification as unobscured Type 1 AGN Simmons et al. [2017].

Thus, the final DISKDOM sample consists of 101 broad-line AGN hosted in
disc-dominated galaxies at relatively low redshift. Their proximity allows for a
detailed analysis of both morphological structure and spectral properties.

3.2.2 Lick Sample (Garland et al. 2023)

The data set analysed by Garland et al. [2023] is built directly on the DISKDOM
parent sample introduced by [Simmons et al., 2017], described in the preceding
section. This original sample consists of 137 disc-dominated AGN host galaxies
selected through multi-wavelength photometric data (the W2R catalogue) and
visual morphological classification from SDSS imaging.

[Garland et al., 2023] obtained new spectroscopic observations for a subset
of these galaxies using the Lick Observatory, with the aim of investigating off-
nuclear star formation and structural properties in disc-dominated AGN hosts.

In total, 56 galaxies were observed at Lick, 21 of which also have SDSS spec-
tra. Four galaxies lacked any spectral coverage and were excluded from further
analysis. Their final AGNDISCS sample therefore consists of 56 disc-dominated
Type 1 AGN with Lick spectroscopy.
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3.2.3 HST Sample (Fahey et al. 2025)

While the previous section focused on the spectroscopic follow-up of disc-dominated
AGN using SDSS and Lick data, this section presents the high-resolution imag-
ing analysis performed with HST. HST provides the spatial resolution necessary
for precise structural decomposition, allowing the different morphological com-
ponents of each galaxy to be reliably separated and quantified.

The 100 galaxies observed with HST and analysed by Fahey et al. [2025]
were drawn from the SDSS imaging-selected parent sample of 137 disc-dominated
AGN described above: unobscured Type 1 AGN hosted in disc-dominated galax-
ies with little or no bulge contribution. These properties make the sample ideal
for studying structural evolution in galaxies thought to be evolving primarily
through secular, merger-free processes.

Each galaxy was modelled using GALFIT, a two-dimensional surface-brightness
fitting tool widely used in extragalactic astronomy. GALFIT fits user-specified
analytic light profiles (e.g., Sérsic functions) directly to the imaging data. The
decomposition therefore depends on physically motivated model choices, and the
resulting parameters must be interpreted by the user to separate contributions
from the disc, bulge, bar, and unresolved AGN nucleus [Peng et al., 2002, 2010].

Once the final models were constructed, each fitted component was assigned
a morphological classification by an expert classifier. The classification relied
primarily on parameters derived from the Sérsic model:

• Disc components: characterised by a large effective radius and a low
Sérsic index

• Bulges or central concentrations: compact components with high Sér-
sic index, indicating strong central light concentration.

• Bars: identified through the presence of truncation functions in the GALFIT
model, which reproduce the flat-topped, elongated light profile typical of
stellar bars.

• Spiral arms: identified by the presence of non-axisymmetric spiral com-
ponents in the model, specifically via the inclusion of spiral inner and outer
radius parameters [Fahey et al., 2025].

A small number of galaxies were excluded after modelling due to clearly
elliptical morphology, as these do not match the disc-dominated selection criteria
of the parent sample. The final HST-imaged sample therefore contains 92 well-
modelled AGN host galaxies.
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This HST-based structural analysis provides the most accurate measurement
of the luminosity distribution among the different components (disc, bar, bulge,
and AGN) in these merger-free AGN host galaxies available for this thesis.

3.2.4 Final Sample Selection

From the SDSS imaging-selected parent sample of 137 galaxies, a spectroscopic
DISKDOM sample of 101 galaxies was defined. From the spectroscopic DISKDOM
sample, only systems exhibiting a clearly identifiable stellar bar were selected for
further analysis. The resulting barred-galaxy subsample consists of 23 objects.

To summarise the overlap between the different datasets, 75 galaxies have
spectroscopic data only from SDSS, 35 only from Lick Observatory, and 21 from
both facilities, with an additional five galaxies observed using the INT and one
galaxy lacking usable spectroscopy. High-resolution HST imaging is available for
92 galaxies in total and provides the structural information required to measure
bar properties for those systems included in the barred-galaxy subsample.

Bolometric luminosities were available for all 23 barred galaxies and were
therefore used for the analysis of the relationship between bar strength and
bolometric luminosity.

The determination of black hole masses was less uniform across the sample.
For a subset of the barred galaxies, black hole masses were adopted from Lick
Observatory measurements. For barred galaxies lacking Lick-based mass esti-
mates but having available SDSS spectra (g002, g006, g020, g106), black hole
masses were derived using data from SDSS.

For one barred galaxy (g121), neither Lick measurements nor SDSS spectra
were available, preventing a reliable estimation of the black hole mass. As a
result, the analysis of black hole mass versus bar strength is based on 22 galaxies
rather than the full barred sample of 23 objects. Representative HST cutout
images of all barred galaxies in the final sample are shown in the Figure 3.1.
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Figure 3.1: HST images of barred galaxies in the final sample. Images are ordered
by increasing right ascension. First row (left to right): g029, g037, g038, g039,
g048, g060. Second row (left to right): g068, g072, g073, g084, g085, g086. Third
row (left to right): g087, g098, g101, g103, g109, g116. Fourth row (left to right):
g002, g006, g020, g106, g121. North is up and east is to the left.
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Chapter 4

Methodology

4.1 Calculation Analysis

4.1.1 Derivation of Emission-Line and Structural Param-
eters

For each available galaxy, we used the broad Hα velocity dispersions reported
by Garland et al. [2023]. These dispersions, σHα,broad (in km s−1), together with
their associated uncertainties, were converted to full width at half maximum
(FWHM) values for use in the black hole mass calculation. The conversion from
dispersion to FWHM was performed using

FWHM = 2.355 σ. (4.1)

We computed the total broad-line flux by combining the fitted amplitude of
the broad Hα component with the line width,

FHα =
√
2π A∆λ, (4.2)

where A is the Gaussian amplitude and ∆λ is the Gaussian dispersion of the
broad component.

We then computed its luminosity fraction relative to the host. For each struc-
tural component i,

Lfrac,i =
Li

Lhost

. (4.3)
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Host luminosity uncertainties were estimated as

δLhost =
1

2
(Lhost,max − Lhost,min) , (4.4)

where Lhost,max and Lhost,min are the maximum and minimum host luminosi-
ties permitted by the modelling.

We then cross-matched the Lick emission-line catalogue with the HST struc-
tural catalogue (nearest-neighbour match with a search radius of 3′′), and com-
puted luminosity distances DL(z), which were used to convert Hα fluxes to lu-
minosities,

LHα = 4πD2
LFHα. (4.5)

4.1.2 Black Hole Mass Estimation

The mass of the central black hole was estimated using a single-epoch virial
method based on the broad Hα emission line. This technique relies on the empiri-
cal correlation between the size of the broad-line region (BLR) and the AGN con-
tinuum luminosity, established through reverberation-mapping studies. [Greene
and Ho, 2005] recalibrated this radius–luminosity relation using updated lag
measurements from [Peterson et al., 2004], applying a consistent cosmology and
retaining only the most reliable data. Their fit gives a BLR size scaling as

RBLR ∝ L 0.64
5100, (4.6)

which, when combined with the virial assumption for BLR gas dynamics,
leads to a mass relation of the form MBH ∝ RBLR FWHM2.

Because the continuum luminosity and the Hα properties are tightly cor-
related, this expression can be fully rewritten in terms of the Hα line alone.
Substituting the relevant empirical relations into the virial formula yields the
widely used Hα-based estimator:

MBH = (2.0+0.4
−0.3)× 106

(
LHα

1042 erg s−1

)0.55(
FWHMHα

103 km s−1

)2.06

M⊙. (4.7)

In practice, this method offers several advantages: the Hα line is typically
stronger and less affected by host-galaxy contamination or dust extinction, and
all required quantities can be extracted from a single optical spectrum. For the
galaxies in our matched sample, black hole masses were computed using this
calibrated Hα virial estimator [Greene and Ho, 2005].
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4.1.3 Bar identification and bar-strength measurement

For each GALFIT component identified as a bar, we used its axis ratio q, lumi-
nosity Li, and luminosity fraction Lfrac,i. The bar-strength parameter for a given
component was defined as

ϕi = (1− qi)Lfrac,i (4.8)

where the axis ratio q (ranging from 0 to 1) describes the elongation of each
component, Lfrac,i denotes its fractional luminosity, and ϕi is the bar-strength
measure [Weinzirl et al., 2009].

This metric captures how elongated a component is and how bright it is
compared to the rest of the source — a strong bar will have both high ellipticity
(low axis ratio) and high light contribution (for example, high Lfrac and low q
indicating a strong bar, very round and faint components indicating no bar).

4.2 Comparison Between SDSS and Lick-Derived
Black Hole Masses

To assess the consistency between black hole mass estimates derived from dif-
ferent spectroscopic sources, we compared values obtained from SDSS spectra
and those derived from Lick spectra. This comparison was performed for the 17
galaxies with both measurements available. Figure 4.1 presents a scatter plot
with SDSS-based black hole masses on the x -axis and Lick-based masses on
the y-axis. Each point represents a galaxy observed with both instruments. A
reference line is included to indicate where perfect agreement would lie.

The scatter plot shows that most points lie below the identity line, indicating
that SDSS-based black hole masses are generally higher than those derived from
our Hα analysis
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Figure 4.1: SDSS vs. Lick-Derived Black Hole Masses. The figure shows
a comparison between black hole masses derived from SDSS spectra and those
derived from Lick Observatory data for galaxies with measurements available
from both sources. Black hole masses are expressed as log(MBH/M⊙). SDSS-
based black hole masses are shown on the x-axis, while Lick-derived masses are
shown on the y-axis. Each point represents an individual galaxy observed with
both instruments. The dashed diagonal line indicates the identity relation, where
both mass estimates would be equal, while the solid line shows a linear fit to the
data. 34



Chapter 5

Results

This section presents the results of the analysis of the relationship between stellar
bar strength and two properties of active galactic nuclei: the mass of the central
supermassive black hole and the bolometric luminosity. These two quantities
probe different aspects of black hole growth, with the black hole mass reflecting
the long-term evolutionary history and the bolometric luminosity tracing the
current accretion activity.

The results are presented in two subsections. First, the dependence of black
hole mass on bar strength is examined in order to test whether the presence or
strength of a stellar bar is linked to the final mass of the central black hole. Sec-
ond, the relationship between bar strength and bolometric luminosity is analysed
to investigate a possible connection between bars and ongoing AGN fuelling. In
both cases, the analysis combines visual inspection of the data with statistical
correlation tests to quantify the strength and significance of any observed trends.

5.1 Black Hole Mass vs. Bar Strength
Figure 5.1 shows the relationship between bar strength (ϕbar) and the mass of
the central supermassive black hole. The analysis includes 22 barred galaxies,
as one object lacks a reliable black hole mass estimate (see Section 3.2.4). 51
unbarred galaxies are included, displayed as a vertical distribution at ϕbar = 0.

Visually, the plot does not reveal a clear trend between bar strength and black
hole mass. This impression is supported by statistical analysis, summarised in
Table 5.1.

Both the visual inspection and the statistical results indicate that no signifi-
cant linear or monotonic correlation between bar strength and black hole mass
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Table 5.1: Correlation results between Bar Strength and Black Hole Mass.
Statistic Value Significance
Pearson correlation (r) −0.036 p = 8.730e− 01 (not significant)
Spearman correlation (ρ) −0.083 p = 7.134e− 01 (not significant)

is present in this sample.
In order to assess whether the mere presence of a stellar bar has a measurable

impact on the masses of supermassive black holes, we compared the black hole
mass distributions of barred and unbarred galaxies. We constructed normalised
histograms of the logarithm of the black hole mass, log(MBH/M⊙), for the two
populations.

The resulting histograms (Figure 5.1) show a substantial overlap between
the barred and unbarred samples across the full mass range probed. Both dis-
tributions peak at similar values, around log(MBH/M⊙) ∼ 7.3–7.6, and exhibit
comparable widths. No clear systematic shift toward higher or lower black hole
masses is observed for either population. Although minor differences appear at
the high-mass end, these are small and do not indicate a distinct separation
between the two distributions.

In order to quantitatively evaluate whether the observed differences are sta-
tistically significant, we performed a two-sample Kolmogorov–Smirnov (KS) test
on the barred and unbarred samples. We can see the results in Table 5.1. The
high p-value indicates that the null hypothesis, namely that the two samples are
drawn from the same parent distribution, cannot be rejected.

Table 5.2: Kolmogorov–Smirnov test comparing black hole mass distributions of
barred and unbarred galaxies.

Statistic Value
KS statistic (D) 0.159
p-value (p) 0.73

These results suggest that, in this sample, the presence of a stellar bar alone
does not lead to a statistically significant difference in black hole mass. This
finding implies that bars are not a dominant driver of long-term black hole
growth, and that other factors, such as gas availability, bulge properties, or
accretion history, likely play a more important role in regulating supermassive
black hole mass.
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5.2 Bar Strength vs. Bolometric Luminosity
We examine the relationship between bolometric luminosity and bar strength
in order to investigate whether the presence and strength of a stellar bar are
connected to the efficiency of AGN fuelling.

Figure 5.3 shows the dependence of the bolometric luminosity on the strength
of the bar. A moderate negative trend is visible, suggesting that galaxies with
stronger bars tend to host less luminous AGN within this sample.

Table 5.3: Correlation results between Bar Strength and Bolometric Luminosity.
Statistic Value Significance
Pearson correlation (r) −0.48 p = 0.020 (significant)
Spearman correlation (ρ) −0.32 p = 0.136 (not significant)

This visual impression is supported by a statistical analysis summarised in
Table 5.2. The Pearson correlation coefficient yields a value of r = −0.48 with
a significance level of p = 0.020, indicating a statistically significant negative
correlation. In contrast, the Spearman rank correlation coefficient (ρ = −0.32,
p = 0.136) is not statistically significant, implying that the monotonicity of the
relation is weaker and sensitive to outliers.

These results suggest that stronger bars are associated with lower bolometric
luminosities in AGN host galaxies, although the strength of this relation depends
on the adopted statistical measure and the limited size of the sample.
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Figure 5.1: Bar Strength vs Black Hole Mass. The figure shows how black
hole mass changes with bar strength across the full galaxy sample. Bar strength
is shown on the x-axis, while the logarithm of the black hole mass is shown on
the y-axis. Unbarred galaxies are concentrated near zero bar strength, whereas
barred galaxies extend to higher bar strength values. A straight line is fitted only
to the barred galaxies and is shown as a solid line.
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Figure 5.2: Black hole mass distributions in barred and unbarred galax-
ies. The figure compares the distributions of black hole masses in barred and
unbarred galaxies using normalised histograms of log(MBH/M⊙). The two popu-
lations exhibit substantial overlap across the full mass range probed, with both
distributions peaking at similar values around log(MBH/M⊙) ∼ 7.3–7.6. No clear
systematic shift toward higher or lower black hole masses is observed for either
barred or unbarred systems.
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Figure 5.3: Bar Strength vs. Bolometric Luminosity. The logarithm of the
AGN bolometric luminosity, log(Lbol/erg s

−1), is shown as a function of the bar
strength parameter ϕ for galaxies hosting stellar bars. The solid black line shows
the best-fitting linear regression to the data. The fitted relation reveals a negative
slope, indicating that galaxies with stronger bars tend to host AGN with lower
bolometric luminosities, although with substantial scatter.
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Chapter 6

Discussion

This work finds no significant relationship between stellar bar strength and the
mass of the central supermassive black hole, while revealing a moderate negative
correlation between bar strength and AGN bolometric luminosity. In addition,
the black hole mass distributions of barred and unbarred galaxies are statistically
indistinguishable, indicating that the mere presence of a bar does not lead to
systematically different black hole masses. These findings indicate that stellar
bars do not play a dominant role in driving the long-term growth of supermassive
black holes, as reflected in black hole mass. However, the observed decrease
in bolometric luminosity with increasing bar strength indicates that galaxies
hosting stronger bars tend to host less luminous, and therefore less actively
accreting AGN at the present epoch. This implies that while bars may influence
the short-term accretion state of the AGN, their role in regulating sustained
black hole growth is likely secondary to other factors such as gas availability,
accretion history, or host-galaxy properties.

Recent large-sample studies suggest that strong and weak bars are not fun-
damentally different structures, but instead represent a continuous range of bar
properties. Using Galaxy Zoo DECaLS (a volunteer-based visual morphological
classification of galaxies) Géron et al. [2021] showed that many of the apparent
differences between strong and weak bars largely disappear once bar length is
taken into account, supporting earlier work arguing for a smooth distribution of
bar strengths [de Vaucouleurs, 1959, Elmegreen and Elmegreen, 1985, Athanas-
soula, 2003]. In this context, treating bar strength as a continuous parameter,
as done in this work, provides a natural way to test whether AGN properties
change gradually with bar strength rather than abruptly between bar classes.
The lack of a correlation between bar strength and black hole mass in our sam-
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ple is therefore consistent with a scenario in which bar-driven secular processes
do not directly control long-term black hole growth.

At the same time, recent studies show that bar strength is closely linked
to how often galaxies host AGN. Using a large Galaxy Zoo DESI (a volunteer-
based morphological classification of galaxies combined with data from the Dark
Energy Spectroscopic Instrument) sample, Garland [2024] found that the fraction
of optically selected AGN increases steadily from unbarred to weakly barred and
strongly barred disc galaxies, even after accounting for differences in stellar mass
and colour. In particular, strongly barred galaxies were found to be more than
twice as likely to host an AGN as unbarred systems. These results suggest that
while bars are not required for a galaxy to grow a supermassive black hole,
they significantly increase the likelihood that nuclear activity is triggered, and
that bar strength remains a meaningful parameter despite forming a continuum
[Garland, 2024].

However, a higher likelihood of hosting an AGN does not necessarily imply a
higher level of AGN power. Observational studies have shown that strong bars
are more common in quiescent, gas-poor galaxies and are associated with lower
gas reservoirs and shorter gas depletion timescales [Masters et al., 2012, Fraser-
McKelvie et al., 2020]. Recent work has also shown that barred galaxies can
host relatively strong nuclear activity while still exhibiting slightly lower black
hole masses, indicating that bars may primarily influence how efficiently gas is
accreted rather than how much mass the black hole gains overall [Marels et al.,
2025]. Although bars can drive gas toward the central regions, they can also
trap gas in resonances or redistribute it into ring-like structures, limiting sus-
tained inflow [Buta, 1987, Kormendy and Kennicutt, 2004, Athanassoula, 1992].
Within this framework, the observed trend toward lower bolometric luminosi-
ties at higher bar strengths in our sample can be understood as AGN that are
triggered more frequently in strongly barred galaxies, but are accreting less effi-
ciently at the present epoch. This reconciles the higher AGN incidence reported
by Garland [2024] with the absence of a corresponding increase in black hole
mass.

Several observational studies have found little or no evidence for a direct link
between large-scale bars and AGN activity. Using X-ray–selected AGN from mul-
tiple surveys, Cheung et al. [2013] found that AGN host galaxies are no more
likely to host bars than comparable inactive galaxies. They also found no signif-
icant difference in the AGN fraction between barred and unbarred disc galaxies,
leading them to conclude that large-scale bars are unlikely to be a primary fu-
elling mechanism for moderate-luminosity AGN at these epochs. Similar results
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have been reported in the local Universe, where several studies find no excess of
bars in active galaxies and no clear correlation between bar presence and AGN
power [e.g., Ho et al., 1997, Mulchaey and Regan, 1997, Martini and Pogge,
1999, Erwin and Sparke, 2002, Lee et al., 2012].

These findings are not inconsistent with the results of this work. While Che-
ung et al. [2013] investigate whether bars increase the likelihood of hosting an
AGN by comparing active and inactive galaxies, the present study instead fo-
cuses on how AGN properties vary with bar strength within an AGN-selected
sample [Cheung et al., 2013]. In addition, differences in redshift range, AGN
selection, and the use of discrete bar classifications rather than continuous bar-
strength measures likely contribute to the differing conclusions. These studies
suggest that the impact of bars on AGN fuelling depends strongly on the sam-
ple, methodology, and the specific aspect of AGN activity being examined.

Several limitations should be considered when interpreting these results.
First, the final barred-galaxy subsample is small: out of the 101 galaxies in the
parent sample, only 23 host a clearly identifiable stellar bar, and reliable black
hole mass estimates are available for 22 of these systems. This limited sample
size reduces the statistical power of the analysis and makes the results more
sensitive to scatter and individual objects.

Second, the sample is restricted to unobscured Type 1 AGN. As a result, this
study does not measure how frequently AGN occur as a function of bar strength,
but instead focuses on how AGN properties vary once nuclear activity is already
present. The results therefore probe black hole mass and instantaneous accretion
activity within an AGN-selected population, rather than AGN triggering itself.

Finally, black hole masses estimated from the broad Hα emission line carry
intrinsic uncertainties, and bolometric luminosities trace the instantaneous ac-
cretion state of the AGN, which may be affected by variability. In addition, the
bar-strength measurements rely on structural modelling and are subject to un-
certainties associated with the decomposition process. Despite these limitations,
the results are consistent with recent large-sample studies and are robust within
the scope of the available data.
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Chapter 7

Conclusion

In this thesis, we investigated whether large-scale stellar bars influence the
growth and activity of supermassive black holes in disc-dominated, merger-free
galaxies hosting unobscured active galactic nuclei. By combining spectroscopic
measurements from SDSS and Lick Observatory with high-resolution HST imag-
ing, we analysed a carefully selected sample designed to isolate secular evolution-
ary processes from merger-driven effects.

Two complementary indicators of black hole growth were examined. Black
hole mass was used as a tracer of long-term, integrated growth, while bolometric
luminosity was adopted as a proxy for the current accretion rate onto the black
hole [Shakura and Sunyaev, 1973, Horvath, 2022]. This approach allowed us
to distinguish between processes affecting cumulative mass assembly and those
influencing instantaneous accretion activity.

No evidence was found for a systematic relationship between stellar bar
strength and black hole mass. Both correlation analyses and comparisons be-
tween barred and unbarred systems indicate that the presence or strength of a
bar does not lead to a measurable difference in the final mass of the central black
hole within this sample. This suggests that stellar bars are not a dominant factor
governing long-term black hole growth in disc-dominated galaxies.

In contrast, a moderate negative trend is observed between bar strength and
AGN bolometric luminosity, although with substantial scatter and sensitivity to
the adopted statistical measure. Interpreted conservatively, this result points to
a possible connection between bar strength and the current accretion state of
the black hole, rather than its accumulated mass. Since bolometric luminosity
traces the rate at which gravitational energy is released through accretion, this
behaviour is consistent with a scenario in which bars influence the timing or
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efficiency of gas inflow without determining the total amount of mass ultimately
accreted.

Together, these findings support a picture in which stellar bars primarily
modulate short-term accretion activity rather than driving sustained black hole
growth. While bars are expected to redistribute angular momentum and trans-
port gas toward central regions through secular processes [Sellwood and Wilkin-
son, 1993, Kormendy and Kennicutt, 2004], additional mechanisms are likely
required to regulate gas inflow on the smallest scales and to control the long-
term evolution of supermassive black holes in merger-free galaxies.

7.1 Future work
Observations of cold molecular gas provide strong evidence that stellar bars are
efficient at redistributing gas within galaxies. CO surveys of nearby spirals show
that barred galaxies typically have a higher concentration of molecular gas in
their central kiloparsec than unbarred systems, supporting the idea that bars
drive gas inward through gravitational torques [Sakamoto et al., 1999, Sheth
et al., 2005]. However, these same studies also reveal important complexity. A
significant fraction of early-type barred galaxies show little or no molecular gas in
their central regions, suggesting that the bar has already transported gas inward
and that this gas has subsequently been consumed by star formation [Sheth et al.,
2005]. This implies that bar-driven inflow is likely a time-dependent process, with
bars being most effective during a limited evolutionary phase. Importantly, the
presence of gas in the central regions does not by itself imply ongoing inflow,
making it necessary to distinguish between gas accumulation and active gas
transport.

Optical data alone cannot fully capture this picture. As emphasised by Hickox
and Alexander [2018], dust and gas obscure key stages of AGN fuelling and star
formation, with dust dominating absorption at UV–optical wavelengths and gas
playing a major role at X-ray energies. Mid-infrared observations are therefore
essential for tracing obscured star formation and buried AGN activity, while
millimetre and submillimetre observations directly probe the cold molecular gas
that fuels both processes. Studies such as those of Alonso-Herrero et al. [2006]
demonstrate that mid-infrared emission provides a robust tracer of star forma-
tion in dusty environments, highlighting how complementary wavelengths are
required to disentangle gas inflow, star formation, and AGN activity in barred
galaxies.
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At earlier cosmic times, the role of bars may be fundamentally different. HST-
based studies show that the fraction of barred disc galaxies decreases significantly
with redshift, particularly for massive systems, indicating that strong bars be-
come common only after galaxies dynamically settle [Melvin et al., 2014]. At
the same time, morphological studies of AGN host galaxies at z ∼ 2 reveal that
most moderate-luminosity AGN reside in relatively undisturbed disc galaxies
rather than ongoing major mergers, pointing to secular processes as a dominant
fuelling mechanism even at high redshift [Kocevski et al., 2012]. These results
raise the question of when bars begin to influence AGN activity and whether the
bar–AGN connection evolves as discs grow more stable over cosmic time.

The James Webb Space Telescope (JWST) offers a unique opportunity to
address this question. JWST’s near- and mid-infrared imaging and spectroscopy
allow rest-frame optical diagnostics of galaxies at high redshift to be studied with
unprecedented sensitivity and spatial resolution [Hickox and Alexander, 2018].
This makes it possible to identify bars in distant galaxies, characterise their host
discs, and trace obscured star formation and AGN activity simultaneously. By
extending bar–AGN studies into the JWST era, future work can test whether
the relationships observed locally persist at earlier epochs, or whether bars only
become relevant for AGN fuelling once galaxies reach a later, more dynamically
settled stage [Pontoppidan et al., 2022].

Spatially resolved spectroscopy is also essential for studying the internal gas
dynamics of barred galaxies. Integral Field Unit (IFU) spectroscopy allows as-
tronomers to obtain a full spectrum at every position across a galaxy, rather
than a single spectrum from its centre. As shown by the CALIFA (Calar Alto
Legacy Integral Field Area) survey Sánchez et al. [2012], IFU data make it pos-
sible to compare central SDSS-like spectra with spectra that represent the entire
galaxy, revealing that galaxy classifications and physical properties can depend
strongly on aperture size. By providing two-dimensional maps of gas, stars, and
kinematics, IFU observations are essential for linking large-scale structures such
as bars to the physical processes that govern gas transport and nuclear activity,
and for testing whether bars truly drive inflows capable of feeding AGN [Sánchez
et al., 2012].
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