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Zusammenfassung

Supermassereiche Schwarze Lécher (SMBHSs) be nden sich im Zentrum nahezu jeder massere-
ichen Galaxie. Etwa 1 10% der SMBHs akkretieren Materie aus ihrer Umgebung und
werden dadurch zu aktiven Galaxienkernen (AGN). AGN z&hlen zu den leuchtkraftigsten
und dauerhaftesten Quellen radiativer und kinetischer Energie im gesamten Universum.
Ihre Strahlung, die sich Uber das gesamte elektromagnetische Spektrum von Radiowellen
bis hin zu Roéntgenstrahlen erstreckt und in Form machtiger Ausstromungen freigesetzt
wird, ist so stark, dass sie die Wirtsgalaxie erheblich beein ussen kann. Dieser Prozess
wird als 'AGN-Feedback’' bezeichnet. AGN-Feedback tritt in verschiedenen Formen auf,
etwa in Form von Winden oder gebindelten Jets. Diese enstehen in der Nahe des Schwarzen
Lochs und kdnnen sich auf gréyere Skalen ausbreiten, Gas und Staub verdrangen oder er-
hitzen und dadurch die Sternentstehung unterdriicken. Obwohl AGN eine entscheidende
Rolle fir das Verstandnis der Galaxienentwicklung spielen, ist bislang unklar, wie die ein-
fallende Akkretionsenergie und die abgegebene Feedback-Energie von den Eigenschaften
des AGN und seiner Wirtsgalaxie abhangen und wie sie sich im Laufe der kosmischen Zeit
verandern.

Aus diesem Grund beginne ich diese Dissertation mit der Frage, wie die Feedbackemis-
sion von Jets von der stellaren Masse der Galaxie abhangt. AGN-Jets emittieren haupt-
sachlich Synchrotronstrahlung, welche bei Radiowellenlangen messbar ist. Daher kénnen
wir erdgebundene Radioobservatorien wie das Low Frequency Array (LOFAR) nutzen, um
groye Stichproben von AGN, welche jets aufweisen, zu untersuchen. Ich prasentiere eine
neue statistische Stichprobe von 764 LOFAR-Radio-AGN bei niedriger Rotverschiebung
(z < 0;4) und bestimme erstmals den Anteil der Galaxien, welche solche Radio-AGN
beherbergen (d. h. die Radio-AGN-Inzidenz), als Funktion der spezi schen kinetischen
Leistung des Schwarzen Lochs,et, einem May dafir, wie stark die Jets im Verhaltnis zur
Masse der Galaxie (und damit indirekt zur Masse des Schwarzen Lochs) sind. Meine Ergeb-
nisse zeigen, dass die Radio-AGN-Inzidenz eine deutliche Massenabhangigkeit nachweist:
Massereichere Galaxien beherbergen mit héherer Wahrscheinlichkeit einen Radio-AGN bei
allen Werten von 3. Dies ist bemerkenswert, da frihere Arbeiten zur Inzidenz von
Rontgen-AGN gezeigt haben, dass die Mechanismen, welche AGN-Aktivitdt in massere-
ichen Galaxien auslésen und antreiben, weitgehend massenunabhangig sind (zumindest
in erster Naherung). Es ist daher au allig, dass Jet-Feedback, welches vermutlich durch
denselben Akkretionsprozess gespeist wird, ein anderes Verhalten zeigt. Um dieses Ergeb-
nis zu erklaren, untersuche ich die Kopplung zwischen Akkretionsscheibe und Jet in AGN,
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indem ich die statistischen Inzidenzverteilungen von Rontgen- und Radio-AGN vergleiche.

Neben der Massenabhéngigkeit zeigt die Radio-AGN-Inzidenz auch deutliche Unter-
schiede zwischen verschiedenen Radiomorphologien. Kompakte Radio-AGN weisen eine
steile, potenzgesetzartige Inzidenz auf. Dies bedeutet, dass sie bei niedrigen Jet-Leistungen
dominieren und bei héheren Jet-Leistungen schnell abfallen. Im Gegensatz dazu zeigen
komplexe Radio-AGN, d.h. solche mit ausgedehnter, méglicherweise doppellappiger Mor-
phologie, eine achere Inzidenzverteilung mit einer deutlich starkeren Massenabhangigkeit.
Dies deutet darauf hin, dass sie bei groyeren stellaren Massen und héhergp-Werten
zunehmend dominieren. Dank der gut charakterisierten, vollstandigen, spektroskopischen
Radio-AGN-Stichprobe verfiige ich Uber detaillierte Kenntniss sowohl der Wirtsgalaxien-
massen als auch der Jet-Leistungen einzelner Radio-AGN, sowie dariber, wie hau g ein
Radio-AGN einer bestimmten Jet-Leistung in Galaxien einer gegebenen Masse vorkommt.
Unter Ausnutzung dieser drei Groyen bestimme ich die mittlere Jet-Leistung der Popula-
tion massereicher Galaxien bei niedriger Rotverschiebung. Ich zeige, dass das kinetische
Feedback durch Radio-AGN gegentber allen plausiblen Formen von strahlungsgetriebenem
Feedback, wie z.B. den zuvor erwdhnten Winden, in massereichen Galaxien dominiert.
Interessanterweise sind es die kompakten Radio-AGN, die dieses globale kinetische En-
ergiebudget bestimmen, mit Ausnahme der massereichsten Galaxien. Daruber hinaus ver-
gleiche ich die durchschnittlich injizierte Jet-Energie mit der Bindungsenergie der Galaxien
und ihrer umgebenden Dunklen-Materie-Halos sowie mit der gesamten thermischen Energie
des Gases innerhalb dieser Halos. Ich zeige, dass Radio-AGN, egal ob kompakt oder kom-
plex, zwar nicht geniigend Energie besitzen, um die globale Gasverteilung massereicher
Galaxien vollstandig zu storen, aber eine bedeutende Warmequelle darstellen, welche das
lokale thermodynamische Gleichgewicht selbst in den Kernen der massereichsten Galax-
ienhaufen im lokalen Universum beein ussen kann.

Abschlieyend untersuche ich die Details des Akkretionsprozesses in einem bislang uner-
forschten Parameterraum von Galaxien mit niedriger Masse bei niedriger Rotverschiebung.
Dies wurde durch die jungsten Fortschritte in tiefen, multiwellenlangen, Himmelsdurch-
musterungen moglich. Insbesondere nutze ich in dieser Dissertation die vierte, tieftse
Durchmusterung des eROSITA All-Sky Survey (eRASS:4) in Kombination mit optischen
Bilddaten aus dem zehnten Datenrelease des DESI Legacy Imaging Survey (LS10), um
die Inzidenz von Réntgen-AGN in Abh&ngigkeit der spezi schen radiativen Leistung des
Schwarzen Lochs, gqq, zU untersuchen. Dies ist ein komplementarer, massenskalieren-
der Leistungsindikator zu ;. Ausgehend von einer optisch ausgewahlten Stichprobe aus
LS10 von uber funf Millionen Galaxien Uber den gesamten Massenbereich hinweg iden-
ti ziere ich 874 Rontgen-AGN in Galaxien mit niedriger Masse (logM=M  10), von
denen mehr als 600 neu entdeckt sind. Mithilfe einer bayesianischen Methode, welche
die Rontgeninformationen aller Galaxien der Ausgangsstichprobe bertcksichtigt, kann ich
die bislang engsten Einschrédnkungen der Verteilungen spezi scher Akkretionsraten (zu-
mindest am hochakkretierenden Ende) ableiten und dabei massenabhéangige Eigenschaften
zweiter Ordnung aufdecken. Anschlieyend leite ich daraus die kumulative AGN-Fraktion
als Funktion der stellaren Masse ab. Interessanterweise nde ich ein Maximum dieser
kumulativen AGN-Fraktion bei logM =M 10 10:5 fir moderat und stark akkretier-
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tende Rontgen-AGN. Dies weist moglicherweise auf eine abnehmende E zienz der AGN-
Entstehung bei sehr niedrigen und sehr hohen Massen hin. Auyerdem fallt dieses Maximum
genau in den Bereich, in dem die Sternentstehungse zienz bei einer bestimmten Halo-
masse am groyten ist. Das deutet darauf hin, dass eine gemeinsame physikalische Ursache
sowohl die AGN-Akkretion als auch die Sternentstehung beein usst. Zukulnftige detail-
lierte Rontgenspektral- und Timing-Analysen dieser neuen Stichprobe von Rontgen-AGN
kdnnten neue Erkenntnisse tber die Details von Akkretion und Feedback im Niedermassen-
regime liefern.
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Abstract

Supermassive black holes (SMBHS) are found at the centre of almost every massive galaxy.
Around 1 10% of SMBHSs are accreting matter from their surroundings, making them
active galactic nuclei (AGN). AGN are some of the most luminous, persistent emitters
of radiative and kinetic energy in the entire Universe. This energy, released across the
electromagnetic spectrum from radio to X-ray wavelengths and through powerful out ows,
can signi cantly impact the host galaxy, in a process called "AGN feedback'. AGN feedback
occurs in various forms, such as wide-angle winds or collimated jets launched from the
vicinity of the black hole that propagate to larger scales, displacing or heating gas and
dust, and thereby suppressing star formation. While AGN are a crucial ingredient to
understanding galaxy evolution, it is still unclear how the accretion energy coming in and
the feedback energy coming out depend on AGN and host galaxy properties, as well as
how they vary across cosmic time.

As such, | begin this Thesis by tackling the question of how jetted feedback emission
depends on the stellar mass of the galaxy. AGN jets primarily emit via synchrotron radi-
ation, observable at radio wavelengths. Therefore, we can use radio observatories here on
Earth, such as the Low Frequency Array (LOFAR), to probe large samples of jetted AGN.
| compile a new statistical sample of 764 LOFAR radio AGN at low redshift (z < 0:4) and
calculate for the rst time the fraction of galaxies hosting such radio AGN (i.e. the radio
AGN incidence) as a function of speci c black hole kinetic power, ¢, a measure of how
powerful the jets are compared to the mass of the galaxy (a proxy for the mass of the black
hole). I nd that the incidence of radio AGN shows a mass-dependence, whereby higher
mass galaxies are more likely to host a radio AGN at all values of. This is interest-
ing as previous work investigating the incidence of X-ray AGN nd that the mechanisms
responsible for triggering and fuelling AGN across all massive galaxies are mass-invariant
(to rst order). Therefore, it is curious that jetted feedback, supposedly fuelled by the
accretion process, behaves dierently. | try to reconcile this by analysing the coupling
between the accretion disk and jet in AGN using the statistical incidence distributions of
X-ray and radio AGN.

In addition to the mass-dependence, the radio AGN incidence shows a striking variation
for di erent radio AGN morphologies. Compact radio AGN show a steep power-law-like
incidence, meaning that they dominate at lower jet powers and drop out rapidly at higher
jet powers. In contrast, complex radio AGN, those with extended, possible double-lobed
morphologies, show a atter incidence distribution with a much stronger mass-dependence,
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indicating that they progressively dominate for higher stellar mass and,; values. Thanks
to the well-characterised, complete, spectroscopic radio AGN sample, | have detailed knowl-
edge of the host galaxy mass, the jet power of a given radio AGN and how often this radio
AGN of a given jet power populates a galaxy of a given mass. Capitalising on these three
factors, | derive the average jet power of the population of massive galaxies at low redshift
and nd that the kinetic feedback from radio AGN dominates over any plausible inventory
of radiatively-driven feedback, such as the aforementioned winds. Interestingly, it is the
compact radio AGN that dominate this global kinetic energy budget for all but the most
massive galaxies. | also compare this average injected jet energy against the galaxy and
larger-scale dark matter halo binding energy and against the total thermal energy of the
host gas within the halos. | show that although radio AGN, be it compact or complex, do
not have enough energy to fully disrupt the global gas distribution of massive galaxies, they
provide a signi cant source of heat that can impact the local thermodynamical balance in
even the cores of the most massive clusters (groups of galaxies) in our local Universe.
Finally, | probe the details of the accretion process in an as-of-yet unexplored parameter
space of low-mass galaxies at low redshift. This has been made possible by the recent
advancements in deep, multi-wavelength all-sky surveys. In particular, this Thesis makes
use of the deepest four-pass eROSITA All Sky Survey (eRASS:4), in combination with
optical imaging from the 10th Data Release of the DESI Legacy Imaging Survey (LS10),
to investigate the incidence of X-ray AGN as a function of specic black hole radiative
power, gqq. This is a complementary mass-scaled power indicator tQe;. Starting from
an optically selected parent sample from LS10 of over 5 million galaxies across the mass
scale, | nd 874 X-ray AGN in low-mass galaxies (logM=M  10), more than 600 of
them newly discovered. Thanks to a Bayesian framework that makes use of the X-ray
information from all parent sample galaxies, | place the tightest constraints on the speci c
accretion rate distributions (at least at the high accretion rate end), to date, revealing
second-order mass-dependent properties. Then, | derive the cumulative AGN fraction as
a function of stellar mass by integrating this distribution. Interestingly, | nd a peak in
this cumulative AGN fraction around logM =M 10 10:5, for moderately- and highly-
accreting X-ray AGN, potentially highlighting a decrease in the e ciency of AGN fuelling
at both very low and very high masses. Additionally, the peak aligns relatively well with
the location where the star-formation e ciency as a function of halo mass is maximal,
potentially pointing to a common physical condition that is responsible for AGN accretion
and star-formation. Future detailed X-ray spectral-timing analysis on this new sample of
X-ray AGN could reveal unique insights about the details of accretion and feedback in the
low-mass regime.
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Chapter 1

Introduction

[The black hole] teaches us that space can be crumpled like a piece of paper into
an in nitesimal dot, that time can be extinguished like a blown-out ame, and
that the laws of physics that we regard as “sacred,’ as immutable, are anything
but.

John Wheeler (1911 2008)

Black holes were rst theorised around 250 years ago, rst described mathematically
over 100 years ago, rst discovered around 60 years ago and rst imaged 6 years ago;
yet many years of research still lie ahead to shed light on their darkness. This Thesis
contributes to this body of research on the mechanisms that make black holes shine very
brightly (accretion) and not appear black at all, contrary to popular belief. It also delves
into the ways in which black holes impact the galaxies they live in (feedback), despite
being up to a thousand times less massive and a trillion times smaller in size. Overall, it
aims to describe observations of black holes at di erent wavelengths, ranging from radio to
optical and X-rays similar to looking through di erently tinted sunglasses in order to
piece together a picture of black hole accretion and feedback for black holes living in the
smallest and largest galaxies in the local Universe.
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1.1 Black holes throughout history

The term “black hole' was originally coined in 1967 by John Wheeler, who was the PhD
advisor of well-known physicist Richard Feynman. However, the early theories in this eld
date back to the 18th century to the predictions of ‘dark stars', stars which had such a
strong surface gravity that not even light could escape (Michell 1784; de Laplace 1796).
The true breakthrough came with the publishing of the series of papers by Albert Einstein
on the theory of General Relativity (GR; Einstein 1916). This theory no longer thought
of gravity as an ‘invisible tether' between objects, like Isaac Newton described centuries
ago, but as the invisible curvature of space-time. As Wheeler elegantly put it: Space-
time tells matter how to move; matter tells space-time how to curve. It was then Karl
Schwarzschild who, from the trenches along the Russian front-lines during World War 1,
derived the solution to the eld equations in Einstein's theory of GR for how a spherically
symmetric object with mass M curves space-time (Schwarzschild 1916):

1
ds? = 1 2GM Gdt?+ 1 2GM

o me ORP+R°d*+RPsin® d % (1.1)

where d€ is the invariant space-time interval measuring the separation between two nearby
events in space-time that is de ned in four-dimensions, three from spherical coordinates
(R; ; ) and one from time t; G is the Gravitational constant and c is the speed of light.
This Schwarzschild metric was an important discovery because it not only highlighted the
true singularity present at R = 0, where the curvature of space-time itself diverges, but

also a coordinate singularity at
2GM

R:RS:71

(1.2)

where the time and radial terms vanish and diverge, respectively. The latter is named
the Schwarzschild radius, B, and de nes the radius of the spherical boundary, or "Event
Horizon', beyond which not even light can escape and all paths lead inevitably toward
R =0.

This was such a strange nding that the physics community at the time thought that
there must be some natural phenomenon that prevents these solutions in the real Universe.
For example, it was known that stars consume some form of fuel to shine so brightly (al-
though the details of nuclear fusion in stellar cores were only discovered in the late 1930s)
and at some point this fuel could run out, meaning that there would be no more radia-
tion pressure to prevent gravitational collapse. However, with the dawn of the quantum
physics era in the 1920s, Wolfgang Pauli discovered the "Pauli Exclusion Principle' (later
generalised by Jordan & Wigner 1928), which was a theorem stating that no two fermions
(particles with half-integer spin, such as electrons) can occupy the same quantum state si-
multaneously. This meant that in the cores of dying stars, electrons started moving around
faster, thereby providing an additional force, in the form of electron degeneracy pressure,
to counteract the force of gravity. In fact, electron degeneracy pressure is the main sup-
port against gravity for white dwarf stars, which are compact stellar remnants formed from
progenitors with a mass less than around 8 times the mass of the Sun (. 8M.
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However, Subrahmanyan Chandrasekhar realised that electrons are also subject to Ein-
stein's laws of special relativity, stating that nothing can travel faster than the speed
of light, which led him to derive the maximum mass threshold for a white dwarf to be
around 1.44M . Beyond this limit, electrons are forced into protons, creating neutrons
(also fermions), and provide one last source of resistance to prevent the gravitational col-
lapse through neutron degeneracy pressure. Nevertheless, for stellar progenitors above a
mass of 25M or remnant stellar cores of > 2:5M , nothing can prevent a collapse into
a stellar-mass black hole (Oppenheimer & Snyder 1939; Osterbrock 1989).

With this strong theoretical basis, the rst observational X-ray astronomers began
looking at the sky to nd these exotic objects using Geiger counters launched in sounding
rockets that spent just a few minutes above the Earth's atmosphere to observe celestial
X-ray emitters (as the atmosphere absorbs X-rays). The rst detection came from the
region of the sky near the constellation Cygnus, and thus it was named Cygnus-X-1 (Cyg
X-1; Bowyer et al. 1965), but it was only after the launch of the rst X-ray satellite Uhuru
in 1970, that its position could be better constrained. Webster & Murdin (1972) found the
location of Cyg X-1 to align with a blue supergiant star that appeared to be orbiting with a
period of 5.6 days around an unknown companion. Knowing that such stars have a surface
brightness temperature of T 30 40;000 K and so cannot be responsible for the X-ray
emission (which requires T 1 10 ¢ K) and using Kepler's law of orbital motion, Webster
& Murdin derive the mass of the unknown companion to be between 2:5 6M (later revised
to be 15M by Orosz et al. 2011). This pointed to the companion being a black hole,
and it became the rst high mass X-ray binary system (HMXRB) ever discovered. Since
then, only a few hundred more systems, also with low-mass stellar companions (LMXRBS),
have been found, but owing to their relatively nearby nature, have provided unparalleled
datasets to study the properties of their compact object companions, be it neutron stars
or black holes (e.g. Grimm et al. 2003; Fabbiano 2006; Antoniou & Zezas 2016).

Parallel to the search for the end-state of massive stars as stellar-mass black holes, in
the beginning of the 1960s, Maarten Schmidt began observing the sky using radar (at radio
wavelengths), a technigue much advanced during World War | andll He was surprised to
see many radio sources in the sky because stars typically do not emit at this wavelength,
given that their black body spectrum peaks in the optical part of the electromagnetic (EM)
spectrum. Unfortunately, given the long wavelength of the radio waves, it was di cult to
pinpoint the location of the radio emission of a particularly bright object, 3C 273, up until
an occultation event by the moon revealed a more precise search region. Within this region,
the host was identi ed and an optical spectrum of the object was taken, only to reveal
a striking discovery: the Balmer lines (originating from atomic transitions from higher
excited states, n 3, of Hydrogen to the rst excited state, n = 2) were shifted to longer
wavelengths by a factor of 15.8% compared to lab measurements (Schmidt 1963). Given
previous discoveries of an expanding Universe by Hubble (1929), a larger shift between the
observed and emitted wavelength (,ps.em) meant a larger recessional velocity, v, as per the

YIn particular, it was Karl Janksy who rst discovered di use radio emission, peaking in the direction
of the Galactic Center, using a low-frequency radio antenna (Jansky 1933).
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relativistic Doppler e ect (Eq. 1.3),
E 1+v=c
obs -
= =1+ Z, 1.3
em 1 v=c (1-3)

where z is the redshift (z = ( obs em)= em), € e€ctively a measure of the distance to an
astronomical object. For small v << c, this equation reduces to z v=c, meaning the
redshift of 3C 273 was around 0.158, or that it was moving away from us at a velocity equal
to 15.8% of the speed of light. This was orders of magnitude higher than previously discov-
ered stars, moving at v << 1%c in our galactic neighbourhood. 3C 273 is also incredibly
bright, 10 #times brighter than our Sun, a typical star, and 5000 times brighter than
our Milky Way, a typical spiral galaxy (Greenstein & Schmidt 1964; Courvoisier 1998).
As its origin at the time was unknown, but it was very bright and point-like, just like
stars in the night sky, it was named a quasi-stellar object (QSO), or quasar. This extreme
brightness was then hypothesised to be associated with accretion of interstellar gas onto a
massive compact object (Salpeter 1964; Lynden-Bell 1969), such as a super-massive black
hole (SMBH), with mass upwards of My 10 ®M . However, it was only much later that
the mass of the black hole could be estimated through dynamical methods mapping the
motion of the gas surrounding the black hole to be greater than 9@ (Courvoisier 1998;
Li et al. 2022). This con rmed the nature of 3C 273 as the rst extragalactic radio galaxy
hosting an accreting super-massive black hole (active galactic nucleus, AGMt its centre.
Upon further investigation, 3C 273 also revealed extended radio emission stretching over
60 kpc, alluding to relativistic jets emanating from the central black hole, as shown in
Figure 1.1. This was in contrast to other point-like radio sources also found with early
surveys (e.g. Edge et al. 1959; Bennett 1962). Sandage (1965) later broadened the de ni-
tion of QSOs to include not only quasi-stellar radio objects, such as 3C 273, after nding
a sample of extragalactic objects that were optically luminous, but radio-faint.

It was still very rare to nd AGN at the time, so the community did not give them
much importance in the context of their potential impact on their surrounding environ-
ments. However, this view was revolutionized by the launch of the Hubble Space Telescope
(HST), an optical telescope no longer limited by Earth's turbulent atmosphere, providing
astronomers with the sharpest view of the cosmos to date. Importantly, HST could resolve
the inner cores of galaxies with its sub-arcsecond ( 0:39 angular resolution, providing
a clear view into the centres of galaxies, near and far. Such studies, together with several
key ground-based observations, revealed the presence of very fast moving stars and gas
on stable bound orbits, that could only be kept there if some massive compact object,
such as a SMBH, was providing a deep enough potential well (e.g. Kormendy & Richstone
1995; Ferrarese et al. 1996; Genzel et al. 1997; Ghez et al. 2000, 2008; Genzel et al. 2010,
a discovery already primed from the early studies of Carl K. Seyfert nding bright nuclei
with broad emission lines in what are now commonly known as "Seyfert galaxies'; Seyfert
1943). Soon after, key relations were found between the stellar mass of the galaxy and the

2By common nomenclature, QSOs are the most luminous type of AGN, so all QSOs are AGN but not
vice versa.
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Figure 1.1: The bright QSO 3C 273, as seen by the Hubble Space Telescope at optical
wavelengths (grey scale) and by the MERLIN array at radio wavelengths (contours). The
radio jet is also visible at a position angle of 220. Figure taken from Bahcall et al.
(1995).

mass of the central SMBH, and the velocity dispersion of stars around the core, or bulge,
of the galaxy and the SMBH mass, indicating some fundamental relationship between the
SMBH and its host galaxy (e.g. Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Kormendy & Ho 2013).

Nowadays, many millions of AGN are known, thanks to multi-wavelength surveys over
all wavelengths of the EM spectrum from radio, optical/ultra-violet (UV), infrared (IR),
X-ray and gamma ray surveys. Additionally, even though AGN constitute only around

1 10% of all SMBHs, with the remaining population being dormant (i.e. not accreting
at a detectable level), the vast amount of energy they release has been hypothesised to
signi cantly impact the evolution of galaxies or larger-scale environments such as the gas
in between galaxies and beyond. A simple thought experiment taking an average SMBH of
Mgy = 108M |, converting just 10% of its rest-mass into energy, via Einstein's mass-energy
equivalence equation, E = mé, provides 2 10 %J of energy. This is approximately
equivalent to the energy radiated by 100 billion stars over 13.8 billion years, the age of the
Universe.

After decades of indirectly inferring the existence of black holes, the Event Horizon
Telescope (EHT) combined signals from several radio dishes scattered across the Earth,
through a process called radio interferometry, to produce the rst ever images of a SMBH's
shadow (Event Horizon Telescope Collaboration et al. 2019, 2022). Figure 1.2 shows these
two SMBHSs, one in the heart of the galaxy Messier 87 (M87) and the other in our own
Milky way (Sagittarius A*, Sgr A*). Recently, the Laser Interferometer Gravitational-
Wave Observatory (LIGO) also opened up a new, non-electromagnetic window to detect
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Figure 1.2: First images of the two SMBHSs, Virgo A* in M87 (left) and Sgr A* (right),
taken by the Event Horizon Telescope (EHT) Collaboration. Orbits of Pluto and Mercury,
as well as Voyager 1, the furthest man-made object (spacecraft) from Earth, are marked
for scale. Image credit: EHT collaboration (Event Horizon Telescope Collaboration et al.
2019, 2022) with acknowledgment to Lia Medeiros (xkcd).

black holes through the gravitational waves, e ectively ripples in the fabric of space-time,
caused by the merger of black holes (or other compact objects, such as neutron stars;
Abbott et al. 2016).

As can be seen from the above overview of black holes throughout history, a multi-
wavelength approach has been vital to grasp the physics at play in these mysterious objects.
It also evolved into a multi-scale endeavour, not only in looking for synergies between
stellar-mass and super-massive black holes, but also looking at the impact of the latter
type on larger scale environments, such as the host galaxy and beyond.

The subsequent parts of the Introduction elaborate on the concepts mentioned in this
section, including: (i) accretion onto compact objects and AGN (Ch. 1.2); (ii) the physical
structure of AGN and their multi-wavelength emission (Ch. 1.3); (iii) black holes across
the mass scale (Ch. 1.4); (iv) detecting AGN with multi-wavelength surveys (X-ray, radio,
optical; Ch. 1.5); (v) important discoveries with such surveys regarding the way AGN
populate their host galaxies and the way they feed back energy to their surroundings (Chs.
1.6, 1.7, 1.8); (vi) black hole seeding and growth in the early Universe (Ch. 1.9); and
nally (vii) an outline of this Thesis (Ch. 1.10).
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1.2 Active galactic nuclei (AGN) and their accretion
modes

AGN are the most luminous persistent emitters of EM radiation in the entire Universe and
this is possible via the process of "accretion'. Conservation of angular momentum prevents
the direct accretion of infalling matter towards the black hole, forcing it to circularise
and form an accretion disk. Then, in order for the matter to accrete onto the central
black hole, it must rst lose this angular momentum. It does so by passing it outward
to material farther from the centre, usually via viscous transport in the disk due to its
di erential rotation. A cornerstone of accretion theory is the optically thick, geometrically
thin disk model of Shakura & Sunyaev (1973), which provides the basis for much of our
current understanding and explains many, though not all, of the observed properties of
accretion disks. If we consider this "thin disk' solution and the conservation of energy, but
neglect, for the time being, the conservation of angular momentum, we can get an intuitive
understanding of this accretion process (Done 2010).

Material accreting at a rate M. and moving inward from radius R to R dR releases
gravitational potential energy at a rate

dE_ .~ GMM

Given the virial theorem, only half of this energy can be radiated, meaning

dLag = GQAFJZ\A'dR: (1.5)
Since the disk is optically thick, the photons are trapped and thermalise locally, so the
disk radiates approximately as a blackbody. The luminosity of each disk annulus can
be expressed as: dL = dAgsT#, where g is the Stefan Boltzmann constant and the
radiating area of the annulus is dA =2 (2 RdR), with the factor of two accounting for
both the top and bottom surfaces of the disk. Equating the two expressions yields the
luminosity from the annulus:

GM M
dLrag = Rt dR=4RdR gT* (1.6)
or equivalently,
GM M
4 — .
ssT7(R) = B8R (1.7)

A more complete treatment that accounts for angular momentum transport and postulates
that ng _torque is exerted at the inner boundary introduces only a correction factor of
3(1 Risco=R), where Rsco is the innermost stable circular orbit (ISCO), in this case,
of the disk. Therefore, the disk can be described as a multi-colour (multi-temperature)
blackbody spectrum with T /R 34 .
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Additionally, the luminosity of the disk can be parameterised in terms of the Eddington
Luminosity, L gqq:

4 GMm ,c

M
'1:26 10 ¥ — ergst: (1.8)
T M

Ledd =

This sets a theoretical limit, the "Eddington limit', on the accretion onto a compact object.

It is de ned by the balance between the outward radiation pressure (acting via Thomson
scattering with cross-section, 1, on electrons in a fully ionized, spherically symmetric
hydrogen plasma) and the inward gravitational force exerted by the object of mass M
on the protons of mass m In practice, this limit can be exceeded as accretion ows
are not such idealised, spherically-symmetric plasmas. However, it is still a very useful
metric that will be used throughout this Thesis, notably when de ning the "Eddington
ratio', gqq, Which is the ratio of the bolometric luminosity Ly, (luminosity emitted over

all wavelengths) to Lgyq.

I—bol .

Edd —

: 1.9
L edd (1.9

In fact, for a disk luminosity that is at a xed fraction (f) of Eddington L gisx = fL gqq / M,
we can derive the maximum temperature of the disk Jax; occurring at R 1:36R |sco),
to scale as fax / M ¥4 . This means that for stellar-mass black holes, such as Cyg
X-1 (recall Ch. 1.1), with black hole mass My 10M |, the temperature of the disk
should peak in the soft X-ray part of the EM spectrum, meanwhile for SMBHSs, such as
3C 273, with Mgy & 10°M , it should peak in the ultra-violet (UV) regime (‘big blue
bump’, see Ch. 1.3). Observationally, this is found to be the case (e.g. Shields 1978;
Elvis et al. 1994; Done et al. 2007), which then begs the question: does the fact that we
observe emission from AGN and XRB peaking in the expected energy range also imply
that the main mechanisms of accretion are mass-invariant? This is a core research area
that Chapters 3 and 5 will further explore.

It can be seen above that Rco is a key factor in determining the properties of accretion.
In fact, R;sco depends on the black hole angular momentum (J), which is one of the three
fundamental parameters of a black hole (according to the "'no hair theorem'; Runi &
Wheeler 1971), along with the black hole mass and electric charge. For astrophysical black
holes, the charge is expected to be zero, so e ectively the important parameters to uniquely
describe a black hole are its mass and angular momenttjmasually characterised using the
dimensionless spin parameter,

jaj = cJ=GM 2 (1.10)

The black hole spin parameter can be in the same (prograde) or opposite (retrograde)
direction as the accretion disk, and can mathematically range from zero (non-spinning,
often called "Schwarzschild' black holes) to unity (maximally spinning, often called "Kerr'
black holes). For a non-spinning black hole, g0 = 3Rs = 6GM=c? = 6R 4, where
Ry is the gravitationally radius. However, the ISCO can shrink down to 0:5R= Ry

3|t seems easy enough, but these are two notoriously di cult parameters to constrain observationally!
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for a maximally-spinning prograde black hole, and extend to 4:5R= 9R for retrograde
spin (see review by e.g. Reynolds 2021). The location of the ISCO determines the inner
radius at which a stable disk can exist and thereby how much gravitational potential
energy can be converted into radiation: the closer in the ISCO, the deeper matter can sink
adiabatically into the gravitational potential well and the greater the radiative e ciency,

. The accretion luminosity is then given by

L= Mc*% (1.112)

For maximally spinning black holes  42%, whereas for non-spinning black holes
694"

So far we have only considered Shakura-Sunyaev disks, which are typically present in
black holes accreting at moderate rates, withgqgg & 1 10%. In the AGN nomenclature,
we call these ‘radiatively e cient' sources, as a substantial fraction of the energy is being
released radiatively at the location where it is produced, or in the form of wide-angle winds,
as shown in Figure 1.3 (e.g. Fabian 2012; Harrison & Ramos Almeida 2024, and references
therein). They are predominantly detected in the optical/UV and at X-ray wavelengths
(see Ch. 1.3 for further details of the geometry and associated multi-wavelength emission
of AGN). A small fraction of radiatively e cient, luminous accretion disks have also been
associated with radio jets, which is the case for 3C 273, for example.

On the other hand, at low accretion rates, gq¢ 1%, the disk cannot e ciently radi-
ate energy away and may develop an advection-dominated inner accretion ow (ADAF),
becoming a "pu ed up', optically thin, geometrically thick, hot disk as shown on Figure
1.3 (e.g. Narayan & Yi 1994, 1995; Yuan & Narayan 2014). Due to the low density in
the ADAF ow, the ions, which are heated by viscous stresses, cannot transfer this energy
via Coulomb interactions to the electrons (responsible for radiating away the energy) and
this results in a “two-temperature' accretion ow. In this classical ADAF model there
are no signi cant out ows; the excess energy is simply stored in the ions' thermal energy
and advected into the black hole. However, alternative solutions propose kinetic energy
as a sink of energy, for example in the form of a relativistic particle jet (Begelman et al.
1984; Blandford & Begelman 1999; Blandford et al. 2019), which is the case for some low
luminosity AGN (LLAGN; e.g. Merloni & Heinz 2007). In general, these accretion modes
are characterised by being “radiatively ine cient', meaning that the energy generated by
accretion is largely trapped within the in owing gas and either carried into the black hole
or released mechanically through jets and out ows.

Lastly, for very high accretion rates (gqq & 100%), the Shakura Sunyaev disk model
is expected to break down. Although the accretion ow remains optically thick, it should
become geometrically thicker due to the dominance of radiation pressure in the inner
regions and the necessity to accommodate an increased mass supply to the AGN. At
the same time, as shown by Shapiro et al. (1976), radiation pressure dominated disks
can become thermally and viscously unstable, leading to strong variability or structural
transitions in the ow. These instabilities are alleviated in the so-called “slim disk' regime

“This vastly exceeds the measly 0.7% e ciency of proton-proton chain that powers our bright Sun.
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Figure 1.3: Diagram showing the geometry and main emission processes from AGN in the
radiatively ine cient (left) and radiatively e cient (right) modes. The former includes
sources like low luminosity AGN (LLAGN) and low-excitation radio galaxies (LERGS),
whereas the latter includes Seyferts, Quasars and high-excitation radio galaxies (HERGS).
However, observationally it is not always trivial to determine the accretion mode; for
example, both modes can have a radio jet. Figure adapted from Harrison & Ramos Almeida
(2024).

(Abramowicz et al. 1988), where the photon di usion time exceeds the accretion time,
causing a signi cant fraction of the dissipated energy to be advected inward with the ow
rather than radiated locally. This results in a radiative e ciency lower than that of thin
disks, even though the mass accretion rate is much higher.

Observationally, it is di cult to ascertain the accretion mode of an AGN, as we rarely
directly measure the physical accretion ratdd and there are several common properties
among the modes, such as winds and jets, as is clear from Figure 1.3 (see also e.g. Sjdowski
et al. 2014; Massonneau et al. 2023; Lowell et al. 2024). However, it is an essential concept
for this Thesis, as we attempt to observationally disentangle these accretion modes using
large statistical samples in order to investigate the coupling between the disk and the jet,
and to place their energetic output in a broader context by examining their impact on the
large-scale host-galaxy and host-halo environments.
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1.3 Physical structure and multi-wavelength signatures
of AGN

Figure 1.4 shows the various physical structures of an AGN, each at di erent scales and
each responsible for a part of the emission we observe (e.g. Padovani et al. 2017). These
include the accretion disk, broad and narrow line region, torus, corona and jets. The
emission from these components is visible over the entire EM spectrum, from the radio
to X-ray and gamma ray wavelengths, as depicted by the the spectral energy distribution
(SED) of a typical unobscured AGN (black curves) in Figure 1.5 (e.g. Alexander & Hickox
2012; Heckman & Best 2014; Hickox & Alexander 2018; Hardcastle & Croston 2020a). It is
important to note, however, that the AGN SED can drastically di er for di erent types of
AGN, or even the same AGN at di erent times (e.g. Hickox et al. 2014) and AGN should
be thought of as "events' in the lifetime of a galaxy rather than “objects' (e.g. Harrison
& Ramos Almeida 2024). Unlike stars, AGN spectra cannot be represented by a single
temperature black body. Instead, their emission in di erent wavelengths can often be
described by di erent power-laws, where the ux in a given wavelength band is given by

f o : (1.12)

with being a constant (Frank et al. 2002; Beckmann & Shrader 2012). Observationally, we
typically measure the AGN emission in one waveband at a time and then use a bolometric
correction factor, k,, to convert to L,y. Figure 1.5 also shows an SED of a typical
starburst galaxy, Messier 82 (grey curve), that peaks strongly at IR wavelengths.

The primary emission of an AGN originates from the accretion disk, which can have
various geometries depending on the accretion mode. In the case of optically think, ra-
diatively e cient accretion, the disk emits predominantly in the UV, with gas tempera-
ture of T 104 10 ° K. This manifests itself as a “big blue bump', as a result of the
multi-colour blackbody spectrum from the accretion disk annuli, as shown by the blue dot-
dashed curve in Figure 1.5, typically with a power-law rest-frame optical/UV continuum
( 10 700 nm) of the form f / =3 (Beckmann & Shrader 2012). This primary
emission is then reprocessed by the various components of an AGN. For example, at a
distance of 0:01 1 pc from the SMBH, dense broad line region (BLR) gas clouds
with electron densities . 10 ° cm?® (Osterbrock 1989) get photoionised by the disk's
extreme UV (EUV) radiation. Subsequent recombination produces emission lines that,
due to the high velocities of the BLR gas, appear Doppler-broadened with full widths at
half maximum (FWHM) of & 1000 km s* . Common broad lines observed in AGN spectra
include Hydrogen (H : 6563A), Hydrogen (H ; 4861A), Helium Il (He II; 4686 A), the
Magnesium Il doublet (Mg Il; 2796A, 2803A), and the Carbon IV doublet (C IV; 1548A,
1551A). Similarly, at a distance of hundreds of parsec, the narrow line region (NLR), with
lower electron densities of o 10 ¢ cm?® and moving at lower velocities, imprints nar-
row emission lines on the power-law continuum emission. Common narrow lines include
the forbidden lines of the Oxygen Il ([O 111]; 4959A, 5007A) and the Nitrogen 11 ([N I1];
6548A, 6583A) doublets with FWHM . 1000 km s® . Depending on the redshift of the
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Figure 1.4: Commonly accepted schematic of an AGN, featuring the central black hole,
accretion disk, corona, broad line region (BLR), narrow line region (NLR), torus, and
radio jets. Arrows show the origin of di erent wavelength emission from each of these
components and an example telescope used to detect them (see Ch. 1.5). Figure adapted
from images credited to C. Ricci, Roscosmos Space Corporation, ASTRON, NASA/JPL-
Caltech, SDSS/David Kirkby.
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Figure 1.5: SED of an unobscured AGN (black curves) with emission components from
the radio jet (yellow), dusty torus (red), accretion disk (blue), along with primary X-ray
coronal emission (cyan) and reprocessed X-ray emission in the form of a soft-excess (pink)
and re ection components (green). A typical starburst galaxy SED is also shown by the
grey curve. Figure adapted from Harrison (2014); Hickox & Alexander (2018).

source, di erent optical/UV features are visible in the spectrum. These spectra can be ob-
tained by various optical/UV ground- and space-based surveys, such as the Sloan Digital
Sky Survey (SDSS; see Ch. 1.5 for further information on the di erent telescopes used to
detect AGN emission at di erent wavelengths).

Outside of the BLR, at around 1 10 pc, lies the torus, which is an optically thick,
geometrically thick dusty absorber (e.g. Nenkova et al. 2008; Buchner et al. 2019). Un-
like what is shown in Figure 1.4, the torus is not a smooth, static, well-de ned toroidal
structure, but rather a clumpy, irregular region, with an inner boundary set by the dust
sublimation temperature, that may potentially be out owing (e.g. Ramos Almeida & Ricci
2017; Honig 2019; Ananna et al. 2022b). The primary emission from the AGN heats the
micrometer-sized dust grains in the torus, which absorb and isotropically re-radiate the
emission at IR wavelengths (700 nm . . 1 mm) with an overall intensity which depends
on the torus covering factor (e.g. Hickox & Alexander 2018). We can observe this emission
from space-based telescopes such as the Wide- eld Infrared Survey Explorer (WISE). It is
important to note that star formation in the galaxy can also heat surrounding dust and
contribute to the IR emission of the source, so it must be properly accounted for (see
Chapter 5.2.1). Since dust is the main absorber of optical/UV radiation, it is clear from
Figure 1.4 that if an AGN is viewed edge-on, the torus blocks the view to the BLR and
only narrow emission lines can be observed in the optical spectrum. We refer to these
sources as Seyfert 2 galaxies, or generically as Type 2 AGN. At a more face-on view, both
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the BLR and NLR are visible and AGN are classed as Seyfert 1 galaxies (Type 1 AGN;
e.g. Seyfert 1943; Antonucci 1993; Urry & Padovani 1995).

At scales of R . 10Ry, lies the optically thin, hot corona, consisting of electrons forming
a plasma with kT 100 keV (e.g. Haardt & Maraschi 1993). These electrons up-scatter
the cooler UV accretion disk “seed' photons, via inverse Compton scattering (see Ch. 1.3.2),
to soft (E . 2 keV) and hard (E & 2 keV) X-ray energies (see cyan dotted line in Figure
1.5). This results in power-law emission of the form;f, / E , Where is the photon
index and has typical values of 1:8 2 for AGN (e.g. Nandra & Pounds 1994; Beckmann
& Shrader 2012; Brandt & Alexander 2015). Photon indices & 2 indicate a "soft spectrum’,
with the bulk of the emission being emitted in the soft band, whereas . 2 indicate a
“hard spectrum’ The exact geometry of the corona is still debated, although recent work
using the Imaging X-ray Polarimetry Explorer (IXPE) favours a geometry elongated in the
plane of the disk (slab-like; Tagliacozzo et al. 2023; Gianolli et al. 2023, 2024), rather than
the point-like “lamp-post model’, as shown in Figure 1.4. Regardless of the geometry, the
corona must be located very close to the central SMBH due to light-travel-time arguments
from variability studies and micro-lensing measurements (e.g. Risaliti et al. 2007; Chartas
et al. 2009; Fabian et al. 2015).

As shown in Figure 1.4, the coronal X-ray emission can be further reprocessed by
surrounding components, resulting in additional X-ray spectral features of AGN. The rst
of which is the “soft excess' (pink dot-dashed curve in Figure 1.5), a surplus of X-ray
emission < 2 keV with respect to primary coronal power-law emission of debated origin
(e.g. Ross et al. 1999; Gierlicski & Done 2004; Crummy et al. 2006; Waddell et al. 2024,
see also recent work by Chen et al. 2025, incl. Z. Igo, who are among those authors
favouring a model involving “soft Comptonisation' of seed photons by a secondary, optically
thick "warm corona' sandwiched over the inner-disk, instead of reprocessing from the hot
corona). Then re ection o dense structures such as the accretion disk and torus can
result in a strong iron K uorescence emission line (Fe K; 6.4 keV) and the Compton
hump, peaking at E 20 30 keV (green dashed line in Figure 1.5; e.g. George & Fabian
1991; Nandra & Pounds 1994; Bauer et al. 2015). Interestingly, the Fe K emission line
pro le is rich in information on the properties of the innermost regions of the accretion
ow, for example the Risco and thus the black hole spin (Tanaka et al. 1995; Reynolds
2021; Fabian et al. 1989). Additionally, the torus and various forms of ionised out owing
gas cause photoelectric absorption at soft X-ray energies. For example ‘warm absorbers'
(see Ch. 1.7) can imprint narrow absorption lines and edges from partially ionised species
such as O VIl and O VIl (e.g. Crenshaw et al. 2003; Blustin et al. 2005). X-ray photons
are also absorbed by the Earth's atmosphere and so we can only observe them with space-
based telescopes such as the extended ROentgen Survey with an Imaging Telescope Array
(eROSITA; Sunyaev et al. 2021; Predehl et al. 2021). It is again important to separate
X-ray emission coming from the AGN and other sources of galactic X-ray emission, such
as unresolved XRBs, whose disks emit in the soft X-ray regime, and hot gas, emitting
Bremsstrahlung radiation (see Chs. 2.2.2 and 5.3.3).

Lastly, in the radio regime ( & 0:01 1 m), bi-polar jets can be observed in around
10% of AGN, emitting synchrotron radiation (see Ch. 1.3.1) due to the radial acceleration
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Figure 1.6: Schematic showing the launching of a relativistic jet, tapping the spin power
of the black hole via the Blandford-Znajek mechanism (Blandford & Znajek 1977, see text
for details). Figure taken from Davis & Tchekhovskoy (2020).

of relativistic particles (e.g electrons), following helical paths set by magnetic elds (e.g.
Condon 1992; Saikia 2022; Hardcastle & Croston 2020a). Jets can be launched from sub-pc
scales near the SMBH and extend to kiloparsec or even megaparsec scales. The current
record holder for the jet with the largest physical size stands at over 7 Mpc (or 23 million
light-years’; Oei et al. 2024) and is thought to be a potential way to permeate the Cosmic
Web of the Universe with magnetic elds. Magnetic elds are thought to be crucial for
jet-launching, as shown by Figure 1.6, and so is accretion onto the black hole (e.g. Davis
& Tchekhovskoy 2020, recall Figure 1.3). However, it is not yet fully understood if it is
the black hole spin (Blandford & Znajek 1977) or accretion disk rotation (Blandford &
Payne 1982) that mainly contributes to the powering of jets. Figure 1.6 shows a simple
schematic of the launching of a jet from a spinning black hole (Tchekhovskoy 2015; Davis &
Tchekhovskoy 2020). First, we can consider a purely poloidal magnetic eld line attaching

a perfectly conducting sphere to the perfectly conducting “ceiling' (panel a). The sphere has
a spin set by angular frequency, , and begins to twist the eld lines, forming a toroidal
component which exerts an e ective pressure,,p= B ?=8 (panel b). E ectively, this
forms a ‘magnetic spring' which pushes away the “ceiling' and any plasma in its vicinity,
thereby forming a jet (panel ¢ and dj. In practice, the poloidal magnetic eld lines are
anchored to the accretion ow and are advected towards the black hole. Unlike the sphere,
the black hole does not have a physical surface, but the ‘'magnetic spring' can nevertheless
be created by the rotation of space-time which twists the eld lines (frame dragging). We
can use dimensional analysis to derive the jet power, Q (Blandford & Znajek 1977), by
taking the product of the magnetic energy density, / B2, the cross-section of the jet base,

°Note that the diameter of the Milky Way is around 100,000 light-years.
5The toroidal component of the magnetic eld gives rise to the Lorentz forceF /¥ B as now the
eld has a perpendicular component to the velocity of the jet.
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/R é and the speed at which the energy ows through the jet, v ¢, and considering
that it has to depend on an even power of the spin (as positive prograde and negative
retrograde values should produce equivalent jet powers, by symmetry) giving

Q/a ’B°Rc: (1.13)

Such radio jets in AGN have been observed to show a variety of morphologies. This
includes compact, unresolved cores of radio emission or resolved, complex, extended struc-
tures such as the canonical double-lobed jet shown in Figure 1.4 or bright hotspots, as
these collimated streams of energy and particles collide with the ISM (see Chapters 1.5,
1.7 and 2). Historically, resolved jetted structures with core-dominated morphologies are
named "Fanaro -Riley I' (FRI) systems, whereas lobe-dominated morphologies are classed
as FRIIs (Fanaro & Riley 1974a). We can observe these various radio sources with, for
example, the Low Frequency Array (LOFAR; van Haarlem et al. 2013).

1.3.1 Synchrotron radiation

Since much of Chapters 2, 3, and 4 deal with jetted AGN, it is worth expanding on the
main emission process that we use to probe the physics of AGN jets: synchrotron radiation
(see Condon & Ransom (2016) for a full derivation). Fundamentally, Larmor's equation
states that EM radiation P is produced by accelerating an electric charge q:

29 ¥,
3¢

P= (1.14)
where v = dv=dt is the acceleration of the charge. Substituting in for v = qv B sin =¢r)
given the Lorentz force experienced by the charge (in CGS units), we can write P as,

P=2 1 22Ussin; (1.15)

where 5 = B ?=8 is the energy density of the magnetic eld and is the pitch angle
that accounts for the %ngle of motion of the charge with respect to the magnetic eld. The
Lorentz factor = 1= 2 where = v=c, quanti es how strongly time, length, and
mass are modi ed for an object moving at a relativistic speed.

In order to calculate the synchrotron spectrum of an optically thin radio source con-
sisting of a distribution of electrons, we can assume that each electron radiates all of its
average power (Eg. 1.16) at a single frequency.

"aE” 4
hPi = 9 "3 2 20Ug; (1.16)
This single frequency is equal to the peak (or critical) frequencyg,

_ 2 » OB
= _— 1.17
¢ g 2m,’ (1.17)
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where ¢ is the gyrofrequency of an electron (with mass g charge q) following helical
path set by a magnetic eld with eld strength B.

Then we can use the fact that the energy distribution of cosmic-ray electrons in most
synchrotron sources follows roughly a power-law of the form

n(E)dE /E P dE; (1.18)

where n(E) dE is the number of electrons per unit volume with energies E to E + dE.
Therefore, we can express the emission coe cient, j(i.e. the power radiated per unit
volume, per unit frequency, per unit solid angle) as the product of the energy loss per
electron and n(E) dE: |
dE’

i d/ S NE)dE; (1.19)

taking into account the assumption from Eqg. 1.17. Each electron has energy:

Pi=2

E=m . — mc (1.20)

m CZ 1=2
dE. ——_—d; (1.21)
2 g
S0 ! @ 1=2 !
4 m =
AR EP) —_—— : 1.22
J 3 T CUB ( ) 2 é_:z ( )
This can be simpli ed in terms of and B only, given that 4/ B:
j /B (=2 dp=2 . (1.23)
Therefore, the synchrotron radiation follows a power-law distribution, f/j / with

spectral index = (p 1)=2 (note that the negative convention of is adopted throughout
this Thesis). Typical optically thin synchrotron emitters show spectral indices  0:7,
which is in agreement with the typical cosmic ray spectra energy distribution with p 2:4
(Rybicki & Lightman 1986).

Furthermore, radiative losses preferentially remove the highest-energy electrons so that
the optically-thin slope steepens above the synchrotron critical frequency

/B 3t? (1.24)

(c.f. Egs. 1.16 and 1.17). This encodes information on the synchrotron age t of the
electron population and is the reason why observing at di erent radio frequencies produces
di erent integrated ux maps: higher or lower frequencies probe more recent or more
ancient synchrotron injections, respectively.
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Then, if the synchrotron source is su ciently bright, due to high electron densities
and/or magnetic eld strengths, the low-frequency emission cannot freely escape and the
source becomes optically thick to its own radiation through synchrotron self-absorption.
The same population of relativistic electrons that emit the synchrotron radiation also re-
absorbs it. This happens below a turnover frequency, determined by the condition where
the e ective temperature of the relativistic electrons

E m «C?
Te= — = ——; 1.2
equals the brightness temperature, pJ in the Rayleigh-Jeans limit,
| ¢
Tp= 2k, 2’ (1.26)

where | is the speci c intensity. Substituting for in Eq. 1.25, we nd T,/ z, and so

the observed spectrum scales as{f / 572, In practice, optically thick compact radio
cores are synchrotron self-absorbed, but typically show at or inverted spectra (0 to
0:5) because the observed emission comes from a superposition of many self-absorbed
components with di erent turnover frequencies.

1.3.2 Inverse Compton scattering

A further important physical mechanism to understand for Chapters 2, 3 and 5 is the main
X-ray emission mechanisms in the corona, that is inverse Compton scattering (Rybicki &
Lightman 1986).

Let us consider the interaction between a photon and electron, as shown in Figure
1.7, where the four-momenta before the interaction ar€®,, = [ 1Me; 1Mew], P, =
[+ =2+A ], and after arePe, = [ >Me; 2Mew], P, = [ 2#; =27 ,]. Under the assumption

that the four-momentum is conserved:
Po+ P, =Pyt P, (1.27)

Squaring this equation and using Lorentz invariancePg, Pe, = Pe, Pe, = m¢c? and
P, P,=P, P,=0)to substitute out some terms, we get:

P, P,=P, P, (1.28)
Multiplying through by P, and simplifying, givenP,, P, =P, P,andP, P, =0:
P, P,+P, P,=Pg P.: (1.29)

Using the four-product and the geometry of the interaction to simplify dot products as
M A, =ViC0S,, ¥ A, =Vi€C0S;, A, A, = COS 3 we can write the ratio of photon
energies as:
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Figure 1.7: Feynman diagram of Compton scattering on an electron and photon.

! 1 Ycos

2 = - R e 1) : (1.30)

i (1 geosy)+ —ip(l cos o)
For the case of a stationary target (y = 0; = 1), this reduces to standard Compton
scattering where the Compton wavelength shift follows = , ;= mLec(l cos 3). This
can be recast in terms of the change in energy of the photonas "=5"" | = %

meaning the photon transfers some of its energy to the electron.

For the case of a relativistic electron, where the incoming photon is less energetic than
the electron rest energy in the electron rest frame (9=~ (1 2cosi) m «C?), the
recoil term in the denominator is negligible and Eq. 1.30 simpli es to

Iy 1 \%COS 1,

= —c - 1.31
. 1 ‘%cosz ( )

As ;and , can take on many di erent values, the energy of the photon can either decrease
or increase. However, when properly averaged over angles with relativistic aberration and
Doppler boosting taken into account, there is on average a net increase in the photon
energy. This process is called “inverse Compton scattering’. In the special scenario where
the photon and electron collide head-on and the electron recoils back the way it came from

(3=180; 1=180; »=0 ), we can derive a maximal boosting factor of;2 = 1?\(,"128

4 2 where y=c=(1 } )z has been Taylor expanded.
In an astrophysical context, there is a distribution of electrons and photons that result
in multiple Compton scattering events. It can be shown that Eq. 1.30, averaged over an
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isotropic distribution of both photons and electrons, reduces to an average fractional energy
per scattering (Rybicki & Lightman 1986) of
* +

11} 4 2 2 Ill
= = : 1.32
3 MeC? ( )

In the case of a (quasi-)thermal distribution of electrons, the electrons will have a typical
root-mean-square (rms) velocity of ¥ = 3";—:9 = 3¢ 2, where is the dimensionless
average electron temperature. A thermal distribution is a good assumption for the electrons
in the hot corona as electron-electron Coulomb interactions allow for the electrons to
e ciently thermalise (but see discussion in e.g. Lightman & Zdziarski 1987; Malzac &
Belmont 2009). Simplifying Eqg. 1.32, in the limit of 1 and m"elcz << , which is valid
for the seed accretion disk photons, we get

* +

4; (1.33)

meaning that on average the seed photons are up-scattered by a factor of (1 +4) per
scattering in the hot corona. Such scatterings happen multiple times to produce a "Comp-
tonised spectrum' with a power-law distribution (Pozdnyakov et al. 1976; Rybicki & Light-

man 1986) described by

! 0

I =1C" 1) - (1.34)
1
where " is the average energy of the UV photons and
= In =InA 1 (135)

where is the optical depth and A is the mean ampli cation factor of the photon energy
in a single scattering, A = 1+ h" ,="4i, from Eqg. 1.33. To nd the value of ° Haardt &
Maraschi (1991) proposed a ‘two-phase' disk corona model, where the corona lies above
the optically thick accretion disk and a fraction fraction f of the gravitational power, Rs,

is dissipated in the hot corona, whilst (1 )P g is dissipated within the cold disk. Under
the assumption of radiative equilibrium, Haardt & Maraschi (1991) derived a set of energy
balance equations that determined the value of Arequired for the Comptonisation process.
This in turn de ned and T, and thereby ° Interestingly, they found that there is a
natural adjustment of the T, and to keep a relatively constant °. For typical AGN
coronae, with kg T, 100 keV, this results in the observed photon indices = 9+ 1 of
around 1:8 2 (e.g. Fabian et al. 2015; Brandt & Alexander 2015; Ricci et al. 2018).

1.4 Black holes across the mass scale

In Ch. 1.2, we described the basics of how matter is accreted by a black hole, but the
guestion remains: is this accretion mechanism mass-invariant? For example, stellar mass
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Figure 1.8: Fundamental plane of black hole accretion from Merloni et al. (2003) that
uni es radiatively ine cient stellar and supermassive black holes by their radio and X-ray
emission.

black holes in binary systems have been found to go through hysteresis cycles of quiescent
and outburst stages (e.g. Fender et al. 2004). This is interesting in the context of this
Thesis, as in the quiescent state the luminosity is low, the emission is hard ( . 2) and
there are persistent radio jets, whereas in the outburst state the luminosity is high, the
emission is soft and there are no persistent jets (only intermittent ones, some of the time).
These are very similar properties to the AGN accretion modes presented in Figure 1.3 (see
also e.g. Svoboda et al. 2017), except for the fact that the week to month long quiescent-
outburst cycles in XRBs would correspond to millions of years for an AGN (as given by a
comparison of the respective viscous timescales).

Intrigued by these striking similarities across the mass scale, Merloni et al. (2003),
investigated the radio and X-ray properties of a sample of XRBs and AGN, accreting in a
radiatively ine cient mode, only to nd that these followed a tight correlation, as shown
in Figure 1.8. This ‘fundamental plane of black hole activity' is underpinned by theory
from Heinz & Sunyaev (2003), who propose that the dynamics of the inner accretion disk
is scale invariant, given the assumption that it is only dependent on gravity, and therefore
the jets launched from such inner regions should have similar properties. They derive a
jet ux which scales as f / M 2$?%3® | where is the radio spectral index de ned in
Ch. 1.3.1. This non-linear relationship shows that AGN jets are much more powerful than

XRB jets. Similarly, Falcke et al. (2004); Kérding & Falcke (2005); Kording et al. (2006)
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establish tight radio X-ray correlations that hold for black holes across the mass scale from
X-ray binaries to AGN, along with extending the fundamental plane of black hole activity
to encompass di erent accretion modes. They ultimately conclude that even with the large
range in black hole masses, jet formation may be a universal, mass-invariant process.

In Chapters 2 and 3, we aim to test if the mass-invariant accretion (to rst order; see
Ch. 1.6) translates into a similarly mass-invariant mechanisms that powers jets. Addi-
tionally, in Chapter 5 we further vet this idea of mass-invariant accretion by looking at a
previously elusive parameter space of black holes with masses in between that of stellar
mass and supermassive black holes.

1.5 Detecting AGN with multi-wavelength surveys

As we have seen, AGN produce emission spanning the full EM spectrum. We now turn to
some of the methods by which this radiation can be observed and quanti ed, namely via
X-ray, radio and optical surveys (recall Figure 1.3). Surveys provide the statistical power
needed to unveil robust trends and uncover new sources with potentially new physics. This
power was already tapped into in the late 1950s, with the Cambridge Catalogues of Radio
Sources, for example its third edition (3C), in which the radio quasar 3C 273 from Ch. 1.1
was discovered. In fact, every survey is shaped by the need to address a set of focused and
innovative scienti ¢ questions, and its design evolves in parallel with ongoing technological
advancements and lengthy feasibility studies.

1.5.1 X-ray Surveys with eROSITA

The science driver behind eROSITA is to study the large scale structure of the Universe
and characterise cosmological models including Dark energy, the mysterious entity that
makes up almost 70% of our observable Universe (Merloni et al. 2012; Predehl et al. 2021,
Sunyaev et al. 2021; Bulbul et al. 2024; Ghirardini et al. 2024). This is done via the
eROSITA All Sky Surveys (eRASS; Merloni et al. 2024) to detect hundreds of thousands
of galaxy clusters (the largest gravitationally bound structures in the Universe, containing
10-100s of galaxies) out to high redshifts z > 1. As a by product of this main science goal,
millions of AGN have also been detected, in what is now the deepest all sky X-ray survey
to date.

eROSITA is one of two instruments on the Spektrum Roentgen Gamma (SRG) mission
launched in 2019, which orbits around the second Lagrange point (L2) of the Sun-Earth
system, 1.5 million km from Earth. The other instrument is a hard X-ray detector, called
ART-XC, which surveys the sky in the 5 30 keV range (Pavlinsky et al. 2021). eROSITA
observes the full sky in the 0:2 8 keV band, but it is most sensitive to emission in its
‘main band' of 0:2 2:3 keV. Figure 1.9 shows a schematic of eROSITA, including the
seven telescope modules (TMs), each with their own grazing-incidence X-ray mirror and pn
charge-coupled device (pn-CCD) camera (Meidinger et al. 2020), similar to those that were
originally developed for XMM-Newton (Strider et al. 2001). Each TM has an X-ray ba e
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Figure 1.9: Schematic of the eROSITA telescope, with the seven mirror modules observing
the X-ray sky in the range 0:2 8 keV. Figure taken from Merloni et al. (2012).

to prevent unwanted X-ray photons (straylight) from entering the optical system (Friedrich
et al. 2014). The mirrors have a Wolter Type 1 design with 54 concentric mirror shells
with parabolic/hyperbolic shape to focus X-rays, via grazing incidence, to the detector.
Their gold coating further enhances the re ection capabilities of the mirrors and imprints a
characteristic gold edge in the e ective area curve around 2:3 keV, as shown in Figure 1.10.
In the same Figure, it is also clear that the combination of a wide eld of view of eROSITA
and sensitive soft e ective area (i.e the grasp) out-performs prior focusing X-ray missions,
enabling e cient detection of both point-like and di use, extended sources. The eld-of-
view average half energy width (HEW) of the point spread function, as measured from
the source stacking method applied to the eRASS data, is 38(Merloni et al. 2024).
Additionally, the pn-CCDs have good spectral resolution with 75 82 eV at 1:49 keV
(Predehl et al. 2021). This allows for detailed X-ray spectroscopy to be carried out with
eROSITA, although it is mostly limited to E < 2 keV (e.g. Waddell et al. 2024; Yeung
et al. 2024).

In November 2019, as part of its Performance Veri cation program, eROSITA scanned
the sky for four days to produce the eROSITA Final Equatorial Depth Survey (eFEDS;
Brunner et al. 2022), a 140 degd pilot survey of eRASS. eFEDS has a uniform exposure
of 1.2 ks (after correcting for vignetting) and the point source catalogue includes 21,952
candidate AGN detected in the main 0:2 2:3 keV band (Liu et al. 2022b). Chapters 2
and 3 exploit the eFEDS survey and its excellent multi-wavelength coverage.

For its full survey-mode, eROSITA scans the entire sky in a period of six months,
with a scan rate of 0:025 deg s¢ (Merloni et al. 2024). It does so by drawing out
great circles on the sky, intersecting at the ecliptic poles, and shifting the rotation axis
by around one degree per day following the motion of the Earth around the Sun. During
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Figure 1.10: The product of the eld of view and (averaged) e ective area (‘grasp'), as a
function of energy for recent X-ray missions. eROSITA is shown by the solid red curve and
has higher grasp than any other mission in the 0:2 2:3 keV band. The grasp of Chandra
ACIS-1 in 1999 and 2020 is plotted dark and light green, respectively, along with Chandra
HRC-I in purple, XMM-Newton in blue, and ROSAT in brown. Figure taken from Predehl
et al. (2021).

each 6-month scan, a source near the ecliptic equator is visited typically six times in
intervals of 4 h, for up to 40 seconds per visit, whereas sources near the ecliptic poles are
visited 70 1080 times (Bogensberger et al. 2024), o ering very deep exposures in these
regions. This variety of di erent timescales has allowed eROSITA to be a powerful X-ray
time-domain discovery machine, nding new types of quasi-periodic-eruptions and tidal
disruption events (e.g. Arcodia et al. 2021; Malyali et al. 2023; Liu et al. 2023; Baldini
et al. 2025). From December 2019 to February 2022eROSITA completed 4.4 All Sky
Surveys, totalling to an average uniform exposure time of 800 s (with up to 120 ks at the
ecliptic poles) and 1:7 billion 0:2 5 keV calibrated photons ( 380 Gb of telemetry). In

the 0:2 2:3 keV band, a single pass (eRASS1, 2, 3, 4) has a typical point source sensitivity
of 510 ! ergst cm?, whichimprovesto 2 10 * ergst cm? inthe cumulative
eRASS:4 survey. Chapter 5 uses the deep eRASS:4 data. A comparison of the number of
sources detected in just the rst eRASS, already outnumbering previous X-ray missions,
is shown in Figure 1.11.

‘On the 26th of February 2022, eROSITA was put into safe mode: https://www.mpe.mpg.de/
7912248/news20221117.
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Figure 1.11: Graphical comparison of selected X-ray catalogues based on the data presented
in Table 9 of Merloni et al. (2024). For each catalogue the total number of objects vs. the
time of the start of the corresponding data-taking period are plotted. Each catalogue is
represented by a circle, whose radius is proportional to the logarithm of the “discovery
rate' (number of objects divided by the number of months of operations), while the shaded
portion of the circle represents the fraction of the sky covered by the catalogue. The
colour coding distinguishes telescopes operating mainly in the soft (< 2:5 keV; red), hard
(> 2:5 keV; green) or broad (both soft and hard; blue) X-ray band. Figure adapted from
Merloni et al. (2024) with credits to Z. Igo.

eROSITA X-ray spectral and timing case study: SMSS J114447.77-430859.3

To illustrate the power of eROSITA, we show the X-ray spectra and long-term lightcurves
of SMSS J114447.77-430859.3, or J1144 for short, which is the brightest quasar in the last
9 Gyr of the Universe (z = 0:83). This is work published in Kammoun et al. (2023), where

| was responsible for the eROSITA data analysis.

J1144 is an object at intermediate Ecliptic latitudes meaning that it passes in the
eROSITA eld of view around 8 10 times every 6 months, with those passes (each less
than 40s) all occurring within 12 days. J1144 was observed in all eRASS15. Data
were reduced in the standard way using the eROSITA Science Analysis Software System
(eSASS) eSASSusers_211214 pipeline version c020 and c947 for eRASS1 4 and 5, respec-
tively (Brunner et al. 2022; Merloni et al. 2024).

Figure 1.12 shows the observed 0:5 10keV ux for eROSITA, Swift, and XMM-Newton
(black squares, blue circles, and red diamond, respectively), based on the best- t spectral
model (see below for the case of eROSITA and refer to Kammoun et al. 2023, for further
details). The source shows a clear variability by factors of 10 and 2:7 over timescales
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Figure 1.12: The long-term X-ray light curve of J1144 in the 0.5-10keV band. The black
squares, blue circles, and red diamond correspond to eROSITA, Swift, and XMM-Newton,
respectively. The inset shows a zoom-in on the recent monitoring of the source in 2022,
with the start being the rst Swift observation (MJD = 59751). The grey dotted line
corresponds to the 3 upper detection limit by ROSAT obtained in 1990.

of a year and of a few days, respectively.

Light curves were also extracted using eSASS and analysed using bexvar to search
for variability (Buchner et al. 2022). Variability in bexvar is quanti ed by the intrinsic
scatter ( pexvar) ON the assumed log-normal distribution of count rates in any given time
bin (see Sec. 3 of Buchner et al. 2022). This log-scatter on the log-count rate is similar in
concept to the excess variance on the linear count rate, usually quoted as the normalised
excess variance (NEV; e.g., Vaughan et al. 2003). However, low values @fyar 0:1
are consistently found for all eRASS1 5 over several energy bands. Overall, the long term
(inter-eRASS) X-ray variability, clearly seen in Fig.1.12, is much more signi cant than
the short term (intra-eRASS) variability. For that reason, in the following, we model the
time-averaged spectrum from each eRASS.

Spectral tting was performed using the pyXspec X-ray analysis environment of XSPEC
v12.12.0 (Arnaud 1996; Gordon & Arnaud 2021) coupled with Bayesian X-ray Analy-
sis (BXA v4.0.0; Buchner et al. 2014; Buchner 2021a), a Bayesian parameter estimation
and model comparison package using the nested sampling algorithm UltraNest (Buchner
2021b). The spectra, grouped by each single-pass eRASS, from the source and background
regions were jointly tted using a source model, consisting of an absorbed power law (see
below), plus background model. The background model was calculated following Sim-
monds et al. (2018), by applying Principal Component Analysis (PCA) on an existing
parametric model for eROSITA background spectra and adding Gaussian lines until it no
longer improved the t, as judged by the Akaike Information Criterion (see also Section 3.1
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Figure 1.13: Observed spectra from the di erent eROSITA observations (eRASS1 5: red
circle, yellow square, green diamond, blue cross, purple star). Top: Deconvolved spectra.
Middle: Convolved spectra, folded through detector response but not e ective area, along
with background spectra for each eRASS (dotted, same colour scheme). Bottom: nor-
malised residuals obtained by tting the spectra.

of Liu et al. 2022c, for more details). The shape of background component was therefore
already xed in the joint modelling, but the normalisation was left free to vary so it could
adjust to the required background ux level appropriate for this source.

We use a simple absorbed power law to model the source: TBabs zTBabs zpow in
XSPEC formalism, where TBabs and zTBabs (Wilms et al. 2000) correspond to the Galac-
tic absorption in the line of sight and the intrinsic neutral absorption at the redshift of
the source, respectively. We xed the Galactic column density at N= 7:9 10 ?°cm?
(HI4PI1 Collaboration et al. 2016) but the intrinsic column density, the power law photon
index, and power-law normalisations ( norm1-5) were left free for each eRASS spectrum.
Upon modelling each spectrum individually, it is found that the intrinsic column density
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Table 1.1: Best- t parameters obtained by modelling the eROSITA spectra. Note that the
intrinsic column density (Ny) is a 3 upper limit. Normalisations (norm1 5) are in units
of PhotonkeV! cm? st .

Ny[cm? ] log(norml) log(norm2) log(norm3) log(nhorm4) log(normb5)
<2:7 1020 22100 2227 5F 272 0% 331y 27505y 2:97 R

and photon index are consistent with each other across eRASS1 5, albeit with large un-
certainties, due to the quality of the data. Yet, the values of the normalisations show a
clear variability across the ve spectra. For this reason, we re-t the spectra simultane-
ously by tying the column density and the photon index for all observations, and letting
the normalisations free to vary. The prior set on the column density, the photon index,
and the normalisations was a log-uniform prior ranging from (13 10 %) 10 ?cm?, a
uniform prior from 1 4, and a log-uniform prior from 10 % 10PhotonkeV ! cm? s?! ,
respectively.

Figure 1.13 shows the results of this simultaneous tting of eRASS1 5 spectra. The
top panel shows the deconvolved spectra, to better compare with observations from di er-
ent instruments. The middle panel shows the convolved spectra, folded through detector
response but not e ective area, along with background spectra (dotted lines). It is clear
that the background becomes dominant past 2 3keV. The normalised residuals are also
displayed in the bottom panel of the same gure. The apparent di erence in the levels
of background are caused by the varying extraction region sizes that scale proportional to
the source ux. Quantitatively, the eRASS1 (highest ux state) source extraction region
area is a factor of 3 larger than that of eRASS3 (lowest ux state), and this is re ected
in the di erence in normalization between the red and green dotted lines. The best-t
(posterior median) photon index and 3 upper limit on the column density for eRASS1 5
are =2:21°0%% and Ny <2:7 10 ! cm? , respectively. Moreover, we nd a factor > 10
decrease in the normalisation of the power law between eRASS1 and eRASSS, after which
it steadily increases again up till eRASS5. Table 1.1 lists the best-t parameters for this
simultaneous tting of eRASS1 5 spectra.

Overall, this very bright quasar has otherwise relatively 'normal' AGN properties. Its
long-term light-curve reveals variability by factors of several over timescales of a year and
of a few days. Its X-ray spectra are characterised by a relatively constant photon index of

2 during this time, but variable intrinsic emission and hints of radiatively driven out ows
manifesting as absorption features. Spectral energy distribution (SED) modelling reveals
a sub-Eddington accretion mode with standard thin disk and a low temperature corona.

1.5.2 Radio surveys with LOFAR

LOFAR is a radio telescope array which has among its main science goals: (i) to study
the epoch of reionisation using the 21 cm emission line from neutral hydrogen at high
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redshifts z & 6; (ii) to survey the sky at low frequencies to understand of the formation
and evolution of galaxies, AGNs and galaxy clusters over cosmic time; and (iii) to explore
the transient radio sky (see van Haarlem et al. 2013, for more details). LOFAR is unique
as it explores the low-frequency range from 10 240 MHz, features automated processing
pipelines to deliver fully calibrated science products to the public and has a large eld of
view (FoV) in the northern hemisphere, along with high angular resolution of 6%across
its Two Meter Sky Surveys (LOTSS; Shimwell et al. 2017, 2019, 2022).

This is achieved by a set of antennas at various stations distributed across Europe,
with the core station (i.e the "Superterp’, shown in Figure 1.4) located in the Netherlands.
Rather than using steerable dishes, LOFAR comprises phased arrays of simple dipole an-
tennas grouped into stations, each equipped with low-band (LBA) and high-band (HBA)
elements. The basics of such a radio interferometer are shown in Figure 1.14, where each
antenna pair, separated by baselin®, measures an interference pattern from planar EM
waves originating from a distant celestial source in direction $ (Condon & Ransom 2016).
Due to the separation between antenna 1 and 2, the EM signal arrives with a geometric

Figure 1.14: Schematic of a radio interferometer with two radio antennas separated by a
baseline,B, observing a celestial source in direction 8§, which introduces a geometric time
delay 4 that depends on the angle to the source. The amplitude and phase of the signals
are combined in a correlator. Figure adapted from Condon & Ransom (2016).
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time delay of
9= —; (1.36)

leading to voltages, Y and \,, that are phase-shifted, as shown on Figure 1.14. Each
LOFAR antenna is e ectively sensitive to the entire sky, so "beam-forming' is used to focus
the sensitivity in a particular direction de ned by the beam (as is done with single dish
radio telescopes, see blue lobes in Figure 1.14). In the case of LOFAR, analogue methods
(such as increased cable lengths) enable the electronic pointing of the array by adjusting
signal delays rather than physically moving components.

The signals are sent to the correlator to be multiplied together and averaged in time,
producing a distinct interference (fringe) pattern. The resulting complex quantity, known
as the visibility, encodes both the amplitude and phase information corresponding to a
particular spatial frequency (Fourier component) of the sky brightness distribution. This
forms the u v plane, where the coordinates u and v are de ned by the baselines between two
antennas. As the Earth rotates, more spatial frequencies from each baseline are sampled
in this plane. A “dirty image' can then be constructed via an inverse Fourier transform of
these visibilities. Since the u v plane is only partially sampled, the PSF in the dirty image
contains a complex (beam) sidelobe structure, leading to artifacts. These can be removed
by deconvolving the PSF (which is known from the u v coverage) from the dirty image
to produce a sky model. Then it can be convolved again with a clean Gaussian beam
to produce a ‘clean image. However, before the nal image is obtained, the measured
visibilities need to be corrected for various e ects that alter the signal along its path,
including varying gains, direction-dependent ionospheric phase distortions and clock drifts
between stations (Shimwell et al. 2017, 2019; Tasse et al. 2021). Initial corrections are
applied using the Prefactor pipeline for direction-independent e ects. This is followed
by direction-dependent calibration via the DDF-pipeline using bright compact calibrator
sources distributed across the eld. Finally, source detection algorithms (e.g. "Python Blob
Detector and Source Finder', PyBDSF; Mohan & Ra erty 2015) identify and characterise
discrete radio sources across the cleaned radio image.

The maximum baseline length, Bax, sets the achievable angular resolution (Eq. 1.37),
which in the case of LOFAR is around 2000 km for the full international array and around
100 km for the core stations.

[radian]

B (2.37)
Radio interferometry o ers a signi cant advantage in angular resolution compared to single
dish radio telescopes, where By is instead set by the diameter of the dish (Condon &
Ransom 2016). This makes LOFAR, with its excellent baseline coverage, a powerful survey
instrument as it enables the detection of structures even in compact sources thanks to its
high 6°%angular resolution (for LoTSS using the core stations), as well as the identi cation
of larger scale di use emission (Shimwell et al. 2022), as shown in Figure 1.15. Recall from
Eqg. 1.24 that lower radio frequencies can also probe older populations of electrons, which
tend to live in the lobes of radio galaxies.
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Figure 1.15: Top: Example radio galaxies in the LOTSS DR2 survey showing the diversity
of morphologies that can be resolved with LOFAR. Figure credits to M. Hardcastle and the
LOTSS Survey (Shimwell et al. 2022). Bottom: Example radio galaxies from the LOFAR-
eFEDS survey that take on the form of my name (note the "F' is an artistic combination

of several radio galaxies).

The co-spatial LOFAR eld to the eFEDS pilot survey forms the basis of Chapters 2, 3
and 4. This LOFAR-eFEDS eld has HBA observations at 144 MHz frequencies with root-
mean-square (rms) noise levels of 135 Jy beam (Pasini et al. 2022). As it is a low
declination eld, the resolution is slightly compromised due to increased ionospheric e ects
compared to LoTSS at & 9 ®angular resolution. PyBDSF was run on the mosaic images
created for the full LOFAR-eFEDS eld in order to model the radio emission with Gaussian
components and produce the nal source catalogue. A peak ux detection threshold of 5,
where sigma is the local rms noise, was imposed for a source to be detected, calculated via
sliding a 150 150 pixel box in 15 pixel steps. The diversity of radio galaxies that can be
observed by LoTSS and LOFAR-eFEDS surveys are shown in Figure 1.15.

1.5.3 Optical surveys with DESI Legacy Imaging Survey and
SDSS

Radio and X-ray surveys by themselves contain no information about the host galaxy from
which AGN emission originates. To help with this, we need optical surveys of photomet-
ric or spectroscopic nature. Two important optical surveys for this Thesis are the Dark
Energy Survey Instrument Legacy Imaging survey (henceforth LS, in particular the 9th
and 10th data releases: LS9 and LS10; Dey et al. 2019) and SDSS. The former is a pho-
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tometric all-sky survey with its main science driver being to identify and select targets for
the 5-year spectroscopic DESI Survey, which released over 18 million spectroscopic targets
just this year (DESI Collaboration et al. 2025a). It is advantageous because of its large,
homogeneous sky coverage, photometric depth and accurate astrometry. Optical photom-
etry in the g, r, z bands is included, with limiting AB magnitudes of 23.95, 23.54 and
22.50, respectively (LS10 also includes observations in the i-band for portions of the sky).
The LS catalogues also include WISE forced photometry at the optical source coordinates,
following Lang (2014); Lang et al. (2016), at 3.4 m, 4.6 m, 12 m and 22 m. This
method ensures matched aperture photometry, making use of the higher optical angular
resolution compared to that of WISE. The positional accuracy of these optical sources
(0.1 %Y exceeds that of radio and X-ray astrometry from LOFAR and eROSITA.

SDSS is a spectroscopic survey that has been active for over 20 years (York et al. 2000)
and its multi-object spectrograph enables tens to hundreds of objects per square degree to
be simultaneously observed. Its core science drivers include reliably mapping the large scale
structure, which requires accurate astrometry and redshift determination, and delivering
high-quality spectroscopic catalogues to the community. The most recent public release is
SDSS-V DR19 (Kollmeier et al. 2025). Figure 1.16 shows some example stacked optical
spectra from X-ray AGN in the eFEDS eld (Aydar et al. 2025), highlighting the power-
law continuum, along with the broad and narrow emission lines (with some prominent host
galaxy absorption lines, e.g. Ca H and K) mentioned in Ch. 1.3.

Figure 1.16: Median stacked spectra for X-ray AGN in the eFEDs eld at z < 0:5, with the

ux normalised at 5100A. They are divided into three g r colour bins, where for example
the redder spectrum is the stack for more dust-obscured AGN with redder optical colours.
Some key emission and absorption lines are also marked with dashed vertical lines. Figure
taken from Aydar et al. (2025).
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The Legacy Survey is used throughout this Thesis to determine host galaxy counter-
parts for radio and X-ray selected sources and SDSS provides thousands of spectroscopic
redshifts. For example, Chapter 2.3.2 elaborates on the details to nd host galaxy coun-
terparts in LS9 to the LOFAR-eFEDS radio sources. The photometry from these surveys
is also vital to build SEDs for the galaxies in order to determine their physical properties,
such as stellar masses and star-formation rates (see e.g. Ch. 5.2).

1.6 Statistical studies of the incidence of AGN

Obtaining a complete census of AGN is key to understanding their accretion history across
cosmic time, their feeding feedback cycle, and the physical conditions that trigger AGN
activity. One approach is to explore how AGN, detected using multi-wavelength surveys,
populate galaxies of di erent physical properties. In other words, we can probe the “inci-
dence' of AGN, or the fraction of galaxies hosting AGN as a function of di erent galaxy and
black hole properties. Such studies require the compilation of large, statistically complete
parent samples of galaxies, from which one can de ne a target sample (e.g. radio or X-ray
AGN) to probe their incidence and to characterise the galaxy and AGN properties.

Previous works in this eld include those of Aird et al. (2012), Bongiorno et al. (2012),
Georgakakis et al. (2017), and Birchall et al. (2022), who selected AGN from deep extra-
galactic elds to measure the incidence of X-ray AGN as a function of host stellar mass
(as a proxy of black hole mass) and speci ¢ black hole accretion rate. X-ray surveys allow
pure and complete statistical samples of AGN to be compiled as X-rays trace black hole
accretion while being less a ected by contamination and by dust obscuration, compared to
other wavelengths. Importantly, these studies found that the probability of a galaxy host-
ing an X-ray AGN is described, to rst order, by a universal speci c black hole accretion
rate distribution independent of the host galaxy stellar mass. This lead to the conclusion
that the same physical mechanisms are in charge of triggering and fuelling AGN activity
in all moderately massive galaxies (e.g. Aird et al. 2012). However, such studies have
struggled to push down to the low-mass regime of AGN in dwarf galaxies due to the lack
of wide-area, sensitive X-ray surveys and detailed multi-wavelength information for robust
characterisation of the hosts.

Additionally, it remains unknown as to whether or not a similar mass-invariant relation
can be found for radio AGN as a function of mass-normalised jet power in a given accretion
mode. This could be expected from the scale-invariant jet formation theories described
in Ch. 1.4. Previous radio AGN studies have found that the incidence of radio AGN
is a strongly increasing function of host galaxy stellar mass (Best et al. 2005; Smol£i¢
et al. 2009), populating ‘red and dead' galaxies (Best & Heckman 2012). Sabater et al.
(2019) has since expanded on this using a larger sample of LOFAR radio AGN in the local
Universe (z < 0:3) to nd that the most massive galaxies (M > 10 M ) are always
“switched on' as radio AGN. Kondapally et al. (2022) further investigated the role of
galaxy type on jet powering, by selecting a sample of LERGs (considered to be accreting
in a radiatively ine cient mode) in quiescent and star-forming galaxies. They found a
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signi cant population of LERGs in bluer star-forming galaxies whose incidence displays a
atter stellar mass dependence compared to quiescent LERGs, implying di erent fuelling
mechanisms at play.

Nevertheless, there have not been studies of the radio AGN incidence as a function
of mass-normalised jet power, which would probe the complementary aspect to the X-ray
AGN incidence studies as a function of mass-normalised radiative power. These mass-scaled
power indicators are vital to nd true underlying trends and avoid the known degeneracies
of ux-limited survey being unable to discriminate between to high accretion rate (high
jet power), small mass black holes and low accretion rate (low jet power), large mass black
holes (e.g. Aird et al. 2012). This Thesis aims to |l these gaps in the current literature
by building new samples of radio and X-ray AGN, using the recent eFEDS-LOFAR and
eRASS:4 surveys, to explore their incidence in the local populations of dwarf to massive
galaxies.

1.7 Observational evidence of AGN feedback

As mentioned in Ch. 1.1, key relations between certain black hole and host galaxy properties
opened a new avenue to explore the co-evolution of these systems across cosmic time.
Namely, the black hole mass was found to scale asgM/ “4°, where s the stellar
velocity dispersion, and Myy / M puige, Where Myyge, is the stellar mass of the bulge (e.g.
Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Kormendy & Ho
2013). These scaling relations seem to suggest that the SMBH grows until it is limited by
feedback mechanisms which act to expel gas from the bulge potential well, and that this
SMBH growth happens in tandem with galaxy growth, through mergers and star formation.

In particular, King (2003) and King (2005) show that the power four or ve scaling for the

M relation can naturally be attributed to energy- or momentum-conserving out ows.
However, Jahnke & Maccio (2011) point out that the My M puge relation does not
necessarily imply co-evolution as the hierarchical assembly of black hole and stellar mass
through galaxy merging can equally reproduce this roughly 1:1 relation.

Regardless, numerous observational studies have con rmed the presence of AGN feed-
back, establishing it as one of the key advances in our understanding of AGN and galaxy
evolution. As shown in Figure 1.3, the main forms of AGN feedback are through jets and
out ows. The former showcases one of the most direct pieces of evidence for AGN feedback
in action. This is shown in Figure 1.17 where such radio jets have carved out clear cavities
in the X-ray emitting intra-cluster medium (ICM; see review by e.g. Hlavacek-Larrondo
et al. 2022; Hardcastle & Croston 2020b). A calculation of the energy required to in ate
the cavities also gives us a direct indication of the power of the jetted feedback (e.g. Willott
et al. 1999; Cavagnolo et al. 2010). This is an important concept that is used throughout
Chapters 2, 3 and 4, in particular when assessing, quantitatively, the impact of jetted
feedback on the host galaxy or larger-scale dark matter halo. For example, previous works
have found that the kinetic power in jets can e ciently o set local cooling ows in galaxy
groups and clusters (e.g. Fabian 1994; Peterson et al. 2004; McNamara et al. 2005; Mc-
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