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ABSTRACT

The body of research relayed in this dissertation pertains to investigating the
immediate environments of Type I quasars for clues to the formation and evolution
of galaxies through observations. The neighboring galaxies are key agents in the
local environment around the quasar. Through longslit (Paper I) and multi-object
spectroscopy (Paper II), I contributed to the identification of neighboring galaxies
within several hundred kiloparsec projected distance of 44 low redshift quasars from
the Falomo et al. (2014) catalog of 416 quasars located in the Stripe82 region of
the Sloan Digital Sky Survey (SDSS). I found that the quasars and inactive galaxies
had a similar number of companion galaxies at low redshifts and that the quasar
companions had a moderate star formation rate.

In papers III and IV, I was able to tap into the rich archival data from the Galaxy
and Mass Assembly (GAMA) spectroscopic survey to investigate quasar environ-
ments at low redshifts using larger statistics (more than 200 quasars). I studied the
properties of the bright neighbors within a close volume centered on a quasar and
looked at the host galaxy star formation histories. I found that the properties of spec-
troscopically confirmed bright neighbors around quasars are statistically similar to
those of inactive galaxies.

The main conclusion brought to light through this dissertation is that at low-
redshift Type I quasar activity is not impacted in a major way by its environment, but
instead internal processes within the quasar host galaxy itself are the more probable
mechanism for the AGN phenomenon. While it is possible that some major mergers
fuel SMBHs at low-redshift, this is not the predominant scenario. Overall, this body
of work contributes the crucial observational data to contrast and constrain the theo-
retical models of how AGN are triggered and their role in the life of the host galaxy
as well as a potential impact on galaxies in its vicinity.

KEYWORDS: galaxy evolution, quasars, supermassive black holes, active galactic
nuclei, active galaxies, star formation, galaxy environments
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TIIVISTELMÄ

Tässä väitöskirjatyössä esitellään havaintotuloksia, jotka liittyvät tyypin I kvasaa-
rien välittömässä ympäristössä sijaitsevien galaksien muodostumiseen ja evoluutioon.
Kvasaarien lähigalaksit antavat tärkeää tietoa kvasaarien lähiolosuhteista. Väitöskir-
jan ensimmäisessä (I) ja toisessa (II) julkaisussa identifioin 44 matalan punasiirtymän
“Stripe 82” -kvasaarin (Falomo et al. 2014, yhteensä 416 kvasaaria) lähigalakseja
(projisoitu etäisyys muutamia satoja kiloparsekkeja) käyttäen sekä longslit että MOS
-spektroskopiaa. Tulokseni mukaan matalan punasiirtymän kvasaareilla ja “taval-
lisilla” galakseilla on keskimäärin yhtä monta lähigalaksia. Lisäksi havaitsin, että
kvasaarien lähigalaksien tähtienmuodostus on melko maltillista.

Väitöskirjan julkaisuissa III ja IV käytin hyväkseni Galaxy and Mass Assem-
bly (GAMA) -tietokannan runsasta materiaalia tutkiakseni matalan punasiirtymän
kvasaarien lähiympäristöjä suuremmalla otoksella (yli 200 kvasaaria). Tutkin kirk-
kaimpien lähigalaksien morfologiaa ja tähtienmuodostushistoriaa ja havaitsin, että
spektroskooppisesti vahvistetut kirkkaat lähigalaksit ovat samanlaisia sekä kvasaarien
että tavallisten galaksien ympäristöissä.

Väitöskirjan päätulos on, että matalilla punasiirtymillä tyypin I kvasaarien ak-
tiivisuuden käynnistämiseen ei tarvita vuorovaikutusta lähigalaksien kanssa vaan ak-
tiivisuus syntyy emogalaksin sisäisistä mekanismeista. On toki mahdollista, että
galaksien sulautuessa yhteen vuorovaikutus käynnistää ytimen aktiivisuuden, mutta
tämä ei ole pääasiallinen reitti. Väitöskirjatyön tuloksena on syntynyt havaintoaineis-
toa, jolla on tärkeä rooli kun tutkitaan aktiivisten galaksiytimien vaikutusta niiden
emogalaksien ominaisuuksiin ja kehitykseen sekä niiden mahdollista vaikutusta lähi-
galakseihin.

ASIASANAT: galaksien kehitys, kvasaarit, supermassiviset mustat aukot, aktiiviset
galaksiytimet, aktiiviset galaksit, tähtienmuodostus, galaksien ympäristöt
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1 Introduction

My soul soared into the depths
of the Cosmos mute and vast,
Tuning carefully to the silent language
of its noble and profound secrets.
————————————–
Avetik Isahakyan
translated from Armenian

The field of extragalactic astronomy was born around a century ago (1924) with
Edwin Hubble’s discovery that besides the Milky Way where our planet Earth is
located, there are other galaxies, thus pushing the ceiling of the sky to infinity for
all of humanity. Besides galaxies, intergalactic medium (IGM), dark matter (DM)
halos, galaxy clusters, as well as processes associated with those distant objects, such
as gravitational lensing, are also considered. Extragalactic objects are characterized
by extreme distances in space and time, rendering it impossible to perform real-life
experiments in a terrestrial laboratory. We cannot create galaxies to understand their
formation. Instead, astronomy relies on observations and simulations.

The history of extragalactic research1 is marked by the great debate about the
nature of the spiral nebulae in 1920, where two opposing explanations were led by
Harlow Shapley from the Harvard College Observatory and Heber Curtis from the
Lick Observatory (Trimble, 1995; Kutner, 2003). Harlow Shapley argued they were
part of the Milky Way, while Curtis reasoned them to be separate galaxies. Prior
to Hubble, other astronomers such as Shapley, Curtis, and Erst Öpik (Tartu Obser-
vatory, Estonia) attempted to estimate the distance to the Andromeda Galaxy using
various methods. On the other hand, Vesto Slipher at Lowell Observatory (Arizona,
USA) studied spectra of the spiral nebulae, discovering that most were redshifted
(Thompson, 2011).

1As with any historical text on science, two points need to be remembered. First, the records need
to be considered critically, due to various biases, such as omitting credit for work by female scientists
(e.g., “Matilda effect” Rossiter, 2012). Second, discovery is often a nonlinear process.
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Edwin Hubble used observations collected at the Mount Wilson Observatory
(California, USA) using the largest telescope at the time (100 inch) to calculate
the distance to the Andromeda Galaxy employing a technique involving variable
stars, which was developed earlier by Henrietta Leavitt (one of the women known
as “the Harvard Computer”, Nelson 2008). Thus, it was established through Hub-
ble’s observations that other galaxies exist, ending the debate. The field has evolved
tremendously and continues to be an active research niche in astronomy today.

We observe presently that galaxies have a non-uniform distribution in the sky,
with patches of sky devoid of galaxies, while on the other hand clusters are concen-
trations of large numbers of galaxies, together forming a web coined as the Large-
Scale Structure (LSS). All galaxies recede away from us in a cosmological Hubble
flow, with the exception of the nearest galaxies within the Local Group (LG), e.g.,
the Andromeda Galaxy.

Observing these other distant worlds, aka other galaxies, astronomers also dis-
covered that not all galaxies are like ours. There are elliptical galaxies in addition to
spirals; galaxies exist in a variety of shapes, sizes, colors, environments. What we
observe about the distant galaxies holds clues about their formation and evolution.

To perform these observations, astronomers use telescopes on the Earth and in
space. The specialized instruments in observatories capture the relevant information
from the messengers of light — the photons. Galaxies emit photons with different
energies (wavelengths, frequencies) due to different processes. Plus, the Hubble
flow affects the energy of the photon as well. Observers quantify the emitted amount
of photons (fluxes) in large (photometric bands) and short intervals (e.g., emission
lines) over the electromagnetic spectrum (EMS), as well as any absence of photons
(e.g., absorption lines), from which one can deduce physical properties such as the
star formation rate (SFR). Close your eyes, and imagine a path of a photon from a
distant quasar — not only this photon had to travel for a long time, starting its journey
long before the dinosaurs roamed the Earth, but also probably through clouds of gas
between galaxies, and eventually through the Earth atmosphere to land on a detector
within our instrument. Thus, the observers have to take into account these sections
of the path, in order to process and isolate the signal, with corrections for instrument
noise, the atmosphere, the IGM, and cosmic spacetime expansion.

Today, extragalactic astronomy uses an arsenal of cosmological simulations, usu-
ally within the framework of the Lambda Cold Dark Matter (ΛCDM) model. In
such cosmological simulations, galaxies play an important role as the basic visible
building blocks of the models. Models of the cosmos require feedback mechanisms
(e.g., radiation, accretion disk wind, and jets from an active nucleus) to influence
such processes as star formation history (SFH) and baryon recycling (Fabian, 2012).
High-resolution zoom-in simulations focus on more specific phenomena, e.g., galaxy
interactions, galaxy structure formation (disks, spiral arms). All models of the Uni-
verse must reproduce what we observe today.
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Half a century ago, observers started picking out galaxies which had peculiarly
bright observational signatures in their centers, such as broad emission lines in op-
tical spectra or the puzzling high-redshift radio emitting sources which had a star-
like appearance in the optical on a photographic plate (i.e., the quasi-stellar objects
(QSO), e.g., Peterson & Bolton, 1973; Smith & Wright, 1980). From the spectro-
scopic analysis of some QSO, the identified distances were significantly beyond what
was previously observed, pushing the limits of human imagination. Astronomers
continued discovering active galaxies with very bright luminosity emanating from a
surprisingly small sub-parsec central volume both in optical and in radio.

Today, the term active galactic nuclei or AGN2 is applied to “all objects with ac-
tive supermassive black holes (SMBHs)” (Netzer, 2013). The dominant explanation
for the engine behind the observed power output is a central SMBH which accretes
matter. Nowadays, we discovered quasars at very far cosmological distances, for ex-
ample at redshifts of 5 and 6 (Fan et al., 2001) and even beyond, asserting their role
as sort of light posts of the Universe and concurrently puzzling the theorists to ex-
plain such massive black holes (MBH) within the first gigayear of the Universe (e.g.,
Wang et al., 2021; Natarajan et al., 2024). Due to the bright center and overall high
luminosity which often outshines the host galaxy starlight, studying AGN through
observations is challenging.

The environment of SMBH is mind-boggling since humans do not encounter and
do not experience such environments in the everyday life. First, within the vicinity of
the SMBH, the pull of gravity is enormous. Any material that falls beyond the event
horizon is doomed to disappear into the singularity. Before doing so, the infalling
gas is heated to enormous temperatures and radiates strongly at a wide range of
frequencies, placing AGN among the most luminous objects in the Universe. Around
some SMBHs part of the material is able to escape the plunge to the singularity,
creating jets that may affect the material beyond the host galaxy at megaparsec scales
(e.g., radio-loud quasars via jets).

The conquest of the full EMS for astronomical observations opened further the
prominence of AGN in the extragalactic research landscape. The activity of AGN is
not limited to a single waveband, and therefore multiwavelength studies are neces-
sary to understand their extraordinary properties.

At the time of writing this dissertation, still numerous aspects of active galax-
ies are not well understood. The recently launched James Webb Space Telescope
observatory (JWST), the Euclid mission, the upcoming Nancy Grace Roman Space
Telescope, the ground-based Extremely Large Telescope (ELT), the Rubin Observa-
tory, and many more facilities are scheduled to aid astronomers in uncovering and
building a better understanding of active galaxies near and far, in combination with
the advance brought by the neutrino and gravitational wave detection campaigns.

2In this text, I use the terms AGN and quasars interchangeably.
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The full diapason of questions pertaining to the interesting astrophysical nature
of AGN and their role in the ecology of galaxy environments motivated the under-
taking of the projects in this dissertation, to deepen our understanding on how these
amazing objects influence the evolution of galaxies throughout the space and time
of the Universe. AGN are truly cosmologically significant objects, due to their role
in processes at different spatial scales, time frames, and energy levels. To appre-
ciate their role in the evolution of galaxies, I highlight3 key points as follows. In
Chapter 2, I give a brief overview of how the Universe formed, the cosmological
principles. Then, in Chapter 3, I review the major observational characteristics and
relations pertaining to galaxies: such as morphology, kinematics, star formation (SF).

I expand on the nature of active galaxies as hosts of currently accreting SMBHs in
Chapter 4, diving deeper into our current pillars of understanding regarding the AGN
environments. In Chapter 5, I review the main observational techniques, surveys,
as well as telescopes tapped into for this dissertation. The enclosed publications
are summarized in Chapter 6. The final chapter (7) introduces future steps in this
research arena. Throughout the chapters, I have included relevant images of the sky,
for the reader to appreciate the observational aspect of astronomy.

3These chapters stress the concepts relevant to the publications enclosed in the dissertation, skipping
numerous exceptional cases and alternative theories.
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2 Overview of the formation and
evolution of galaxies

J’entre dans la nuit. Je navigue... Je n’ai plus
pour moi que les étoiles...

I enter into the night. I navigate... I only have
the stars for me...

“Au centre du désert”
Antoine de Saint-Exupéry

Translated from French

In this chapter, I describe the big picture of how our Universe evolved and the
role of galaxies in cosmological history. The currently accepted big-bang theory on
how the Universe evolves postulates that everything we see today, including galaxies,
as well as the space and time itself started from a Big Bang (BB), followed by a
relatively brief hot and dense phase, after which the Universe continued expanding
and cooling to this day.

First, I succinctly review the major steps post-BB which led to the formation of
galaxies (§ 2.1). Second, I introduce the major concepts to describe the Hubble flow
of matter (§ 2.2). Since galaxies are observed at large distances and our observations
are affected by the expansion of the Universe, I review how to calculate distances to
and between objects focusing on methods applied in this work (§ 2.3).

2.1 When did galaxies form?
We describe the evolution of the expanding Universe by distinct phases of tempera-
ture, age, distances, and redshift. I summarize the main eras here and pinpoint the
relevance to galaxies in particular (Figure 1, Table 1). The general concepts relayed
in this chapter are taken from the standard literature on the subject: Dodelson (2003);
Mo (2010); Baryshev & Teerikorpi (2012); Byrd et al. (2012); Piattella (2018).

This is a vibrant area of research, since there are still many unanswered questions
about the early Universe, such as the nature of dark matter (DM) or the way the
baryons came to existence (baryogenesis). The various types of matter, the specific
ratio of baryons to photons, and early phenomena (e.g., inflation) contribute to the
formation of galaxies and large-scale structure we observe today.
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Figure 1. Major eras of the evolution of the Universe in the framework of the BB cosmology are
schematically marked: the BB (bright star), the onset of CMB (orange section), dark ages (black
band), stars and galaxies (white structures on purplish background). The JWST allows us to
observe the period when the nascent galaxies formed. It reaches further back in time than the
previously carried out Great Observatories Origins Deep Survey (GOODS) using the Hubble and
Chandra space telescopes. Credit: NASA/ESA and Ann Feild (STScI), esahubble.org/images.

Table 1. Major phases of the history of the Universe (Schneider 2006 and e-course by Baumann
(2021), “Cosmology. Part III Mathematical Tripos”). The timeline is given both in redshift and in
years (or minutes). All redshifts before z=6 are within the first billion years from the BB.

Phase Time (𝑡) Redshift (𝑧) Temperature (𝑇 )
Primordial plasma First 3 min >1015 – 4×108 >100 GeV – 100 keV
Recombination 260–380 kyr 1100–1400 0.26–0.33 eV (3000 K)
Photon decoupling 380 kyr 1000–1200 0.23–0.27 eV
Reionization 100 Myr – 1 Gyr 6–30 2.6–7.0 meV
Present 13.8 Gyr 0 0.24 meV
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Overview of the formation and evolution of galaxies

2.1.1 The young Universe: from the BB to the era of radiation
domination

At the BB, the very fabric of spacetime was also formed. The Universe underwent
a rapid expansion, an inflation1, by a factor of 1035 (t∼10−36–10−34 s after the BB,
T∼1028 K, E∼1015 GeV, Jones & Lambourne 2004). The first moments of the BB
had extremely high energies, when processes at the particle physics level took place,
resulting in the formation of baryonic matter (protons and neutrons) and when the
various fundamental forces stabilized as the temperature evolved to be less hot.

During the hot and dense phase immediately after the BB, the matter and radi-
ation are in equilibrium. The matter is in the form of ionized plasma (primordial
plasma). The hot matter and the hot radiation fill the early Universe. Furthermore,
the matter and radiation in this early phase are coupled.

The ratio (𝜂) between baryons (NB) and photons (N𝛾) is:

𝜂 =
NB

N𝛾
, (1)

and is observed to be ∼10−9. This value is higher than what would have been ex-
pected if after the BB NB =N𝛾 , and is explained by introducing matter-antimatter
asymmetry into the initial conditions:

NB −NB = 𝜂N𝛾 , (2)

which also explains the fact that no antimatter (NB) is observed today. The anni-
hilation processes then decreased the populations of baryons and antibaryons, but
because of the matter-antimatter asymmetry, most antimatter vanished, while the
excess baryons remained (Roos, 2015). This one particle per billion cosmic ratio
evolves to become stars and galaxies.

The interactions of a rich and diverse gamut of elementary particles dominated
this hot period (e.g., cosmologically important leptons: electrons and neutrinos).
Governed by the thermal equilibrium principles, as the Universe cooled, certain par-
ticles decoupled from the primordial plasma as their interaction rates slowed down
faster than the expansion rate. The DM particles decoupled (DM freeze-out) quite
early, within a minor fraction of the first second post-BB, according to the leading
DM models, since their interaction with ordinary matter is very weak. This is the
case within the model where DM particles are Weakly Interacting Massive Particles
or WIMPs (Roos, 2015). The neutrino decoupling from matter took place 1 s after
the BB (around 1 MeV), resulting in the Cosmic Neutrino Background.

1Inflation is not a fully developed theory yet (Longair, 1998, 2008; Roos, 2015) but resolves some
of the important problems (Combes et al., 1995).
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Within the first three minutes after the BB, the hot and dense conditions of the
Universe allowed for the production of elements through nuclear reactions — pri-
mordial or BB nucleosynthesis (Jones & Lambourne, 2004; Byrd et al., 2007; Tani-
hata et al., 2023). Certain proportions of the light elements formed. The most abun-
dant nuclei are Hydrogen and Helium. In fact, the origin of Hydrogen in stars around
us is the Hydrogen created in these first few minutes after the BB. However, the free
electrons and nuclei were in an ionized state (a hot plasma soup). The Universe was
opaque to photons.

While this period was short, its importance is significant in how galaxies formed
and evolved. For example, the inflation might be the period when very small in-
homogeneities began in some areas. This was the foundation to the later epochs
when matter started condensing and forming galaxies and galaxy clusters. Further-
more, there is an overabundance of matter (baryons) as compared to antimatter (or
antibaryons), without which there would not be any matter to build galaxies from
later.

2.1.2 From the matter domination epoch to the formation of the
first stars

At z=3400, matter-radiation equality is reached, followed by the next major era, the
era of recombination2. When the temperature of the Universe reached ∼3000 K, the
temperatures were low enough for neutral atoms of Hydrogen to form. As the free
electron density drops due to the formation of neutral atoms, the Thomson scattering
from free electrons, 𝑒− + 𝛾 → 𝑒− + 𝛾, which coupled photons to matter becomes
inefficient. The radiation (photons) and the matter are decoupled (100 000 years after
BB or z=1000), and the Universe becomes transparent. The photons begin a journey
of freely traveling in the Universe in all directions. This phenomenon is observed
today as the cosmic background radiation (CBR).

Today the vestigial CBR intensity is modeled using a blackbody with a peak
at 2.7 K corresponding to the wavelength of ∼1 mm. The CBR is all around us.
The Cosmic Background Explorer Satellite (COBE) measured the fluctuations in its
intensity, also at small scales. These fine CBR anisotropies are considered to be
the imprint of early small density fluctuations right before the radiation and matter
decoupled and which give rise to clusters of galaxies much later. It is yet unknown
why these early concentrations in the density formed.

The neutral matter engrains in itself the ratios of light elements still observable
in the Universe today. Matter is the component where gravity acts as an attractive
force, pulling in more matter together to form galaxies. The first galaxies are thought
to have formed within the first billion years post BB. The major fraction of matter

2Recombination means that an electron and a proton are combined into a neutral atom. The opposite
process is the ionization: p + e− → 1

1Hneutral + 𝛾 (Jones & Lambourne, 2004).
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is dark, whereas the baryonic matter (aka visible or light matter) is only ∼5% of the
energy density of the Universe (Péroux & Howk, 2020)3. The nature of the prevalent
DM is unknown, but it exerts gravitational pull aiding in formation of structure.

After the recombination phase, as the matter becomes predominantly neutral, the
cosmos falls into a 100 Myr-long dark age phase. At around the 100 Myr mark,
the matter starts getting (re-)ionized due to the first generation of quasars and stars,
launching the epoch of reionization, which lasts about a billion years (e.g. Rees,
1999). The reionization of the IGM is considered to be the last major phase change
in cosmic history. During the reionization stage, some stars are formed, however,
the SFR picks up afterwards, reaching its peak around z=2, a trend followed by the
accretion of SMBHs (Madau & Dickinson, 2014).

2.1.3 Continued structure formation till present day

As the Universe expands, it becomes less dense and cools down. Larger structures
start forming: protogalaxies, galaxies, clusters. The galaxies (and also black holes,
BHs) are thought to grow by accreting gas around them due to gravitational pull, and
this model is employed in hydrodynamical simulations, which are tersely explained
in a later subsection in this chapter, § 2.1.5.

There are two scenarios to explain how galaxies formed. According to the “top-
down” galaxy formation scenario (Hot Dark Matter, HDM, models), first, the giant
cluster-sized entities are formed. Then they break down to form clusters and then
eventually galaxies within those volumes as they contract gravitationally.

Alternatively, according to the mainstream “bottom-up” model (hierarchical ga-
laxy formation theory within the CDM models), the small mass fluctuations after the
BB serve as the basis for galaxy formation. First, as the DM decouples before recom-
bination, through gravitational pulls DM halos form a network that spans the whole
universe. Later, as the universe evolves and the baryons decouple from radiation,
primordial gas concentrates in the centers of DM halos, forming disks surrounded
by a swarm of globular clusters from the first stars. It is assumed, thus, that stars are
the first objects to form. The disky galaxy grows due to on-going SF. These spiral
galaxies sometimes merge, clustering into larger elliptical galaxies. The hierarchical
scenario has some unresolved areas still, for example, the problem of missing galac-
tic satellites (Klypin et al., 1999), as there is a discrepancy between the number of
observed and predicted satellites in the LG. At the same time various solutions have
been reported throughout the years (Bullock & Boylan-Kolchin, 2017). In particular
for the “missing satellites” problem, Sawala et al. (2016) results showed agreement
with the observational data.

The first galaxies have formed within the first gigayear mark (z>6) of the Uni-

3Critical density value corresponds to the flat Universe geometry (Liddle & Loveday, 2008).
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verse, after the epoch of reionization (Madau & Dickinson, 2014). The formation
of the first galaxies is one of the key research areas with the JWST observations,
which already have discovered galaxies at z>12 (Castellano et al., 2022; Yan et al.,
2023). Around z=2, the epoch of galaxy assembly reached its peak. That’s when the
cosmic SF was at its apogee as well. However, before the flourishing reign of galax-
ies, there are many unanswered questions on galaxy formation since the cosmic dark
ages, including how the energy feedback from mass accretion onto SMBHs affects
their environment. The galaxy formation and evolution theories try to explain the
steps in the cosmic history which led to galaxies as they are observed today — their
morphology, masses, energetics, composition, clustering.

2.1.4 Main observations defining the present-day Universe

Now that we have identified when galaxies formed within the context of the cur-
rently accepted BB cosmology, we look at what is observed about galaxies today.
The dominant conclusion is that the Universe is flat and is described by several key
cosmological parameters. The total energy density is the sum of matter density and
of a cosmological constant, and is equal to unity,

ΩTOT = ΩM +ΩΛ = 1 , (3)

where ΩM = 0.3 and ΩΛ = 0.7 (Planck Collaboration et al., 2020). These are the
values which I adopted throughout in this thesis. The cosmological constant serves
in an opposite way to the gravitational pull of the matter, enabling galaxies to move
away from each other. As the Universe continues to expand, what we observe is that
galaxies appear to move away from us. It has been shown that the expansion of the
Universe is accelerating, based on the observations of distant supernovae (SNe, Riess
et al., 1998; Perlmutter et al., 1999, Nobel Prize 2011).

The age of the Universe today (z=0) is accepted as ∼14 Gyr. Only 20% of bary-
onic matter is inside stars and galaxies, the rest is scattered within the intergalactic
gas in the form of ionized H. DM is believed to form sort of a filamentous backbone
for galaxies in the Universe albeit invisible to us. Galaxies represent about 10% of
the baryon fraction of the Universe. We observe two main classes of galaxies: spiral
and elliptical galaxies. Generally, galaxy sizes are of the order of a kiloparsec, their
masses are on the order of 1010 M⊙, and their abundance is 10−2 Mpc−3.

The observed distribution of galaxies in the Universe is patchy. Clusters and
groups contain most of the galaxies in the Universe, so galaxies typically evolve
alongside other galaxies. Galaxies are not static in clusters, they are in motion. A
cluster is the largest gravitationally bound structure in the Universe. Clusters them-
selves can group into larger entities, superclusters. Clusters and superclusters are
embedded in the filaments of the LSS of the Universe, usually in the knots where
filaments congregate together. For example, our own planet Earth is located in the
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Milky Way, which belongs to the LG, which is located in the Virgo cluster of the
local supercluster. Another example of a galaxy cluster is shown in Fig. 2.

In addition to clustering of galaxies, seemingly empty regions of space exist on
large scales (voids). However, at scales of 200 Mpc the Universe does appear to be
isotropic. It has a uniform density and is the same in each direction.

These observations elucidate the apparent importance of the environment in the
life of a galaxy. Clusters are important in cosmology because they are the largest
objects in the Universe held by their own gravity and are often used to test cosmo-
logical models or gain information about cosmic structure. The large-scale cluster
environment is also important in understanding the evolution of galaxies (and AGN),
and is touched on in the following two chapters.

Most of the phenomena are not testable in Earth’s laboratories, however, large-
scale simulations have been developed to trace the evolution of the universe, and are
presented in the following subsection.

2.1.5 Galaxy evolution simulations

Computational simulations are the testbed for different cosmological frameworks.
Furthermore, the papers in this dissertation provide observational data to contrast
with cosmological models of galaxy formation and evolution, such as AGN feed-
back assumption. Comparing simulations to observational data (for example as in
publications from this thesis) is not straightforward and requires a lot of work. Ob-
servational data are collected with different selection methods and can be messy.
On the other hand, the models are built using actually very different approaches and
often making specific assumptions (and represent ideal patterns in a way). For exam-
ple, the luminosity function (LF) of galaxies may be modeled as Schechter function,
but the data points may have a scatter due to random and/or systematic errors. Thus
we very briefly discuss the main concepts on how these simulations are built.

Several large simulations have been published in the last few decades. It is im-
portant to know (even as an observer) what goes into building the models4, including
assumptions, in order to be able to correctly compare with the observational data
(e.g., Baugh et al., 1996; Somerville & Davé, 2015; Naab & Ostriker, 2017; Vo-
gelsberger et al., 2020; Crain & van de Voort, 2023). The cosmological simulations
currently are restricted by a choice, either to provide more resolution or more statis-
tics to the mock cosmic web output.

Starting with a few principles, the large-scale filamentary structure is built, mod-
eling the collapse of DM, and eventually the formation of galaxies. The LSS forma-
tion leads to gas accretion into galaxies, fuelling the SF. In DM-only simulations the
halos are considered to be DM overdensities within the growing DM cosmic back-

4For example, if a manual injection of BHs is employed, then comparing with observations is prob-
lematic, because observations of AGN environments currently have inconsistent results.
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Figure 2. An example of a galaxy cluster hosting a variety of galaxies. Cluster Abell S0740,
z=0.03, is one of the clusters in the Abell catalog of rich clusters (Abell et al., 1989). The giant
elliptical galaxy, ESO 325-G004, is at the center. It exerts gravitational pull on the other member
galaxies. Image Credit: NASA, ESA, and The Hubble Heritage Team (STScI/AURA),
esahubble.org/images. Cluster information from the SIMBAD database (Wenger et al., 2000).
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bone, and it is within their centers that galaxies are postulated to form; the visible
matter is incorporated indirectly (e.g., merger tree algorithms, Jones & Lambourne,
2004; Jiang & van den Bosch, 2014; Nadler et al., 2023). For example, the Millen-
nium Project uses the N-body simulation technique (Springel et al., 2005; Lemson &
Virgo Consortium, 2006) within the cold DM (ΛCDM) framework.

Another approach to models of the universe is based on the hydrodynamic method.
Here fluid dynamics concepts regulate the evolution of the gas component of the uni-
verse (baryons) coupled with DM evolution. The Illustris simulation is built in this
way, Fig. 3 (Vogelsberger et al., 2014a; Nelson et al., 2015). For example, the bi-
modal distribution of galaxy demographics as ellipticals and spirals is reproduced
reasonably well by the Illustris simulation (Fig. 4, Vogelsberger et al., 2014b).

In particular, modeling AGN feedback is crucial in the ΛCDM, because without
it, the observed trends of the local Universe are not reproduced (e.g., the comparison
between the Horizon-AGN and Horizon-noAGN simulations, Dubois et al. 2012,
2014; Kaviraj et al. 2017). This is in addition to the stellar feedback. The AGN
feedback has two scenarios: radio and quasar modes, which depend on the Edding-
ton rate (Dubois et al., 2012). The radio mode feedback is described by powerful
jets, which release energy, momentum, and mass into the surrounding gas, while the
quasar mode’s sole input is the thermal energy via AGN-driven winds. The AGN
power has high efficiency and plays a key role in regulation of evolution of high stel-
lar mass galaxies. Various simulations, such as the Horizon-AGN simulation and the
NewHorizon zoom-in simulation project (Dubois et al., 2021), attempt to refine how
models approach the inclusion of AGN feedback.

2.2 Key concepts in cosmology
2.2.1 The standard cosmological model

The currently accepted cosmology paradigm of the Universe is explained by the con-
cordance Lambda Cold DM (ΛCDM) model, a geometrically flat universe (also re-
ferred to as the “standard model”). The “lambda” constant is associated with dark
energy (few key papers and reviews: Rees & Ostriker, 1977; White & Rees, 1978;
Peebles, 1982; Peebles & Ratra, 2003; Bullock & Boylan-Kolchin, 2017). The small-
scale early density anisotropies become more pronounced due to gravity. In some
loci, the growing structure collapses into DM halos. These halos merge into bigger
and bigger sizes. Baryonic matter (cold gas) is attracted to the DM halos, eventually
condensing in the center of the halo and forming stars and galaxies.

The three components of the Universe are: visible matter (baryons), DM, and
dark energy. The baryonic component is only about 5% of the total energy density
of the Universe. The baryons are the smallest component, however, they represent
what we can see or observe. In fact the dark energy comprises the largest component
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Figure 3. The time evolution of a box, showing DM and visible matter properties from Illustris
simulation (top row with the most recent snapshots). The DM-based simulations do not provide a
ready insight into the galaxies, while the advantage of simulations such as Illustris is that besides
DM, baryonic component evolution is also carried out, making it easier to bridge the modeling
results with observations of galaxies. Credit: Illustris collaboration / Illustris simulation,
illustris-project.org.

today, and is of unknown nature so far. It is responsible for the accelerated expansion
of the Universe. The DM interacts gravitationally, and its nature is also unknown.

2.2.2 Laws of physics

When studying the Universe at extragalactic scales, few global concepts guide our
work and need to be redefined, especially when factoring in the cosmic expansion
to which all the galaxies are subject to. The first principle is that the fundamental
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Figure 4. Mock galaxies from Illustris simulation at z=0, illustrating how Illustris cosmological
simulation results can be contrasted to real observations of galaxies. In this case, the morphology
classes may be compared to observed categories (see the following chapter). Credit: Illustris
collaboration / Illustris simulation, illustris-project.org.

physical laws that describe nature (e.g., laws of motion, electromagnetic interaction)
are the same today as they were yesterday. They are also the same everywhere.
Thus, we can apply our knowledge of physics from the laboratory to distant galaxies.
For example, that’s why we assume that since the early Universe had temperatures
higher than stellar interiors, nuclear fusion could have taken place to form nuclei of
Hydrogen and other light elements. Furthermore, light has a finite speed and it is the
fastest speed in nature, c = 29 979 245 800 cm s−1 (in vacuum). The photons of
electromagnetic radiation, be it in radio-frequency or at very high energies (gamma
rays), travel at the speed of light.

2.2.3 Cosmological principle

According to the cosmological principle5, at larger scales, the Universe is homoge-
neous and isotropic, i.e., invariant in translation and in rotation respectively. In his

5It is also called the Copernican principle, after the Polish astronomer Copernicus (proponent of a
heliocentric model of the Universe).
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textbook ‘First Principles of Cosmology’, Linder (1997) elegantly defines these two
concepts: “homogeneity says that all points in space have the same physical condi-
tions, e.g., density and temperature” and “isotropy signifies that all directions have
the same physical appearance.”

This principle is very important in studying galaxies because it is difficult to
study the whole sky in great detail, although large-sky-coverage surveys are more
common nowadays. Instead, smaller areas of the sky are observed in detail and then
the observations are extrapolated to galaxies in general. In this work, in Paper III, I
studied quasars within the equatorial regions of the sky. However, we assume that
properties of quasars observed in this patch of the sky can be reasonably extrapolated
to quasars at any other Right Ascension (R.A.) and Declination (Decl.) celestial
coordinates (for the same quasar type and redshift range).

At this point in the discussion, it is appropriate to evoke the concept of cosmic
variance, with respect to its effects on observational results in surveying smaller
patches of sky. At large enough scales, the Universe is close to the ideal model
corresponding to the cosmological invariance in translation and rotation, however, at
smaller scales it might not, because at smaller scales “not all patches of sky are equal”
— some patches are in voids, some in clusters, for example (Driver & Robotham,
2010). It is an important aspect in understanding surveys. In practical terms, cosmic
variance is the “field-to-field variation due to large-scale structure” (Somerville et al.,
2004; Moster et al., 2011). It introduces uncertainty into the observed quantity (e.g.
number density of quasars) beyond the Poisson shot noise.

2.2.4 Hubble’s law

Observations should take into account that a galaxy may emit at one wavelength,
but due to the expansion of the Universe, the light that we receive at the telescopes
arrives at a different wavelength. This difference depends on the distance and time
traveled, and is quantified as a cosmological redshift, 𝑧:

z =
𝜆observed − 𝜆emitted

𝜆emitted
. (4)

The red part of the term redshift signifies the fact that all photons from the galaxies
are shifted towards the redder (and therefore longer) wavelengths. In this case of
cosmological redshift, the spacetime fabric of the Universe itself expands, length-
ening the wavelength of the observed photons, which were emitted originally at a
shorter rest wavelengths by the galaxy.

Actually, this fundamental observation about galaxies which supported the idea
of an expanding Universe was made by Edwin Hubble, who may be considered as
the founder of extragalactic astronomy. The velocity of a given galaxy is described
by the Hubble’s law :

vr = H×D , (5)
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where vr is the galaxy’s recessional velocity (vr=cz) and has a radial or line of sight
direction, D is the distance away from the Earth, and H is the Hubble Constant (Hub-
ble, 1929). The Hubble Constant is the same in every point in space, but changes
with time. Currently, at z=0,

H0 ∼ 100 km s−1Mpc−1 × h , (6)

where h is a dimensionless parameter. For example, in Papers I of this dissertation,
the value h∼0.7 is used. The relationship in Equation 6 describes that a galaxy that
is further away from us (greater D) has a greater recessional speed (larger v). That
means that we have to be careful how we define and measure distances, one of the
crucial observables in astronomy (discussed in the next section).

The linear relation in Equation 5 holds up to redshifts of z∼0.2 (Jones & Lam-
bourne, 2004). It is only applicable to those galaxies which are far enough away so
that their recessional velocities are dominated by the cosmic expansion. If we rear-
range Equation 5, we can express it with the cosmological redshift (z) on one side
as:

z = H
D

c
, (7)

for non-relativistic velocities, i.e., vr ≪ c. Thus, if we measure the redshift from
Equation 4, we can also get the distance to the galaxy.

The recessional velocity representing the expansion of the universe might not be
the only velocity component to describe the full picture between the observer and the
galaxy observed along the line of sight (or radial) direction. Any additional (relative)
motion beyond the Hubble flow is termed as the peculiar velocity (Linder, 1997).
Here I use, without derivation, Equation (2.19) from Mo (2010), showing that in the
FRW (Friedmann-Robertson-Walker) cosmology, there is an additional component
for calculating redshift due to peculiar velocity (v(pec)r ):

vr = cz + v(pec)r , (8)

where the subscript r under the peculiar velocity term signifies the radial direction
(since peculiar velocity may also have a non-zero transverse component), see Fig. 12.
Peculiar velocities are usually non-negligible in the Local Universe. On the other
hand, for much more distant galaxies, gravitational force between the observer and
the high-redshift galaxy is not a concern when calculating the cosmological expan-
sion (Linder, 1997).

2.3 Cosmological distances
As in this work I deal with galaxies and quasars at large distances, it is important
to note how astronomers calculate distances and separations at cosmological scales.
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This is especially important for the work in this thesis, since I am trying to identify
neighbors of quasars, e.g., in Paper III, within a comoving volume of few mega-
parsecs. We know that on a 2D image, nearby galaxies might in actuality be far
away, due to projection effects. It could be a background galaxy or a foreground
galaxy projected into the same field. In Fig. 5, in the top diagram, we show the
imaginary comoving volume around a quasar. The neighboring galaxies are identi-
fied within a fixed comoving volume of radius, R, around each quasar in Paper III
based on the GAMA survey data. Now in 2D representation, the central quasar is
marked as a filled star (Fig. 5, bottom plot). All galaxies (gray dots) here have R.A.
and Decl. coordinates similar to those of the quasar neighbors (filled circle and pen-
tagon). However, actually, only two galaxies have a comoving separation below 2
Mpc. This diagram illustrates how the 2D visualization does not obviously reveal the
physically close galaxies, necessitating careful cosmic separation calculations.

2.3.1 Comoving and proper distances

So, how can we find the actual distances? First, through spectroscopy, we can obtain
the redshift of the galaxy, which is then used to calculate the distance. The funda-
mental distance measure in cosmography is the comoving (line of sight) distance, 𝜒,
between two objects in the Universe with the expansion effect factored out. It is be-
cause in a comoving coordinate system, the system itself expands with the Universe.

Note that on small scales when the universe breaks from the ideal isotropy, such
as in a cluster of galaxies, the motion of galaxies within that cluster may contribute
to the final distance calculation as a local effect. For example, between an observer
on the Earth and a galaxy outside of the Milky Way, peculiar velocities of several
hundred km s−1 scale are significant — up to a few megaparsecs (Linder, 1997). Ad-
ditionally, we are under the gravitational influence of the Virgo cluster, within about
20 Mpc radius (Linder, 1997). A bit further from the Earth, that of 40 Mpc(z<0.01),
distance is not measured reliably by the linear Hubble’s law equation (Jones & Lam-
bourne, 2004). Our Galaxy has a peculiar velocity with respect to the Virgo Cluster,
and is called the “Virgo infall” (Combes et al., 1995). The velocity dispersion of
Virgo cluster members is >500 km s−1 (Combes et al., 1995). So, it is important
to account for any contamination stemming from local gravitational effects, when
assessing the redshifts (distances). However, in all of the publications in this thesis,
the lowest redshift boundary (z=0.1) was at least 10 orders of magnitude higher than
this limit and consequently outside of the influence of the Virgo Cluster pull.

Furthermore, overdensities, such as clusters of galaxies, can have hundreds of
members and can be very massive. Thus, gravity plays a significant role in these
overdense regions of the Universe. Galaxy members are attracted to each other and
interact gravitationally. This influences their proper velocities, which in turn con-
taminate the Hubble flow.
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quasar, around which we look for neighbors amongst GAMA galaxies
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GAMA galaxies with spectroscopic redshifts

Figure 5. Illustration of differences between apparent angular and comoving separations. Top. A
comoving volume (of radius R) around a quasar, investigated in Paper III, where the aim was to
identify all of the galaxies within that comoving volume (R = 2 Mpc). However, typical catalogs
usually only provide the R.A. and Decl. coordinates of galaxies. Bottom. GAMA survey galaxies
(gray dots) around one of the quasars (pink star) plotted in R.A./Decl. space. In Paper III, we
estimated the comoving separations for these galaxies, showing that only two neighbors (green
circle and blue pentagon) were within the 2 Mpc limit.
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Closely related to the comoving distance is the proper distance (or physical dis-
tance), which is defined to be the distance to the object at a specific moment in
cosmological time, and thus by definition can change over time due to the expansion
of the Universe. Only at present time (z=0) the comoving distance and the proper
distance are equal for a given galaxy.

Thus, at other epochs, a scaling factor, a(t), needs to be used to account for
the expanding Universe. According to the Friedmann-Lemaitre-Robertson-Walker
metric (FLRW), the time-dependent scaling factor is:

a(t) =
1

z + 1
. (9)

The scale factor is unity at present and zero at the instance of the BB.
GAMA spectroscopic survey provides redshifts for quasars and galaxies in Paper

III. Assuming the standard cosmology (Planck Collaboration et al., 2020), I was able
to determine the comoving distance corresponding to the redshift of the object. It
is important to remember that the measured redshift differs from the cosmological
redshift (due to the cosmic expansion) through the peculiar velocity term.

Currently various online calculators and software packages are available to per-
form this calculation. I compared the NASA Extragalactic Database calculator (Wright,
2006) results with Astropy-ecosystem based results (Astropy Collaboration et al.,
2018), and they were consistent with each other. In the end, due to using python
numerical codes, I chose the Astropy cosmology package results for the published
calculations, which is based on Hogg (1999) methodology for various cosmologies
(Linder, 2003).

At the core, the redshift-to-distance conversion is based on the chosen cosmology
model, cited individually for each paper, where a specific definition to the spacetime
metric is given. For the FRW models, the Robertson-Walker (RW) metric is used. In
the comoving form, it is:

d𝑠2 = −d𝑡2 + 𝑎2(𝑡)[d𝑟2 + 𝜒2(d𝜃2 + sin2𝜃d𝜑2)] , (10)

where 𝑑𝑠 is the line element, 𝑎 is the scale factor, 𝑟 is the radial coordinate, 𝜒 is
the comoving coordinate, 𝑡 is the time coordinate, 𝜃 is the polar angle, and 𝜑 is
the azimuthal angle (Linder, 1997; Liske, 2000). For the case when the curvature
parameter is zero (k=0), the comoving and the radial (𝑟) coordinates are equal.

In Paper III, as an example, we assumed that the Universe is described by the
flat Λ CDM cosmology. It is a special case of the FLRW cosmology model family,
where the cosmos is isotropic and homogeneous. Additionally, this special case has a
non-zero cosmological constant and is curvature-free (k=0). The exact calculations
are based on numerical integration methods.

20



Overview of the formation and evolution of galaxies

2.3.2 Comoving separation between galaxies

In Paper III we have the problem to calculate the comoving separation between two
galaxies based on their spectroscopic data from GAMA. This question is put clearly
by Liske (2000) publication at the turn of this millennium: “How to calculate the
distance between two cosmological objects given their redshifts and angular separa-
tion on sky?” If the two objects move consistently with the cosmological expansion
of the Universe (or Hubble flow), the comoving distance between them remains con-
stant with epoch, i.e., does not change in time (Hogg, 1999; Liske, 2000),

𝜒 = DH

∫︁ z

0

dz′

E(z′)
, (11)

where 𝑧 represents the redshift, DH ≡ c
H0

is the Hubble distance, and E(z) function
(Peebles, 1993) is defined using the three density parameters as:

E(z) ≡
√︀

ΩM(1 + z)3 +Ωk(1 + z)2 +ΩΛ . (12)

Ωk is the density of a parameter which measures the "curvature of space" and is
equal to zero for a flat Universe. Using the astropy.cosmology subpackage, one can
calculate the comoving distance (as well as other common cosmological quantities)
from redshift within a specified cosmological model (Astropy Collaboration et al.,
2013, 2018; Hogg, 1999).

As the next step, to identify neighbors around quasars, based on the comoving
distances, I identified the comoving separation between the seed object and the can-
didate neighboring galaxy. In a flat Universe (k=0), the comoving separation reduces
to a cosine rule:

r = (𝜒1
2 + 𝜒2

2 − 2𝜒1𝜒2 cos 𝜃)
1

2 , (13)

where 𝜃 is the angular separation between two objects, calculated based on the R.A.
and Decl. coordinates (J2000 epoch for GAMA database). Thus, I robustly iden-
tify all of the neighbors using spectroscopic redshifts, weeding out the background
and foreground galaxies projected by chance in the same field. For a more general
treatment of the problem, see Liske 2000 and examples of papers with similar cal-
culations are Lindsay et al. 2014; Truebenbach & Darling 2018; de Carvalho et al.
2018.

2.3.3 Angular diameter distance and luminosity distance

Two additional distances from cosmology are used in this thesis, the luminosity dis-
tance and the angular distance (Hogg, 1999; Binney & Merrifield, 1998; Mo, 2010).
The angular distance, DA, is the distance to the object with intrinsic diameter d,
which subtends an angle 𝜃 (Fig. 6):

𝛿𝜃 =
d

DA
, for DA ≫ d . (14)
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Qualitatively, the angular distance describes galaxies where they were at the time
they emitted the light observed in space and time, meaning that the galaxies were
younger and closer to the observer. As Linder (1997) puts it, “we pretend that there
is no spacetime curvature so the angular diameter distance only corresponds to a
physical distance”, Fig. 6.

The luminosity distance, D𝐿, describes how distant galaxies appear dimmer,
since the photons are stretched out. Here it is the bolometric luminosity, i.e. lu-
minosity from all bands. The canonical definition states that the luminosity distance
is “the distance to an object of intrinsic luminosity L is the quantity D such that
the observed flux from the source is 𝐹 = L/(4𝜋D2)” (Binney & Merrifield, 1998).
Rearranging to put the luminosity distance DL on one side (Hogg, 1999), we get:

DL ≡
√︂

L

4𝜋F
. (15)

In the publications included in this thesis in particular, the luminosity distance was
used when calculating the absolute magnitude values for galaxies (see § 5). The
luminosity distance is correlated to the angular diameter distance (Hogg, 1999):

DL = (1 + z)2 ×DA . (16)

If instead of bolometric luminosities, one uses the specific luminosity, L𝜆, restricted
to a certain wavelength range , Δ𝜆, then a correction needs to be applied to Equation
15, as discussed in § 5.
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Figure 6. Angular diameter distance (Equation 14).
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3 Observed properties of galaxies

The sky is lit with golden burning cenders...

Vahan Teryan
translated from Armenian

As the particles, radiation, and forces performed their cosmic dance since the BB,
the resultant picture of the Universe is what we observe today with telescopes — a
spacetime fabric sparsed with matter and voids, where galaxies hold the title of build-
ing blocks of the Universe. In this chapter I relay major observational results gen-
erally described as the bimodality of galaxy populations. Here the bimodality refers
to the qualitative description of the distribution of various galaxy properties, such as
color-magnitude (Baldry et al., 2004a), stellar mass (Kauffmann et al., 2003b), and
surface brightness (Blanton et al., 2003).

In order to understand as much as possible about the intricate tapestry of galaxy
formation and evolution, we take advantage of both the observations of the Milky
Way and of other galaxies across cosmic distances and times. On one hand, studying
our own Galaxy helps us to apply more detailed knowledge to other galaxies. On
the other hand, beyond the LG, we rely on interpreting observed fluxes from the
whole galaxy to assess gas content, stellar populations, ages. This is because while
there are some observations of extragalactic SNe, generally it is impossible to resolve
individual stars in galaxies with distances beyond the LG.

In this chapter, first, we review the main morphological classes of galaxies (§ 3.1).
The observed shapes of galaxies engrain a general bimodal trend in the galaxy prop-
erties. Galaxies in the different morphological classes exhibit different properties,
for example in colors, SF, ages. Then we discuss the galaxy dynamics (§ 3.2), the
distribution of light of galaxies (§ 3.3) and the main scaling relations (§ 3.4). In the
last section, we consider the formation of stars (§ 3.5). Here, it is important to re-
member, that the visible structures of galaxies are considered to be the lower fraction
of overall matter; the dominant component is the DM.
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Figure 7. Hubble’s “tuning fork” (Hubble, 1936) is a morphological classification of bright galaxies
in the Local Universe. The ellipticals are grouped on the left, starting with the more circular shaped
ones. The spirals are further bifurcated into two groups based on the presence of a bar. In the
middle is the S0 category, which is described by the presence of bulge and disk, but no spiral
pattern (Phillipps, 2005). Credit: NASA & ESA, ESA Hubble images.

3.1 Galaxy morphology
One of the first observational properties noted by Hubble (1926) when studying
galaxies was their diverse morphology. In his seminal book, The Realm of the
Nebulae, Hubble (1936) organized a tuning fork diagram classification scheme of
galaxies, as presented in Fig. 7. The Hubble diagram of galaxies is based on the
observations in the optical regime of the EMS and its basics are still used today.

On one side of the diagram, Hubble grouped the elliptical galaxies, starting from
the most round ellipticals. On the opposite side are located the spiral galaxies, which
are divided into two groups based on the presence or absence of a bar in the center
(barred spirals). The spirals are subclassified based on the prominence of the central
bulge and how tightly the spiral arms are wrapped around. The galaxies at the root
of the prongs of the fork-diagram have large central bulges (Sa/SBa spirals) which
are less and less pronounced as one travels down to the tip of the prongs, reaching at
the end magnificent spirals with widespread spiral arms and relatively smaller bulges
(Sc/SBc types). In the middle of the diagram are the lenticular galaxies (S0), which
have a disk, but no spiral arms — named so due to their lens-like shape (Phillipps,
2005). Spirals are furthermore a flat structure, while the ellipticals are ellipsoidal.
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For example, our own Milky Way is a spiral galaxy, as is the nearby Andromeda
Galaxy (M31). On the other hand, the giant galaxies in the middle of the Coma
Cluster are ellipticals, as generally are the central galaxies in clusters. In the nearby
universe, most bright galaxies are spirals, while about a third of galaxies are either
elliptical or lenticular.

The bimodality in morphology is correlated to the bimodality in color (e.g. Chester
& Roberts, 1964; Roberts & Haynes, 1994; Baldry et al., 2004b; Cattaneo et al.,
2009). In color-magnitude space, the ellipticals and spirals generally fall into differ-
ent loci (Fig. 8). For example, in the same Coma Cluster, the bright galaxy members
with larger (redder) color values lay in a narrow band (red sequence), while the mem-
bers with smaller (bluer) color values are scattered in a different area (blue cloud)
(Yamanoi et al., 2012; Stone, 2017). Generally, spirals are blue and ellipticals are
red in the optical.

Figure 8. An example of a color-M⋆ plot showing the color bimodality of low-redshift galaxies
(density contours) (Fig. 2 from Schawinski et al., 2014). The x-axis represents the M⋆ — a proxy
for luminosity. The y-axis holds the optical SDSS 𝑢− 𝑟 color from bluer to redder (smaller to larger)
values (DR7, York et al., 2000; Abazajian et al., 2009). Galaxies congregate into three loci in
color-M⋆ space: red sequence, green valley (green lines), and blue cloud. The subplots on the
right show early-type (top) and late-type galaxies only (bottom) — early-types congregate strongly
in the red sequence area, while the late-type galaxies are more prevalent in the blue cloud region.
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Hubble proposed that the morphological classification was also an evolutionary
sequence — the elliptical and lenticular galaxies were formed early on (early type
galaxies), and then they morphed with time into more complex spiral structures (late
type galaxies). The spiral galaxies evolved from Sa (early type spirals) to Sc shape
spirals (late type spirals). According to the accepted standard theory, the opposite is
the case — spiral galaxies merge to form elliptical galaxies. One piece of evidence
to refute the original scenario is that only spirals also have ample numbers of young
stars in addition to older stellar populations (Bell & de Jong, 2000), while the stellar
populations of elliptical galaxies are predominantly old. However, the nomenclature
is still used in literature.

Numerous refinements to this classification have been introduced throughout the
years, but the main classes remain. This classification is relevant mostly to the
present time, as at higher redshifts, especially in the Early Universe, the morpholo-
gies of galaxies were more irregular, such as cigar shaped galaxies. Any evolutionary
model of the Universe must reproduce this observation of apparent galaxy shapes. In
the following subsections we describe in more detail these major classes of galaxies.

3.1.1 Elliptical galaxies

On the left of the Hubble fork diagram are galaxies which have an elliptical mor-
phology in the optical images (Fig. 9). The E-number (En) refers to the formula:

En = 10× (1− 𝜖) , (17)

where the apparent ellipticity, 𝜖, is defined as a ratio of the semi-minor (𝑏) and semi-
major (𝑎) axes of the ellipse:

𝜖 ≡ b

a
. (18)

The ellipticity describes the shape of the galaxy (Hubble, 1926; Schneider, 2006).
Hence, the E0 galaxies are circular (have circular isophotes1). With a larger value
of the E-number, the elliptical form of the galaxy becomes increasingly flatter. The
elliptical galaxies are 3D objects, and this classification is based on their apparent 2D
shape, thus dependent on the viewing angle. Using different techniques it is possible
to understand better the possible 3D shapes as well (e.g., 2D to 3D deprojection
method, Chen et al., 2016).

To quantify the size of a galaxy it is common to use the effective radius2, R𝑒,
within which half of the light of the galaxy is contained (Schneider, 2006). While
typical elliptical galaxies have effective radii of a few kiloparsecs, the sizes range
from dwarf to giant ellipticals (Table 2). The largest elliptical galaxies, cD galaxies,

1An isophote is defined as a “contour of constant surface brightness” (Sparke & Gallagher, 2007).
2The term effective radius is synonymous with half-light radius label.
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are found in the centers of clusters. On the other hand, the dimensions of the dwarf
ellipticals may be similar to that of a globular cluster.

The elliptical galaxies span a large range in luminosity as well (Kutner, 2003).
The elliptical galaxies have less gas and dust compared to spiral galaxies, and their
SFRs are low. The spectrum of an elliptical galaxy is dominated by old stellar popu-
lations (of stars with low masses), resulting in reddish appearance in the optical. For
that reason, the elliptical galaxies are often described as “red and dead”.

Ellipticals are pretty uniform blobs which lack large-scale distinctive features
of spiral galaxies (spiral arms). Their starlight distribution is more concentrated in
the centers and gradually falls off with increasing distance from the center (e.g.,
Kormendy & Djorgovski, 1989). Ellipticals have smooth color profiles and are fea-
tureless. Their stellar motions are random. Furthermore, the elliptical galaxies are
characterized by high metal abundances. Additionally, it is observed that ellipticals
often have globular cluster systems around them. Massive ellipticals are surrounded
by X-ray emitting gas (T > 105 K). Galaxy mergers are postulated to result in the for-

Figure 9. IC 2006, an elliptical galaxy (Constellation Eridanus). Credit: ESA/Hubble & NASA;
Judy Schmidt and J. Blakeslee (Dominion Astrophysical Observatory), ESA Hubble images.

Table 2. Measurements of spiral and elliptical galaxies (Kutner, 2003; Sparke & Gallagher, 2007).
Here the effective radius is used as a proxy for galaxy size.

Type R𝑒 Mass Luminosities
kpc M⊙ L⊙

Spiral 5–100 109–1012 108–1011

Elliptical 0.3–100s 107–1013 105–1013
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mation of giant ellipticals, which are often found in the centers of clusters. Actually,
even though we start thinking about elliptical galaxies by considering them “red and
dead spherical cows”, as my Master’s thesis supervisor Aaron Romanowsky jokingly
used to put it, in recent decades research showed new discoveries on kinematics of
elliptical galaxies shaking our previous assumptions (e.g., Cappellari, 2016).

3.1.2 Spiral galaxies

The morphology of spiral galaxies is described by the presence of spiral arm(s) which
emanate from the center of the galaxy, e.g., Fig. 10. The spiral galaxies may have
a bar in their central regions (barred spirals). The rotational speeds of spirals are
also faster, leading the overall galaxy shape to the flattened disk structure. In fact,
it is by observing the dynamics of the spiral galaxies that astronomers came to a
model where the visible structure of the spiral galaxy is embedded in a large halo
dominated by DM. The spiral galaxies are observed at higher frequencies outside of
clusters, compared to the ellipticals (Dressler, 1980).

Spirals are richer in gas and dust than ellipticals. The spirals are characterized
by an on-going SF. The center of the spiral galaxies is dominated by old stellar pop-
ulations. The disk region away from the center is abundant in gas and dust. There
are hotspots of SF speckled in the spiral arms. The stellar population has a larger
abundance of young stars (O and B class). The young stars in the spiral arms give
the disk a bluish appearance in the optical (and the more recently formed stars are

Figure 10. NGC 1300, a majestic barred spiral galaxy. Credit: NASA, ESA, and The Hubble
Heritage Team (STScI/AURA), ESA Hubble images.

29

https://esahubble.org/images/opo0501a/


Maria Babakhanyan Stone

more metal rich). The Sc spirals have a larger fraction of gas and dust involved in SF
compared to Sa. Young stars and significant ISM are evidence for recent SF.

For spiral galaxies, the overall metallicity of the stellar population increases with
the mass of the galaxy (Henry & Worthey, 1999). A similar trend is observed for
ellipticals. The metallicity does not stay consistent throughout the volume occupied
by the galaxy — instead, the central parts are more metal-rich than the outskirts. The
metallicity varies within the disk as well. At the stellar metallicity level, the stars
which formed in the past are metal poor compared to the stars birthed by the recent
ISM due to the local metal enrichment processes. Actually, observing metallicities
and correlating them to other galactic properties sheds light into the galactic evolu-
tion history. This is an active research area — with higher resolution instruments
paving way to gain more insights.

Most nearby galaxies are easily determined to be spirals or ellipticals from their
images. However, images are 2D projections of the three-dimensional galaxies, and
especially with further distance, the angle of observation may have a large effect.
The spiral galaxies exhibit various orientations towards the observer, ranging from
face-on to edge-on; the ellipticals also may exhibit projection effects in the images.
Furthermore, additional substructures may be present in galaxies, such as rings, and
the appearance of galaxies changes also with the band (e.g., IR versus UV).

3.1.3 Other morphological types

Lenticular galaxies

A third type of common morphology is observed in the nearby universe, with features
from both elliptical and spiral galaxies, called lenticular galaxies (S0). They have a
disk structure, but lack spiral arms, as gas seems to be required for a spiral (Sparke
& Gallagher, 2007). They harbor old stars. Their bulges are similar to ellipticals. S0
galaxies may have a bar. Some lenticular galaxies also have gas and dust (usually at
low amounts) but the presence of gas is not typical for S0 galaxies (Kutner, 2003).

Dwarf and irregular galaxies

Besides these main groups, there are irregular and dwarf galaxies. The first dwarf
galaxy was discovered in the constellation Sculptor by Shapley (1938). Local exam-
ples of dwarfs are the Large and Small Magellanic Clouds visible in the Southern
Hemisphere. They are satellite galaxies of the Milky Way. The numerous dwarf
galaxies are subdivided into their own categories. In the Local Universe, the dwarf
spheroidal galaxy type is the most abundant, however massive galaxies account for
the most mass.

Other types of galaxies exist: such as irregular galaxies, numerous dwarf galax-
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Figure 11. The Hubble tuning fork diagram for galaxy classification is not applicable to galaxies at
higher redshifts, as they exhibit other types of shapes. For example, this image shows the distant
galaxies of “tadpole”-type. These tadpole galaxies exhibit a knot-shaped end and a tail-shaped
end, differing from both spirals and ellipsoidal galaxies in morphology. All 36 tadpole galaxies here
are postulated to be young galaxies going through a merger (Straughn et al., 2004, 2005). Credit:
NASA, A. Straughn, S. Cohen, and R. Windhorst (Arizona State University), and the HUDF team
(Space Telescope Science Institute). ESA Hubble images.

ies, low surface brightness galaxies (e.g., ultra-diffuse galaxies). For example, the
“Green Pea” galaxies (Cardamone et al., 2009) have been discovered through the
Galaxy Zoo project (Lintott et al., 2008). Some irregular galaxies appear distorted or
interacting and represent a sizable fraction of all galaxies. The foundational classifi-
cation method, however, focuses on the bright galaxies, excluding other types, such
as most of the dwarf galaxies which are nevertheless numerous in the Universe.

3.1.4 Morphologies of very distant galaxies (high redshift)

At high redshift, the morphological patterns of the Hubble diagram break down,
Fig. 11. The high redshift observations are challenging due to the significant dis-
tances and interpretations are sometimes debated. Historically, the observations
through the Hubble Space Telescope (HST) at z>1.5 revealed significant fractions
of galaxies with unusual shapes (van den Bergh et al., 1996), e.g., “tadpole” galaxies
(Straughn et al., 2004), chain galaxies (Cowie et al., 1995).

The discoveries of high-z galaxies continued further. At z>2.5, the appearance
of galaxies is even more irregular (Giavalisco et al., 1996). For example, the classifi-
cation by Elmegreen et al. (2005) of ∼1000 galaxies in the Hubble Ultra-Deep Field
(HUDF) revealed that merely ∼35% of galaxies were either elliptical or spiral, as
most (∼65%) of the galaxies had non-standard structures. The fraction of interacting
galaxies is also higher than in nearby galaxies (Abraham et al., 1996).

The HUDF is a deep optical image of a small area in the constellation Fornax
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obtained by the HST Advanced Camera for Surveys (ACS). This deep image consti-
tuted one of the first glimpses into the richness of the very distant Universe. While it
has a historical significance, when reading literature it is important to keep the per-
spective that these early studies did not have yet spectroscopy of the distant objects
nor ready photometry-based redshifts — these assessments were done a bit later. For
example, the sample of galaxies in (Elmegreen et al., 2005) was selected from the 𝑖

band filter image, which was the deepest at that time. The galaxies were identified
by eye, following the restriction that the major axis is larger than 0.3 arcsec.

Furthermore, Elmegreen et al. (2005) study was not based on spectroscopic (nor
photometric) redshift range, but rather the galaxies were determined to be qualita-
tively at a higher redshift due to the fact that the deep imaging “brings to light”
more distant galaxies. The galaxies in the sample had a range of redshifts. Never-
theless, the color-color distributions modeled with stellar evolution models indicated
(inferred) redshifts up to z∼4.5 (see paper’s Fig. 4). The high-redshift galaxies in and
beyond the HUDF continued to be studied, e.g., Elmegreen et al. (2007a,b); Sheth
et al. (2008); Bournaud et al. (2009); Elmegreen & Elmegreen (2010).

Understanding this distant cosmic epoch morphologies as well as exactly when
proto-spiral and proto-elliptical structures formed is an area of currently ongoing
research with HST, ALMA and JWST data (e.g., Conselice et al., 2004; Kartaltepe
et al., 2023). Often advanced computational algorithms are employed, such as ma-
chine learning techniques (e.g., Tohill et al., 2021). For example, while earlier studies
were able to use the human eye to perform morphological classification, advanced
data science techniques allow processing large data sets from large surveys.

3.2 Dynamical features in galaxies
Unlike the ancient belief that stars are frozen in space, in reality stars do move in
galaxies, along with other constituent components (e.g., gas). When considering
dynamical features, disks rotate, while the elliptical galaxies are described by the
random motion of their stars (Phillipps, 2005) and rotate slowly or not at all. Several
parameters describe these observed dynamical patterns from the collective motions
of stars in galaxies.

3.2.1 Velocity dispersion

To describe the random motion of stars in an elliptical galaxy, the velocity dispersion
(𝜎2) quantity is used, defined as “the mean square velocity” (Phillipps, 2005)3. This
statistical description of motion shows how the data spreads around a central value.

Let’s now consider an elliptical galaxy with N stars. Given the velocity of each

3Jeans equations include the treatment of the velocity dispersion tensor. Dynamically hot systems
have larger values of stellar velocity dispersion than dynamically cold systems.
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star, v𝑖, the average velocity of all stars is:

⟨v⟩ = 1

N

N∑︁
𝑖=1

vi . (19)

Here, we use angled brackets to represent the average of the term they enclose. Each
individual star deviates from the average by:

Δvi = vi − ⟨v⟩ . (20)

Then mathematically, the velocity dispersion is defined as follows (Liddle & Love-
day, 2008):

𝜎 ≡

⎯⎸⎸⎷ 1

N

N∑︁
𝑖=1

(Δvi)2 . (21)

This is basically from the statistical definition of the standard definition. Sparke &
Gallagher (2007) provide a formula (their Equation 2.9) which is an alternative way
of writing Equation 21, as we show in the inset “Derivation”.

Derivation. To transform, first we substitute Equation 20 into Equation 21. Then
the left side of Equation 21 can be expanded:

1

N

N∑︁
𝑖=1

(vi − ⟨v⟩)2 = 1

N

N∑︁
i=1

(v2i − 2vi ⟨v⟩+ ⟨v⟩2) . (22)

From the three terms inside the parenthesis, we take advantage of the fact
that the values without subscript 𝑖 do not depend on 𝑖 and can come out of the
summation. Then, the middle term is just the average velocity definition from
Equation 19. Hence, we can rewrite this as,

1

N

N∑︁
𝑖=1

(v2i )− 2 ⟨v⟩ 1

N

N∑︁
i=1

(vi) + ⟨v⟩2 = 1

N

N∑︁
i=1

(v2i )− 2 ⟨v⟩ ⟨v⟩+ ⟨v⟩2 =

1

N

N∑︁
𝑖=1

(v2i − ⟨v⟩2) =
⟨
v2i − ⟨v⟩2

⟩
, (23)

where in the last two steps we used a standard summation rule and again the
definition of the average.

Observations allow the measurement of the 3D velocity vector in the line of
sight (radial) direction for elliptical galaxies (Sparke & Gallagher, 2007; Liddle &
Loveday, 2008), however this measured radial velocity, v𝑟, is for one direction only
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(Fig. 12). To get the projection components of the velocity vector then, the standard
vector operations apply in the desired geometry system. Consequently, the velocity
dispersion is also estimated along the line of sight, 𝜎2

𝑟 . Plus, it is limited to the
central region of the galaxy (Phillipps, 2005; Combes et al., 1995). For example, for
the cases where a spherical symmetry is assumed, then the total velocity dispersion
is simply calculated as three times the measured component (Bowers & Deeming,
1984a):

𝜎2 = 3𝜎2
𝑟 . (24)

The typical velocity dispersion for giant ellipticals is ∼250 km s−1 or more.
In most cases, the source is not resolved into individual stars. Instead the actual

measurement is from the observed width of the spectral lines because the Doppler
broadening of the line is related to the velocity dispersion (Phillipps, 2005; Liddle &
Loveday, 2008). In Fig. 13, the illustration shows how the combined effect of many
stars smears the spectral line signature. The full width at half maximum (FWHM)
measurement of the broadened spectral line can be carried out, and then used to
calculate the standard deviation (FWHM ∼ 2.355𝜎).

3.2.2 Rotational velocity and vrot/𝜎

The spectacular disks of spiral galaxies rotate (Phillipps, 2005). This dynamical
feature is characterized by the rotational velocity, vrot (Phillipps, 2005). Binney &
Tremaine (1987) textbook puts it as “circular-speed”. With the advance of integral
field spectroscopy (IFS), instruments such as MUSE4 can be used to study in detail
the mesmerizing kinematics of the disks (e.g., Kolcu et al., 2023).

The rotation parameter (Davies et al., 1983) is the ratio between the rotational
velocity and the velocity dispersion (vrot/𝜎). This ratio provides a quantitative differ-
ence between the ordered motion and the random motion in the galaxy (Mo, 2010).
For disks, it has high values, on the other hand for elliptical galaxies it roughly ranges
between 0 and 1.

In contrast, bulges in spiral galaxies are dynamically similar to the lower lumi-
nosity elliptical galaxies. The velocity dispersion of the Galactic bulge is ≃110 km s−1,
and the vrot/𝜎 ≃ 1. This signifies that the bulge structure is supported by random mo-
tion against the forces of gravity (Mo, 2010).

Furthermore, for ellipticals, since the rotational velocities are low, usually, their
rotational parameter vrot/𝜎 ∼ 0.2 (Phillipps, 2005), considering the maximum rota-
tional velocity. The low value for giant ellipticals means that the chaotic motion is
relatively more important. This observation suggests that compared to spiral galax-
ies, the formation of elliptical galaxies with low rotational measure has violent en-

4The second-generation integral-field spectrograph Multi Unit Spectroscopic Explorer (MUSE) op-
erates at the VLT/ESO (Bacon et al., 2010).
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Figure 12. The space velocity (v) is a vector. We observe the radial velocity, vr, component.
However, other velocity components might be non-zero (e.g., transverse component, vt).

Figure 13. Velocity dispersion effect on a spectral line. Here the spectroscopy is used to measure
velocity dispersion for two globular clusters to study BHs. The spectral line from an individual star
has a clear signature at a particular wavelength. The approaching or receding of a single star just
shifts the spectral line. The combined effect of many stars smears the spectral signature and is
called line broadening. Credit: Hubble image, NASA, A. Feild, and R. Van Der Marel (STScI).
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counters with other galaxies (Mo, 2010). Moreover, the flattened look observed in
some elliptical galaxies is explained as due to the larger value of average velocity in
one direction — anisotropy in velocity space (Schneider, 2006).

Within the early-type galaxies themselves, the rotation parameter is correlated to
the ellipticity, and in more contemporary classifications, they are divided into kine-
matically distinct groups of slow rotators and fast rotators (e.g., Cappellari et al.,
2011). The internal kinematics of giant ellipticals are described by slow rotation,
while normal ellipticals are fast rotators (Cappellari, 2016). The ratio between the
random velocities and rotational velocities is higher for slow-rotating ellipticals,
compared to the spiral galaxies (Kutner, 2003).

3.3 Surface brightness profiles
The density of the stars drops with the radial distance. A major body of literature
based on galaxy observations describes how the surface brightness of the galaxy
decreases as we go from the center to larger and larger radii. The functional form
that describes this fall is modeled by the Sérsic power law5:

ln I(R) = lnI0 − kR1/n , (25)

where R is the radius, I0 is the intensity at the center (R=0), n is the Sérsic index,
and the value of k depends on the scale length which describes how quickly the light
drops off with radius R (Phillipps, 2005). A larger Sérsic index means that the light
is strongly concentrated in the center and that the “wings” of the galaxy are spread
to larger radii, Fig. 14. In particular, the de Vaucouleurs profile (n=4) is common
for spheroidal systems (elliptical galaxies and bulges). For disks, the luminosity
decreases sharply with radius and is well-described by an exponential profile (n=1).
The disk model is usually used for disks of spiral galaxies, dwarf elliptical galaxies,
and S0 systems. Some galaxies have a very bright nucleus and are discussed in more
detail in the next chapter.

3.4 Scaling relations
We observe interesting correlations between physical properties of galaxies. These
scaling relations reflect internal physics of galaxies and are a product of evolution
histories. Like a conductor keeps different instruments in a symphony in sync to pro-
duce harmonious melodies, the scaling relations are the conducting sticks of Nature
(physical laws) which orchestrate the majestic evolutionary paths of the galaxies.

5We use nomenclature as in Peng et al. (2010), so the exponential disk and de Vaucouleurs profiles,
for example, are special cases, as explained in the text.
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Figure 14. Sérsic profiles with different indices (Peng et al., 2010, Fig. 3). The Sérsic profile
shows how the intensity changes with increasing radius for any given galaxy. The exponential
profile (n=1) is typical to describe disks, while the model profile for an elliptical galaxy is described
by Sérsic index n=4 value. The smaller the Sersic index value, the faster the wing is truncated,
and the flatter is its core. In the opposite way, the higher the Sérsic index value, n, the steeper is
the core profile and the wings of the light profile spread to larger radii at the same time.
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3.4.1 Color-magnitude relation

There is a tight relation between the color and magnitude quantities for the elliptical
galaxies, the color-magnitude relation (Renzini, 2006). Galaxy colors retain infor-
mation about stellar population properties. The color also reflects the metallicity of
the galaxy. According to this relation, the larger galaxies retain their metals better.
For example, Stone (2017) reports that in the Coma Cluster, the color-magnitude re-
lation for the galaxies closer to the cluster’s center is 𝑔 − 𝑖 = −0.06 × 𝑟 + 2.06,
(Fig. 15) based on the SDSS magnitudes 𝑔, 𝑟, and 𝑖.

Figure 15. This is an example of color-magnitude diagram (CMD), based on SDSS (DR13)
photometric data for the Coma Cluster member galaxies (Stone, 2017, Fig. 4.22). The galaxies
near the cluster center are represented by triangles (inner galaxies) and galaxies with larger
apparent separation from the cluster center by stars (outer galaxies). This CMD illustrates how
“redder” (larger color values) galaxies congregate in a tight red sequence, while the “bluer”
(smaller color values) galaxies spread into a cloud. The lines represent “red sequence” trends of
inner (dashed line) and outer (solid line) galaxies.
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3.4.2 Luminosity function

Furthermore, the galaxy luminosity function (LF), 𝜑, is a quantity used to show what
is the number density of galaxies in a volume of space and in each luminosity bin.
The more luminous galaxies are rare. This distribution is described by Schechter
function, where L* is the characteristic luminosity, the 𝜑* is a normalization factor,
and 𝛼 is the slope, Fig. 16:
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3.4.3 Tully-Fisher relation for spiral galaxies

For spiral galaxies, there is a fundamental relation between the luminosity and the
width of emission lines, called the Tully-Fisher relation (TFR, Tully & Fisher, 1977).
It is useful in estimating cosmic distances. The width of an emission line is related
to the rotational velocity, vrot. The emission line is broadened due to the Doppler
broadening and due to the rotation of the disk. Along the line of sight, some stars

Figure 16. Quasar LF at high redshift of z=7 (Li et al., 2023, Fig. 7). The purple solid line
represents the Schechter function, and the dashed purple line is a fit with an alternative function
for galaxies (represented by gray dots). The quasar LF is a prediction, with a shaded area
representing the uncertainty. The redshift evolution of the LF is a key area of exploration. The
luminosity is represented by the absolute magnitude at 1450 Å (rest-frame UV).
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Figure 17. The kinematics of a rotating disk is described by motion towards the observer
(blueshift) and away from the observer (redshift). This effect is registered in the spectrum as a
deviation of the emission line from the central wavelength to shorter and/or longer wavelengths.
The observer registers larger apparent rotation for the edge-on spirals due to their large inclination,
compared to negligible observed rotation in face-on spirals. The emission line is also affected by
the instrument resolution and by Doppler broadening due to random motion (§ 3.2).

have Doppler shifts towards us (blueshifted), while the others away from us (red-
shifted), broadening the emission line (Fig. 17). The observed effect in emission
lines due to the ordered motion of stars and gas also depends on inclination with
respect to the observer. The TFR has a form of a power-law (Mo, 2010):

L ∝ v𝛼rot , (27)

where the exponent 𝛼 is band-dependent — it is larger for redder wavebands.

Within the standard CDM cosmogony framework, galaxy population simulations
early-on failed to reproduce the TFR, but this obstacle was corrected recently after
introducing AGN feedback into the models amongst other improvements (Crain &
van de Voort, 2023). The TFR is one way to study the evolution of disk galaxies over
cosmic time. For example, Böhm & Ziegler (2016) studied intermediate redshift disk
galaxies, and found that compared to the local relation, there is an offset (Fig. 18).
The more distant galaxies are roughly brighter by half of a magnitude. The authors
suggest that this luminosity evolution is explained primarily by the fact that more
distant galaxies have younger stellar populations.
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3.4.4 The fundamental plane for elliptical galaxies

Virial theorem

The key concept of the elliptical galaxy dynamics is the virial theorem. The glorious
virial theorem statement is one of the fundamental equations as it ties the micro-
scopic phenomena to the macroscopic properties of the gravitational system (Binney
& Tremaine, 1987). For a system with kinetic energy, K, and potential energy, U, the
scalar virial theorem is given as:

2K + U = 0 , (28)

when the system is in equilibrium (Phillipps, 2005; Binney & Tremaine, 1987). In
this case, the other requirement is that the particles of the gravitational system have
on average nonrelativistic energies (Bowers & Deeming, 1984b). The corollaries
of the virial theorem permeate many areas of astrophysics (stars, dark matter halos,
galaxies, clusters) and beyond (orbital mechanics, thermodynamics, statistical me-
chanics, Hamill 2010). However, as Dr. Thayer Watkins, a physics professor from
the San Jose State University, warned in his classes, it must be applied with aware-

Figure 18. An example of TFR, 0.05<z<0.95, B band (Böhm & Ziegler, 2016, Fig. 2). The
luminosity is represented by the B band absolute magnitude. The maximum rotation velocity,
Vmax, is based on spectroscopy with FORS instrument (ESO/VLT). The sample of 124 galaxies
(blue circles) for which Vmax was measured in this work consists of field disk galaxies, selected
from the FORS Deep Field and William Herschel Deep Field. The TFR fit to this sample of
galaxies is shown with the solid blue line. The local TFR (black dashed line) is from Tully et al.
(1998) and its 3𝜎 scatter is represented by small-dashed black lines. The luminosity evolution is
deduced from the systematic offset from the local TFR, and is explained by the presence of
younger stellar populations at this earlier epoch.
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ness about its limitations. For example, wrong results will be derived if the virial
theorem is applied to a gravitationally unbound system6, e.g., actively collapsing or
interacting systems (Sparke & Gallagher, 2007).

In astrophysics, often we can assume an (at least approximate) virial equilibrium
for star clusters, elliptical galaxies, clusters, and general overdensities (Phillipps,
2005). The most massive virialized objects in the Universe are clusters (Mo, 2010).
For example, as the cluster forms, in the stage of the proto-cluster, the gravitational
pull collapses the system, but the motions of galaxies act in the opposite way (viri-
alization). When the system reaches steady-state equilibrium, it is virialized (Liddle
& Loveday, 2008). Estimates of physical properties such as mass and size can then
be derived based on the virial theorem, in particular for elliptical galaxies.

Faber-Jackson relation

Thus, the random motions of stars within elliptical galaxies allow us to apply the
virial theorem to describe the state of the equilibrium (like in a hot gas cloud). Taking
also into account the dependence of the luminosity on the radius from the center of
the elliptical, we can roughly assess how now for ellipticals, luminosity (or mass)
is correlated to the central stellar velocity dispersion, 𝜎. This relation is called the
Faber-Jackson Relation (Faber & Jackson, 1976; Phillipps, 2005):

L ∝ 𝜎n , (29)

where generally n ∼4, but is larger for more massive ellipticals.
The velocity dispersion can be measured from the spectrum of the elliptical

galaxy. The more luminous elliptical galaxies have much larger dispersion values
for their constituent star velocities. The velocity dispersion values can also provide
clues about the mass (even “hidden” mass), because mass and velocities are corre-
lated stemming from an application of the virial theorem. This power-law relation
is important in determining distances, since from the luminosity the absolute magni-
tude can be calculated.

Kormendy relation

The Kormendy relation describes the relation between the surface brightness of a
galaxy and its effective radius (Kormendy, 1977). It is used because it is difficult to
pinpoint exactly where the galaxies end. This relation holds for ellipticals and for
bulges of spiral galaxies. This relation suggests that larger galaxies are less dense
and less bright than less massive galaxies. The massive elliptical galaxies are ob-
served to have “missing light” in their cores — it is attributed to “binary scouring”, a

6Web article “The Virial Theorem: Its Explanation, Proof, Application and Limitations”.
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process where after a merger two central SMBHs eject nuclear stars by gravitational
interactions (e.g., Begelman et al., 1980; Thomas et al., 2014; Rantala et al., 2019).
The consequent mergers deepen the mass deficit (reviewed in context of SMBH-host
galaxy coevolution in Kormendy & Ho, 2013).

Fundamental plane

Actually, for elliptical galaxies, astronomers discovered that galaxy size, surface
brightness, and velocity dispersion are not random, but form the 3D fundamental
plane (Dressler et al., 1987). From Phillipps (2005), its functional form may be
given as:

Re ∝ 𝜎5/4I−5/6
e . (30)

The particular relations are simply projections of the fundamental plane (Sparke &
Gallagher, 2007). The fundamental plane is evidence for important underlying pro-
cesses common to all elliptical galaxies and is a rich source of research in extragalac-
tic astronomy at all redshifts (Renzini, 2006). Furthermore, the fundamental plane
is a pattern against which the galaxy evolution and cosmology models can be com-
pared. Plus, for the studies of quasar hosts, the fundamental plane location has been
used to identify AGN host galaxy properties (e.g., Dasyra et al., 2007, Fig. 19).

3.5 Star formation
Galaxies are hubs where stars congregate in the Universe, where the SF is present.
One of the measurements of activity levels in a galaxy is its SFR (M⊙yr−1). Ellip-
ticals usually are considered to have no or very low current SF along with a large
time interval since the last SF activity. SFR in spirals is 0.1–20 M⊙yr−1 (Phillipps,
2005). In the Galaxy the SFR is ∼3–5 M⊙yr−1. However, this is a modest SFR.
Star forming galaxies (SFGs) can have SFR values of 10–20 M⊙yr−1, for example
Sc-type spirals, while starburst galaxies reach SFR of 102 M⊙yr−1 or more. For ex-
ample, the hyperluminous IR galaxies are reported to have SFR >103 M⊙yr−1 (e.g.,
Rowan-Robinson, 2000). The SFGs have a characteristic tight relation between their
SFRs and stellar masses, called the main sequence (MS), e.g., Fig. 20 (Silk et al.,
2014).

The SF indicators can be found in galaxy spectra. Examples of starburst, spiral,
and elliptical spectra are shown in Fig. 21. The prominent emission lines of H𝛼 and
[O II] are indicators of SF. The spiral galaxy spectrum also has absorption lines due
to the older stellar populations, alongside the emission features. The elliptical galaxy
is devoid of emission lines, and is dominated by absorption troughs.

Stellar birth, evolution, and death are the ever-so burgeoning fields, capturing
the imaginations of astronomers and amateurs alike. The stellar birth takes place in
molecular clouds where the temperature and density conditions are optimum. SF
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Figure 19. Fundamental plane (K band) of early-type galaxies and its various projections (Dasyra
et al., 2007, Fig. 6). The local quasar hosts in this study are depicted as asterisks and stars, while
inactive elliptical galaxies as circles and squares.
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requires relatively cooler temperatures (a cold neutral medium prerequisite), that’s
why in the cluster centers, where the gas is ionized, the SF is not possible (Mo, 2010).
Stars are formed from gas, thus additionally an abundant ISM is needed (density
requirement). The 10–30 K temperatures and 300 molecules per cm3 densities allow
atoms to combine together to form molecules, mostly molecular hydrogen (H2).

Unfortunately, observers do not use molecular hydrogen to trace SF. H2 is a very
inefficient radiator since it has no electric dipole due to the symmetry of the molecule
— not true for the deuterium-substituted molecule HD (Dyson, 1997; Schneider,
2006). It radiates very weakly by quadrupole radiation. Instead, other molecules are
used to trace the star forming regions, such as carbon monoxide (CO).

It is known that stars are born typically in large groups. Within a spiral galaxy,
the spiral arms have a high abundance of star forming regions (e.g., Knapen et al.,
1993). As a spiral galaxy evolves, generations of stars are born and others die off,
sometimes through violent SN explosions which output into the surrounding ISM
various atoms, thus enriching it especially in heavier elements (Dyson, 1997).

The SF in galaxies is typically studied at a population-level. Within singular

Figure 20. An example of the MS of SFGs, 3.9<z<4.9 (Caputi et al., 2017, Fig. 2). The
SFR-stellar mass plane of around 6000 galaxies (various markers) illustrates how the two clouds
of galaxies congregate in distinct areas and have separate trends — these clouds are occupied by
the starbursts and MS galaxies, located in the COSMOS field (Scoville et al., 2007). Caputi et al.
(2017) identified H𝛼-excess galaxies (circles) using broadband 3.6 𝜇m MIR (mid-infrared, mid-IR)
filter, considering the H𝛼 (𝜆 = 6563 Å) emission line as the SFR tracer. Triangles represent
galaxies without H𝛼 excess. Asterisks are galaxies which may have an active SMBH. The vertical
line shows the limit in mass from which the linear fits (red solid lines) were estimated.
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Figure 21. Optical spectra (black) of a starburst (top), a spiral (center), and an elliptical galaxy
(bottom) which are located less than 2 Mpc (comoving) away from a quasar (Paper III). Their SFRs
are ∼30, ∼6, and 0 M⊙yr−1, respectively. The eminent H𝛼 emission line is in the spectrum of the
starburst galaxies, while the elliptical’s spectrum has prominent absorption lines. Credit: GAMA
Survey (Hopkins et al., 2013; Liske et al., 2015; Driver et al., 2022). The sky emission spectrum is
in blue and the 1𝜎 error spectrum in green (Baldry et al., 2014; Liske et al., 2015).
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galaxies, the stellar birth rate evolves differently through cosmic time. The star
formation history (SFH) is fundamental to the evolution of galaxies, which advanced
based on the work of talented astronomers, e.g., Salpeter (1955) and Tinsley (1980).

The ellipticals are thought to have had a brief but intense SF burst at earlier stages
of the galaxy’s lifetime. On the other hand, the spiral galaxies begin to form stars
but use their gas (SF fuel) slower, holding their SFR consistent over billions of years
(e.g., Kennicutt, 1983). The SF is regulated in galaxies, possibly by SNe and AGN
activity (Mo, 2010). The peak of cosmic SFH coincides with the peak of the quasar
activity in the universe at z=2–3 when the Universe was about 2-3 billion years old.
This period is known as the “cosmic noon” (Madau & Dickinson, 2014).
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Double, double toil and trouble;
fire burn and kettle bubble.

Witches chant from Macbeth
Shakespeare

A small fraction of galaxies (active galaxies) are observed to have a compact
region in their center from which ample non-stellar emission is observed. This region
of activity is called an active galactic nucleus (AGN). The radiation from AGN spans
across all regimes in the EMS: high energy (gamma-ray, x-ray), ultraviolet (UV),
optical, infrared (IR), and radio wavelengths. Active galaxies are the galaxy hosts
to AGN, modeled by the presence of a central SMBH which is actively accreting
matter (Lynden-Bell, 1969). The AGN fraction is small in the general population
of galaxies in the Universe. For redshifts below 0.1, ∼2% of galaxies have a fast-
accreting SMBH activity (Netzer, 2013).

Actually, SMBHs (above a million solar masses) reside in the centers of most
massive (≥1010.3 M⊙) normal galaxies, but are predominantly dormant (inactive).
They are thought to be important in the evolution of the host galaxy, because tight
correlations have been observed between the BH mass and the properties of the host.
For example, the more massive SMBHs are found in more massive bulges.

The Milky Way is not an active galaxy, however, a dormant SMBH does lie in its
center (Morris & Serabyn, 1996). It is called Sagittarius A* (Sgr A*), and its mass
is ∼4 × 106 M⊙. However, astronomers think that the Milky Way has undergone
periods of quasar activity in the past, suggested by the discovery of colossal Fermi
bubbles1 (Su et al., 2010; Sarkar, 2024).

Astronomers within the last century began observing quasars using different
regimes of the EMS. The observed objects seemed unusual and interesting, but
were only later determined to be "faces" of the same astronomical phenomenon and

1Fermi bubbles extend to Galactic scales, are diffuse, and have a very large high-energy emis-
sion perpendicular to the plane of the Galaxy discovered by the Fermi Gamma-ray Space Telescope
(fermi.gsfc.nasa.gov). They are thought to be remnants of SMBH output after ingesting stellar material
(e.g., Yang et al., 2022a; Mou et al., 2023; Fujita, 2023). Even more titanic in size and energetic bubble
structures have been discovered in X-ray with eROSITA satellite (Predehl et al., 2020, 2021). As an
alternative energy source to the past AGN activity, the origin of Galactic bubbles in the CGM of the
Milky Way is attributed to stellar winds from SF at the Galactic Center and SNe explosions both as a
stand-alone and hybrid model (e.g., Gupta et al., 2023).
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some erroneous interpretations were weeded out (e.g., astronomers even misclassi-
fied AGNs as stars). Moreover, the resulting “AGN zoo” from discoveries by hap-
penstance in radio and optical wavebands brought about an eclectic slew of esoteric
terms for these new objects, which are often used today. Nevertheless, according
to the currently accepted unification paradigm, all AGN have an accreting SMBH
at their cores. The different observational signatures are actually the result of the
point-of-view (observational angle).

In this chapter, I first go through the observational particularities of AGN (§ 4.1).
I present the AGN types within the mainstream Unified Model to explain the “AGN
zoo”. Then, I dive into the standard model of the AGN structure and review a few
key astrophysical concepts related to the central engine, such as the accretion rate
and Eddington luminosity (§ 4.2). Further follows a discussion of the role of envi-
ronments for AGN at different scales (§ 4.3) and AGN triggering (§ 4.4). In the last
chapter, the role of AGN through cosmic history is highlighted (§ 4.5).

The general textbook information is from classical sources Robson (1996); Pe-
terson (1997); Krolik (1999); Netzer (2013). As the topic is vast, I highlight the
aspects of the background relevant to the dissertation publications. Every major as-
pect of SMBH phenomenon has competing theories, special cases, and outstanding
questions (e.g., Chapter 10, Netzer, 2013).

4.1 Observational signatures of AGN
AGN hold the title of the most luminous non-transient objects in the Universe. The
luminosity of active galaxies is usually larger than for normal galaxies by several
orders of magnitude and may exceed 1012 L⊙. Due to the bright luminosities quasars
can be observed at very high redshifts.

Their nuclei also shine very brightly, unlike the nuclei of normal galaxies. The
normal galaxies are luminous due to their stellar (thermal) emission, however, the
nuclear emission from AGN activity is non-stellar. Plus, the nuclear emission of
AGN may actually outshine the starlight of its host galaxy.

In radio, some quasars are observed to have jets (Böttcher et al., 2012). For
example, the closest active galaxy to the Earth is the Centaurus A galaxy, which has
giant radio jets protruding from its nucleus. Jet structures can be observed in other
wavelengths as well and at very large scales from the galaxy (Blandford et al., 2019).

Some AGN show great variability in luminosity which comes from a very small
central volume within a galaxy. Since we can observe from the Earth that the light
from AGN changes within short timescales for humans, then the size of the emission
region must be very small (light hours or light days). This size is comparable to the
size of our Solar System. This is one evidence for AGN explanation as an active
SMBH in the center of a galaxy, where the emission comes from the radiation output
of gas infall.
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Why does the gas radiate? The classical textbook explanation is as follows
(Schneider, 2006; Beckmann & Shrader, 2013). The general principle of the ac-
cretion process is that the gas falling onto an SMBH (a compact object) loses its
gravitational potential energy by viscous forces. Few historical papers include works
by Zeldovich in the 1960s (Shakura, 2014) as well as works such as Salpeter (1964);
Lynden-Bell (1969); Shakura & Sunyaev (1973).

Based on the angular momentum conservation, the gravitational energy is first
converted into kinetic energy — this is the rotating motion of gas in an accretion
disk around the SMBH. The internal friction heats and decelerates the gas clouds as
they collide with each other while drifting inward towards the SMBH. The generated
heat from the viscous disk radiates away as blackbody radiation. It is efficient and
localized to the inner region around the SMBH. Thus viscosity in the disk is respon-
sible both for angular momentum transport and for converting angular momentum to
heat. The observational signature is the UV-bump of AGN SED, for example. The
astrophysics concepts of SMBH accretion are detailed a bit more in § 4.2. Let’s now
see how these “beasts” show up in observations.

4.1.1 AGN types

All galaxies with active SMBHs are now considered as AGN (Netzer, 2013). There
are two basic types of AGN (within the commonly accepted unification model pre-
sented in § 4.1.2). Type I AGN have unobscured lines of sight to their central emis-
sion, while Type II AGNs have a heavy obscuration along the line of sight resulting in
extinction of the optical-UV radiation from the central parsec (Netzer, 2013). How-
ever, historically, different terms have been used to describe certain subclasses, al-
though those categories did not have precise definitions accepted by all astronomers.
Nevertheless, let’s review a few of them.

Seyfert galaxies, named after an Ohioan astronomer who discovered them, are
spiral galaxies with very bright nuclei in the optical (Seyfert, 1943). Less than 5% of
spirals have this appearance. These relatively nearby active galaxies possess strong
emission lines, which are broader than in normal galaxies. There are two categories
of Seyfert galaxies based on their spectra: some Seyferts (Type I) have both very
broad (>1000 km s−1) and narrow lines in their spectra (<1000 km s−1). Others
only exhibit the narrow lines (Type II Seyferts), although they are still wider than in
the case of inactive galaxies.

Quasars are another type of AGN. The word “quasar” comes from the name
quasi-stellar object (or QSO), because the first images of these objects revealed
star-like point sources, but their redshifts placed them into the extragalactic domain.
Quasars were some of the first objects to be observed at very high redshifts. Their
luminosity places them as the most luminous AGN. Due to their high luminosity, we
can observe Type I quasars at large distances, even at z>5. In Fig. 22, optical spectra
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Figure 22. Type I quasar spectra examples from the GAMA survey, retrieved via the Single Object
Viewing Tool (Liske et al., 2015; Driver et al., 2022). The top quasar has a spiral host and the
bottom one is an elliptical galaxy (Paper IV). The top quasar is identified by SDSS DR16 as a
starburst (Ahumada et al., 2020).

of Type I quasars are shown (see § 5 for details about spectral lines). The broad
Balmer lines (H𝛼, H𝛽) are clearly visible. Other prominent lines are [O III] and [O
II] in the optical. However, in this work and in the enclosed papers, I use the terms
quasar and AGN interchangeably.

Radio galaxies are elliptical galaxies which exhibit radio emission thought to
be due to synchrotron emission from electrons. Usually, in radio, the galaxy has a
compact radio core and one or two lobes. The radio lobes are powered by AGN in
host galaxy (Jones & Lambourne, 2004) and are classified into two groups: Fanaroff
and Riley type I (low luminosity, compact emission) and type II (high luminosity,
extended emission) (Robson, 1996; Beckmann & Shrader, 2013). These lobes may
be Mpc-sized and may be connected to the nuclear region by narrow radio jets. They
are called radio galaxies because the radiation power in radio is above that of the
visual interval. However, their host galaxy starlight is still visible.

Blazars have a strong emission in radio as well as in gamma-rays. Blazars are
extremely variable (e.g., Nilsson et al., 2018). It is thought that their extreme lumi-
nosity is due to the orientation of the jet axis towards the observer (e.g., Hovatta &
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Lindfors, 2019). A subclass of blazars, BL Lac objects2, were incorrectly consid-
ered to be a variable star BL Lacertae at the time of their discovery. BL Lac objects’
spectra lack any emission lines. Another type of a blazar is the flat spectrum radio
quasar (FSRQ).

There are other AGN types (Padovani et al., 2017). For example, the Low Ioni-
sation Nuclear Emission-line Region galaxies (LINERs) have low ionization lines in
their spectra. Another example is the esoteric Narrow-line Seyfert 1 (NLS1) galaxy
category, which groups AGN with comparatively narrow emission features. In the
radio domain, more specialized terminology is also employed to classify AGN.

4.1.2 Unification theory

The Standard Model of the central kiloparsec describes the structure of AGN from
the SMBH to the narrow line region (NLR). It is illustrated in Fig. 23. In the center
lies the black hole (Shakura & Sunyaev, 1973), surrounded by an accretion disk (size
of a few light days). At about 100 light days of distance, broad line region (BLR)
gas clouds are moving at high speeds. Further on, at ∼10 pc, a thick torus of cold
molecular gas surrounds the accretion disk. This optically thick doughnut blocks
from the observer the SMBH accretion disk.

At about ∼102 pc NLR clouds reside. They are smaller and lower in density. The
speeds are lower than in BLR. This is the assumed region responsible for the narrow
emission lines in AGN spectra. The widening3 of the emission lines in quasar spectra
is due to the Doppler shifts of gas clouds traveling at high speeds v = 104 km s−1.

The radio jets emanate from the core of AGN. They are perpendicular to the
accretion disk plane. The AGN jets can propagate for several Mpc in distance from
the galaxy cores.

According to the unification theory, blazars (or BL Lac objects), Seyferts, quasars,
they are all AGN, just observed from a different angle, Fig. 24 (Antonucci, 1993;
Urry & Padovani, 1995). The same is true for radio-loud and radio-quiet sources
(Cirasuolo et al., 2003). Due to the thick molecular torus, if the line of sight is in-
tersected by the toroidal structure, then the BH, the accretion disk, and the BLR are
hidden. Nevertheless, the torus may have gaps in it, e.g., the clumpy torus model
(Hopkins, 2012; Hönig, 2019; Combes, 2021).

Due to the presence of the nuclear obscuration, in Type II AGN, only narrow
emission lines are present, as well as some IR emission from the dusty torus (Seyfert
II, narrow line radio galaxies, obscured quasars), Fig. 25. If one looks at a 45 degree
angle towards the SMBH center, the torus no longer blocks the whole structure. Such
cases are observed as Seyfert I, broad line radio galaxies, and unobscured quasars.

2A famous BL Lac object example is OJ 287 which was monitored also with the Tuorla Observatory
and which shows evidence of a BH binary (e.g., Valtonen et al., 2008).

3This actually provides one of the ways to derive BH masses.
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Figure 23. The physical model of the central kiloparsec around an SMBH (distance is in pc).
SMBH, the accretion disk, and BLR are located within the first parsec from the center. The torus
and the NLR clouds follow. The colors match the SED components, § 4.2. Credit: Figure 2 from
Hickox & Alexander (2018); Ramos Almeida & Ricci (2017).
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Figure 24. Unified Model of AGN. The unification paradigm explains the existence of AGN zoo as
the same phenomenon of an accreting central SMBH in a host galaxy, but viewed at different
angles. The torus model of the immediate area around SMBH is not spherically symmetric, but
instead has a donut-shaped structure, which blocks the accretion disk and BLRs at certain angles.
For example, if the observer line of sight coincides with the direction of the jet axis, a bright blazar
is observed (Type I AGN). On the other hand, if the viewing angle is in line with the toroidal
structure, then the BLR is obscured, and the object is observed as a Seyfert 2 type galaxy (Type II
AGN). (Credit: NASA, Fermi images).
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Looking directly into the center of the AGN, the observer actually faces the nucleus
and probably also the jets. The radiation from the jets is beamed and highly vari-
able. The radio spectra appear featureless, since AGN emission is so strong. The
blazars, BL Lac objects, and optically violent variables (OVV) are examples of such
observations.

In summary, now with the unified system, the classification is simplified, so that
depending on the viewing angle, the galaxy can appear as Type I or Type II AGN. If
we are viewing directly into the disk, then it is Type I (unobscured). If we view along
the plane of the accretion disk, our line of sight is intercepted by obscuring material
close to the SMBH, then it is Type II (obscured) (Hickox & Alexander, 2018). Their
spectra look different. The observational characteristics of AGN of Type I category
are the broad emission lines with widths >1000 km s−1.

Both the BH mass and its accretion rate have a role in what the observer sees.
Radio-quiet QSO and Seyfert galaxies don’t have a jet. Seyferts are thought to not
have such a massive central BH in their center, as compared to quasars. Nevertheless,
the highly luminous quasars and moderately luminous Seyferts have the same central
engine structure. In the following section, we dive into the inner workings of AGN
power house.

4.2 AGN astrophysics
We now dive into the major thoughts to explain the physical processes of the active
nucleus phenomenon, namely that the active nucleus is actually an accreting BH,
which means a BH unto which gas is falling. The theoretical physics of SMBHs is
within the framework of general relativity, which describes how spacetime is altered
in the presence of a massive object due to its gravity. A “black hole” is a region
in space where the extreme conditions of gravity result in such a curved spacetime
that the electromagnetic radiation is not able to escape, thus containing all emissions
inside that volume, rendering this object “black”. BHs have mass (gravitational influ-
ence), spin, and charge. This model explains well the observed luminosity of AGNs
due to potential energy conversion to light photons, and the variability of distant
AGN in association with a compact region in space (keep in mind, though, that some
illustrations of the immediate volume around the BH are artistic representations).

4.2.1 Where is the SMBH boundary?

The BH is described by the Schwarzschild radius or event horizon (Robson, 1996).
Past this radius and going further into the BH, any matter will not be able to escape
and remains trapped in the BH. Recently the apparent image of the SMBH horizon
has been taken using the Event Horizon Telescope (EHT), Fig. 26. In a simplified
Newtonian framework (as an approximation), by equating the potential energy due to
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Figure 25. Type II quasar spectra examples from Reyes et al. (2008) catalog, retrieved from
SDSS DR17 (Abdurro’uf et al., 2022). Top quasar host is visually identified to have a spiral
morphology based on SDSS images. The bottom AGN is an elliptical (identified by the Hyper
Suprime Cam Map, Aihara et al. 2022).
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Figure 26. Images of the closeup area around two SMBHs. The BH is not seen in the center, but
the glowing halo is from the material falling into the BH, the darker central hole of the donut-like
image is BH shadow. The M87 SMBH is >1000 times more massive than Sgr A*. For comparison,
the Sun’s diameter, Mercury’s orbit, Pluto’s orbit, and Voyager 1 space probe location are overlaid.
Credit: EHT collaboration (acknowledgment: Lia Medeiros, xkcd), ESO.

the BH to the escape kinetic energy, and using the fact that the escape velocity equals
the speed of light, we can derive the formula for the Schwarzschild radius (RS):

RS =
2×GMBH

c2
, (31)

where G is the gravitational constant, MBH is the mass of the BH within the RS (Net-
zer, 2013). For an SMBH with a mass MBH = 108 M⊙, RS = 3 × 1013 cm (∼2 AU),
rendering the SMBH to fit within the Solar System (Netzer, 2013). Furthermore, the
closest stable orbit radius is 3 RS for a non-rotating BH.

4.2.2 Accretion of infalling gas

During accretion, the infalling gas is arranged into a flat structure, called the ac-
cretion disk, due to the angular momentum conservation. In disk accretion, the or-
biting gas that falls onto the central SMBH has to lose angular momentum, which
then needs to be balanced with angular momentum gain (Shakura & Sunyaev, 1973;
Beckmann & Shrader, 2013). Typically, the accretion disk area is below parsec scale,
which is very small compared to the host galaxy sizes at the kiloparsec scale.

Actually, the gas flow is often modeled as gas clouds (gas particles) which also
collide with each other in the SMBH vicinity (Robson, 1996) as they rotate in their
respective orbits. This frictional interaction is how the kinetic energy is transformed
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into frictional heating. The gas that spirals in a disk configuration slowly loses mo-
mentum due to the internal viscosity of the disk and hence the radius of the gas orbit
continually shrinks (e.g., Pringle, 1981) — at the same time the viscosity continu-
ally increases. In this way, the viscosity in the disk is used to explain the angular
momentum transfer from BH vicinity to outer regions (King, 2008; Netzer, 2013).

Eventually gas flow spirals past the last stable orbit and falls into the BH, the
whole time radiating away its gravitational potential energy. This process releases
up to 42% of rest energy4, which is a lot more efficient when compared to 0.7% of
the nuclear burning in the stars. The accretion disk radiation is modeled by black-
body radiation (Peterson, 1997), thus the peak wavelength is determined with Wien’s
displacement law:

𝜆peak = b/T , (32)

where T is the temperature and b is a constant. The total energy radiated (luminosity)
is proportional to temperature:

L ∼ T4 , (33)

per Stefan’s law. There is a gradient in temperature in the accretion disk, increasing
from outer edge towards the inner edge. Accretion disks are encountered beyond
AGN and are actively studied (e.g., Krolik, 1999; Abramowicz & Fragile, 2013).

4.2.3 Eddington luminosity

How the gravitational potential energy from accretion flow is converted to photons is
described by the mass accretion rate:

Ṁ = L/𝜂c2 , (34)

where 𝜂 is the mass-to-luminosity accretion efficiency Netzer (2013). The accretion
rate increases with time as more gas is consumed by the BH, but only up to a critical
point, called the Eddington limit, when the gravitational forces are in equilibrium
with the radiation pressure. The Eddington luminosity (LEdd) is:

LEdd = 1.3× 1038
MBH

M⊙
erg s−1 . (35)

Thus, if we substitute into the previous equation the Eddington luminosity, the resul-
tant mass accretion rate is the Eddington accretion rate, ṀEdd. If we calculate what
mass the BH needs to be in order to produce these exiguous luminosities, then we
can see that it is very large, about 107 M⊙, aka supermassive. The total BH mass is
usually up to 108−10 M⊙.

4The rest energy of the material with mass m is given by E=mc2.
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4.2.4 BLR and NLR gas cloud velocities

The accretion disk is surrounded by an optically thick toroidal structure (Netzer,
2013). The BLR and NLR gas clouds near the accretion disk are heavily ionized by
the central engine emission. The BLR velocities range is 1000–10000 km s−1. The
NLR gas clouds move at lower velocities compared to the BLR clouds, ranging from
100–1000 km s−1 and are located further away from the central BH than BLR, as
previously described (Krolik, 1999).

As a rough but close estimate, the characteristic velocities (vrot) describing gas
kinematics in the emitting region are related to the distance (r) from the “nuclear
cinder”:

𝑣rot ∼
√︂

GM∙
r

=
c√
2

(︂
r

rS

)︂−1/2

, (36)

where rS is the Schwartzchild radius defined earlier (Schneider, 2006). Thus, from
this inverse relation, it is possible to explain that the further the gas clouds are from
the SMBH, the lower is their velocity.

4.2.5 SED signatures echo AGN structure

The SMBH accretion disk and torus models can explain the SED and spectral fea-
tures at different regions of the EMS as emission that comes from different structures
of the SMBH model (Elvis et al., 1994; Elvis, 2009; Harrison, 2014). In Fig. 27, for
example the emission in the optical-UV is due to the accretion disk, while the hot
corona contributes to the X-ray energies. The AGN SED research continues to im-
prove modeling SEDs for various quasar populations, as an example, for z>5 quasars
(Leipski et al., 2014) or blazars (Hovatta & Lindfors, 2019).

4.3 AGN environment

The environment of galaxies is important within its neighborhood and at larger scales
(Peterson, 2012). As we saw in the previous chapter, the large-scale environment can
influence the evolutionary path of a galaxy. On the other hand, zooming in closer to
look at the host galaxy properties, such as gas abundance, may provide clues to how
the AGN is powered. In particular with AGN, both the influence of the environment
on the active galaxy and the influence of the AGN activity on its environment are
to be considered. The observing programs reported in the literature often describe
contradictory results at every scale as this topic is still subject of on-going research.
I review the major lines of reasoning below.
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Figure 27. The SED of unobscured (Type I) AGN (black curve) and its main physical components
(colored curves) (Harrison, 2014; Hickox & Alexander, 2018, Fig. 1). This diagram shows that the
AGN emission may span a long range of wavelengths from radio (radio-loud AGN) to X-rays. For
comparison, in gray color, the curve of a typical starburst SED is shown — starburst galaxies have
a significant emission only in a portion of the electromagnetic regime. Different models are
investigated to explain the observed emission at different wavelengths, such as what causes the
emission and which physics laws govern it. As an example, the component due to thermal
emission from the accretion disk is thought to be responsible for building up the AGN SED in the
optical/UV region (blue curve).
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4.3.1 AGN host galaxies

Host galaxies are the closest environment around the AGN. We would like to com-
pare the various properties of AGN host galaxies with inactive galaxies to see if there
is anything special about AGN host galaxies. Since the host galaxy is the immediate
environment of the SMBH activity, studying the properties of the host might reveal
clues about the AGN activity itself — What causes the onset of the SMBH activity in
the center of a galaxy (AGN triggering)? What mechanisms support maintaining the
accretion onto the SMBH (maintenance)? How do the timeframes associated with
SMBH accretion correlate to the host galaxy evolution timescales? How frequently
a galaxy may turn into an AGN? How long does the AGN phase last? How does the
AGN timing correlate to the timing of SF in a host galaxy?

Host galaxy studies are challenging. First, the study of AGN host morphology
even at lower redshifts is complicated by the bright nucleus which often outshines
the whole galaxy. It is difficult to separate the nuclear light from the host galaxy’s
starlight. Second, astronomers early on realized that there are major selection effects,
such as selection effects on galaxy luminosity (e.g., Yee, 1992).

Images of nearby quasars allow us to identify the Hubble classification of the
quasar host visually. From morphological analysis, low luminosity Seyfert galaxies
are spirals (Adams, 1977). The high luminosity quasars are hosted by ellipticals (e.g.,
Floyd et al., 2004, also based on HST images,). For low-z quasars, sometimes it is
still possible to detect the host galaxy in the image using 2D image decomposition
software such as GALFIT (Peng et al., 2002, 2010). The nuclear source is modeled
by a 2D point spread function (PSF). If we subtract the scaled PSF from the quasar
image, then the host galaxy is the remaining nebulosity, which is modeled using a
Sérsic model (see previous chapter). For low-z quasars in Paper I, Falomo et al.
(2014) reported that the host galaxies had various morphologies.

As the redshift gets higher, it is harder to pick up the light of the host. For the very
high redshift quasars, the host galaxy is typically not visible even in the spectrum.
The high-z quasar study arena has a surge now due to observations supported by the
JWST and ALMA observatories (Decarli et al., 2023).

Another way of characterizing the quasars is by the presence of the radio emis-
sion. Typically, the radio-loud galaxies are ellipticals (Wolf & Sheinis, 2008), while
spirals are usually radio quiet. An additional point to consider is the luminosity of
AGN. The more luminous AGN are hosted by more luminous galaxies.

4.3.2 AGN co-evolution

For inactive galaxies, the SMBH and their host galaxy evolutionary paths are en-
twined as indicated by a series of correlations discovered between SMBH mass (M∙)
and host properties (Kormendy & Ho, 2013). However, astronomers are still debat-
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ing regarding the origin of the tight relations and their evolution through time. One
of the problems is that it is difficult to measure the SMBH masses accurately5, nor is
it trivial to identify reliable values for host galaxy parameters.

The HST observations revealed that a tight correlation exists between the SMBH
mass and the velocity dispersion 𝜎 of the host galaxy bulge (e.g., Ferrarese & Merritt,
2000; Gebhardt et al., 2000). This is surprising given the fact that the SMBH occu-
pies a very small volume of the host galaxy. However, more correlations have been
found between other properties of the SMBH host galaxy and SMBH mass: e.g., host
mass (Häring & Rix, 2004), bulge luminosity (Kormendy & Richstone, 1995), light
concentration (Graham et al., 2001), and halo circular velocity (Ferrarese, 2002).

These correlations lead to the interpretation that co-evolutionary processes take
place between the central SMBH and the bulge of the galaxy throughout the host
galaxy’s life, coined as BH-galaxy co-evolution (Kormendy & Ho, 2013). Thus,
according to the trends, more massive normal galaxies host on average more massive
BHs (Kormendy & Ho, 2013). This holds true for massive galaxies. The case of less
massive galaxies is under investigation. These correlations also hold true regardless
of the morphology or shape of the massive galaxy.

Galaxies of lower luminosities harbor instead compact stellar nuclei, which also
follow the M𝐵𝐻 -Mℎ𝑜𝑠𝑡, 𝑣𝑖𝑟𝑖𝑎𝑙 relations (Ferrarese et al., 2006). The demonstrated
continuum between the central compact and massive object’s (CMO) mass and the
host’s properties implies that there the growth of the CMO and the evolution of the
galaxy are tightly linked. This result suggests that perhaps the CMO fails to collapse
into a BH in less massive galaxies, while in the more luminous galaxies the stellar
nuclei existed alongside the growing SMBH but later on collapsed into the SMBH
increasing its mass even more.

Correlations for presently active galaxies also exist. More recently, a large (N =

11500) number of quasars at z<0.35 has been studied, concluding that the early-
type and late-type AGNs follow the same relation for MBH–M⋆ (Zhuang & Ho,
2023). Higher redshifts have also been investigated. For galaxies with low mass
BHs, Sanghvi et al. (2014) showed that at z=0.5–1 the relation is consistent with the
local function, if solely the bulge component is considered for the disk galaxies.

The energy and radiation from the SMBH activity is accepted to impact the host
galaxy by interacting with the host gas via AGN feedback processes (Alexander &
Hickox, 2012; Harrison, 2017). The observational evidence suggested in some pa-
pers is controversial and it is a hot topic of research impacting the astronomy com-
munity beyond AGN (e.g., a recent workshop on the topic, Husemann & Harrison,
2018). Jets are proposed to be one way of influencing their environments (Bland-
ford et al., 2019), and may influence both the host and nearby galaxies. AGN-driven

5BH mass measurements can be done in various ways, mostly indirectly, and more robustly for
local galaxies, for example, the megamaser-based method (e.g., Gao et al., 2017) and the reverberation
mapping method (Grier et al., 2012).
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outflows also are suggested as a mechanism for regulating the quenching of the SF
(Förster Schreiber & Wuyts, 2020).

SFR is one of the major properties assessed for host galaxies. Ellison et al. (2016)
found that SFRs are enhanced in certain classes of AGN, and attributed this differ-
ence to triggering mechanism differences, such that triggering by galaxy mergers
in powerful Type II AGN is correlated with higher SFRs. They argue that the SFR
enhancement is an additional product of the merging event.

4.3.3 AGN neighborhoods

Observational studies have been carried out to survey the immediate surroundings
around the quasars at the scale of several megaparsecs distance from the host (co-
moving), or for low-redshift quasars up to 1000 kpc of projected distance. These
immediate environments are harder to observe at higher redshifts. The studies are
usually limited to the brighter neighbors. Theoretically, both normal galaxies and
active galaxies may be present or the quasar may be isolated in that immediate vol-
ume.

Checking for the presence of close neighbors is important because a nearby
galaxy is a potential candidate for merger. The population statistics of close neigh-
bors may be compared against the simulation results where AGN are triggered via
galaxy interactions. Furthermore, the properties of neighboring galaxies may give
information on whether there is any effect on them from a nearby AGN. Plus, at a
cosmic level, the abundance of quasars and quasar pairs at various redshifts provide
a check for hierarchical models (Djorgovski, 1991; Eftekharzadeh et al., 2017).

It is also crucial to understand the techniques used in such studies. Photometry-
based studies, where images are analyzed for the presence of companions, may suffer
from projection effects. Spectroscopic studies are more robust as a redshift can be
used to determine if there is a physical association or not between a galaxy and a
neighbor, however, it is resource and time intensive to get spectroscopic data.

One set of studies analyzes galaxy pairs. The studies based on 2D images of
galaxies mainly use the following two parameters to identify true close companions
in the real (3D) space: the projected separations and relative velocities (e.g., Paper
I). A series of papers based on the SDSS data investigated galaxy pairs and their
connections to various observational indices, such as their surrounding environments
(Ellison et al., 2010), nuclear activity (Ellison et al., 2011), SF (Scudder et al., 2012;
Ellison et al., 2013), which were used in part to evaluate how these observations can
be interpreted in terms of various AGN triggering scenarios. When considering the
nuclear activity, an AGN fraction is often computed, which shows the fraction of
close companions which are also AGN (e.g., Silverman et al., 2011). In all cases
(and extending to all studies of AGN environments), it is crucial to have a properly
constructed control sample.
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This line of study extends to the rare quasar pairs (and even higher multiplets)
as well (e.g., Djorgovski, 1991; Hennawi et al., 2010; Farina et al., 2011). How-
ever, care should be taken not to confound binary quasars with gravitational lenses
(Mortlock et al., 1999). For higher redshifts, high resolution IR imaging studies are
usually one avenue to observe close quasar pairs (e.g., Decarli et al., 2009). For the
low-redshift quasar pairs, according to one research study, it is suggested that the
host galaxies and galaxy overdensities near the quasars are similar to isolated quasar
cases, suggesting that triggering two quasars close to each other is possible without
any different properties in the environment (Sandrinelli et al., 2014). Other studies
show that at closer distances, the galaxy density is a bit enhanced around quasar
pairs (Hennawi et al., 2006; Sandrinelli et al., 2018). More studies on the subject
had divergent interpretations. Quasar pairs, for example, are proposed to be good
tracers of high density environments, such as clusters (Boris et al., 2007), however, a
multiwavelength study of binary quasars suggests that quasar pair environments are
similar to those of isolated quasars (Green et al., 2011).

Another line of investigation assessed galaxies within a certain nearby volume or
within a certain distance from the quasar. Care must be taken when reading litera-
ture whether the distance selection criteria are based on projected distance, physical
distance, or comoving distance. For example, Fig. 28 shows a compilation of sev-
eral studies of quasar companions. Even though Paper I investigated seemingly close
companions (∼100 kpc projected separation), when converted to comoving separa-
tions they are much further, especially compared to Paper III. Thus, care must be
taken when comparing and interpreting the results.

Note that while comoving distances are equal to physical distances (or proper
distance) at present time, for higher redshifts the comoving distances remain con-
stant while the physical distances change due to the expanding universe. To produce
the plot in Fig. 28, I had to take care of converting all the distances to one type. I
transformed the physical distances (d) of Fogasy et al. (2017) data to comoving dis-
tances (𝜒) using the scale factor (a): d(t) = a(t) × 𝜒(t). For the data points from Paper
I and Paper III, we used astropy cosmology packages (Hogg, 1999) followed by the
application of Equation 8 (§ 2.3) to calculate the comoving separation between ob-
jects, which is possible with the spectroscopic redshift data. Standard cosmology
parameters are assumed and are detailed in respective papers.

4.3.4 AGN environments at larger scales

Clusters of galaxies are environments with high galaxy density. Usually there is a
central giant galaxy. For example, the Coma cluster has two large ellipticals in the
center. The local motion of the galaxy within a particular cluster is separate from
the general Hubble flow. The dynamics of galaxies within a cluster is affected by the
processes of dynamical friction, which causes mass density inhomogeneity (Schnei-
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Figure 28. Comoving distance separation distributions of neighboring galaxies from this
dissertation and from literature. Paper I and III quasar sample is at redshifts z<0.5, while Fogasy
et al. 2017 data are from higher redshift (z∼3). Paper I data points were converted to comoving
distances from projected separations whereas Fogasy et al. (2017) data points from physical
distances. The green lines from that study indicate the fraction of quasars which have a
companion within that distance mark, e.g., 36% of quasars have a companion galaxy within
3.84 Mpc comoving separation. This figure also illustrates how the GAMA-based study focused on
a very close volume around quasars (red histogram, Paper III).
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der, 2006). Dynamical friction effect is stronger for objects with larger mass and is
one way to explain how the enormous massive galaxies are formed in cluster centers
(cD galaxies and galactic cannibalism, Schneider, 2006). To explain qualitatively
this effect, basically as the galaxy enters a cluster, the dynamical friction causes the
galaxy to decelerate as it orbits around the central galaxy, eventually getting engulfed
by the central giant.

Some galaxies may collide and merge. Since the cluster galaxy density is higher,
interactions between galaxies could happen due to gravitational pull. However, inter-
acting galaxies are found in all galaxy environments. In fact, major mergers, where
two galaxies of equal mass collide, occur in environments of lower density (outskirts
of galaxy clusters, compact groups) and not in cluster centers — for example, the
Milky Way and Andromeda galaxies. In groups, the full-on collisions are also pos-
sible due to the low relative velocities of group members. For this exact reason, in
Paper III, we considered bright neighbors of quasars whose masses are similar in
order to explore the major merger possibility. The cluster member galaxies in the
cluster core have higher relative velocities and are instead subject to galaxy harass-
ment as the weak impacts of numerous interactions strip away stars. Due to this
cumulative effect, it is postulated that spiral galaxies in cluster core environments
gradually shrink and deform into ellipticals (e.g., Moore et al., 1996, 1999).

Interestingly, not all clusters have such extreme relative velocities. Some clus-
ters actually have moderate relative velocities. Also various groups, including small
groups, may fall into the cluster and remain as a substructure within that cluster.
These considerations among others suggest that actually direct collisions are quite
possible in cluster environments as well and should not be ignored (e.g., Mihos,
2003; Benavides et al., 2020).

Cluster members are predominantly early-type galaxies (ellipticals and S0 galax-
ies) especially in the central volume while spirals dominate the population of intr-
acluster spaces. Another aspect of clusters is that the intergalactic gas within the
clusters is quite hot, which has consequences for SF processes. The temperature is
around 107 K, visible in the X-ray regime.

Let’s consider now where AGN reside at these larger scales. At a global scale,
with the completion of sky-wide astronomical surveys, it was possible to assess
the quasar environments with respect to large-scale density enhancements. In early
2000s, Söchting et al. (2001) presented the analysis of quasar environments at z<0.4,
showing that quasars trace the LSS and that they lie on the peripheries of clusters.
Further studies confirmed that quasars populate less dense areas of these LSS fila-
ments (e.g., Söchting et al., 2004; Lietzen et al., 2009).

The cluster mergers were proposed as a route to quasar formation, suggesting
that while galaxy-galaxy interactions may be one avenue for quasar formation, the
interaction of cluster gas with galaxies6 during a cluster merger could be another way
since several quasars were observed at the common periphery between two clusters
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(Söchting et al., 2001, 2002, 2004) and because of the fact that hot gas is one of the
components in a cluster of galaxies (intracluster gas, Schindler, 1999). At higher
redshift, a similar geometrical pattern was observed for quasar positions (Haines
et al., 2001; Tanaka et al., 2000), suggesting that cluster mergers could be responsible
for quasar phenomenon where it was noted that some quasars have an adjacent line
of star-forming galaxies.

One way to measure environment density is by calculating the number density
(e.g., a study from the University of Turku of environments around nearby SDSS
quasars, Lietzen et al., 2009). The number counts are also important from the cosmo-
logical perspective. Given a certain cosmological model, it is possible to check the
evolutionary models by comparing the predicted number counts with the observed
number counts (e.g., Singh et al., 2023).

However, such earlier studies had a limited number of quasars and relied on
analysis of images and statistics to identify clusters, which may not be precise meth-
ods. In general, for environment studies at large and small scales, a small number of
quasars in studied samples might introduce the problem of the sample not being rep-
resentative of the whole population. Images of the sky are contaminated with back-
ground and foreground galaxies projected by chance in the same field and nearby
galaxies on an image could actually not be close to each other in 3D space. Another
problem was that many studies lacked control samples to compare the active galax-
ies to inactive (normal) galaxies. The reader should compare the results in studies
keeping these points in mind.

4.4 AGN triggering

What leads to the ignition of this formidable activity is debated today. I further ex-
plain the two main theories: the merger scenario and the secular scenario, Fig. 29.
There are still various (sometimes contradictory) explanations for AGN triggering
and it is one of the unanswered questions to date (Alexander & Hickox, 2012).
This dissertation focused on Type I (unobscured) AGN, addressing the low-redshift
regime. Obscured AGN, highly luminous quasars, or AGN at higher redshifts may
have a different dominant triggering mechanism (e.g., Satyapal et al., 2014). Each
mechanism discussed here provides solutions to several obstacles cool gas has to
overcome in order to feed the SMBH accretion in the center of the host galaxy: 1)
crossing host-galaxy scales to subparsec volume of the SMBH accretion disk, 2)
angular momentum, and 3) forming stars instead (Alexander & Hickox, 2012).

6In this early study, the authors argued that in a cluster besides galaxies there is also cluster gas in
between the galaxies. So this cluster gas plays a role when two clusters merge, as a galaxy might be
influenced by this cluster gas and nuclear activity may be triggered.
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4.4.1 Galaxy interactions

In the merger scenario, the interactions of galaxies lead to inflows of gas which
feed the SMBH in the center of its host galaxy and turn on the accretion. Merger
signatures in galaxy images have been observed since 1970s, such as tidal tails, pro-
trusions, bridges, giving insight to astronomers that galaxies interact with each other
gravitationally and that material may flow from one galaxy to another (e.g., Toomre
& Toomre, 1972). In fact, mergers cause major changes in a galaxy. For example,
some galaxies are observed to be distorted from disk shapes. Other galaxies appear
irregular in morphology. These cases are thought to be a product of a violent merger.
The merging galaxies may deform and even lose their symmetrically spiral structure,
their morphology may change, and the spiral arms may be stretched. The gas and
stars in merging galaxies are affected by the interaction. For example, gas clouds in
the colliding galaxies may bump into each other resulting in starbursts and stars may
be stripped or ejected out of their parent galaxy.

One approach to quantify the close encounters is by measuring the merger frac-
tion. The galaxy images are inspected to see if there are any disturbed morphologies,
as disturbed morphologies can be considered as relics of close encounters. Using
this approach, Hong et al. (2015) concluded that luminous AGN activity is associ-
ated with galaxy merging for a sample of low-redshift active galaxies (early-type).

Merger simulations also show that gas can be driven from outer radii to the
nuclear regions, triggering starbursts in the nuclear regions (e.g., ultraluminous IR
galaxies or ULIRGS). Furthermore, some simulations result in inflow of gas that can
feed the SMBHs. SF activity can also be boosted in the host (Di Matteo et al., 2005).

However, major merger simulations still have aspects which are not completely
resolved (Naab & Ostriker, 2017). For example, often merger simulations ignore the
bigger picture of the cosmological context. Also, the low rate of the major mergers
may not be able to explain the existence of all of the massive galaxies. In the case of

Figure 29. AGN triggering scenarios (Alexander & Hickox, 2012, Fig. 2).
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AGN, it is observed that AGN-host galaxies are disk-like and not predominantly in
the merger systems. Even for obscured AGN, some research shows that mergers are
not responsible for BH triggering (e.g., Lambrides et al., 2021).

The SFR has a tight correlation with galaxy mass, termed the SF main sequence.
The main type of galaxies to form stars are spirals. Since mergers deform spirals and
result in loss of the disk and spiral arms due to the interaction, it is clear that most of
the SF is not due to the merger-driven starbursts. It is known that equal-mass mergers
do not happen frequently enough to contribute significantly to the SF budget of the
Universe (Naab & Ostriker, 2017). On the other hand, mergers play an important
role in the formation of massive early-type galaxies.

Moreover, some observational studies show that there is no evidence of galaxy
mergers and interactions in triggering AGN, especially at lower redshifts (Cisternas
& Jahnke, 2015; Smethurst et al., 2024). Another set of studies shows that the major
mergers may be one mechanism but it is not enough to account for the whole AGN
population (Orban de Xivry et al., 2011; Draper & Ballantyne, 2012). Yang et al.
(2019) showed that low luminosity AGN at low redshifts may be triggered by minor
mergers, via high resolution hydrodynamical simulations. For example, Cisternas
et al. (2011) analyzed AGN at z<1, and found that most host galaxies do not have
merger signatures such as distorted morphology. And the distortion fractions be-
tween active and inactive samples are statistically similar. Thus, their study suggests
that instead of major mergers, at this redshift, the internal secular mechanisms and
minor interactions are responsible for SMBH growth.

4.4.2 Secular mechanisms

In the secular scenario, no external triggering is necessary. The instabilities within
the host galaxy itself drive gas into the center to fuel the SMBH activity. Further-
more, secular processes may be responsible not only for triggering but also for re-
solving the angular momentum problem (Combes, 2001).

Instability-driven inflows have been shown to feed high-redshift galaxy BHs
(Bournaud et al., 2011; Bournaud, 2016). Cold gas accretion onto high-z disk galax-
ies trigger gravitational instability in these simulations when accompanied by high
gas fractions in the host (Bournaud et al., 2011). Observations by Bournaud et al.
(2012) confirm these simulation results, using emission line diagnostics method. SNe
may also induce accretion in the centers of galaxies (Kumar & Johnson, 2010).

The triggering mechanism may depend on the quasar luminosity, as indicated
by simulations. Menci et al. (2014) investigated SMBH accretion triggered by disk
instabilities in isolated galaxies. They tested their simulation results against cosmo-
logical models, and found that the disk instabilities may be one of the main drivers in
the cosmological evolution of AGN population of low and intermediate luminosities
at redshifts z<4.5. On the other hand, the quasar LF is in good agreement between
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the observed data up to z∼6 and the galaxy interaction mechanism predictions. This
is the case even for the high-luminosity quasars.

Another body of research considers the role of bars in fueling AGN in isolated
disk galaxies. For example, Cisternas et al. (2015) concluded that the presence or
absence of bars does not influence the AGN strength, suggesting that the LSS of a
galaxy does not influence the triggering and efficiency of the SMBH activity. The
bars may be an avenue, however, to funnel the gas into the host’s center (Du et al.,
2017), using, for example, gravitational torques (Alexander & Hickox, 2012). Fur-
thermore, at higher redshifts, their study showed that more than half of the active
disk galaxies did not have a bar, further confirmed by Cheung et al. (2015).

4.5 Quasars through time
SMBHs are involved as key role players in many epochs of the cosmogony theories.
One aspect of quasars is that they are extremely luminous. They can be thus observed
at very high redshift, although high-z quasars are rare, already in the early stages of
luminous structure formation (by 1 Gyr mark after the BB), when the Universe was
less than 10% of its present age (cosmic dawn) (e.g., Bañados et al., 2018). At this
cosmic time, the largest scale structures may not have yet condensed. Very high
redshift (z>6) quasars have been found (e.g., Maiolino et al., 2024). Then, based
on SDSS data, quasars at redshifts z∼6 have been discovered, with SMBHs above
109 M⊙, i.e., at the end of the epoch of reionization (Fan et al., 2006). Current cos-
mological models are attempting to explain how such MBHs already existed by 1
Gyr since the BB, perhaps by several formation mechanisms (Volonteri et al., 2021).
For example, Silk & Rees (1998) argue that primordial baryonic clouds could have
MBHs as first objects, even before stars. It is thought that the early MBHs started
out as seeds more modest in mass, which later grew larger (Inayoshi et al., 2020) by
gas accretion and through mergers (Volonteri et al., 2021). Nowadays, most mas-
sive galaxies harbor an SMBH in their center, rendering their existence ubiquitous
throughout the cosmos now and in the distant past.

The quasar density through time peaks slightly earlier (z>2) than the peak of
galaxy formation (z∼1.5) — in the literature these refer to the “quasar comoving
density peak” and “SFH of luminous galaxies” (Silk & Rees, 1998; Madau et al.,
1996). Thus, the quasars were much more numerous in earlier epochs of the galaxy
assembly timeline.

Decarli et al. (2017) reports 4 out of 25 quasars at z>6 with close companions
with high SFR (>100 M⊙ yr−1). This is important, because massive elliptical galax-
ies in early cosmic epochs require high SFRs at high redshift galaxies to build up
enough stellar mass in time. The massive quasar-like objects through quasar winds
may halt the SF in their own galaxy host by removing the necessary gas supply.
However, the ejected gas may cool down and eventually fragment into dwarf galax-
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Figure 30. The stages of galaxy evolution after a major merger (Alexander & Hickox, 2012, Fig. 6).

ies without DM halos in the vicinity of the proto-AGN. Furthermore, the expulsion
of gas also starves the accretion flow and the MBH in the center ceases to grow in
mass.

The antihierarchical trend is known as “the downsizing of AGN” since the most
luminous and massive AGN were also the most abundant at cosmic noon (Netzer,
2013). The less luminous AGN density peaked later, with the least luminous AGN
peak being at z=1 (e.g., Babić et al., 2007; Kalfountzou et al., 2014). This pattern
contradicted the hierarchical CDM, according to which more massive objects form
after less massive objects. The explanation for this phenomenon is that the quenching
of quasar activity is due to AGN feedback processes (e.g., Scannapieco et al., 2005;
Antonuccio-Delogu & Silk, 2010; Hirschmann et al., 2014), however, other aspects
can play a role as well, such as obscuration (Fanidakis et al., 2012).

One important aspect of AGN activity is its relation to the SFR of the galaxy.
AGN activity is thought to affect the SF in the host galaxy, for example, in simu-
lations by Di Matteo et al. (2005). The cosmic SFR density peaks at redshift z∼2,
and so does the quasar activity (Madau & Dickinson, 2014). This supports the co-
evolution of BHs with their host galaxies. For example, due to quasar activity, a
major-merger evolutionary scenario takes a gas-rich galaxy through several stages
culminating in a low SFR early-type galaxy, Fig. 30 (Alexander & Hickox, 2012).
The SFR estimation might be overestimated, though, for AGN in SED-model based
studies (e.g., Florez et al., 2020). State-of-the-art instruments and telescopes are
often employed both to study cosmic noon epoch’s AGN host morphology and kine-
matics, e.g., the SUPER survey (Circosta et al., 2018).

The future observations of AGN continue, at all redshifts. Besides insight into the
quasar itself, other aspects of the universe can be studied through them. For example,
the high-redshift quasar spectra have a characteristic feature called the Lyman-𝛼 for-
est, which is a multitude of Lyman-𝛼 absorption lines due to the intergalactic gas at
different redshifts that the light passes through. At very high redshifts the absorption
lines are so frequent due to a high density of the neutral Hydrogen, that the spectrum
is greatly reduced beyond the Lyman-𝛼 line and this feature is called the Gunn-
Peterson trough (Gunn & Peterson, 1965). Studying these observational features can
shed light on the reionization epoch timing and on the intergalactic gas properties at
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different redshifts (Fan et al., 2023). Furthermore, beyond the optical and near-IR
(NIR), high energy and radio observations, gravitational lensing, neutrino observa-
tions, and gravitational wave detections from SMBHs continue to expand the arena
of quasar research in future years.
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Moi aussi je regarderai les étoiles.

Me too, I will be watching the stars.

Le Petit Prince
Antoine de Saint-Exupéry

Translated from French

Before the advent of telescopes, humans relied on the naked eye observations
(e.g., the Danish astronomer Tycho Brahe). The objects were classified into six
groups based on brightness order, where the first category had the brightest objects
and the subsequent categories held less bright objects — an approach still used in the
current magnitude systems. Nowadays, the general task of observational astronomy
is to collect information about objects by examining them through telescopes. The
information type used is typically the electromagnetic radiation — photons which
carry energy. The optical imaging and spectroscopy are presented in the first two
sections (§5.1 and §5.2), the particularities of the IR regime are described in §5.3,
followed by a brief review of the major sky surveys (§5.4), the spectral energy dis-
tribution technique (§5.5), and the telescopes used in this body of research (§5.6).

5.1 Optical imaging
The optical regime spans a relatively short interval of wavelengths (or frequencies)
in the EMS, from shorter more energetic blue wavelengths to longer reddish wave-
lengths (𝜆 ∼300–900 nm). It is mostly visible to human eye1. For example, while
an elliptical galaxy emits at other wavelengths as well, most of its stars are old and
cool, so that the peak intensity is in the redder wavelengths. On the other hand, the
spiral arms of galaxies are full of patches with hot blue stars which are young and
shine brightest at the shorter wavelengths in the optical/UV — the more energetic
bands.

One of the most common ways that astronomers observe the sky since the advent
of telescopes is by producing images of sections of the sky. For example, the great
Galileo Galilei published hand drawings of the Moon, the Pleiades, and other con-
stellations several centuries ago (Galilei, 1655). Today we use technology instead of

1The visible light covers about one octave of wavelengths 3700–6700 Å (Roth, 1975).
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Figure 31. Filter response curves (ugriz from left to right). Image Credit: Sloan Digital Sky Survey.

our eyes and translate the observed information into digital 2D images. An image
is a projection of a 3D volume onto a 2D plane. Images can be used to perform
astrometric, morphological, and photometric studies. For example, in Paper IV, I
used measurements from images to construct the SED diagrams for the quasars in
our sample. Images can be used to study galaxy morphologies.

The imaging process uses the telescope to focus and collect the light over an
interval of time, to be able to obtain the desired detection. Different filters are used.
For example, in the SDSS, the filters are ugriz: 𝜆center = 3551, 4686, 6166, 7480,
8932 Å respectively, with width of about 100 Å (Doi et al., 2010, Fig. 31).

The optical imaging instruments use charge coupled devices (CCD) to measure
photons. The CCDs release electrons as light photons hit their pixels, which are
then counted by the device. The images are processed for calibration in order to
separate the pure source signal from the noise as much as possible. The raw images
are corrected for instrumental effects (bias, readout noise, dark noise), for interpixel
variation (flat fielding). Plus, the sky background subtraction is performed.

When reporting the number of photons measured, i.e., the signal (S), it is also
important to calculate the noise (N). The signal-to-noise ratio (S/N) then gives an idea
of how good the observation quality is. One source of noise is the photon counting
noise. For N photons, the photon noise is simply

√
N. That’s why, to double the S/N,

one needs to quadruple the exposure time.

Point sources appear differently at different seeing conditions. For each image,
the PSF shows what the 2D shape of a point source looks like. As an example, a
point source is a star or a distant quasar.
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5.1.1 Measuring galaxy brightness

The amount of energy that crosses an area of one square meter per second is termed
flux, F (erg s−1 cm−2). The photons emitted from a luminary can be expressed
as that object’s luminosity, L, which is the total amount of energy emitted by the
whole object per second. Flux and luminosity are correlated via the luminosity
distance between an observer and an astronomical object. The Solar luminosity is
L⊙ = 3.8 × 1033 erg s−1. The bolometric luminosity is used to account for the pho-
tons from all bands of the EMS. In other cases, astronomers need to only consider
the energy from a certain interval of the spectrum, e.g., IR or optical luminosity.

Apparent magnitudes

Astronomers also have a comparative way of expressing the flux of an object, which
was developed some 2000 years ago and is still used today in an updated form —
the system of magnitudes. The transformation between a flux, F, of a celestial object
(as received at the Earth) and its apparent magnitude, m, is defined relative to the
reference flux density F0 as:

F = F0 × 10−0.4m , (37)

where reference flux is specified by the magnitude system used. In the Vega magni-
tude system, the star Vega is used as a reference and F0 depends on filter, while in the
AB magnitude system, F0 is constant and is equal to 3631 mJy for all filters (Bessell,
1990, 2005). Brighter stars have numerically smaller magnitude values. The con-
cept of magnitudes is employed many times throughout the papers, for example to
correct for instrumental magnitudes, to correct for extinction loss, to introduce the
k-correction, to convert between SDSS 𝑟 and 𝑖 magnitudes.

The Johnson-Cousins standard broadband photometric system divides the visible
and part of the IR region of the sky into 5 bands (U, B, V, R, and I) which can be
observed by broad filters (Table 3). Filters are designed in a way to restrict the light
to a particular interval of wavelengths (Romanishin, 2002). The spectral resolution
for each passband can be calculated using:

R =
𝜆eff

Δ𝜆
, (38)

where, 𝜆eff is the central wavelength and Δ𝜆 the FWHM measurements of the pass-
band; these quantities also generally specify the bandpass function (Sutton, 2011).

Surface brightness

At low redshifts, unlike stars which are point sources, galaxies generally appear as
extended objects in the sky. Flux coming from an angular area in the sky image is
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termed intensity, I (erg s−1 arcsec−2) = F /𝛼2, where 𝛼 is the angle subtended. In
this case, the surface brightness of two (extended) astronomical objects, spread out
over the same angular area on the image, is:

𝜇1 − 𝜇2 = −2.5× log10

(︂
I1
I2

)︂
. (39)

Galaxy luminosity

Galaxy luminosity is important in luminosity-mass and other relations of galaxy
properties. Optical images can provide an apparent magnitude (m), from which an
absolute magnitude (M) can be derived if the luminosity distance (DL) of the galaxy
is known. As an example, let’s consider the optical R band. The standard relation for
absolute luminosity in this band is:

MR = mR −DM(z)− kR(z)− eR(z) . (40)

The DM term is the distance modulus. It is defined as:

DM = 5log10(DL) + 25 , (41)

where the luminosity distance is in megaparsecs. The distance can be derived using
the redshift of the galaxy, from analyzing its observed spectrum, as in Paper I.

The term kR is the k-correction for R band and eR is the correction for lumi-
nosity evolution. Even though we used samples at low redshifts, yet still, we had
to account for the k-correction, for example in the absolute magnitude calculations,
usually using software (Blanton et al., 2003). The correction is needed, because the
same galaxy spectrum interval observed in a specific fixed passband changes due to
redshift, so in practical terms we see different parts of the galaxy spectrum depend-
ing on redshift. For example, the light registered in our SDSS r band filter in the

Table 3. The Johnson-Cousins UBVRI photometric system (Bessell, 2005). The shapes resemble
a contour of a bell, but are not always symmetrical. The bluest filter is limited by the effect of the
atmosphere on transmission (Sutton, 2011). A repository of filter information (including
transmission curves) is provided by the Spanish Virtual Observatory (Rodrigo et al., 2012; Rodrigo
& Solano, 2020).

Standard filters Effective wavelength (𝜆eff ) FWHM (Δ𝜆)
Å Å

U 3663 650
B 4361 890
V 5448 840
R 6407 1580
I 7980 1540
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optical regime (observed-frame) may have been originally emitted in UV (rest-frame
of the galaxy). This correction is important when comparing observations of several
galaxies, as it “brings” all galaxies to the same (usually z=0) redshift. The effect is
larger with higher redshift. Hogg et al. (2002) comprehensively presents this subject
in a pedagogical manner.

From the absolute magnitude MR, the luminosity in the optical R band (LR) can
then be derived,

MR = −2.5× log10

(︂
LR

Lstd

)︂
, (42)

where the standard luminosity (Lstd) can be obtained from the specific reference
object in that magnitude system.

5.2 Spectroscopy
A further step is to obtain a spectrum of an object. The spectroscopy shows the
flux of an object at each wavelength, allowing the study of individual spectral lines,
calculating redshift, and much more. Spectral lines could be emission or absorption
features.

Technically, the spectrum is obtained by splitting the incoming light into indi-
vidual wavelengths. In Paper I, the ALFOSC instrument uses a diffraction grating
method to achieve this. However, spectroscopy usually requires special instruments
and is more time consuming than imaging.

There are several methods to obtain a spectroscopy of an object. The two meth-
ods used here are the longslit spectroscopy in Paper I and the multiobject spec-
troscopy (MOS) in Paper II. In the first case, a long slit is centered on an object,
so only through the narrow window of the slit the light can pass through. The MOS
observations were done using multiple slitlets so that several objects in a field could
be observed at once. To obtain a calibrated spectrum, besides observing on target,
various calibrations are performed as well for wavelength and flux calibration.

The spectra of elliptical galaxies and spiral galaxies are different. The spectrum
of an elliptical galaxy is dominated by the old stellar population. The elliptical galaxy
spectrum has numerous deep absorption lines from cool giant stars (M, K) and the
4000-Å break (Sparke & Gallagher, 2007). The 4000-Å break (Balmer break) is a
characteristic of older stellar populations. This feature in the spectrum is observed
as a “jump by a factor of ∼2 in the spectra” (Schneider, 2006). It is generally due to
which type of Hydrogen transitions are possible and species abundances (Emerson,
1997). The most conspicuous absorption lines are Ca II doublet 𝜆𝜆 3934, 3969, G
band 𝜆4300, Mg b 𝜆5155, and Na D 𝜆5894. No indicators of SF, such as emission
lines are present (typically).

The spiral galaxies have emission lines in their spectra due to the on-going SF,
such as the Hydrogen Balmer lines (H𝛼 𝜆6564, H𝛽 𝜆4861, H𝛾 𝜆4340) as well as
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forbidden lines [O II] 𝜆3737 and [O III] 𝜆𝜆 4959, 5007. The optical-UV spectra of
Type I quasars are dominated by broad emission lines, such as H𝛼 𝜆6564, [Mg II]
𝜆2799, [C III] 𝜆1909, [C IV] 𝜆1549, and Ly𝛼 𝜆1216 (Beckmann & Shrader, 2013).

Forbidden spectral lines are produced “when an electron jumps from an upper
energy level to a lower level” (Ridpath, 2018). The term “forbidden” refers to the
distinction that these less probable transitions are not observed on the Earth (under
normal conditions), but are possible in space where the gas density is sufficiently low.
The square brackets are used as notation to indicate forbidden lines, e.g., [O III] line
is a forbidden line of oxygen, doubly ionized (Dyson, 1997).

Instrument sensitivity

To get the correct flux values of the spectrum, the calibration needs to consider the
instrument’s sensitivity function, 𝑆𝜈 , which affects the measurements as follows:

F =

∫︁ ∞

0
S𝜈F𝜈𝜈 , (43)

where 𝜈 is the frequency. Note, this is accounted for after all of the other effects are
removed (bias, dark, flat, etc). For example, the sensitivity function of the human
retina (as an instrument) peaks at 𝜆 ∼550 nm, which is the yellowish green color.
The sensitivity S of a spectrometer as a function of wavelength is determined by
observing a standard star with a known flux distribution, and then by applying the
derived sensitivity function to calibrate the flux data from the observed galaxy (Ex-
ample in Figs. 32, 33). This step allows the spectra to have physically meaningful
values on the flux axis.

5.2.1 Estimating the luminosity of an emission line

The above concepts were applied in analyzing emission line fluxes in Papers I and II,
and here we give a short overview of the main steps for the case of the [O II] 3727 Å
emission line (but which can be applied to others). After the final calibrated spectra
were obtained, for some objects, their optical spectra had a prominent [O II] 3727 Å
emission line (in the bluer part of the spectrum), such as in Fig. 34.

In Paper I, for example, we used the SPLOT tool of IRAF (Tody, 1986, 1993)
to measure the flux within the emission line (without the continuum). This method
is based on fitting the emission line with a Gaussian (example in the top diagram of
Fig. 34). The fit results are given in a text file and include the central wavelength and
the flux value along with several other measurements.

The spectroscopic redshift was estimated using the RVSAO tools based on all
the available robust emission and absorption lines (Kurtz et al., 1992; Kurtz & Mink,
1998). Then within the concordance cosmology framework, we calculated the lumi-
nosity distance, DL, in megaparsecs, for that object (§2.3). These two measurements
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Figure 32. As part of testing the quality of the reduction, in Paper I, we perform flux calibration
check. In this particular plot we check the spectrum of the standard star (calibrated, 1D, blue
curve) by overplotting it with the reference values (red crosses). The middle panel shows the
differences in flux (black dots).
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Figure 33. In Paper I, we observed targets on various dates (different runs). A standard star was
observed for each run. We check for consistency the sensitivity curves (different colors) of the
same standard star observed on different dates.
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Figure 34. Top. This picture illustrates the observed calibrated spectrum in white and the
Gaussian fit to the emission line in dashed red line. Produced by SPLOT tool. Bottom. In this plot,
the spectrum of a quasar (red curve) is overlaid with expected emission lines (blue vertical lines),
absorption lines (red), and ISM lines (green dashed). Note the prominent [O II] 3727 Å emission
line.
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were used to convert the measured fluxes to luminosities. We take care to keep the
units consistent for all quantities, using conversions when needed. The luminosities
of the emission line thus obtained can be used in the next steps to estimate the SFR
values for the object.

5.2.2 Measuring SFR from [O II] emission lines

In Paper I it is not possible to use the robust H𝛼 indicator to estimate the SFR because
it was shifted to redder wavelengths and not present in the spectra. An alternative
approach was used based on the [O II] emission line. This approach is fully discussed
in Kennicutt (1998) and Gilbank et al. (2010). Here we highlight the main points.
The same methods were used in Paper II.

Stellar mass estimates

First, the galaxy stellar mass can be estimated using procedures from Bell et al. 2003;
Kauffmann et al. 2003b,a; Gilbank et al. 2010, which are based on SDSS imaging of
a large sample of z < 0.1 galaxies. It is Equation (1) in the Gilbank+2010 paper:

log10(M⋆/M⊙) = 0.480(g − r)0 − 0.475Mz − 0.08 , (44)

where the rest-frame SDSS 𝑔 − 𝑟 color is used, and the M𝑧 is the rest-frame abso-
lute z band magnitude. In essence, this formula is constructed based on an empirical
method, using the SDSS 𝑧 band luminosity and SDSS 𝑔 − 𝑟 color: other color com-
binations give larger scatter, as noted by Gilbank et al. (2010). While we employed
this method for Paper I, stellar mass can be estimated using other methods, such as
in Paper IV with spectral energy distribution (SED) analysis. The calculated stellar
mass then is used in the SFR equation given below (Equation 46).

SFR estimates

Next, the intensity of [O II] 3727 Å line is used as an approximate SFR tracer.
When present, Balmer emission line luminosities are good indicators of current SFR
in galaxies (Gallagher et al., 1989). However, Balmer lines are not always available,
when H𝛼 line is out of the visible window, z>0.5 (Kennicutt, 1998). For blue galax-
ies, the flux of H𝛽 emission line is well correlated to the flux of [O II] emission
line. This emission line is produced by photoionization from OB stars and hence is
a measure of the recent SFH.

Besides the fact that [O II] forbidden line doublet is present in high redshift op-
tical spectra, it is usually also a strong emission line (Kennicutt, 1998). However,
one disadvantage is that the [O II] luminosity is not directly coupled to the ionizing
luminosity, since it is a forbidden line. Its excitation depends on the properties of
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the gas (abundance, ionization state). Kennicutt (1998) provides a formula (equation
3 in their paper) for SFR calculation with a way to correct for extinction (at H𝛼).
Kennicutt (1998) equation for [O II]-SFR is based on the average between the cal-
ibrations done with blue irregular galaxies (Gallagher et al., 1989) and normal and
peculiar galaxies (Kennicutt, 1992). It is as follows:

SFR0/(M⊙ yr−1) = L([O II])/3.80× 1040 erg s−1 . (45)

The [O II]-SFR estimate is less precise than the H𝛼-based estimate of SFR (Ken-
nicutt, 1998). The observed [O II] luminosity, L[O II], was estimated from NOT
spectra in Paper I.

Correction to SFR estimates

Gilbank et al. (2010, 2011) examined the [O II]-SFR empirical relation using the
SDSS DR7 data (Abazajian et al., 2009) in the local Universe. Specifically, the data
sample used was from the deeper Stripe 82 region (275 deg2), so that the stellar
mass range of galaxies was the lowest possible in the survey. The sample consisted
of ∼50 000 galaxies, within the redshift range 0.032<z<0.2, and considered over a
wide mass range (8.5<logM⋆<12.0). They further verify the accuracy of this empiri-
cal calibration by cross-comparison with other SFR indicators, in particular with H𝛼,
because uncertainties may be present due to stellar mass (Phillipps, 2005). Through
this comparison, it was identified that a correction was needed, which was modeled
well with a tanh function (tanh-correction, Fig. 35).

Hence, in Paper I, to estimate the SFR, equation 8 was employed from Gilbank
et al. 2010, 2011. Gilbank’s equation provides an empirical correction via a mass-
term to the Kennicutt (1998) equation for [O II]-SFR, correcting for the dust extinc-
tion and metallicity:

SFRemp,corr =
SFR0

atanh[(x− b)/c] + d
. (46)

Here, x is a mass-dependent term:

𝑥 = log10(M⋆/M⊙) , (47)

and a = -1.424, b = 9.827, c = 0.572, d = 1.700. The Kroupa initial mass function
(IMF) is assumed. Furthermore, the specific SFR, sSFR = SFR/M⋆, can also be then
calculated.

Thus, by measuring the [O II] luminosity and by calculating the stellar mass of
the galaxy, it is possible to estimate the SFR for that galaxy (the cited papers in the
above method explain their limitations, e.g., in the estimation of the obscured star
formation). In particular, to understand the uncertainties, it is important to remember
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Figure 35. The cross-comparison of [O II]-SFR and H𝛼-SFR simple indicators. Source: Figure 3
from Gilbank et al. (2010). Each subplot represents a stellar mass bin. The x-axis gives the
H𝛼-SFR, corrected with Balmer decrement. The y-axis shows the values for [O II]-SFR for the
same set of galaxies (dots). The black solid line is plotted as a reference, to show the line where
the two indicators would hold the same values. The green lines represent the best-fitting line and
1𝜎 uncertainty. The blue dashed line represents the “slope adopted in the best-fit fitting function”,
used to construct the correction term via the tanh function. The final panel shows the
mass-dependent best-fitting ratio of the SFR indicators (black points with error bars); the adopted
tanh correction as green line. The blue diamonds show the ratio of the SFR density from [O II] to
total SFR.
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that [O II] indicator was calibrated using the H𝛼 locally. H𝛼-SFR is dependent
on the assumed IMF, for example (Mo, 2010). Metallicity and dust extinction may
change with mass and redshift and need to be accounted especially for high-mass
galaxies, where the Kennicutt (1998) equation for [O II]-SFR needs a correction as
given by Gilbank et al. (2010). It is a good practice to compare SFR estimates done
using data from other wavelengths as well (when possible).

5.3 Infrared observations
The IR domain is divided into three sub-sections: the NIR interval 1–5 𝜇m, the MIR
of 5–30 𝜇m, and the far-IR (FIR) 30–300 𝜇m. The corresponding specific tempera-
tures of the blackbody radiation curve peaks are T∼2000, 300, and 50 K respectively.
The FIR is followed by the millimeter and radio regime, as the wavelength increases.
There are three main photometric bands in the NIR: J, H, and K (Table 4 and Fig. 36).

An important aspect of observing is the Earth’s atmosphere. Sky is very bright
in the IR wavelengths and may change rapidly, thus a careful sky background sub-
traction is needed. Certain observational techniques are used to skirt this issue when
collecting data. For example, the HAWK-I wide-field IR imager (ESO) allows ob-
taining images with multiple short exposures as well as dithering, which are then
combined, thus allowing to obtain greater S/N value.

Actually, the atmosphere absorbs light; the atmosphere blocks large sections of
the electromagnetic radiation from space: gamma rays, X-rays, UV, most of the IR,
and long wavelength radio waves. To observe in these regimes, space observatories
are used (Fig. 36). IR instruments usually require cooling agents. This is to lower the
thermal noise of the instrument itself. Thus, for space instruments especially, when
the cooling agent runs out, the telescope cannot provide data anymore.

The applications of the IR are, for example, to observe processes at low tempera-
tures. IR observations also allow studying regions obscured by dust (high extinction).
It is important to study the IR, because some galaxies have their radiation peak in the
IR, including some quasars, for example, dusty starburst galaxies, e.g., M82, LIRGs,

Table 4. Standard NIR bands (Heidt, 2022). The Weff values pertain to the United Kingdom
Infrared Deep Sky Survey (UKIDSS, Lawrence et al., 2007) characteristics and are given here as
an example. The design of the NIR passband shapes is limited by the fact that several large
regions are affected by the absorption from the atmospheric water vapor.

Band Central wavelength Effective Filter Width
𝜆c Weff

𝜇m 𝜇m
J 1.3 0.150
H 1.6 0.279
K 2.2 0.305
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Figure 36. The Spitzer space observatory covered MIR and FIR, while the JWST has
instruments for NIR and MIR. In this illustration, the vertical bars show the bands, from visible
(B,G,R) to NIR (J,H,K) to MIR (3.6, 4.5, 5.8, 8.0 𝜇m) to FIR (24, 70, 160 𝜇m). The shaded regions
of starlight (bluegreen) and dust (brown) are overlaid on the respective bands. The Spitzer
instruments are labeled over the bands they cover (IRAC, IRS, MIPS). These longer wavelengths
covered by Spitzer (about 3–160 𝜇m) are best observed from space and are dominated by dust
emission. Image Credit: NASA.

ULIRGs. The optical emission may be elevated in dusty starburst galaxies, but the IR
emission is stronger. IR emission also includes dust emission, thus we can directly
study the dust properties in the galaxy. Plus, distant galaxies may be observed in the
IR because the intrinsically optical emission is redshifted to longer wavelengths.

The NIR also may have a stronger signature of AGN host galaxy star light (com-
pared to the non-stellar emission). At higher redshifts, it is the IR images of quasars
that are often used to study the morphology of the quasar hosts (e.g., Sanghvi et al.,
2014). Actually, a multiwavelength study is necessary to get the full picture of the
AGN, because AGN emit in all wavelengths significantly.

5.4 Surveys

This work used extensively archival data from sky surveys, which are briefly de-
scribed here. Getting telescope time is expensive and time-consuming. Furthermore,
even if observing time has been granted for a proposal, part of the time may be lost
due to unforeseen circumstances, such as poor weather. Plus, some of the data might
not be usable, for example due to unfavorable sky conditions and high sky back-
ground. Thus, it is valuable to use archival data by large surveys. The availability
of accessible large survey archives are crucial to statistical studies based on galaxy
observations. The main surveys used in this thesis are: the Sloan Digital Sky Survey
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Figure 37. Survey Cones. This plot indicates which parts of the Universe the GAMA survey
covered (orange). Similar illustration is given to few other known surveys (SDSS in blue, 2dFGRS
in cyan, and 6dfGS in green). GAMA survey overlaps with SDSS survey regions, but goes much
deeper, up to about 5 Gyr lookback time. It covers five sectors, three of which are equatorial (9hrs,
12hrs, 15hrs). Credit: GAMA survey.

(SDSS, DR18, Almeida et al. 2023) and the Galaxy and Mass Assembly (GAMA)
spectroscopic survey (DR4, Driver et al. 2022). In Fig. 37, the survey cones of SDSS
and GAMA survey are illustrated in blue and orange colors respectively.

5.4.1 Sloan Digital Sky Survey

SDSS is a rich imaging and spectroscopic redshift survey in the visible domain which
began in the year 2000. It is based on the observations of a 2.5 m optical telescope
at the Apache Point Observatory. This large-scale survey covered 1/3 of the sky
area (Northern Hemisphere). The imaging was done in five bands: SDSS 𝑢, 𝑔, 𝑟, 𝑖,
and 𝑧 (Fig. 31). Many major programs have been carried out based on SDSS data.
In particular, for quasar science, we used the SDSS-based catalogs of quasars (Lyke
et al., 2020). Furthermore, one area of the sky was imaged deeper, called the Stripe82
(Annis et al., 2014). Samples in Papers I and II are from Stripe82.
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Figure 38. GAMA survey provides photometry for 21 bands, ranging from FUV to FIR. Here the
same galaxy (bottom center) appears when imaged at different wavelengths covered by GAMA
survey (going left to right): UV, optical, NIR, MIR, FIR. The stamp-pictures at different wavelengths
also show how different features become emphasized at different regimes of the EMS (note also
the resolutions are different). Credit: ICRAR/GAMA and ESO, ESO images.

5.4.2 GAMA survey

GAMA is a spectroscopic survey of ∼300 000 galaxies in an area of the sky of
around 300 deg2 (Driver et al., 2022; Liske et al., 2015). The observations were
performed with the 4 m class Anglo-Australian Telescope (AAT) from 2008–2014.
The GAMA project incorporated data from other archives, and with its final data
release the GAMA survey provides a rich database of optical spectra and ancillary
information, including multi-band photometry from far-UV (FUV) to FIR (Fig. 38).

5.5 Spectral energy distribution of galaxies
Data from photometric surveys can be used to gain more insight into astronomical
objects. One technique is the construction of the spectral energy distribution (SED)
of a galaxy which shows the energy amount across different frequencies (or wave-
lengths). Different phenomena contribute to various parts of the SED graph. Rich
surveys in UV, optical, and IR provide the necessary data to use with this technique.
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Figure 39. Here an example SED (restframe) of ULIRG galaxy (blue) is shown in contrast with the
SEDs of various galaxies (Figure 1 from Lagache et al., 2005). The wavelength range is from UV
to millimeter. The ULIRG SED shows that the emission in IR dominates over the optical emission.
On the other hand, the typical elliptical and spiral galaxies are more prominent in the optical
regime. The starburst galaxy SED typically is also bright in the IR, but at a lesser degree than the
ULIRG reported here (z=0.66).

The UV/optical region of the EMS gets contributions from the young star emis-
sions, while the older stellar populations emit most of their energy in the redder
wavelengths (optical). Dust absorbs energy from young stars and then re-emits it at
much longer wavelengths. Additionally, dust grain emission peaks in the IR since
dust has cooler temperatures.

Some galaxies shine more brightly in the IR than in the optical because of the dust
obscuration, e.g., ULIRGs, Fig. 39. AGN contribution can affect all wavelengths.
For example, very high energy blazars need to have multiwavelength studies, because
they emit strongly in gamma-rays and also in radio. An example of blazar SED study
is given in Fig. 40. Here the red line represents a model. In this case several models
are tested to fit the observed photometric points. Understanding the SED of blazars
is a continued effort in astronomical research.

The advantage of the SED technique is that it uses multiwavelength observations.
Also, it is useful when only broadband photometry is present. Plus, for galaxies, the
SEDs use general metrics of the stellar populations since often we cannot resolve in-
dividual stars in a distant galaxy. From the SED, we can estimate physical properties
of galaxies, such as SFR, stellar mass, and dust mass. As an example, I pulled the
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Figure 40. Blazar SED examples (Fig. 8 from Acciari et al., 2021). The data points are fitted with
two models, represented by a red curve. Top. The one-component model. Bottom. The
two-component model: blob emission (green curve) and jet contribution (blue line). In this case,
Acciari et al. (2021) highlights that the one-component model fails to agree with the data in the
radio regime and does not capture the optical emission accurately, while the two-component
leptonic model agrees with the data more closely.
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GAMA survey SEDs for the same galaxies for which the spectra were shown in §3
(Fig. 41). These were produced using the MAGPHYS tool (da Cunha et al., 2008;
da Cunha & Charlot, 2011; Liske et al., 2015; Driver et al., 2022).

However, SED technique has also its limits. One problem is that apparently
similar looking SEDs may be a result of quite different processes at play (e.g., age-
metallicity degeneracy).

The SED construction requires processing a large amount of data. Nowadays
several programs exist. In practice, the SED is built originally from several modules.
Each module has several parameters associated with it. There are some differences
between various programs.

5.5.1 CIGALE

For example, CIGALE models multiwavelength observations from FUV to radio. In
the case of CIGALE (Boquien et al., 2019) used in Paper IV, in a nutshell, the SFH
parameters come from the SFH module which describes the evolution of SFR. Stars
are modeled as black bodies (Boquien et al., 2019). The stellar spectrum is com-
puted using a standard library of single stellar populations (SSP), e.g., the Bruzual
& Charlot (2003) SSP library. It is here that such important parameters as the stellar
IMF and stellar metallicity of the model are provided.

Besides stars, dust also plays a role in building the SED. Dust absorbs starlight
(UV-NIR) and then re-emits it in longer wavelengths (MIR, FIR). A separate module
accounts for the attenuation laws to extinct the SED. The dust emission modules
are responsible for modeling the mentioned re-emission in MIR and FIR regimes.
CIGALE is using the energy balance principle to implement how the energy absorbed
by dust is re-emitted by the dust at longer IR wavelengths.

CIGALE has an option to include a contribution from the AGN to the galaxy
SED and thus can also model X-ray photometric points (Yang et al., 2020, 2022b).
We used CIGALE in Paper IV to assess the AGN contribution to quasar host SEDs,
since the MAGPHYS fits in the GAMA survey did not include the AGN component.

5.5.2 Stellar population synthesis

The SED technique is fascinating2 since the SED of unresolved stellar populations
in galaxies is a product of the various fundamental properties, e.g., stellar IMF, stel-
lar metallicity, dust and gas properties, SFH. In Paper III, I readily used SED-based
results from GAMA survey archives. Here I restrict to highlighting just a few fun-
damental concepts, generously borrowing from the brilliant review paper by Charlie
Conroy on the subject (Conroy, 2013). Tinsley (1980) also provides very clear and
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Figure 41. SED examples from Paper IV: a starburst galaxy (top), a spiral galaxy (center), and an
elliptical galaxy (bottom) from the GAMA survey DR4. In all panels, the orange line represents the
best-fit SED, while the blue line models the case where the galaxy has no dust. Colored circles are
photometry data points, while the clear circles are model-predicted data points. As in Fig. 39, note
the progressively stronger emission (elliptical to disk to starburst hosts) in the longer wavelengths
because the dust re-emits light absorbed from young stars. The diagrams are sourced from the
GAMA Single Object Viewer tool (Hopkins et al., 2013; Liske et al., 2015; Driver et al., 2022).
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didactic explanations of stellar population analysis and the math associated with it.
To model the overall stellar population in a galaxy, the key player in the game

is the stellar population synthesis (SPS) technique, which allows the construction of
simple stellar populations (SSPs) and then the composite stellar populations (CSPs),
as illustrated in Fig. 42 (Conroy & Gunn, 2010; Conroy, 2013), by summing the
spectra of the constituent stars (Walcher et al., 2011). The SSP is built upon three
components: IMF, isochrones, and stellar spectra. IMF gives the initial distribution
of stellar masses for stars in the stellar main sequence. The isochrone is the locus of
stars of the same age.

Uncertainties in each ingredient towards the SED model play a significant role,
as discussed in Conroy et al. (2009) and are continuously refined by research teams.
As an example, with regards to the IMF, one uncertainty exists in the extremes of
stellar masses (low and high). Key areas of an uncertain IMF are, for example,
the assessment of mass-to-light ratio and interpretation of time evolution of galaxy
populations.

5.5.3 SED-based properties from GAMA survey

The GAMA survey uses the software MAGPHYS (Multiwavelength Analysis of
Galaxy Physical Properties) to interpret the observed data on galaxies (da Cunha
et al., 2008; da Cunha & Charlot, 2011; Baldry et al., 2018; Driver et al., 2018). The
GAMA survey photometry spans 21 bands from FUV to FIR (Driver et al., 2016;
Wright et al., 2016). These data were used in Papers III and IV. How do we go
backwards now from the observed SED to galaxy-wide properties?

As a first step, a library of model SEDs is built matching the observed galaxy’s
redshift and photometric bands. Here, the stellar and ISM physical parameter ranges
are wide. The detailed computation of the models is beyond the thesis introduction,
and the reader is referred to the MAGPHYS documentation.

As a second step, the observed SED is compared (statistically) against the models
in the library. In fact, the result does not give just one value for any single physical
parameter. Rather, a more complete statistical assessment is given as an output for
each parameter by the likelihood distribution and the associated percentiles. For de-
tails on the Bayesian approach, the reader again is referred to the statistics textbooks.

Of course, each assumption made may lead to uncertainties. For example, da
Cunha et al. (2008) reports that stellar mass estimates can be different with differ-
ent assumed IMF models. That’s why in Paper IV, we provide the full list of used
parameters and constraints. Pacifici et al. (2023) provides a comparison of several
SED-fitting codes. More data points constrain better the SED model. In particular,

2It is also fascinating as when the SED techniques were developed, inspiring and audacious as-
tronomers (such as Beatrice Tinsley) made contributions to methods and the original models were done
without the sophisticated computers of today.

93



Maria Babakhanyan Stone

Figure 42. In the stellar population synthesis technique, first the SSP model is constructed, using
the building blocks in the top panel: IMF, isochrones, and stellar spectra. The SSPs are scaled up
to CSP by taking into account the “building materials” in the middle panel: SFH, chemical
evolution, dust attenuation, and emission. The final CSP model is then displayed as the SED
across the wavelength range considered. Source: Fig. 1 from Conroy 2013.
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Figure 43. NOT telescope (Spain). Image Credit: Maria B. Stone.

for this work, since the GAMA survey provides 21 photometric points, it samples
the FUV to FIR range well.

5.6 Telescopes
Several observatories around the world were used to obtain observations for work
included in this thesis. I will briefly describe the telescope and the instruments here.

5.6.1 Nordic Optical Telescope

The Nordic Optical Telescope (NOT) is part of the Roque de los Muchachos Obser-
vatory, located in La Palma, one of the Canary Islands near the equator (Fig. 43). Its
primary mirror is 2.6 m. NOT has optical and IR capabilities.

As part of this dissertation, I used NOT for obtaining optical spectra for several
quasars and their neighboring galaxies in Paper I. I employed the ALFOSC instru-
ment, which is an optical spectrograph and camera. NOT is a very user-friendly
telescope. The observations were carried out in person by myself and by Kalle
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Figure 44. GTC telescope in La Palma, Spain (dome on the right). Image Credit: Maria B. Stone.

Karhunen. Some dedicated night time was lost due to poor weather and observ-
ing “target-of-opportunity” objects (TOO) such as various transient objects (e.g., a
TOO observation of an afterglow reported in GRB Coordinates Network, Circular
Service, No. 34731).

5.6.2 Gran Tecan

The Gran Telescopio CANARIAS (GTC) is a giant 10 m class telescope (Fig. 44).
It is a part of the same observatory as NOT, holding today the title of the largest
telescope in optical and IR regimes. Its mirror is composed of 36 hexagonal units. It
was used to obtain a set of optical spectra for quasars and their neighbors in Paper I
by a collaborator. With such a large mirror, fainter objects can be studied. Thus our
team was able to observe higher redshift quasar fields. In general, GTC spectra had
a better S/N than with the NOT telescope.
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Figure 45. NTT telescope at the La Silla Observatory (Chile). Image Credit: ESO/B. Tafreshi
(twanight.org).

5.6.3 New Technology Telescope

For Paper II, I used the 4 meter class New Technology Telescope (NTT), which is
located in the Southern Hemisphere (Fig. 45). It belongs to the La Silla Observatory
in Chile. It is operated by the European Southern Observatory (ESO). The climate
at the location of the NTT is ideal for astronomical observations due to the low
humidity, high elevation, and great seeing. However, the arid high desert is a harsh
environment for humans. I had the opportunity to observe five nights in person and a
co-author observed another set of nights there. I used the multi-object spectroscopy
of quasar fields in Paper II in the optical regime. The instrument used was the ESO
Faint Object Spectrograph and Camera 2 (EFOSC2, Buzzoni et al. 1984). A set of
normal galaxy fields was also observed as control.
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6 Summary of the original publications

Millions de ces petites choses que l’on voit
quelquefois dans le ciel.

A million of those little things that one sees
sometimes in the sky.

“Le Petit Prince”
Antoine de Saint-Exupéry

Translated from French

6.1 Low-redshift quasars in the SDSS Stripe 82 – II.
Associated companion galaxies and signature of
star formation

There are two major mechanisms proposed to explain the AGN triggering and fueling
of the SMBH activity in the center of galaxies. According to the merger scenario,
two galaxies of similar mass interact. Through this interaction gas flows towards
the center of the galaxy and is served as fuel for the central engine. The alternative
thought is based on secular processes such as bar instabilities and/or minor mergers.
In this latter mechanism the presence of a large neighboring galaxy is not required.
There are galaxy simulations which model both mechanisms.

In this paper we set out to gain observational information on galaxies around
quasars to see whether we can discover evidence in the environments of quasars.
We obtained optical spectroscopy data from GTC and NOT for 22 quasar fields at
z<0.5, which are located in the equatorial region of the sky from Falomo et al. (2014)
catalog.

This catalog is based on the SDSS DR7 quasar catalog (Schneider et al. 2010),
restricted to low redshift (0.1<z<0.5) and to the Stripe 82 region of the sky. The
Stripe82 region of SDSS has deeper images than the rest of the survey. The Falomo
et al. (2014) catalog comprises over 400 Type I quasars, with absolute magnitude M𝑖

< -22. These quasars are spectroscopically confirmed.
We used longslit spectroscopy to obtain a spectrum of the quasar and of at least

one candidate companion galaxy within 15 arcsec of the quasar. The companion
spectra provided us with their spectroscopic redshifts. The redshifts were used to
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check that the candidate companions are actually physically associated or whether
they are chance projections in the same field. We also used the [O II] 3727Å emis-
sion line to estimate the SFR of the companions.

We combined our results with the results from previous observations of 12 other
quasar fields. We find that 15/24 quasars had a physically associated companion
galaxy in their vicinity. Moreover their SFR is moderate, and its distribution in
SFR versus stellar mass plot is similar to that of randomly selected galaxies in the
field. Our results showed that the quasars do not have a strong influence on the star
formation of their associated companion galaxies.

For quasars, we positioned the long slits away from the center to attempt to cap-
ture the host galaxy light. Combined with previously published results, we detected
host stellar signatures in 11 quasars, mostly showing absorption features of old stellar
populations. Three cases exhibited typical signatures of a post-starburst spectrum.

6.2 Low-redshift quasars in the SDSS Stripe 82 — III.
MOS observations

In this paper, we address the same questions as in Paper I but with an increased sam-
ple size, bringing the total number of observed quasar fields to 44 from the Falomo
et al. (2014) catalog. Plus, we observe 11 inactive galaxies matched in mass and
redshift to the quasar sample, as a control group for comparison. Additionally, we
combine our results with all of the available spectra from the SDSS archives.

To obtain the observations, we used the MOS technique with NTT/EFOSC2
(ESO) in the Southern Hemisphere. With MOS technique, we were able to put mul-
tiple slitlets at the same time and thus collect optical spectra for several candidate
companion galaxies at one observing instance around each quasar (or galaxy). For
12 quasar fields, we collected 76 spectra and for 11 inactive galaxy fields, we col-
lected 53 spectra.

Our results, in combination with previously published data and archival data from
SDSS, show that 19 out of 44 quasars have a physically associated galaxy. Compared
to the inactive galaxy fields this fraction is not significantly different. On the other
hand, the companions of quasars have a higher frequency of star formation signa-
tures (e.g., emission lines) in their optical spectra, unlike those of inactive galaxies,
suggesting a moderate link between the quasar activity and star formation processes
in nearby galaxies.
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6.3 Galaxy and Mass Assembly (GAMA): Low-redshift
Quasars and Inactive Galaxies Have Similar Neigh-
bors

Galaxy and Mass Assembly (GAMA) survey provides spectroscopic data for over
300 000 galaxies, covering an area of ∼300 deg2, restricted to SDSS r band, 𝑟 <19.8
mag, based on observations with the Anglo-Australian Telescope (AAT), which are
supplemented by the archival spectra from previous surveys. In addition to spectra,
GAMA survey database has a slew of ancillary products, such as 21-band photometry
(UV, optical, IR), k-corrections, stellar population properties based on SED analysis
with MAGPHYS software.

In this paper, we used the GAMA spectroscopic survey archival data to study the
close environment of a large and homogeneous sample of quasar fields, and com-
pared our results to a robust control sample of inactive galaxies.

The quasar data sample has 205 quasar fields and it is limited to the GAMA equa-
torial regions (Wethers et al., 2022). The quasar classification comes from the largest
quasar catalog of Type I quasars (Large Quasar Astrometric Catalogue, LQAC-4,
Gattano et al., 2018), where all of the quasars are confirmed by analysis of their
optical spectra. Our data sample belongs to a redshift cut of 0.1<z<0.35, as at this
low-z redshift interval GAMA is spectroscopically highly complete. Each quasar has
apparent magnitude in SDSS r band brighter than the GAMA survey limit. Further-
more, as a control we created 200 Monte Carlo realizations of 205 inactive galaxies,
matched in redshift and in stellar mass to the quasar sample. We identified the bright
and close neighbors around each quasar (or a matched inactive galaxy) within about
2 Mpc comoving radius.

Each quasar field was analyzed to assess the number of neighbors within that
volume. Furthermore, we compare properties for the neighbors: SFR, stellar mass,
ages, colors, metallicities, morphologies — based on the ancillary data provided by
the GAMA database. We used the two-sample Kolmogorov-Smirnov (KS) test to
compare the distributions of properties for the population of quasar neighbors and
inactive galaxy neighbors.

We found that there is no significant difference between physical, morphological,
and SFH properties of quasar neighbors and inactive galaxy neighbors. Our results
favor secular mechanisms and possibly minor mergers to explain AGN triggering.
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6.4 Galaxy and Mass Assembly (GAMA): The Proper-
ties of Quasar Host Galaxies, Star Formation His-
tories, and Stellar Populations.

As a follow-up work for Paper III, we studied the quasar host galaxy SFH properties
for the same sample of AGN. We then contrasted how the quasar hosts compared to
the inactive galaxies (matched in redshift and mass) in terms of their SFH and stellar
population properties.

To do this, we needed to account for the nuclear emission, since the quasar
host light is contaminated with the photons from the SMBH activity. We used the
CIGALE SED analysis tool to model the available 21-band photometric data from
the GAMA survey for quasar hosts, and included an AGN component in these mod-
els. We then computed the quasar host stellar mass, SFR metrics, age, metallicity
values.

Our results show that these low-z quasar hosts mainly belong to the MS of SFGs,
and the SFH path indicates that the AGN activity and SFR increase happen around
the same time frame. Our data supports the secular and minor merger scenarios as
triggers of nuclear activity at low redshifts, as it is possible that the star forming
region within the galaxy may provide the fuel for the AGN activity.
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6.5 The author’s contribution to publications

Paper I. Low-redshift quasars in the SDSS Stripe 82 – II. Associated
companion galaxies and signature of star formation
The author performed the observations with NOT to collect the spectra for quasar
fields and reduced the NOT data with IRAF. Further, the author analyzed all of the
spectra, created the first draft of the manuscript, and led the paper through review
and submission. The author’s role is primary.

Paper II. Low-redshift quasars in the SDSS Stripe 82 — III. MOS ob-
servations
The author contributed to the data collection step by performing five nights of obser-
vations at the La Silla Observatory. Furthermore, the author contributed to perform-
ing part of the analysis and drafting, as well as revising the manuscript.

Paper III. Galaxy and Mass Assembly (GAMA): Low-redshift Quasars
and Inactive Galaxies Have Similar Neighbors
The author performed the analysis, drafted the manuscript, and led it through the
two-stage review process: (i) first with the GAMA collaboration and (ii) with the
scientific journal. The author’s role is primary.

Paper IV. Galaxy and Mass Assembly (GAMA): The Properties of Quasar
Host Galaxies, Star Formation Histories, and Stellar Populations.
The author performed the analysis, contributed to a major part of the writing of the
paper, submitted it to a journal, and is leading the paper through the review. The
author is one of the two main contributors to the paper.
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7 Future research

— Well, boy, there’s another day of the
wonderful world gone forever.
— New day tomorrow, though.

“Papa, you are crazy”
William Saroyan

In this thesis we have studied Type I AGN environments at low redshifts. How-
ever, the other classes of AGN, such as the obscured (Type II) AGN constitute the
majority of the AGN population. I extended the investigation to Type II AGN, and
already one set of observations have been completed at the NOT (P67-022, Principal
Investigator: Stone).

Zooming into the host galaxy and studying its morphology also provides an av-
enue to understand the immediate environment around a quasar. One may ask ques-
tions such as, do these low-redshift AGN preferentially reside in spirals or ellipticals
(Stone et al. in prep.)? Does this depend on the presence of radio emission, BH
properties, luminosity?

Furthermore, it is interesting to look at the environment at different redshifts to
see how the role of AGN changes as the Universe evolved. To reach further distances
and greater detail in the high-z arena major space observatories such as JWST and
radio interferometry (e.g., ALMA, VLBI) are used — they pave the way to future
discoveries. Similarly, the Nancy Grace Roman Space Telescope, formerly known as
the Wide Field First InfraRed Survey Telescope (WFIRST), is scheduled to launch in
a few years.

Moreover, in this study we observed the bright companions of AGN. The low
surface brightness regime is also an unexplored frontier, where dimmer galaxies
may provide clues to the formation and evolution processes. Here the Rubin Ob-
servatory (Legacy Survey of Space and Time, LSST) programs are set out to provide
astronomers with the key data for exploration.

Overall, crucially, to answer the global questions on galaxy formation and evo-
lution, cooperation between multiwavelength observations and comparative studies
with simulations are necessary.
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