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How long will I love you?

As long as quasars are above you,
And longer if I can...

A mi bro, Majo



Abstract

While there is a general consensus that active galactic nuclei (AGN) derive their power
from a supermassive black hole (SMBH) accreting matter, the precise origins and evolution
of these SMBHs in the first billion years after the Big Bang remain unclear. Detecting AGNs
in this early cosmic epoch is challenged by their weak emission due to their remote distances.
However, Blazars, a specific subset of AGN, exhibit an exceptional and fluctuating jet pointing
towards us, detectable from radio frequencies to y—ray energies, making them invaluable tools
for understanding the evolution of SMBHs and their host galaxies. One of these very rare
sources, NVSS J1635474-362930, at redshift z = 3.65, allows us to study its emission processes,
describing the physical mechanisms at work, and characterising its SMBH in the early universe.
Using the particle propagation software JetSeT, employing a standard Shakura-Sunyaev disc
(SSD), and assuming an initial particle distribution, we performed spectral energy distribution
(SED) modelling, probing the effects of varying the black hole spin, ranging from non-rotating
Schwarzschild black holes to the extreme Kerr variety. We found that a moderately spinning
SMBH with a mass of Mgy ~ 10°M, governs the physics of the jet and that it likely evolved
from a heavy seed. In the attempt of a consistency check, we verified the intrinsic correlation
between the jet power and the accretion luminosity, in which the former appears to be weaker
than the latter for high accretion efficiencies. Additionally, we properly related the v—ray
emissions to external Comptonization processes related to a seed of photons in a dusty torus
(DT) rather than a broad-line region (BLR). Finally, using the best-fit SED model, we find a
consistent lower limit for the redshift of the source employing the Lyman « drop-out technique

in a novel approach.
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Chapter 0O
Synopsis

This chapter presents a comprehensive overview of active galactic nuclei, with a specific
focus on blazars, their high-energy emissions, and the theoretical models used to elucidate these
phenomena. This chapter emphasises the importance of investigating high-redshift blazars as
a means of better understanding the early universe, particularly in relation to the evolution of
supermassive black holes and their circumnuclear environment. It delves into the mechanisms
responsible for both the low-energy and high-energy components of blazar emissions, including
synchrotron self-Compton emission and the influence of external thermal sources. Additionally,
the chapter explores the motivation behind conducting spectral energy distribution modelling
for high-redshift blazars and outlines the structure of this thesis, which includes a detailed

analysis of a specific blazar and its observed emissions.

0.1 Introduction

The universe is mainly composed of two energy domains: the lower energy range, covering
radio to ultraviolet, and the higher energy range, spanning X-rays to v—rays. Within this
universe lies an enigmatic domain where potent energetic phenomena coexist with the subtle
manifestations of lower energy states, thereby necessitating a thorough investigation that
encompasses both energy spectra. The physical processes of this universe are difficult to
replicate in Earth-based laboratories, making it essential to study these sources to improve
our understanding of fundamental physics.

Astronomers have limited control over the processes and circumstances they observe.
They depend on having telescopes and detectors ready at the right time to capture data.
Nevertheless, they have the freedom to choose the source and how to do so. Additionally, by
using an extensive array of sensors, they can scrutinise the phenomenon using a
multiwavelength study, gaining a deeper understanding of its complexities. Thus, it is

advantageous to maximise the sensitivity of every possible band of the electromagnetic
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spectrum to obtain a complete picture. Moreover, astronomers have a unique advantage
because sources are separated not only by distance but also by time. This allows them to
understand the evolution of a source over time, and the further they look into space, the

more they can learn about the observed phenomenon as well as the universe’s beginnings.

Active galactic nuclei (AGNs) are a prime candidate for multiwavelength observations due
to their variable emissions, which span the entire electromagnetic spectrum from radio waves
to y—rays. AGNs are some of the most luminous and energetic objects in the universe, and
their primary emission is believed to be caused by accretion onto the supermassive black holes
(SMBH) at the centre of the galaxy. AGNs, also known for their intense brightness, can be
detected at significant redshift (e.g., the farthest-away being at a redshift of approximately
z & 7.6, as reported by Wang et al. (2021))). This enables us to investigate the most distant
corners of the universe and make inferences about the characteristics and evolution of SMBHs

and their circumnuclear disc (CND) in the early stages of the universe.

A certain type of AGN are blazars, a type of radio-loud galaxy that have a relativistic
jet aimed close to the Earth’s line of sight, making them one of the most powerful sources of
radiation, including y-rays up to the TeV range. According to Prandini and Ghisellini (2022),
observations of their spectra have identified two categories of blazars: the flat-spectrum radio-
quasar class (FSRQ) with strong broad-line emission, and the BL Lac class (named after one
of its members, BL: Lacertae) with very weak or no emission lines. These jets are thought to be
produced by magnetic field lines that accelerate and direct them, as neither gas nor radiation
pressure can provide sufficient collimation for the large momentum flux. However, the source
of this magnetic field remains not fully understood, as reviewed by Pudritz et al. (2012). There
are two scenarios: a poloidal magnetic field passing through the accretion disc (as described by
Blandford and Payne (1982)), and a toroidal magnetic field passing through the ergosphere of
a spinning black hole (Blandford & Znajek, 1977). Most theories and simulations suggest that
rapidly accreting or spinning black holes are the preferred mechanism for extracting energy

and angular momentum, which generate highly relativistic jets.

Blazars are not just bright at £ > 100 MeV, but in most cases they show their highest
luminosity values in y—ray energy band through all the spectrum. It has also been shown in
multiwavelenght studies (e.g., Maraschi et al. (1994))) that the ratio of y—ray to bolometric
luminosity increases with overall luminosity. Also, these sources can be highly variable (change
in flux > 30%) on time scales of days up to seconds. One of the most famous and known
examples is for the blazar PKS 2155 — 304 (z=0.116) which showed a measured flux that was
more than 10 times its typical values observed for I(> 200GeV), corresponding to ~ 7 times
the flux observed from the Crab Nebula, varying on timescales of ~200 s (Aharonian et al.
(2007); see Figure . Another more recent example of minute time-scale variability is 3C

049

279 in which the v-ray isotropic luminosity reached values ~ 10% erg s™! (Ackermann et al.,

2
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2016).

The presence of rapid variability strongly suggests, regardless of specific models, that the
emission of y—rays must involve relativistic beaming (Maraschi et al.,[1992). This phenomenon
occurs when plasma is expelled at speeds close to the speed of light, denoted as ¢, resulting
in emissions that form an angle € with the line of sight. This angle is inversely proportional
to the Lorentz factor I' = (1 — u?/c?)™'/2, where u represents the velocity of the plasma.
Consequently, blazars, which exhibit such relativistic beaming, rank among the most powerful
entities in the universe. Therefore, comprehensive studies of blazars using multiwavelength
observations are essential, specifically through the analysis of their spectral energy distribution
(SED). In general, the SED is represented by plots of vF, or vL, against frequency v, where
F, and L, denote the flux and luminosity, respectively, at a given frequency. For blazars, the
SED typically exhibits two peaks: one in the UV-X-ray range and another in the gamma-ray

regime. Figure [0.2| provides an example of such a distribution.
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Figure 0.1. The observed flux of photons with £ > 200 GeV from PKS 2155-304 against
time, with the data binned into l1-minute intervals. The horizontal dotted-line in the graph
represents the flux value from the Crab Nebula. Plot taken from Aharonian et al. (2007).
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The origin of the low-energy component is well-understood and is attributed to synchrotron
emission from relativistic electrons moving within the jet’s magnetic field. However, the
mechanism responsible for the high-energy component remains uncertain. Various models,
both leptonic and hadronic, have been proposed to explain this phenomenon and offer valuable
insights. In a leptonic model, high-energy emissions arise from the inverse Compton scattering

(IC) of low-frequency photons by the same electrons that produce synchrotron emission. This

3
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process, known as synchrotron self-Compton (SSC) emission (Mastichiadis & Kirk, [1996), can
occur internally within the jet. It is also possible that external sources, such as the accretion
disc surrounding the central black hole, clouds of hot gas in the broad-line region (BLR), or a
toroidal cloud of hot dust (dusty torus or DT) surrounding this central engine, work as a seed
of low-energy photons to be up-scattered to higher energies (explained further in Blazejowski
et al. , Bottacini, E. et al. , Dermer et al. , and Sikora et al. and
8 . On the other hand, in a hadronic model, the highest energy emissions in the spectrum
are attributed to relativistic protons, the decay of neutral and charged pions, or muon cascades.
While lepto-hadronic models are capable of describing blazar emissions, the preference leans
towards the leptonic scenario over the hadronic counterpart. This inclination arises due to
the leptonic scenario’s demand for a magnetic field strength well below equipartition with
the energy density of relativistic particles. This signifies a considerable disparity between the
energy stored in the magnetic field and that contained within the accelerated particles, as
exemplified by Bottacini et al. (2016]).

v[Hz]
10" 10" 10* 10" 10" 10*° 10> 10* 10 10"

LI L L |||I||II|I||I'rII [ L ||r||||| T rTefFrrpFrrfFnt |I

10“;‘ E

o a0ef J
> :
e i ]
4 10%f E
> : ]
10%F 3
107}

102 10" 10° 10° 10* 102 1 10° 10° 10° 10°
Energy [ MeV ]

Figure 0.2. SED for a BL Lac class blazar using a synchrotron and SSC model, where the
low-energy bump peaking in X-rays comes from the first and the high-energy bump comes
from the latter. Figure from Biteau (2013). The slope dependencies are discussed in § [2.3.2|
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0.2 DMotivation and Aims

The phenomenon of relativistic beaming greatly enhances the visibility of blazars, even
at high redshift, making them valuable tools for studying the early stages of the universe.
Observations of high-redshift blazars have revealed the presence of sources within the range
3.0 < z < 6 hosting SMBHs with masses exceeding 10°My, (e.g., Ackermann et al. (2017),
Belladitta et al. (2022)), Ghisellini, Ceca, et al. (2010)), Ghisellini et al. (2015), Paliya et al.
(2020), and Sahakyan et al. (2020)) indicating a rapid and efficient growth of SMBHs in
the early universe that is not yet fully understood (e.g., M. A. Latif and Ferrara (2016 and
Volonteri (2010, 2012))). As this is only the case for blazar, we should also expect SMBH from
other sources whose jets are not directed towards us, rendering them invisible. The calculation
to estimate the number of these unseen sources can be performed as follows: assuming that the
unique characteristics of the blazar population arise from the combination of the beaming effect
and a random distribution of intrinsic source orientations, the fraction of blazars relative to

the total population of radio galaxies can be obtained by integrating the following expression:

NO<e)y 1 " 1" 1
T_E/o dQ_E/O sin 0o ~ (1)

Here, 0’ represents the limiting angle, I" denotes the Lorentz factor, and N (6 < 6’) represents
the number of blazars within the given angle. This means that the number of galaxies that
host these sources at this redshift is 2I'* = 200(T"/10)? for each detected blazar. This motivates
our search for high—z blazars, since it is competitive with the analogous search of heavy black

holes in high-redshift radio—quiet quasars.

While moderately powerful sources have their peak emissions in the GeV range, extremely
powerful sources at high redshift exhibit peak emissions in the MeV band, indicating that the
search for such sources should focus on the hard X-ray band. As previously mentioned, the
dominant factor behind the high-energy bump in the SED of a blazar may be the result of the
Comptonisation of photons originating from external thermal sources within the blazar central
region. In these instances, and especially for FSRQs, it could be possible to observe thermal
radiation emissions both from the accretion disc and the surrounding hot dust, without any
covering by the synchrotron flux as this peaks in the millimetre band and then exhibits a
steep spectrum after reaching its peak. Therefore, by analysing the SED of a high-redshift
blazar, particularly using a leptonic model for this thesis, it becomes possible to gain direct
insights into the evolution of SMBHs and the CND in the early stages of the universe. The
SED modelling not only improves our understanding of these components but also sheds light
on the contributions made by the accretion disc, the DT, and the BLR to the generation of
nonthermal broadband spectra in the high-energy band. Therefore, by modelling the SED

b}
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of these sources, we can continue studying the dominant processes responsible for producing
non-thermal broadband spectra, providing valuable insight into the evolution of AGNs during
the early stages of the universe.

In this study, we focus on the SED modelling of the blazar NVSS J163547+362930
(z = 3.647763), employing a one-zone emission leptonic model. Our analysis incorporates
data from diverse missions that span the electromagnetic spectrum. To explain the observed
emissions, we construct different models using the JetSET framework. By comparing and
selecting parameter values that optimally match the observed data, we can achieve a more
accurate characterisation of the properties encompassing the black hole within the host
galaxy. Additionally, this approach enables a comprehensive examination of the
contributions to the high-energy spectrum, facilitating a more detailed understanding of the

physical processes at play.

0.3 Thesis Structure

In this thesis, we present a brief review of the previous study on AGNs and different
techniques to model blazar’s emissions in § [ We give a brief description of theoretical
frameworks that can guide the understanding of the radiation mechanism in blazars in § [2]
We report the results and the modelling of the observed emissions from our source in § [3

Finally, the analysis and conclusions are presented in §



Chapter 1

Blazars: The Most Extreme Class of
AGN

This chapter provides an overview of key topics related to blazars. We will explore the
nature of active galactic nuclei and their classification through a unified model, which explains
their observed properties in terms of orientation and intrinsic characteristics. Also, we will
examine the different types of blazars and discuss how their spectral energy distribution can be
modelled using both leptonic and hadronic scenarios, which make different predictions for the
observed emission. Following, we will review how multiwavelength data from radio to vy-rays
can be fit to constrain the physical parameters of the blazar. Finally, a brief discussion on the

main properties of the blazar of study will be done.

1.1 Active Galactic Nuclei: AGN

1.1.1 A Short History on Quasars, Blazars and AGN

At the beginning of the XX century, still the most popular way to do astronomy was
through the optical band. During this time, in 1924, Edwin Hubble was inaugurating the
study of extragalactic sources with his studies on the Andromeda Galaxy (M31). Almost
twenty later, in 1943, Carl Keenan Seyfert did the first spectroscopy of spiral galaxies with
a nucleus that outshone the rest of it, an AGN. Then, in the 1950s, scientists who worked
on radar technologies during World War II, using Jansky’s (’30s) and Reber’s (’40s) work,
discovered the first known radio galaxies: M&87, Cygnus A, and Centaurus A, which all three
of them emitted polarised radiation. The fact that the radiation was polarised meant that it
was produced by charged moving particles; thus, it was not coming from a thermal source but
from a synchrotron process.

It was until 1963 that the first quasi-stellar radio source (QSRS, or quasar) was discovered

7



1.1. ACTIVE GALACTIC NUCLEI: AGN

when Marteen Schmidt realised spectroscopy on 3C 273; he measured that the spectrum, using
hydrogen lines, had a redshift of 0.16 meaning it was an extragalactic source. At the same
time, the second quasar, 3C 48, was discovered with a redshift of 0.37, bigger than most of
the known galaxies (~ 0.2) back then. The four articles on this matter were published in
Nature (e.g., Greenstein (1963)), Hazard et al. (1963, Oke (1963), and Schmidt (1963)). It
was also during these years that X-ray astronomy was winning popularity; so it is the case
that studies performed by Bowyer et al. (1970), Friedman and Byram (1967)), and Komberg
and Charugin (1969) showed that there is a relation in the X-ray emission of both quasars

and radio galaxies, as this emission would come from a compact central region of each source.

A couple of years later, during the Pittsburgh conference in 1978, a resemblance between
two new extragalactic sources started gaining the attention of the scientific community. BL
Lac objects and FSQR showed high-velocity emitting regions moving toward the observer
(now known as “jets”). The name of the former comes from a first-thought variable star
called BL Lacerate in the Lacerta constellation, associated with a radio source by Schmitt in
1968, and the latter was also called optically violently variables (OVVs). Both sources showed
not only this moving region but also that the emissions were polarised and variable; however,
the biggest difference was in the lack of emission lines in BL: Lacs. During this convention, Ed

Spiegel united these two objects with the name “blazar”.

As noted previously, the radiation emitted from the AGN is polarised, indicating that
it originates from charged particles that are accelerated by a magnetic field. This process
suggests that there is an energy reservoir within the AGN, which may include relativistic
particles and a magnetic field. According to a calculation of Burbidge (1959)), this energy
reservoir has a minimum value of approximately ~ 10% erg, which could increase even further
when the energy of protons is taken into account. It is unlikely that this immense amount of
energy could be generated by the collision hypothesis, which assumes that the gravitational
potential energy from the collision of galaxies is the primary energy source. Therefore, it is
clear that the energy source for the AGN must be something other than a collision between
galaxies. Burbidge suggested that this energy could come from a chain reaction of supernovae,
but the idea was not pursued. Instead, with pioneering work carried out by Hoyle and Fowler
(1963), it was first proposed that these AGNs had a reservoir of energy that comes from

gravitational energy, from the collapse of massive objects by their own gravitational field.

A few years later, Lynden-Bell (1969) concluded that the gravitational energy must be at
least 30 times larger than the nuclear energy, almost affirming that the structures are powered
by gravitational collapse, starting the belief that a SMBH lies at the centres of most (if not
all) galaxies (e.g., Rees (1978)), and Figure [L.1)).

Finally in the mid 1980s, a better picture of all these objects was created with the results

of large X-ray surveys showing that quasars, blazars, Seyfert galaxies, and radio galaxies host
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an AGN, leading to the creation of a unified model.

1.1.2 The Unified Model

As a pioneer of quasars, Schmidt established the components that an object must fulfil to

be classified as a quasar. These are:

e star-like object which emits on radio,
e variable emitter,

e strong emission on the UV spectra,

e large redshift,

e presence of broad emission lines.

All these criteria still apply to the classification of quasars, and it is easy to see that almost all
these criteria apply to any AGN, with a few considerations that will dictate the specific type
of AGN (see Figure|1.2)). Typically, an AGN is constituted with the following components: a
SMBH, an accretion disc, a torus, a BLR, narrow-line regions (NLR), and for some cases a
superluminal bipolar jets. Under this idea, from the work by Antonucci (1993) and Urry and
Padovani (1995)) a theoretical framework was achieved that explains the observed diversity of
AGN based on a single physical mechanism. This unified model provides a powerful tool for
understanding different AGN properties, such as the SED, which is now an essential concept
in AGN research.

Galaxies
~10% AGN
~10% Radio loud < l > Radio quiet ~ 90%
| |
Optical emission Optical emission
Imles lines
Weak Strong Broad lines Nlai::nsw
| |
¥ Ye Radio
emissions spectrum
SYI SYII
No BL Lac Flat Steep
FRI FRII J FSRQ SSRQ

Blazar <

Figure 1.2. AGN classification diagram. Approximately 10% of galaxies are considered to
be active, and from these ~ 10% are radio loud, meaning that blazars represent < 1% of all
galaxies. AGN: active galactic nuclei; FR I and FR II: Fanaroff Riley I and II, respectively;
BL Lac: BL Lacertae; FSRQ: flat-spectrum radio quasar; SSRQ: steep-spectrum radio quasar;
SY I and SY II: Seyfert I and II respectively; RQ QSO: radio-quiet quasar.
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In this model, the BLR is where broader emission lines are produced, whereas the NLR
is believed to be where optical narrow lines originate. If the line of sight is between the jet
axis and the torus plane, both the BLR and NLR are visible, and these galaxies would be
classified as broad-line radio galaxies if they have radio emissions. If the torus obscures the
broad-line region, the object is observed as a narrow-line galaxy. The difference in the line of
sight between the jet axis and the torus plane explains the observational differences between
Seyfert I and II galaxies, regardless of their radio loudness. Regardless of this, the takeaway
message is that AGN will exhibit different behaviours due to differences in the observation
angle of the central engine, as seen in Figure [1.3]

In Figure it is also possible to have a better idea of the distribution and relative sizes
of the AGN components. The distance of the black hole can be scaled with the event-horizon
distance, the accretion disc sizes are believed to be at most of the order of light-days for the
largest known black holes, and radio interferometry repeatedly shows that the superluminal
jets have a length of a few kpc. For the DT, which surrounds the central engine, typical sizes of
the order ~ 0.5 pc. However, it is worth considering that the advent of the James Webb Space
Telescope (JWST) might potentially enable the spatial resolution of these dimensions. This
is a notable advancement, as the sizes in question have remained too small to be discerned by
current telescopes, due to the requirement of a resolution < 1 milliarcsecond or approximately

1077 degrees, as previously emphasised in (Gandhi, 2005)).

1.1.3 AGN Emission Lines

As mentioned earlier, AGNs exhibit distinctive emission lines in their optical spectra,
emanating from two specific regions: the BLR, situated near the central engine, and the
more extensive NLR. Exploring absorption lines in the optical/UV line spectrum of AGNs is
of particular relevance, as they offer a wealth of information concerning the AGN’s physical
environment, central engine properties, and their influence on the surrounding galaxy. The
study of absorption lines is particularly valuable in classifying AGNs into type I or type
IT categories and enables precise redshift measurements for these objects. Notably, crucial
parameters such as the Full Width at Half Maximum (FWHM), density, temperature, and the
distance of these regions from the SMBH are investigated to gain insight into AGN properties.
For the latter, techniques such as “reverberation mapping” have been used (e.g., Peterson
(1993)), where typical sizes for the BLR are

/ Ldisc
RBLR ~ 1017 W cm (11)

showing a clear proportionality with Lgg.. Furthermore, the absorption lines serve as

compelling evidence supporting the unified AGN model, as initially proposed by Antonucci
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Figure 1.3. Schematic of an AGN. Figure from Beckmann and Shrader (2012). Depending
on Earth’s viewing angle we will see different types of the same astrophysical source. NLRG:
narrow line radio galaxy; BLRG: broad line radio galaxy.

and Miller . We have already said that it is only possible to see the BLR when it is
not obscured by the DT, meaning we see a type I AGN. Figure displays the composite
spectra of more than 2200 of this type of quasars in their rest frame (Berk et al., . The
figure includes typical broad emission lines labelled for an AGN, the most prominent being
the Lyman-a forest, often denoted as Ly-a forest. The Lyman series of spectral lines
originates from the atomic electron transitioning from an n = 2 orbital to the ground state
(n = 1), where n represents the principal quantum number. For hydrogen, the Ly-« line,
which has the greatest increase in flux, has a wavelength of 1215.67 A, corresponding to a
frequency of approximately 2.47 x 105 Hz, placing it in the UV part of the electromagnetic
spectrum. While the Lyman-limit, the limit of the Lyman series, has a wavelength of 912 A,
also in the UV region. As the typical values for these lines can be accurately measured in a
lab, it is possible to get all the information related to redshift of the AGN.

Typically in an AGN, the broad emission lines show values consistent with emission from
regions that have an average speed of about ~ 5000 km s~ (De Angelis & Pimenta, .
These velocities are too large to be solely attributed to thermal motions. For example,
consider a cloud with a temperature of 7' ~ 10* K, fully exposed to intense radiation from

the AGN engine. At this temperature, the thermal broadening effect, which arises from
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Figure 1.4. The composite optical/UV spectrum in the rest frame consists of more than
2200 quasar spectra sourced from the Sloan Digital Sky Survey (SDSS). Power-law fits to the
continuum emission are illustrated by the dashed and dotted lines. Plot taken from Berk et al.
(2001]).
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Doppler-broadening as a result of the movement of radiating particles relative to the

|kT
u~ 10— ~ 10 km 57! (1.2)
my

for a proton with mass my, where k is the Boltzmann constant. This result implies that we

observer, is

require bulk motions (in various directions with respect to our line of sight) of the material

emitting the lines, as the thermal motions alone cannot account for the observed velocities.
On the other hand, narrow emission lines show a FWHM of around 400 km s~!, but as

the NLR are located at greater distances than the BLR, they are unaffected by the possible

presence, in a region close to the accretion disc, of absorbing material.

1.2 Modelling the Blazar

As already said, blazars, which represent less than 1% of the total number of galaxies, are a
type of AGN that emits through all the electromagnetic spectrum, from high-energy radiation,
including gamma rays, X-rays, to radio waves, making them among the most energetic and
variable objects in the universe. What makes blazars unique is that their relativistic jets,
associated with accretion onto the SMBH, are pointed directly towards the Earth, giving us
a direct view of the powerful emission from these jets. This makes them one of the most
important sources of information on the extreme physical processes that occur in the vicinity
of SMBH.

The polarised emissions, variability, and apparent superluminal motions provide
compelling evidence of a non-thermal continuum emission from small regions in their jets,
travelling at relativistic speeds at a small angle relative to our line of sight. The
low-frequency component of the SED is well established to come from synchrotron radiation
from non-thermal, ultrarelativistic electrons. However, these relativistic electrons must be
injected into the jet through different electron injection/acceleration scenarios, including
impulsive injection (Dermer et al., 1997), isolated shocks (Sokolov et al., 2004), internal
shocks (Spada et al., 2001)), stochastic particle acceleration (Rieger & Duffy, |2004), magnetic
reconnection (Sikora et al., 2005), and pair avalanches initiated by hadronic processes
(Kazanas & Mastichiadis, [1999; Mannheim, [1993)).

Still, there is a larger discussion of the origin of high-frequency emissions. This part
of the spectrum is modelled by two fundamentally different approaches: a leptonic model,
dominated by ultra-relativistic electrons draining energy to photons through inverse Compton
scattering (ICS); and a hadronic model, dominated by hadronic cascades initiated by a p — =
pair producing 7% as well as protons, neutrons, and p*. Although both models can explain

some observed features of the blazar, they make different predictions for the emission at certain
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wavelengths. For example, leptonic models predict that the gamma-ray emission should be
strongly correlated with the X-ray emission, while hadronic models may not necessarily predict
such a correlation. Additionally, hadronic models may predict the presence of high-energy
neutrinos and y—rays from neutral pion decay, while leptonic models do not produce such
emission.

In this section, we will first briefly discuss the blazar SED’s main characteristics following
an explanation on the emission models of blazars based on a leptonic jet. Nevertheless, a

comment on the hadronic model will take place.

1.2.1 Blazar’s SED

Blazars can be categorised based on various factors in addition to their emission lines, as
they are a complex group of objects with various sub-classifications. These categories can
include their discovery method (e.g., radio or X-ray), the position of their synchrotron peak in
the spectrum (e.g., Abdo et al. (2010)), and the presence or absence of broad emission lines.
When examining these sub-classifications, it is important to consider the concept of equivalent
width (EW), which describes the EW of both absorption and emission lines. The formula for
EW is the following:

Fy—F
EW:/O—AdA. (1.3)
Fy

Here, F\ represents the total flux (line + continuum) and Fj represents the flux of the
continuum. In the case of emission lines, the result is negative, so sometimes the absolute
value is given. Units of EW are usually in angstroms (A), where 1A = 10' m. As already
discussed, the main subgroups for blazars are BL Lac and FSRQ, and the rule for classifying
them is as follows (Stickel et al., [1991):

BL Lac, if EW < 5A, showing weak or non emission lines.
Blazar

FSRQ, if EW > 5A, showing broad emission lines.

The EW reveals that FSRQs, similar to radio-quiet AGNs, exhibit broad emission lines. In
contrast, BL Lacs typically exhibit weak emission lines most occasionally displaying
absorption features. Given the highly variable nature of blazars, the categorisation relies on
the source’s observed state. This is because EW is a ratio involving both the line and the
beamed optical flux, in which the latter fluctuates over time. Further classifications can also
be made depending on the frequency at which a luminosity peak is found; this is also called
the blazar sequence.

Using multiwavelength data from 126 sources, Fossati et al. (1998)) proposed the blazar

sequence in which they were able to relate the observational properties in the SED of blazars
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with a specific class of AGN. This framework proposed that BL Lac objects and FSRQs
with higher power levels would exhibit lower synchrotron peak frequencies, vpeax, while those
with lower power levels would have higher vpe. values. Although the original framework
is somewhat controversial as a number of objects deviate from this scheme by showing a
high total luminosity for a high value of Vpeax (€.g., Giommi et al. (2012)), Padovani et al.
(2012), Padovani et al. (2003)), and Scarpa and Falomo (1997)), and different models for the
explanation on electron cooling process were being developed (e.g. Asano and Hayashida
(2018))), a revised sequence called the Fermi blazar sequence was proposed by Ghisellini et al.
as the detection of more than 1500 blazars, to that date, was reported in the 3LAC
catalogue (Ackermann et al., . The results show, as explained in the review by Prandini
and Ghisellini that a noticeable trend is observed as the luminosity decreases, where
in both the synchrotron and inverse Compton peak positions undergo a shift. The results of

this framework can be seen in Figure [1.5

Log vL, [erg s7!]

10 15 20 25

Log v [rest frame]

Figure 1.5. The Fermi blazar sequence, as described by Ghisellini et al. . In the top
panel, FSRQs belonging to different luminosity classes demonstrate an upward shift of the
Vpeak @8 luminosity decreases, the same behaviour being clearly manifested also in BL Lac
objects. Thus, the same behaviour is seen plotted indiscriminately.
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Regardless of the sub-classification of blazars, their SED exhibits two wide peaks. Although
the specific frequencies at which these peaks occur can vary across blazars, typically the first
peak is observed at lower energies between the millimetre and soft X-ray wavelengths. In
contrast, the second high-energy peak is usually detected in the MeV-GeV range. Another
main characteristic of blazars is their high variability, especially at high energies. Figure [1.6
illustrates the multi-epoch SEDs of two blazars, namely the BL. Lac object Mkn 501 and a
powerful FSRQ 3C 454.3 respectively, serving as an illustrative example. This high variability,
even detected in high-redshift blazars (e.g., Li et al. (2018)), is likely due to changes in the
flow of the plasma and magnetic fields in the jet, which can result in changes in the emission
of radiation (Marscher, 2016)). In particular, for the multi-epoch spectrum from 3C 454.3, it
is possible to see even 2 orders of magnitude in the variability of the flux. It is clear that, for

low states in the flux, it is possible to see the “naked” contributions from the accretion disc.
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Figure 1.6. Left: SED for Mkn 501 during two different dates in April 1997, the spectrum
was taken from Tavecchio et al. (2001); right: SED for 3C 454.3 during five different dates

from November to December of 2009, plus a “low” ~-ray state, the spectrum was taken from
Bonnoli et al. (2011).

1.2.2 Leptonic Models

In the simplest leptonic scenario, the radiation emission occurs within a uniform and
solitary area called a “blob”, where all leptonic processes originate from the same source;
this approximation is commonly referred to as the one-zone homogeneous model. This blob,
measuring size R, resides in the jet at a distance of Rgiss from the central black hole and moves
at a bulk Lorentz factor of I' (refer to § , while containing a tangled, homogeneous
magnetic field of strength B. Moreover, is in the blob where the extremely high-energy
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1.2. MODELLING THE BLAZAR

electrons are situated. However, this is a simplification, as suggested by Ghisellini and Madau
(1996)), multiple emitting regions may be better suited for most of the cases studied. The

one-zone model can be seen in Figure

Figure 1.7. The one-zone model assumes a particular geometric configuration, depicted in
a sketch (not to scale). The model considers a spherical BLR with a radius of Rppgr, and a
spherical DT surrounding the central engine at a distance of Rpr. The emission being analysed
originates from a compact blob of small radius R, and from a distance of Rg;s from the black
hole, which moves with a Lorentz factor of I'. The limits of the accretion disc are denoted by
Ry, and Ry, and all distances are measured relative to the black hole at the origin.

It is thought that both synchrotron and IC radiation are responsible for the broadband
continuum spectrum. Although the low-energy peak is well established to be produced due to
synchrotron radiation from relativistic electrons, in leptonic models, the high-energy emission
is produced by ICS of low-energy photons that are produced during the synchrotron emission at
lower frequencies. Depending on the location of birth of these low-energy photons, the process
is either the synchrotron self-Compton (SSC) or the external Compton (EC) (e.g., Bloom and
Marscher (1996) and Marscher and Gear (1985])). Both of these processes can be better seen
in §. These seed photons can originate from the accretion disc (e.g., Dermer et al. ),
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from a fraction of the disc’s luminosity reflected by the BLR (e.g., Sikora et al. (1994)) or the
dusty torus in the infrared (e.g., Blazejowski et al. (2000) and Ghisellini and Madau (1996)),
or from synchrotron radiation between decelerating and accelerating relativistic flows (e.g.,
Georganopoulos and Kazanas (2003)). In most cases, the sum of these processes is used to fit

the SED. An illustration example can be seen in Figure [1.§
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Figure 1.8. Leptonic model for a high-redshift blazar SED. All components are discussed in
great detail in § 2] The abbreviations of the legend are: Sync, synchrotron radiation; SSC,
synchrotron self Compton; EC Disc, external comptonization from the disc; EC DT; external
comptonization from the dusty torus; EC BLR, external comptonization from the BLR; and
the dashed line, Sum, is the sum of all the components.

To accurately model radiation spectra in this framework, it is necessary to consider
various mechanisms that can modify the spectra. For example, the presence of v — ~
absorption, both internal and external to the radiation source, can create additional
relativistic electron-positron pairs. Moreover, to ensure precise spectral modelling, one must
consider self-consistent continuous particle injection and/or acceleration, radiative and
adiabatic cooling, and particle escape, as the emission region travels at relativistic velocities

along the jet (Bottcher, 2007). The cooling mechanisms involved in the emission region
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require a more realistic approach to determine the electron distribution function, such as
those based on shock-acceleration theory. This is because simpler models rely on an ad hoc
approach where the electron and/or positron distribution is predetermined by specifying, in

most of the cases, a single or broken power-law with energy cut-offs at the high and low end.

To better understand this last concept, let us briefly discuss how an electron distribution is
defined, particularly one that follows a broken power law. In general, an electron distribution

is defined by the following:

dN
TVdE Kf(E)
n(E) = % — Kf(E)dE (1.4)

where dV is the volume cell, f(F) the differential electron distribution, n(E) the differential
electron distribution function, dF an energy range, and K a normalisation constant. Using

the fact that £/ = ymc?, it can also be written as

n(y)dy = Kf(y)dy. (1.5)

As said, for most of the time, it is enough to model the SED from a blazar using a broken
power-law which must be defined over the energy interval [Ymin, Ymax]. Thus, it is possible to
write down:

P < rea.
(7)71)17 Y > VYbreak

where p is the low energy spectral index, p; the high energy spectral index, and Vppear the
turnover energy. In some cases, it is also common to use different differential electron
distributions such as a single power-law, a combination of a power-law plus an exponential
cutoff, a logarithmic parabolic function (e.g., E. Massaro et al. (2004)), logarithmic parabolic
function plus a power-law low (e.g., E. Massaro et al. (2006)), just to name a few different
examples. In any case, this distribution function must then be normalised to unity through
the constant K by:

/%wKﬂwMZL (1.7)

Ymin
Thus, by definition, the numerical value N represents the number of particles emitting per

unit volume, measured in units of 1/cm?.
Ymax Ymax
N= [ = [ ko) (1.8)

Ymin TYmin

While these distributions may not be the most realistic, they have been successful in
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reproducing blazar SEDs. However, for more information on self-consistent distributions for
modelling the SED, the reader can refer to literature sources such as Acciari et al. (2009),
Ghisellini and Tavecchio (2009), and Weidinger et al. (2010)).

Although thermal emissions have not yet been discussed, they are expected to contribute to
both EC processes and direct thermal emissions, regardless of whether a leptonic or hadronic
model is used. In addition, the accretion disc is expected to contribute to direct thermal
emissions because of the thermal motion of its matter as a result of the release of gravitational
potential energy during matter infall into the SMBH. Furthermore, the viscous forces that
drive the accretion process also generate heat in the disc. These thermal emissions typically
have temperatures ranging from 103~ K, and fall within the mid-infrared to visible range of
the electromagnetic spectrum. A simple blackbody profile is sufficient to model the spectral
radiation emitted by the DT, whereas the accretion disc emissions require a multicolour-
blackbody profile, which is explained in detail in § 2.8/ Both contributions can be clearly seen
in Figure (1.8

1.2.3 Hadronic Models

In the early 1990s, Karl-Heinz Mannheim was among the trailblazers in the investigation
of hadronic models for blazar emission, as evidenced in his published works (e.g., Mannheim
and Biermann (1989, (1992) and Mannheim (1993)). He proposed several models that
postulated the production of high-energy neutrinos and y—rays from the interaction of
relativistic protons with ambient matter or photons within the jet. Recently, these models
have received renewed interest after the detection of high-energy neutrinos by IceCube
(IceCube Collaboration, [2013]), which could potentially be associated with hadronic blazar
models (Cerruti et al., 2015; Tavecchio et al., 2014; Zheng et al., 2016). Mannheim’s
pioneering work has significantly impacted the field of astrophysics and particle physics,
offering a plausible explanation for the origin of cosmic rays and the observed high-energy
emissions from blazars.

In this scenario, relativistic protons within the jet are accelerated to ultra-high energies
(UHE) through mechanisms such as diffusive shock acceleration where significant magnetic-
field amplification is required. These UHE protons (E, =~ 10! eV) then interact with ambient
matter or photons, producing 7°, 7%, and kaons (K) through p — ~ interactions that lead to
an electromagnetic cascade (see Figure [1.9).

During this process, UHE cosmic rays are also generated, such as neutrinos, which may
be detected in projects like IceCube, providing evidence for the underlying energy
production mechanisms, as discussed in Cerruti et al. (2022) and Halzen and Kheirandish

(2016)). Generating UHE protons requires high magnetic fields, usually several tens of Gauss.
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Figure 1.9. Whenever a UHE proton (p,,) interacts with another proton or y—ray from

the jet’s environment, an electromagnetic cascades can be started by subsequent processes,
including photons from 7%decay, 7*-decay, andu* —decay.

This is necessary to confine the Larmor radius

Rp = 3.3 1015(10%;\/) <1OBG> cm, (1.9)

to a size smaller than the emission region (as discussed, typically R ~ 10'® cm). In the presence
of such high magnetic fields, synchrotron radiation from primary protons, as well as secondary
muons and mesons, must be taken into account to create a consistent synchrotron-proton
blazar model (SPB) (Miicke & Protheroe, 2000)).

As a last comment, hadronic models have been very difficult to investigate in a time-
dependent manner because they require computationally intensive Monte Carlo simulations.
Despite this, the rapid time variabilities observed are not in line with the radiative cooling
time scales of protons, and the occurrence of correlated X-ray/TeV flares cannot be adequately
explained using hadronic models. However, spontaneous flares at the high-end of the TeV

spectra can be readily accounted for in such models (Boettcher, 2011)).

1.2.4 Extragalactic Background Light Absorption

As mentioned above, SED can be influenced by v — v interactions, leading to absorption
processes. These interactions extend beyond the Cosmic Microwave Background (CMB),

which emerged about 380,000 years after the Big Bang, signifying the universe’s transition
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to transparency, but they also involve the Extragalactic Background Light (EBL), spanning
a wide frequency range from IR to UV wavelengths (0.1 < A < 1000um). The EBL is
believed to have originated when the first cosmic sources began emitting light at a redshift of
approximately z ~ 10, uniformly filling the universe. Consequently, these interactions between
the EBL and high-energy photons ygg from, said, blazars, resulting in pair production, lead to
noticeable opacity effects, manifesting as high-energy cutoffs in the spectra of these sources at
high and very high energies (e.g., Stecker et al. (1992)). We said that the photon absorption
in the EBL is relevant for ygg because the probability for photon absorption depends on the
cross section for pair production, which increases with increasing energies. This attenuation
of yur also depends on the distance these emissions have travelled to reach Earth (see Figure
1.10f e.g., Gilmore et al. (2012))). Thus, the study of the EBL not only gives us a better
understanding in the SED modelling, but also the EBL can be used to provide constraints on
the history of galaxy formation and evolution, as it is directly linked to the star formation
history of the universe. We will now briefly review the key elements of these interactions. For
this, and for a better treatment of the derivation, please refer to the literature, i.e., Franceschini

et al. (2008) and Gilmore et al. (2012)).

0.1 |

Attenuation (exp[-T7])

0.001

100

E,(TeV)

Figure 1.10. The attenuation of ygg vs. g energy, for sources at z = 0.03, 0.1, 0.25, and
0.5, and 1. The different lines represent distinct outcomes obtained from various cosmological
models. Further details regarding the models and the plot can be accessed in the publication
by Gilmore et al. (2012).
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1.2.5 Gamma-Ray Attenuation

The overall scenario of electron-positron pair production resulting from interactions

between high-energy gamma rays (yyg) and the EBL can be described as follows:
Yue + YEBL — €~ + e (1.10)

Here, vgpr, represents an EBL photon, and e~ and e* denote the production of an electron
and positron, respectively. Quantum electrodynamics provides the best understanding of this
process. The fundamental kinematic requirement for pair production is that there must be
sufficient energy in the centre-of-mass frame of the two-photon system to generate the pair,

which can be expressed as:

V2EugEepr, (1 — cosf) > 2m.c? (1.11)

Here, E represents the energy of each photon, 6 denotes the angle of incidence, and m, is
the rest mass of the electron. Consequently, a threshold energy Ei, can be computed for a

background photon to interact with a ~-ray:

Ey, = £ 1.12
7 Bup(1 — cos6) (1.12)

Considering the cross-section for this process, as described by Gould and Schréder (1967)),
given by:

30’T

o (Eyg, Frpr, 0) = o (1-5%) x (25(52 —2)+(3-5Yn (%)) (1.13)

with

2m2ct
=4/1—= € 1.14
6 \/ EHEEEBL<1 — COS 9) ( )

and o representing the Thompson cross-section, it can be observed that the cross-section is
maximised for photons at approximately 4 times the value of Fy, and when in a ”head-to-
head” configuration (6 ~ 7/2). Assuming 6§ = 7/2, we find that the photons that have the

strongest impact on ygg have an energy of:

4m?2ct (TeV)
F = € =1.044 | — | eV 1.15

Hence, it can be concluded that the upper limit of IR light has the most significant influence

on these energetic photons.
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Within conventional physics, the effective flux of photons reaching the Earth is attenuated

I =1lyexp[—7(E,z)] (1.16)

where [ represents the flux of photons emitted at the source, and 7(F, z) the optical depth
for a gamma ray observed at energy E at redshift z. This 7 can be obtained by performing

the integral along the line of sight to the target as

T(E, 29) / dz—/ du(1 — u) / dEgprn(FepL, 2)o(Eug(1 + 2), Egpr,0) (1.17)

for which Fi, = Eg(1+2)7!, n(EggL, 2) is the photon density align the line of sight, u is the
typical change of variable cos 6, o(E,,, (1 + 2), Egpr, f) is the v — 7 interaction cross section,

and dl/dz is the cosmological line element described for a flat ACDM universe as

dl c
dz Hy(1+ 2)\/Qn(l £ 2)° + Q4

(1.18)

Disregarding atmospheric effects, when considering small redshifts, the transparency of the
universe allows 7(F, z) < 1, implying unobstructed propagation of photons from the source.
However, depending on the energy E, there exists a specific point along the line of sight
where the universe can become optically thick. Consequently, a threshold redshift value can
be calculated using Equation [I.16] indicating that beyond this horizon, the source becomes
nearly invisible at high energies. Therefore, regardless of the type of model used for the SED
analysis, when modelling a high-redshift blazar, it is crucial to consider EBL corrections in
order to gain a better understanding of the emission processes that contribute to the high-

energy portion of the spectrum.

1.3 NVSS J1635474+362930

Blazars are a crucial subject of study in astrophysics, cosmology, particle physics, and
plasma physics because of the unique conditions they offer for probing physical processes
involving extreme acceleration, density, and magnetic and gravitational fields. Additionally,
blazars with gamma-ray emissions are valuable tools for investigating the evolution of galaxies
throughout the history of the universe, as they exhibit redshifts ranging from around 0.1
to greater than 5. An example of a high-redshift blazar is NVSS J163547+362930, which
has a redshift of 3.65 (Paris et al., 2018) and is located at RA. = 248.94682 deg and Decl.
= +36.49166 deg (J2000; Petrov and Taylor (2011)). This object not only gives us the

opportunity to study the mentioned phenomena, but also gives us insight into the creation

25



1.3. NVSS J163547+4362930

and evolution of the SMBH, which for this particular case was formed in the first 2 billion
years since the Big Bang (Ackermann et al., 2017)).

First reported in the third MIT - Green Bank 5 GHz survey (Griffith et al., [1990), NVSS
J163547 + 362930 has now been part of several multiwavelength studies. NVSS J163547 +
362930 has also been observed by the Sloan Digital Sky Survey (SDSS) and the Digital Sky
Survey (DSS) (see Figure , it has also been reported to be detected by the Large Area
Telescope (LAT), one of the two instruments on the Fermi Gamma-ray Space Telescope, back
in 2017, showing increasing gamma-ray activity (Ackermann et al., 2017). According to the
initial analysis of Paliya et al. (2018), this source began to exhibit a high flux state on 7 July
2018, with the daily averaged gamma-ray flux (£ > 100MeV) peaking at 6.4 4= 1.5 x 1077
photons cm™2s™! (statistical uncertainty only) on 8 July. This represents the highest daily
flux ever observed for this source. The photon index associated with this high flux state is
2.6 £ 0.2, indicating a harder spectrum compared to the previously reported index of 3.2 4+0.1
in Ackermann et al. (2017)). Since the discovery of this blazar and due to the fact of its high
redshift, it has been the subject of multiwavelength studies for the last year, specially since
Fermi-LAT detection (e.g., Li et al. (2018)), Paliya et al. (2020), and Sahakyan et al. (2020))).
From these studies, various properties related to variability and multiwavelength emission were
revealed, as well as the estimate of logarithmic weight of the central black hole in solar masses
derived from available optical spectroscopic information by using the so-called single epoch
method (e.g., Vestergaard and Peterson (2006)). With a derived value of log Mgy /M, = 8.7
(Alam et al., 2015), it becomes apparent that a computation of the black hole mass using
the complete spectrum energy is necessary when comparing it to other sources at a similar

redshift as they show usually values higher than Mpgy > 10°M,.
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Figure 1.11. Tmages from both the Sloan Digital Sky Survey (SDSS) and the Digital Sky
Survey (DSS) with a field of view of 298.8 arcsec, with target NVSS J1635474362930 at
coordinates 16h 35m 47.23s + 36d 29m 30.1s (Equ J2000).
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Figure 1.12. y—ray light curve from the Fermi-LAT of NVSS J163547+362930 for the period from August 2008 to August 2018
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calculated using 30-day binned light light curves. Figure taken from Sahakyan et al. (2020).
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Chapter 2
Radiative Processes

This chapter will delve into the essential components of radiation that contribute to the
SED of a blazar, elucidating their properties and mechanisms. Our focus will be on the
phenomenon of free-electron scattering and generating radiation, with an emphasis on the
underlying physical mechanisms, mnamely synchrotron radiation and the synchrotron
self-Compton process. Additionally, we will examine how thermal radiation, such as radiated
power from the accretion of plasma onto compact objects and radiation from the warm dusty
torus, contributes to the SED.

2.1 Radiative Transfer

As discussed in Section electromagnetic (EM) Waves[] provide us with a large amount
of information from astrophysical sources, making it crucial to understand the underlying
radiative processes to analyse various phenomena. Transfer theory provides a means of
describing the behaviour of radiation when the size of a system is much larger than the
wavelength of the radiation. This allows radiation to travel in straight lines, referred to as
rays, through free space or uniform media. The frequency v of photons is related to their
wavelength A through the speed of light ¢, which is a constant (¢ = Av) with a value of
3.00 x 10'% cm/s in a vacuum. Additionally, energy F = hv and temperature T = E/k can
be determined for each wavelength, where Planck’s constant h is 6.625 x 10727 erg s, and
Boltzmann’s constant kg is 1.38 x 10716 erg K=!. Thus, the EM spectrum can be divided

into various regions, as shown in Figure [2.1]

Tt is now even possible to study some sources due to gravitational wave emissions (e.g., Abbott et al.
(2016)).
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Figure 2.1. The EM spectrum. Distribution of electromagnetic waves with respect to frequency
and wavelength, highlighting the visible part of the electromagnetic spectrum.

2.1.1 Fundamentals of Radiative Transfer

One of the most fundamental concepts of transfer theory is the energy flux. For example,
consider an element of area dA exposed to radiation for a time dt: we define the energy passing
through the element as simply proportional to F'dAdt, where F' is the energy flux measured

2 571, The energy passing through an element can also depend on its orientation.

in erg cm™

Now, consider an isotropic radiation source (one that emits equally in all directions). If
we surround the source with two spheres of radii 7; and 7, and assume the conservation of
energy, the total energy passing through the first sphere should be the same as the energy

passing through the outermost sphere:

F(ry)dmridt = F(ry)4nradt

r)r?

F(Tl)Aldt = F(Tz)Agdt
(
F

F(r) =

r2
If we set fixed the first sphere we finally obtain the following result,

constant

indicating that the flux emitted from a source decreases like r=2.

This flux is a measure of the energy carried by all rays passing through an element. If
we want to know the energy carried by a single ray, we need to define the specific intensity
or brightness I, to thus assign an infinitesimal value of the total energy to it. The energy

crossing dA in dt time and in a frequency range dv is then given by
dE = I, dAdtdvdS2

where I, depends on the location in space, direction, and frequency.
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In a radiation field, the net flux at some random orientation n of the small element dA can

be obtained by integrating over all solid angles:
F, = /L, cos 0dS) (2.2)

where 0 is the angle between the normal of dA and the direction of the flux (see Figure .
It is clear that for an isotropic radiation field, the same amount of energy crosses in the n and
—n directions, which means F,, = 0. F), is also known as the first radiative moment. Recalling
that the momentum of a photon is F/c, it is possible to obtain the second radiative moment,
the momentum flux p,. As the momentum is proportional to the photon’s energy, we can then

write:

_dE
_C

dp,

1
dp, = —F, cos 0dS)
c

obtaining as a final result

1
Dy = E/L/ cos? 0dQ (2.3)

n

Figure 2.2. Geometry for incident rays passing through an element dA
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It is also possible to talk about the specific energy density u, defined just as the unit per
unit volume per frequency range. To better understand u, we can assume a cylinder of length
ds = cdt where dt is the time it takes light to pass through the cylinder. The volume of the
cylinder dV' is then dAcdt which can be used to obtain wu,,,

dE = I,dAdtdvdQ = u, (Q)dV = u, (Q)dAcdtdvdS)

obtaining from these relations

which if we integrate through all solid angles yields

1 4
%:—/umziL (2.4)
C

C

where J, is defined as the mean intensity.

2.1.2 Radiative Transfer Equation

As radiation passes through matter, it can gain or lose energy, depending on the conditions.
Let us first consider the case where an object gains energy from incoming radiation; for this to
occur, the object must absorb rays, which results in a loss of the rays’ intensity. The change
in I, can then be written as:

dl, = —a,1,ds (2.5)

where a,, is the specific absorption coefficient with units cm~! and ds is the distance in which
we see this change. Another way to understand this is to imagine the radiation passing through
a box full of particles with density n and with a cross section o,. If the box has a dV = dAds,
the total number of particles, absorbers, is just ndAds, or a total absorption area of no,dAds.

Thus, the energy absorbed by the beam is
dE = —1,dAdtdvdQ) = 1,(no,dAds)tdvdS2

giving as a result that
dl, = —no,1,ds

which, if computed with Equation gives us

o, = no, (2.6)
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where o, can also be written in terms of the mass absorption coefficient &, and the density of

the system.

On the other hand, for the process of energy loss, which arises from radiation emission, we
define the spontaneous monochromatic emission coefficient j, as the energy emitted per unit

of time and unit volume:

B dE
AV dtdpdQ’

In the most general case for an isotropic source, we can take the integral over all solid angles

Jv

to thus get the total radiated power per unit volume per unit frequency

dE
dVdidy ~

P, = 47j,. (2.7)

By defining a new parameter called emissivity e, as the spontaneous energy emitted per unit
frequency per unit time per unit mass, namely, erg g=! s~! Hz™!, and applying the same

method as the one used to get Equation [2.0] we get
dl, = j,ds. (2.8)

in which the relation between e, and j, is simply

eup
47

where p is the mass density of the emitting medium.

Using what we have discussed so far, it is now possible to write an equation that explains
how the incoming radiation changes when passing through a medium. As the beam will

eventually suffer gains and losses, we find that our transfer equation can be written as

dl,
ds

=7j,—a,l, (2.10)

Finally, the last relevant component of the properties of the system must be named: the
optical depth 7,. Defined as
dr, = ay,ds (2.11)

will tell us if the medium is thick or thin. Whenever the integral of 7,, along a length is greater
than 1, we say that the medium is thick or opaque. This means that photons of frequency
v cannot completely traverse the medium. On the other hand, if the integral of 7, is less
than one, we say that the medium is thin or transparent, and photons of frequency v can
traverse the entire medium. If we substitute Equation [2.11] into Equation and add a

source function S, defined as the ratio between the emission and the absorption coefficient,
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we get:

dl,

L 2.12
dr, 5 ( )

It is now obvious that any change in the radiation emitted will depend only on the properties
of the source, that is, in S,. In the most general scenarios, it is possible to solve Equation
quite simply considering only emission or absorption processes; however, this is out of
the scope of this work. More detailed and rigorous treatments are given in the literature (e.g.,
Longair (2011) and Rybicki and Lightman (1991))).

2.2 Radiation by Moving Charges

We have already discussed (§ [I| maybe something else) the processes in which charged
particles, specifically electrons, gain energy in the jet environment. It is now time to discuss
the cooling processes and the different dependences on energy for each. We will work on our

way to cover the energy distribution of electrons in an ascending way.

To understand the radiation emitted by a charged moving particle, illustrated in Figure
2.3] we need to study the electromagnetic effects that this will produce. For this, we must
use the Liénard-Wiechert potentials. The reader can refer to the literature to see the full
derivation of the potentials and fields (e.g., Jackson (1977), Longair (2011))).

Figure 2.3. The diagram illustrates the trajectory of a negatively charged particle (depicted
as a green dot) as it moves along a given path (shown in black). The grey arrows indicate the
direction of both the particle’s velocity and acceleration. At a point p(7,t) at a distance of R
(indicated by the blue line) from the charged particle along the direction of the vector n, it
is possible to measure both the magnetic and electric fields (denoted B and F, respectively).
The crossed circles indicate that the direction of B is directed into the page.
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In a general picture, the Liénard-Wiechert fields at a distance 7" and a time t are

Bt = q[(ﬁ - ilg; 52)} + % [k% x ((7 - B) x E)} (2.134)
B(F,t) = [ x E(F,1)] (2.13D)

where £ is defined as i/c (being 4 the velocity of the particle), ¢ its charge and k just the
difference between 1 and the scalar product of 77 and B . It can also be seen that the Equation
is conformed by two parts: the first term that scales like R~ is called the radiation field
(a generalisation of Coulomb’s law), while the right hand of it is called the radiation field. As

in fact B is always perpendicular to E , we will put more effort into analysing its counterpart.

2.2.1 Radiation Emitted in the Non-Relativistic regime

The first thing we can observe from Equation is that closer to the moving particle
the electromagnetic effects will be dominated by the radiation field. Also, it is easy to show
that in the non-relativistic regime (5 < 1) the radiation field will be the dominant factor. For
the latter case, using Equations [2.13] the magnitudes of F and B are

b .
E=B=—sin0O. 2.14
e (2.14)
The electric field component mentioned denotes a burst of electromagnetic radiation, and
therefore the amount of energy transmitted per unit area per unit time at distance r is
equivalent to the Poynting vector’s magnitude. This Poynting vector S in the direction of 7
has the magnitude: _
D - ¢ @28
S=|ExB|= =— sin® © 2.15
| | dm 47 R?¢? (2.15)

Consequently, the amount of energy that flows through the area r2d(2, which is the area of

a sphere contained by a solid angle d{2 at an angle # and a distance R from the charge, in a
given time, can be determined by
B AW q2 62 ‘

W _ap2g0 _ TP .2
P = o SdA = SR*dN} 1o Sin Odf). (2.16)

Finally, by integrating Equation [2.16| the total power emitted by the moving charge, into all

solid angles we have the following.

_ 2q2B2 _ 2q2a2
3c 3c3

P (2.17)
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where a is the magnitude of the acceleration vector. Equation is also known as Larmor’s

formula.

Equation shows that when a charged particle undergoes acceleration, it emits radiation
whose power is directly proportional to the square of both the acceleration and the charge.
Furthermore, the direction of E is determined by the vectors u and n: if the particle accelerates
along a particular line, the resulting radiation will be entirely linearly polarised in the u and

n plane.

2.2.2 Radiation Emitted in the Relativistic Regime

Now it is time to show how moving charges in the relativistic regime (f ~ 1) will emit
radiation. This can be achieved by using transformations between different inertial frames:
the lab frame (not primed) and an instantaneous rest frame (primed), in which the particle is
at rest. In the latter case, it is easy to see that the momentum emission is zero (i.e. dp’ = 0),

so we can transform the energy from the primed frame to the lab frame as
dW = vdW’,

where 7f|is the well-known Lorentz factor v = (\/ﬁ )~L. As expected, if the time dilatation
formula is taken into account, it is straightforward to see that the amount of power emitted
in both frames is the samdﬂ ensuring Lorentz invariance in the scalar quantity. Thus, it is
possible to see that in the particle’s frame, using Equation 2.17, P’ will simply be

P, _ 2q2a/2
~3e3

(2.18)

using the fact that a’? can be written as a four-vector product and that the particle can be
considered at rest, so a; = 0. Thus, we can substitute our last equation with its covariant

form:
2

2 - —
P = 3—Z3(a/ ) (2.19)
We will differentiate the acceleration components that align with the velocity, denoted as aﬁ,
from that perpendicular to it, denoted a',. These components undergo boost transformations
as

aj = 7’a and  d| =~%a, (2.20)

2In literature, the letter I' is commonly utilized to denote the bulk Lorentz factor of the blob for the purpose
of modelling the SED.

3As dt = ~dt', if dW/dt is computed we will have that dW/dt = (v/v)dW'/dt' = dW'/dt' showing that in
both frames the power emitted is equal.
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Now it is possible to substitute in Equation to obtain the following.

26]2 2

=537 (v?af +a?) | (2.21)

where the emitted fluxes are affected by a beaming factor ¢ such as

1

0= (1 — Bcosb)

(2.22)

It is also possible to explain and understand the angular distribution of the radiation
emitted across a solid angle d2 = sinf'df’'d¢’ = du'd¢’ by using Lorentz transformations and

the popular formula for aberration of the angular region:

_ W+ dy— W
SRR SERE (RN

(2.23)

As the Lorentz boost is orthogonal to the azimuthal direction, this last equation can be

generalised to any solid angle (d¢’ = d¢) and so

!/

dp

dQ) = dudg = —/d¢/
H 72(1 + Bu )2 (2_24)
d§)
K

where k? > 1 makes the solid angle in the lab frame smaller than in the particle frame. This

phenomenon called the beaming effect, can also be seen in Figure

-1
=
S
-
€T

®
i\

Figure 2.4. When a charged particle moves towards the x-direction in a non-primed frame,
radiation emitted isotropically in its instantaneous rest frame undergoes relativistic beaming.
To prevent ambiguous values of the solid angle at high v values, the beam should have an
opening angle # of 1/7.
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2.3 Synchrotron Radiation

When particles are accelerated by a magnetic field, they emit radiation. In the non-
relativistic regime, the radiation emitted is called cyclotron radiation, and its frequency is

simply the frequency of their gyration in the magnetic field, namely:

_ 4B
- 2tm

(2.25)

vp

where m is simply the mass of the charged particle. However, for particles with extreme
relativistic velocities, the frequency spectrum of the radiation emitted is much more complex
and can extend many times the gyration frequency. This type of radiation is known as
synchrotron radiation and it is responsible for the nonthermal continuum optical emission of
blazars. It is also responsible for the radio emission of our Galaxy, supernova remnants, and
extragalactic radio sources. As discussed in the literature (e.g., Blumenthal and Gould
(1970), Longair (2011)), and Rybicki and Lightman (1991)), the total energy loss rate can be
calculated using Liénard-Wiechert potentials, allowing us to use the formulas discussed

earlier.

2.3.1 Total Energy Loss Rate

To obtain the total energy loss for a single relativistic charged particle in a uniform
magnetic field, first we need to understand the motion of the particle, which can be achieved
using the Lorentz force. As visible in Figure [2.5] when a charged particle moves through a
magnetic field, it experiences a force that is perpendicular to both the magnetic field and the
direction of its velocity. This force causes the particle to move in a circular path around the
field lines of the magnetic field. So, the equation of motion of a particle of mass m is
dictated by

dpd L 4B
while for the time component, we have
- = %(ymc )= q(u . E) =0 (2.27)

An important result arises from this last equation, as it shows v = cte, meaning the energy is
conserved. Thus, it is possible to write Equation as

du
ym— - =

= (% B). (2.28)

oI
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15

Figure 2.5. Helical motion (blue continuous line) of a positively charged particle in a uniform
electromagnetic field B(blue dashed arrows). It is also possible to deconstruct the velocity @
into its two components: w parallel to B, and u, perpendicular to it.

As the particle travels along the direction of the magnetic field, it is easy to see that only
the v, component of the velocity will be affected, and also by the fact that it is perpendicular

to B we have
a, =—u; B=— and ay =0, (2.29)

as it must also be the same as the centripetal force. Thus, by substituting this last equation

with the u; = wR we have that the angular gyrofrequency is

qB

= . 2.30
W= e (2.30)
Finally, if we substitute Equation [2.29| in Equation for a single electron, we get
2 99 2212 2
P(a) = -vy*rjefB”sin” « (2.31)

3

where « is the angle between the velocity and B , which is called the pitch angle, and r( is the
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classical particle radius defined as:

q2

mc?

(2.32)

To =

It is also possible to write the total emitted power by substituting the magnetic field factor
B? with the magnetic energy density Up = B?/8m. If we now take the average synchrotron
power per electron, considering that over time the distribution of their pitch angles becomes
isotropic due to magnetic fluctuations and scattering processes,

in2ad) 2
@m@;ﬂ%:g,

the average synchrotron power in an isotropic relativistic distribution of electrons is,

5 7 32U (2.33)

P, synch —

3
where o is the Thomson cross section which is equal to ?7’3 (see§ .

2.3.2 Synchrotron Spectrum

The relationship between the variation in E and the spectrum of synchrotron radiation
is essential for the perception of the observer. As discussed in Section [2.2.2] synchrotron
radiation fields are emitted in a limited range of directions around the particle’s velocity,
known as beaming effects. This leads to a radiation pulse that is confined to a significantly
shorter time interval than the gyration period. It is well known that the width of the observed
pulse is v times smaller than the gyration period. By utilising the dependence of the electric
field on 6 solely through the 76 combination, we can obtain a significant amount of information
about the spectrum. Expressing E as proportional to the function F'(v6), with ¢ representing
time measured in the observer’s frame, allows us to achieve this. Therefore, knowing the

relation between 6 and ¢ helps to understand the spectrum.
70 ~ 2vPwsin ot oc wet (2.34)

in which w, is defined as a critical frequency, we can write down the relation between E and
t like:
E(t) «x g(wet) (2.35)

in which w, refers to the frequency at which the emitted radiation is the brightest or has the
highest intensity. This w. will roughly be around the cutoff point of the spectrum.
Now, recalling Equations & and using Parseval’s theorem, telling us that the

total energy of a signal is equal to the total energy of its Fourier transform, we can rewrite
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the radiated power per solid angle to be

AW B
dwdQ >

If we divide this power by the orbital period and integrate it over the solid angle, we get an

averaged power per unit frequency that will depend only on the ratio w/w,

P(w) = E(-’SBﬂM ~ ) (2.36)

2 mc? We

where F' is a dimensionless function given by

F(z) /OO K (v)dv. (2.37)

in which K is a modified Bessel function. Equation , as seen in Figure , reaches a
maximum of around 0.29, with a value close to 1 means that the pinnacle of synchrotron
radiation is around w & 0.29w.. The asymptotic values for large and small values of w/w, are
( 1
TN 2 1 .
<§> exp *x2, ifw> w,.
F(z) ~ (2.38)

1
—)3, if w < W,

Fc)

I
I
I
|
!
[
I
|
!
I
!
[
]

° .29 1 2 3 x 4

Figure 2.6. Synchrotron spectral distribution (over all solid angles) for a single electron in
terms of F'(x) where x = w/w,.. Plot taken from Ginzburg and Syrovatskii, |1965, p. 311.
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Now, for a power-law distribution of relativistic electrons (see Equation if we use

E = ymc?, it is possible to write down the distribution as
N(y)dy = Ky "dy (2.39)

where K is our normalisation constant. The total power per unit volume per unit frequency
Pt (w) will be given by the integral of Equation times Equation [2.36, Thus, we have that

T2

Pt o< w_(p_l)/Q/ F(x)x(p_?’)/Qdm o w P 1/2 (2.40)
1

where the limits ; &~ 0 and x5 =~ 0co. These limits are those that would correspond to ~; and

~v9 dependent on w. Meaning that the spectral index s is related to p as
§=—, (2.41)

i.e., it is possible to obtain the synchrotron spectrum from the electron distribution and the

other way around.

2.3.3 Synchrotron Self Absorption

The process of synchrotron emission involves not only the emission of photons but also
their absorption. When a photon interacts with a charge in a magnetic field, it relinquishes
its energy to the charge. Moreover, stimulated emission can occur whereby a particle is
induced to emit more strongly in a direction and at a frequency where photons are already
present. The Einstein coefficients A and B represent emission and absorption, respectively,
and are linked. It can be demonstrated that the emission particle’s states correspond to
its free particle states, which are determined by its position, momentum, and internal state.
According to statistical mechanics, the translational degrees of freedom of a particle in a
phase space volume of magnitude h3 correspond to one quantum state. Therefore, we divide
the continuous classical phase space into elements of h? size and treat the transitions between
these elements as transitions between discrete states. If a photon has a specific energy of hv,
there can be numerous transitions between states that differ in energy by an amount hv. Thus,
in the formula for calculating the absorption coefficient, we must sum over all possible upper

states (designated as 2) and lower states (designated as 1) that participate in the transition.

o, = Z_7Vr Z Z |:TL(E1)B12 — n(Eg)Bgl:| ¢21 (V) (242)

By Eo
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where the profile function ¢ (v) is essentially a function ¢ that restricts the states outside
the gap hv = Fy — E1, while n(El) and n(Eg) are the respective number densities of the two
energy states. In Equation the first term will represent true absorption, as the particles
go to a higher energetic level, while the second term represents stimulated emission, as the
particle goes to a lower energetic level.

It is also possible to write the radiated power in terms of v rather than w simply by using
P(v) = 27 P(w). Thus, using Equation [2.7| we will have

PV = 47Tj,/ = hl/ Z Aglgbgl(l/) (243)
E1

where the emission coefficient is written in terms of the Einstein coefficients. Now, taking into
account the detailed balance relations (which state that the rate of absorption of energy by a
particle from radiation at a given frequency is equal to the rate of emission of energy by that
same particle at the same frequency), it is possible to use Equations and to write
«,, in terms of jv so that a source function .S, can be computed. For an isotropic relativistic
power-law distribution of particles (Equation , it can be shown that, expanding in a

power series around (F), the absorption coefficients read approximately as

? N(E)
y~ 2 P,dE 2.44
o~ 0+ g [ (2.49)
which for the power radiated by a single charge (using Equation [2.36) yields
o, oc v~ P2, (2.45)

Then, the source function can be simply found by computing

Gy P, p—(=1)/2
S, =—= x
a, Ara,  vP+d)/2

ox /2 (2.46)

which is independent of the index p. In the case of optically thin synchrotron emission, the
observed intensity is directly proportional to the emission function. On the other hand, in the
case of a thick optical emission, the observed intensity is proportional to the source function.
For the nonthermal power-law electron distribution, the emission and source functions are
proportional to v~ ®~1/2 and %2, respectively. Therefore, the optically thick region occurs
at low frequencies, leading to a low-frequency cutoff in the observed spectrum. This result
can be better seen in Figure [0.2] which represents the SED of a blazar using exclusively the
synchrotron and SSC parameters of a leptonic model. A more detailed and vigorous treatment
is given in the literature, e.g., Ginzburg and Syrovatskii (1965), Longair (2011), and Rybicki
and Lightman (1991)).
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2.4. INVERSE-COMPTON SCATTERING

2.4 Inverse-Compton Scattering

Whenever a photon interacts with an electron, a scattering process may take place. The
energy exchange during this event will depend mostly on the ratio of the energies between
the photon and the electron. For instance, for photons with energies lower than the electron

2

rest mass, hv < mc”, namely, in the non-relativistic regime, the scattering of radiation, for

unpolarized incident radiation, reduces to the Thomson scattering case:

dO’T 1 2
Sk —10
e 27*0( + cos®0)
op = 87;7"0, (2.47)

where 7 is the classical electron radius with a value of 2.82 x 10713 c¢m, 6 is the scattered angle
of the radiation, and oy is the well-known Thomson cross section =~ 0.665 x 1072* cm?. These
interactions occur mainly between photons and electrons. This is because in this energy range,
the cross section for a proton is significantly smaller than that for an electron. This can be
shown simply by computing the ratio between the cross section of the proton and the electron.
This ratio is solely dependent on their classical radius, Equation [2.32] and, consequently, on

their mass, as both protons and electrons have the same charge:

2
e (ﬁ) ~ 1077, (2.48)

OT_¢ my

meaning we can completely neglect protons when considering these interactions.

It is quite simple to prove that, in this energy regime, using energy and momentum

conservation, the photon energy posterior to the interaction ¢; is

€

(2.49)

(1~ cost
—l—w( — cosf)

while € is the energy a priori. From this last equation, it is easy to see that for all possible
values of #,¢; < e. However, in quantum electrodynamics, the differential cross section for

unpolarized radiation is given by the Klein-Nishina (KN) formula

2.2
doxn B T0€1<

o= . —sin€> (2.50)

€1 €

from which it is possible to prove that in the relativistic regime, hv > mc?, the cross-section

for the process is smaller than op; i.e., Compton scattering becomes less efficient at higher
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energies (see Figure [2.7)). The total section can be shown to be:

3|14z (22(1+2) 1 1+ 3x
=0op— —Inl1+2 —Inl+2r— ——— 2.51
OKN =077 |3 ( T+ o nl+ x>+2x nl+ 2z e (2.51)
where © = hv/mc?. Different results are obtained for the relativistic and nonrelativistic
regimes:
2622
or(l—20+=—+...), ifr <L
OKN ~ (2.52)
& (12 +1) if 2> 1
50T\ n2z+ 35 ), if x :
100 -
- . I - - - .
Thomson limit : Klein-Nishina regime
|
|
1
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E I
o |
1071 - :
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1073 1072 107t 10° 10! 102
X = hv2
mc

Figure 2.7. The Klein-Nishina (KN) formula is utilised to determine the overall cross-sectional
area for Compton scattering. At low energy levels where x < 1, the cross section remains
close to or; however, when the effects of KN become significant at high energy levels where
x > 1, the cross section diminishes.
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2.4. INVERSE-COMPTON SCATTERING

For the case in which the moving electrons have a greater energy than the photon energy,
net energy will be transferred from the electrons into the radiation field. This process is also
known as inverse Compton scattering (ICS). As these electrons are relativistic, a treatment
between the electron rest frame and the lab frame is required. The geometries for ICS can
be seen in Figure [2.8] where the primed system refers to the electron rest frame and the

non-primed one to the lab one. From the Doppler shift formula, we find

¢ = ey(1 — Bcosb) (2.53)
€1 = €;7(1+ Beosb). (2.54)

Using our previous result from Equation [2.47] it is also possible to write down

, €
€~ e<1 - w(l — COS @)> (2.55)

cos © = cos ] cos @' + sin 6 sin ] cos ¢’ — ¢,
(where the phi’ component is the azimuthal part of the system) and so,
61~ ey*(1 — Beosh)(1 + Bcosb). (2.56)

This process converts a low-energy photon to a high-energy photon by a factor of the order 2.
However, due to the conservation of energy, a photon with energy ymc? cannot be obtained

after this process.

]

Figure 2.8. Geometries for inverse Compton scattering in the lab rest frame (non-primed
system, left) and the electron’s frame (primed system, right)
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2.4.1 1IC Power for Single Scattering

Now, we can derive the power for the case of an isotropic distribution of photons scattering
an isotropic distribution of electrons. The previous formulas can be averaged, as done in
Blumenthal and Gould (1970), to obtain the desired result. The total power scattered from

the electrons in their rest frame is

dFE,
dt’l = caT/v'ellde' (2.57)
where v'de’ is the density of photons in an energy range de’. This number density is related

to the photon phase space distribution function n'(p’) as
v'de = n'd*p. (2.58)

As these quantities are Lorentz invariant, and using Equation [2.53] our previous equation

becomes

)
dt

With the fact that we are assuming an isotropic distribution, it is also possible to take the

= copy? /(1 — Bcos f)*vede. (2.59)

average over all angles; we obtain

dE,

1 1
D 2 Z Q2 _ 2 102
o = corY <1+ 36 ) /Uede cory (1+ 3ﬁ )Uph (2.60)

where Upp represents the initial photon energy density

Uph = /vede. (2.61)

By taking now the difference between the total power emitted and the rate of decrease of the

total initial photon energy (recalling 42 — 1 = 7?3?) we finally have

dErad . 4CUT

P~ =
e dt 3

V282U (2.62)

This final result reveals the well-known ratio of IC to synchrotron energy losses (Equation

2.33):
P U,
€ _—ph (2.63)
Psynch UB

2.4.2 1IC Spectrum for Single Scattering

The IC spectrum, from our last relation, must be expected to have the same behaviour

as for the synchrotron case s = (p — 1)/2. However, this spectrum is seen at higher energies.
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In the simplest picture, using Equation [2.53] the maximum energy that a photon can achieve
after 1C is found by
a~ e (1+8) = e’ (1+5) (2.64)

As in the relativistic case § — 1, we find
— 42 (2.65)

meaning that the maximum energy an up-scattered photon can achieve is 492 the original
photon’s energy. The average up-scattered energy (e€;) can be found if we divide Equation
by the number of photons scattered per unit time per electron Nic. The last rate can be

written as
cor

Nig = — 2.66
1C hy phs ( )
meaning that
4
(€1) = gyze. (2.67)

A more exhaustive treatment of the previous result, including the Compton effect and KN

cross section, can be found in Jones (1968).

2.5 Synchrotron self~-Compton Radiation

The synchrotron self-Compton (SSC) process is a mechanism in which high-energy electrons
in a synchrotron radiation field scatter some of the synchrotron photons, boosting their energy
to even higher levels. The scattered photons can then be emitted in the form of gamma
rays. l.e., the nonthermal electrons that produce synchrotron radiation also interact with that
radiation, resulting in a new emission of higher-energy photons. This process is important in
understanding the emission properties of various astrophysical sources, such as blazars, as this
process plays a crucial role in the modelling of the SED. It is possible to determine the radiated
power due to SSC by calculating the emissivity e, (see § [2.1.2). The following explanation

will be made using the same treatment as explained in Ghisellini (2013b)).

2.5.1 SSC Contribution to the SED

Using the definition for e,, we can write it down

1
Jdy = —P,N(~)d 2.
evdy = (7)dy (2.68)
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Using the result we found in Equation [2.67] it is possible to set
efl/Q

2

dry

dv

5"

as the energy lost by an electron with energy ymc?, within the interval mc2dry, is converted
into a radiation of frequency v, within the range dv. Thus, substituting in Equation [2.68| our

result from Equation [2.62] one finds a power-law distribution:

e1(vy) = i@UTcK%hTM(%) i (2.70)
and where the same link as in Equation holds as a result of the fact that both the peak
frequencies of the single electron spectra for IC and synchrotron radiation are typically a factor
of 2 higher than the initial frequency. Now, if we multiply and divide by the radius of the
source R, and use a proxy to estimate the optical depth of scattering of relativistic electrons
such that 7 = K Ror, we find

1 (4/3)* Te U (v) (ﬂ) e (2.71)

61(V1)247T 2 v R v

Thus, when 7c is less than 1, 7c represents the proportion of seed photons (Upn/hv) that
experience scattering during a time period of R/c. Additionally, the ratio of 14 to v is
approximately proportional to 72, which denotes the average in the increase in energy of the
scattered photons.

A more appropriate expression for the photon energy density, one related to synchrotron
radiation, must be used. This can be done by relating the specific synchrotron radiation
energy density with the luminosity produced by the synchrotron and thus with the specific
synchrotron emissivity. This reads:

3R Lgu(v) 3R

Usn(V) = 1= =47 Jsm(v) (2.72)

where the quantity of 3R/(4c) represents the typical time it takes for a photon to cross the
source, while V denotes the volume of the source. If we now substitute our last equation into
the result found in Equation and using the trick of writing down the specific synchrotron
emissivity calculated at the Compton frequency (jsyn () = Jsynov™®) we find

4>a—17 _

ol
essc(v1) = <§ 5 synol1 (2.73)

Finally, considering the frequency range of the seed photons instead of them being

monochromatic, we need to integrate our last result in terms of the incoming frequency. It is
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clear that, regardless of the integration limits, this leaves us with a logarithmic function.

This final result reads as follows:

4)a—17 ,

Jssc(n) = (g §szn<l/) In A (2.74)

where A will depend on the integration limits. It is straightforward that a ratio between the
synchrotron and the SSC flux, which will be proportional to ~ 7In A. The result can be better

understood using Figure 2.9
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Figure 2.9. This is an illustration of an SSC spectrum which displays the synchrotron
component in red and the SSC component in blue. The slopes of the spectrum at various
photon energies are also shown, with an arrow indicating the ratio between the synchrotron

and SSC spectra. Figure taken from Ghisellini (2013b)).
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2.6 External Comptonization

Proposed first by Dermer et al. (1992)) and Sikora et al. (1994)), the EC processes in a
blazar involves the interaction of relativistic particles in the jet with photons from external
sources, such as the accretion disc, DT, or the BLR. During this process, the relativistic
particles scatter the external photons, causing them to be energised to much higher levels.
The resulting boosted photons can escape from the system and are observed as high-energy
radiation, with a significant contribution at y—ray wavelengths in the SED.

As mentioned in Dermer and Menon (2009), there are two main approaches to analyse
the scattered spectra in theoretical treatments. The first method involves transforming the
external radiation field into the comoving frame, where the scattered spectrum is calculated,
and then transforming it back into the observer frame (e.g., Dermer and Schlickeiser (1993)).
The second method involves transforming the electron distribution into the stationary frame
and then Compton scattering the external photon field (e.g., Georganopoulos et al. (2001))).
Although both approaches lead to the same answer, we will focus on the latter. For the
following, I will summarise and extract the most relevant results for this work from

Georganopoulos et al. (2001)), so for a more rigorous treatment, refer to the named paper.

2.6.1 EC Contribution to the SED

We will revisit the one-zone model previously discussed in § in the current context.
The model involves a plasma blob that moves at a relativistic speed with a bulk Lorentz factor
of I and a velocity of fec. It is positioned at an angle # to the observer’s line of sight (refer to
Figure [1.7)). Since the relativistic outflow moves with a bulk Lorentz factor I and is observed
at small angles § ~ 1/T" (see § 2.2.2)), the emitted fluxes are affected by a beaming factor &
defined in Equation [2.22] Within the blob’s frame-of-reference, the electrons have an isotropic
power-law density distribution. We will assume that this electron distribution interacts with
seed photons that have an arbitrary angular distribution. Since the electrons in the blob
are ultrarelativistic, the resulting photons will travel in the same direction as their scattering
electron. Thus, when observing from a specific angle, only the electrons that move in the same
direction contribute to Compton luminosity. To calculate the external Compton luminosity,
an angle-dependent multiplication term caused by varying seed-photon angular distributions
must be factored in. It can be easily shown that this specific Compton luminosity, which is
the luminosity observed per energy interval per solid angle, is proportional to 577 due to the
fact that the effective number of electrons is also proportional to 6% (Dermer et al., |1992).

In this context, we introduce the assumption that the plasma blob travels through an
environment containing an isotropic mono-energetic photon field with energy density Up,. A

similar scenario was explored in §[2.4.1] where it was demonstrated that the observed scattered
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2.7. THE BLAZAR'S JET

energy is proportional to 2. It is now assumed that the outgoing photons are aligned with
the scattering electrons, which is valid as long as the electron angular distribution changes
gradually over the angular scales of < 1/+. To calculate the specific luminosity, one must
integrate the scattering rate (which can be obtained from Equation over the electron
energy distribution, then multiply the result by the observed photon energy e;mc? and the
photon number density n, = Up,/emc®. In the lower limit scenario, for Thomson scattering

(ve < 1), the luminosity yields,

~

de,dQ

dL K
P _ Uph (2.75)
T 1%

2P W opcor e\ —(p—1)/2
e(1+p)3+p) (?)
where K represents the normalisation constant for the electron distribution and Vi, the
volume of the blob in the blob frame. Again, we recover our previous result for the spectrum
in the Thomson limit to be a power-law with spectral index o = (p — 1)/2.

On the contrary, in the KN regime, the SED exhibits some differences. Numerical
simulations demonstrate that the SED resulting from a power-law electron energy
distribution is not a power-law and cannot be characterised by a unique spectral index. This
is due to the fact that the limits of the integral of the electron energy distribution are
different, since the maximum attainable energies scale as € & 7. Furthermore, the peak
energy is insensitive to changes in both ¢ and +, and it is located at an energy € peax S 1/€
producing a cut-off energy higher than the maximum electron energy in the Thomson
regime.

For a more comprehensive analysis and detailed computations of the EC emissivity with
respect to different distributions of the external radiation field, please consult the existing
literature (e.g., Dermer et al. (1992), Dermer and Menon (2009)), Dermer and Schlickeiser
(1993), and Georganopoulos et al. (2001))).

2.7 The Blazar’s Jet

Having familiarised ourselves with the primary characteristics of an AGN, particularly a
Blazar, and having explored the main radiative processes involved, we can now proceed to
make initial estimations of the key parameters describing the emissions observed through the
blazar’s jet, as well as its power. As mentioned earlier, we will employ a consistent one-zone
leptonic model. In particular, we are most curious to be able to determine the beaming factor
0, as well as the magnitude of the magnetic field B responsible for accelerating the electrons
within the blob. Furthermore, we will assume knowledge of the luminosity peaks (Lgyncn for
the peak associated with synchrotron emissions and L¢ for the high-energy peak) as well as

their respective peak frequencies (Vgynen and v¢). In this exercise, we will follow the same
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approach as described in Ghisellini (2013b). For a more detailed discussion, we encourage

interested readers to refer to the bibliography.
We will consider the case in which the high-energy peak is only the result of an SSC process.

However, the same treatment can be used for EC processes as for FSQR, where the latter is

dominant for the high-energy emissions.

2.7.1 High Emissions due SSC

We have already shown that the ratio between IC losses and synchrotron losses is constant
(e.g., Equation m This same idea applies to SSC, which means:

!

LC __ “ph
- /

Lsynch UB

(2.76)

where the primed quantities refer to the comoving frame. If we now write Uy, in terms of

Lgynen, passing from the observed frame to the comoving frame, one obtains

LC - Lsynch 1
Lonen  ATR2c6* Ul

(2.77)

where R is the size of the emitting blob and ¢ the beaming factor (defined in Equation [2.22)) as
we should consider the relativistic beaming effect. Now, by using the magnetic energy density,

Uy = B”? /8, we get
LC Lsynch 8

= — 2.78
Lyynen  4mR2cé* B (2.78)
where B is the blob’s magnetic field. Now, by substituting R, which is given by
R ~ ctyyy—, 2.79
Chear T (2.79)

where t,,, is the minimum variability timescale, it is possible to obtain a first equation for the

magnetic field, namely:

B/53 (1 + )Lsynch 2 12 (2 80)
= Z)— | —/— . .
Ctvar CLC

Now, lets consider our result from Equation [2.65, With it, we can write that the ratio

between the frequencies peak of the SSC and the synchrotron is

e 2 (2.81)

Vsynch

Now, by using our result from Equation and Equation [2.25 we can have an expression
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for the synchrotron frequency peak in terms of B’, namely:

4, 5, 0 4eB , 6

synch ™~ 3 =35 . 2.82
Ve N VBT T T 32mm, | 1+ 2 (2.82)
By inserting this last expression into Equation [2.81| we obtain
/ 37Tme ys2ynch
B{=——"(1+2) (2.83)

2e  vgo

meaning we have a set of two equations, & [2.80] for two unknown parameters, B’ and §.

2.7.2 Power of the Jet

Blandford and Znajek (1977)) explain that the total power of the jet is predicted to depend
on the square of the product between the spin of the black hole, Mgy, and the magnetic field
at its event horizon. Nevertheless, it is also possible to explain this power by dissecting it into
its various constituents. Initially, there is radiation emission (represented as P,q), which sets
a lower limit on its power. The jet contains electrons responsible for generating the observed
radiation, and they exhibit relativistic motion in the comoving frame (P,). The presence of
protons in the jet is a topic of debate; if radiation arises from electron-positron interactions,
no protons are present. However, if the plasma contains both electrons and protons, there
would be one proton per emitting electron (F,). Additionally, the jet carries a magnetic
field, contributing to its overall power through the Poynting flux (Pg). Generally, all these

components can be expressed as follows:
P =T R*Bel]. (2.84)

where U] represents the comoving energy density for the i—th component. Specifically, for the

case of emitting electrons, the energy density is given by:

Ul = meCQ/ny(’y)d’y. (2.85)

To describe the radiation, we use its relation with the total luminosity:

, L 1

= 2.
wd T 4 R2c § (2:86)

as we transition to the comoving frame. When dealing with the magnetic field, the usual
relation applies:
B/2

UL =2
B8

(2.87)
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and finally, for the cold protons, we use:

_Umy

U = o N (2.88)

P
where N,_. is the ratio of cold protons to relativistic electrons.

Observations indicate that the jet in powerful blazars is remarkably potent, sometimes
comparable to or even surpassing the power of the accretion disc, with a clear correlation
between them (e.g., Ghisellini et al. (2014])). Moreover, it is evident that the dominance of
the jet cannot be solely attributed to the Poynting flux, as the inverse Compton component

predominantly governs the bolometric luminosity.

2.8 Thermal Radiated Power due Accretion

Including thermal radiative processes in the description of the SED of a blazar is
important to obtain a complete picture of the emission mechanisms and physical properties
of the system. These processes can provide insights into the structure and dynamics of the
central engine and help us better understand the mechanisms that drive the spectral
characteristics of blazars. Although the thermal profile of the DT can be represented by a
uniform blackbody with a temperature that can range from a few hundred to a few thousand
Kelvin, the accretion disc surrounding the SMBH emits thermal radiation through the
process of accretion, which requires a different treatment. The radiation emanating from the
accretion disc can make a substantial contribution to the SED at low frequencies,
particularly in the far-infrared wavelengths.

An accretion disc is a common phenomenon in astrophysics, where matter accretes and
forms a rotating disc around a central object, such as a black hole or any other type of
compact object. This disc is formed because of the conservation of angular momentum, where
the accreting matter has sufficient angular momentum to orbit the central object instead
of falling directly onto it. The properties of the accretion disc, including its temperature
and radiated power, depend on the physical processes that govern the behaviour of the disc.
Radiated power is one of the most important properties of the accretion disc. As the accreting
matter falls onto the central object, it releases gravitational potential energy. Some of this
energy is radiated away as light, whereas the rest increases the rotational kinetic energy of the
disc. The temperature of the disc plays a crucial role in determining the radiated power, since
the disc emits multicolour blackbody radiation. The radiated power depends directly on the
accretion rate M, which can be obtained from the continuity equation using the assumptions
of the Bondi-Hoyle model: spherical symmetry, stationarity, plasma treated as a gas in an

adiabatic system, non-self-gravitating system, and non-relativistic.
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Understanding the radiated power in an accretion disc relies on the thin disc
approximation, specifically the Shakura-Sunyaev treatment (e.g., Shakura and Sunyaev
(1973)). This approximation assumes that the disc is thin and flat with all the radiated
energy emanating from its surface. Although a simplified model, it has been shown to
accurately describe the behaviour of accretion discs in many astrophysical systems. This
section delves deeper into the radiated power in an accretion disc, focussing on the physical
processes that govern its behaviour and the implications for astrophysical observations. By
comprehending the properties of the accretion disc, we can gain valuable insights into the
blazar’s SED. The reader can refer to the literature to see a better treatment and the
complete derivation of the relations named ahead (e.g., Frank et al. (2002) and Shakura and
Sunyaev (1973))).

2.8.1 Accretion Disc

We will examine the dynamics of a thin disc, where we assume that the matter is confined
to a plane very close to z = 0, in cylindrical polar coordinates (R, ¢, z). Matter rotates in a
circular motion with an angular velocity €2 around the accreting object, which has a mass M

and a radius R,. Typically, the angular velocity will have a Keplerian value

(2.89)

0= 0(r) = (%)

R3
where G is the gravitational constant, R is the distance from the object’s centre of mass, and

M is the mass of the object in which matter is accreting. We can also write down the two

components of the circular velocity

(R)
so oPr T
U = —cg° = —4| a5 104/ 104Kkm/s (2.91)

is the plasma’s isothermal speed of sound. It can be observed that the radial

iso

for which ¢

component of the velocity is negative, indicating that matter is indeed accreting onto the
central object, while the velocity’s ¢ component is significantly larger. This allows the system
to be treated as a thin circular disc. With this information, it is now possible to estimate the
disc’s luminosity by determining the efficiency of the accretion process. The luminosity of the
disc L. can be expressed as

Lace = nMc? (2.92)

where c is the speed of light and efficiency 7 is defined as the difference of energy of a particle

of mass m at infinity from the central object (F.,) and the energy of the particle on the
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surface or the innermost stable circular orbit R;, (which is often measured in units of the
Schwarzschild radius Rg). If we set that the particle at infinity has no kinetic energy, then 7

is simply

Ey — Egr.  mc® — (mc* — GMm/Ry,)
_ in _ 2.93
Thus, substituting in Equation we finally get
GMM
Lacc - R— (294)

As the material in the disc moves towards the central object, it also moves relative to other
material in the disc, causing a shear movement. This shearing motion creates turbulence in
the disc, which leads to the generation of vortices and eddies. It is by the motion of the eddies
that internal friction between the fluid molecules is generated, which results in the creation
of kinematic viscosity v in the disc. This v plays an important role in the dynamics of an
accretion disc, as it determines the rate at which material in the disc can transfer angular
momentum and energy affecting the disc’s temperature profile and has implications for the
radiation emitted by the disc. The easiest way to understand this phenomenon is to do the
following: suppose that we remove a ring from this disc, which can be characterised by its
surface density . This piece of the disc will exhibit macroscopic bulk motion with u, and
with a flux o mass (the eddies) crossing back and forth, with a typical turbulent velocity called
u, and going from R to R+ A\ (where A is the typical lengthscale for the moving eddies), which

will produce torque at the ring’s border. The expression for ¥ can be written as:
H/2
Y= / pdz ~ pH (2.95)
—H/2

where H is the total height of the ring. As the border can be written as S = 2nRH. It is also

possible to write the flux of mass going between the border of the ring as
puS = pu2rRH.

Thus, the change in angular momentum over time, the torque, will be

AA—f = 21 RYSUR(RQUR) — (R+ NQ(R + ))) (2.96)

which, by talking the limit where A is infinitesimally small, transforms to

AL a0
o~ —2TRYUNR?—— . 2.
A TRYUMNR i (2.97)
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As v has units of m?/s, it is fine to say that v can be written as
Vo~ U (2.98)

which allows us to write the torque produced by the outer layer surface onto the inner layer
of the ring as

AA—i =G(R) = szzuRQ%, (2.99)
telling us that for a rigid solid rotation, there is no torque and thus no transfer of matter. In
any case, the torque, as already said, depends explicitly on the viscosity to which meaning
must be given. However, turbulence is a complex and poorly understood phenomenon, and the
physical mechanisms involved in determining the lengthscale and turnover velocity of turbulent
eddies are not well understood. The largest turbulent eddies are limited by the thickness of
the disc H, and the turnover velocity is likely to be subsonic to avoid thermalisation by shocks.

Therefore, we can give a value to the kinematic viscosity:
v=acH (2.100)

expecting o < 1. This is known as the a—prescription of Shakura and Sunyaev (1973).

Using what we have written down, it is now possible to find the radiated power per unit

area of the disc. First, we must find the total torque produced on the disc, which will be

7=G(R+dR) - G(R) = %dﬁi (2.101)

This torque can be related to the dissipation of work by simply using the relation,

aw do dG

Taking the integral to have the total energy dissipation rate in the disc, we get the following:

. R 4G R R a0
E= | o%dr— GQ) [ cZiur 2.103
/}‘%in dR Rin ‘/};in dR ( )

where the variation of G2 represents the flow in the borders and the part — is the true
dissipation in the inner part of the ring. By defining the radiated power per unit area D(R)

as .
B E, G dD
- 2x27rRAR  47RARdR

where the denominator accounts for the two faces of the disc (see Figure [2.10)), if we substitute

D(R) dR (2.104)
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our result obtained in Equation [2.99| we get
1 dS2\2
D(R) = —I/ER2<—> (2.105)

which again depends explicitly on the viscosity and on the fact that the accretion disc will
only glow if it is rotating differently from the rigid solid rotation.
It is now possible to write down both mass and angular conservation. For this, we will use

the already-named Shakura-Sunyaev disc (SSD).

Figure 2.10. Slice of a thin Bondi-Hoyle accretion disc around an object of mass M where
mass is accreting towards the object.

2.8.2 The Shakura—Sunyaev Model: Stationary Approach

To simplify the problem, we assume that « is constant, even though it is generally a
function of factors such as pressure and temperature, we still expect that the properties of the
disc are not explicitly dependent on a.. To do this, we will make several assumptions. Firstly,
the disc must be thin, which means that H in any radius is much smaller than R. Second, we
will break down the velocity into its transversal and radial components and assume that the
former is greater than the latter. Third, we assume that the system has azimuthal symmetry.
We will be working with cylindrical coordinates, relying solely on R and z for dependence.

We will first start by writing down the conservation equations of the mass and angular

momentum. For both, we need a differential mass element Am = 2rRARY, so we have, for

39



2.8. THERMAL RADIATED POWER DUE ACCRETION

mass conservation,

O0AMm

5 = 0=u,(R,t)2rRE(R,t) —u,(R+ AR, t)2nr(R+ AR)X(R + AR, t)

~ —2rRAR
m OR

(2.106)

meaning that the inside term of the partial with respect to R should be a constant, namely,
the accretion rate:

M = 27u,.RY (2.107)

For the angular momentum conservation equation, we will first write the angular

momentum as

AL = AmRuy = 2r RARY. R*Q. (2.108)

Meaning that if we take the partial derivative with respect to the time we have, using the

same treatment as in Equation [2.106]

AL
% = u, (R, 121 RY(R, t) R*Q(R, t)
—u.(R+ AR, 1)2r(R+ AR)S(R + AR, t)(R+ AR)*Q(R + AR, t) (2.109)
oG
—A
TRt

which can be written more compactly as

OAL 9 L\ G
o = AR (uTRZR Q> + SEAR. (2.110)

As done before, it is also possible to use a steady solution, meaning that the previous equation
is equal to zero. This, and our previous result from Equation [2.107] yields

—~MR?*Q = G(R) + constant (2.111)

where the constant comes from the integral and can be computed by setting initial conditions.

For simplicity, we can evaluate our equation at R = R;,, where G(R;,) = 0. Thus, we have
—~MR*Q =G(R) — —MR:Q(R;) (2.112)

and by substituting our result obtained in Equations [2.89 & [2.99] after some manipulation, we

M Rin
Yv=—11-— . 2.113
v 37r< R ) ( )
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We now see that it is possible, using Equation [2.105] to relate the power emitted per unit area
to the accretion rate. Thus, by using these two equations and evaluating the integral from R;,
to a given Ry, (where the former is much bigger than the latter), we get that the luminosity

coming from the accretion disc is:

= Lo (2.114)

This is a powerful tool as now, knowing that the only mechanism process related to the emission
of radiation from the accretion disc is only dependent on the temperature, it is possible to

compute all the blackbody radiation fields giving us a multicolour blackbody.

As a final comment, there is a well-known quantity that serves as a limit on Lgj.: the
Eddington luminosity. Denoted as Lgqq, it corresponds to the maximum luminosity to balance
the radiation pressure with gravity. For instance, a typical composition for the material in an
accretion disc is made up of dissociated hydrogen: protons and electrons. As we have seen
(Equation , the cross section of the electrons for Thomson scattering will be much larger
than that of the protons, while the gravitational force will be much larger on the protons since
they are more massive. Thus, by equating the radiative and gravitational force on the electron

and proton, respectively, neglecting the two other forces, we find:

LO’T GMmp
= 2.115
4 R2%c R2 7 ( )
and solving for L we find
drcGM M
L= Lpga= 2 196 % 10% 2 erg s (2.116)
or M@

Meaning Lggq exclusively depends on the M of the body responsible of the radiation emitted.
For example, if the rate of accretion were to result in Lgjse > Lace, the accreting mass would
experience radiation pressure that counters gravity. As a result, the process of accretion
would cease, causing that at a certain point Lgis. will decrease below L,... This demonstrates

a self-regulating mechanism in action.

2.8.3 The Multicolour Blackbody

As said, the spectrum emitted by a thin disc will be dictated by a multicolour blackbody as
the inner regions of the disc are hotter than the outer ones. Using then the relations discussed

in §[2.1] it is easy to show that when the radiation is produced exclusively due to temperature,
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the spectrum emitted is described by a Planck function:

2h v
I, =B,(IiR) = 5 ——5—~—— (2.117)
c? exp(k};T) -1

where Ty(R) refers to the temperature on the surface of the disc at a given distance. It is
relevant to tell the reader that the temperature in the middle of the disc T, at z = 0, is hotter
than at the surface z = H/2, and that the disc is optically thick (7 >> 1); that is, radiative
transport can be treated using the diffusion approximation. The radiative flux, F,,, then reads
as follows:

16013 0T 410

——— —(oT" (2.118)

Fz) = - QR 0z 3ap 0z

where ap is the Rosseland mean absorption coefficient and o the Stefan-Boltzmann constant
with a value of 5.67 x 10° ergs ecm™2 s7! K™%, If we assume that 7(z = H/2) = 7, = 1, and
7(z = 0) = 7, we can use Equation?2.118| to obtain the ratio:

% = (%) Tin < 1 (2.119)

as 1. > Ty and the ratio is to the fourth power, and using Equation to set everything
explicitly in terms of 7. Therefore, if we compute D(R) ~ F(z =0)—F(z = H/2) ~ F(z = 0),
using Equations [2.105| & [2.113] we will have

40T, MM !
4o, _ 3G (1 . R‘“) (2.120)

3 7. 8RS R

giving us a straight relation between the temperature and intrinsic properties of the system,
means that the emitted spectrum will depend on these parameters. From this last equation it
is also easy to see that T not only decreases for higher values of z, but also for higher values

of R;i.e., the farther away the matter spirals from R;,, the colder that ring of the disc will be.

Finally, it is possible to estimate the shape of the emitted spectrum for an observer at a
distance D whose line of sight makes an angle ¢ with the normal of the disc plane, assuming

that the emission comes from the disc surface, by computing the angle of view of the disc

plane.
4 h ; Rout 3 Rout 3
F, = w/ v I dR oc/ vl dr. (2121
¢ D2 Rin ex (L) — 1 Ry ex <L) — 1
PA\ksTu(R) P\ksTu(R)
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In the emitted spectrum, we have three different regions:

1/2, lf hl/ <K kBTout'
F, o { 18 exp ( _y ) if hy > kpThn. (2.122)
kBﬂn
Vs, if kpTow < v < kpTh.

where Ti, and Ty, represent the temperatures at the innermost and outermost rings
respectively. In particular, it is also shown in the spectrum a dependence of 1/3 which is
characteristic of accretion discs. An example of this spectrum behaviour can be seen in
Figure [2.11}

log Fy (arbitrary units)

log (hv/AT )

Figure 2.11. The spectrum F, of a constant, optically dense accretion disc that emits locally
as a blackbody varies depending on the ratio of the disc’s outer radius (Roy) to its inner radius
(Rin). The frequency is normalised to kpTou/h, where Toy equals the temperature at Ry,
the same way T}, at R;,. These spectra provide a visual representation of the proportionate
size of the v'/? continuum in discs with different temperature ranges. It should be clear from
the plot that the behaviour of /3 can only be seen when Ry is very large. Plot taken from
Frank et al. (2002).

As a last comment on the topic, we must expect that the peak of our spectra is determined

by Ti, which is the maximum temperature of the disc. Following the example presented in
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Ghisellini (2013b)): for an accretion disc with Ty = T3(R = Ry, = 10Rg), we find that:

K s Lig\
Vpeak ~ — ~ 8.8 x 10 (%) Hz
9

where My is the black hole mass in units of 10°M, and Ly the Ly in units 10%¢ erg s~
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Chapter 3
Data Analysis and Modelling

In this study, we focus on analysing and modelling the spectral energy distribution of the
blazar NVSS J163547+362930. Our objective is to obtain a comprehensive understanding
of the source properties and investigate the underlying physical mechanisms that govern its
behaviour. To achieve this, we employed a combination of data gathered from multiple missions

and used the JetSeT tool, which implements a homogeneous one-zone leptonic model.

3.1 Data acquisition

Having delved into the characteristics of blazars, particularly focussing on our specific
source, and having examined the primary radiative mechanisms that enable the investigation
of the central engine’s evolution and its interaction with its surroundings, our next step
involves the creation and modelling of the source’s SED. The initial phase of this chapter
involves utilising publicly available information from various observatory catalogues to create
a comprehensive raw SED, covering from radio to y—rays. Subsequently, we will employ the
established one-zone leptonic model within the JetSeT framework to develop a preliminary
model that aligns with our data more accurately, especially when considering a standard
SSD with an accretion efficiency of 0.083. Finally, following from the discussion of the
different possible types of black hole that can be formed at high-redshift, we will propose
different values for the accretion efficiency to constrain and relate the main parameters at

play for all the models.

3.1.1 Low-Energy Observations
NRAO Green Bank Telescope & Very Large Array

Starting from the radio frequency range of the spectra, it was possible to use the

information available from different surveys using the Green Bank (GB) Telescope of the
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National Radio Astronomy Observatory (NRAO; e.g. Becker et al. (1991), Gregory and
Condon (1991)), Griffith et al. (1990)), and White and Becker (1992))), different surveys from
the NRAO Very Large Array (VLA; e.g., Becker et al. (1995) and Condon et al. (1998)), as
well as the NRAO Very Long Baseline Array (VLBA) imaging and polarimetry Survey (e.g.,
Helmboldt et al. (2007))) to locate the emissions as well as the UL between the Radio-IR
range of the SED.

Wide-field Infrared Survey Explorer

The Wide-field Infrared Survey Explorer (WISE; Wright et al. (2010)) is part of NASA’s
Explorers Programme E] which was put into orbit back in 2009, and is one of the most suitable
instruments to gather data in the IR band. Two years later after its launching, by 2011, it
had surveyed the sky twice with its 40 cm telescope in four infrared wavelengths wl,w2, w3,
and w4 at 3.4, 4.7, 12, and 23 um, respectively. Upon completion of its surveys, the spacecraft
has been put in hibernation mode, only to be reactivated in 2013 to become the Near-Earth
Objects Wide-field Infrared Survey Explorer (NEOWISE). NVSS J163547+362930 is detected
by the telescope onboard the WISE mission at a significance above 5 ¢ in the AB system in
the two bands w 1 = 18.91 (£ 0.05) mag and w2=19.42 (£ 0.13) mag, while for the two
bands w3 and w4, only upper limits 3 ¢ are derived. Conversions from instrumental source
magnitudes to calibrated magnitudes were performed using the WISE photometric systems
(Jarrett et al., 2011; Wright et al., 2010)).

Early studies of WISE data have shown the connection between IR waveband and gamma-
ray emission from blazars (Plotkin et al.,2012). Such an IR — gamma-ray correlation has been
explored in a sophisticated study by F. Massaro and D’Abrusco (2016) where the authors
explain a physical connection in favour of the correlation between the Fermi—LAT detected
blazars and the WISE counterparts.

Gaia

The Gaia mission (Prusti et al., 2016]) was launched in 2013 aiming to perform the most
precise mapping of the Milky Way. While Gaia is optimised for selecting and measuring
parallaxes and proper motion of point-like sources, it also provides accurate multi-band
photometry. In a precise astrometry study by Plavin et al. (2019)) related to the disk-jet
environment in AGNs, the authors show that the coordinates and fluxes of the Gaia
counterparts of high-redshift blazars are driven by the contribution of the accretion disk over
the synchrotron component from the jet. Therefore, also the photometry is dominated by

the accretion disk confirming several multifrequency campaigns of high-redshift blazars

Thttps:/ /explorers.gsfc.nasa.gov
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(Bottacini, E. et al., 2010).

The GAIA counterpart of the Fermi—LAT source (4FGL J1635.64+-3628) has been searched
in the publicly available third data release (DR3) (Vallenari et al., [2023) of the Gaia mission.
GAIA’s counterpart of the Fermi—LAT blazar is DR3 1327964378519702912. The Gaia G
magnitudes are G = 20.7951+0.0248 mag, Ggp = 20.87284+0.3497 mag, and Grp = 19.6487+
0.2105 mag that are in agreement with the association and values of a cosmological evolution
study of Fermi—LAT blazars by Zeng et al. (2021) for which the authors used the Gaia DR2
(Brown et al., 2018]).

Swift UV—-Optical Telescope

The high-redshift blazar was target by the UV-Optical Telescope (UVOT; e.g., Roming
et al. (2005)) on board the Swift satellite with its filter of the day, which was the V filter. The
data are analysed with HEASoft version 6.30 using CALDB version 20211108. This version
allows for checking for the detector small-scale sensitivity, which can be corrected for count
rates of up to 35%. We used the standard 5/ aperture of the standard pipeline to reduce image
products and correct exposure within the XIMAGE environment. The resulting magnitude is
V'=14.92 (£ 0.03). The conversion of magnitudes to fluxes is carried out using the constants

of the photometric system in Poole et al. (2008).

SED of low energy observations

As a final comment on the data processing for the low-energy observations, we took into
account for the attenuation due to the Galactic extinction. The extinction is computed with
Cardelli’s law (Cardelli et al., |[1989)) with a reddening coefficient of Ryy=3.1 and an extinction
coefficient in the V' band of Ay=0.055 (Schlegel et al., [1998]).

3.1.2 High-Energy Observations
XMM-Newton

The X-ray mission XMM-Newton (Jansen et al., 2001) has observed the source starting
in 2017-07-23 10:27:12 (OBS-ID: 0802000101) for a rather low exposure (for such a distant
source) of 23 ksec. Data were analysed using the Science Analysis Software 15.0.0 package
following the standard procedure. The spectrum was extracted from a source region of 40”
radius centred at the source of interest. The background was extracted from an area of same
radius from the same chip, yet without contamination from the source. The tool for extracting
the source and background spectra is evselect. The tools rmfgen and arfgen were used to

generate response files and ancillary files.
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Fermi Large Area Telescope

The Fermi mission, launched in 2009, observes the sky at GeV energies. Due to its
observing strategy and its large field of view, the Large Area Telescope (LAT; e.g., Atwood
et al. (2009)) scans the entire sky every two orbits (~3 hours). This makes the mission
very suitable for survey studies. Indeed, for the -ray range energy of the SED we utilised
the information available in the fourth Fermi LAT 12-Year Point Source Catalogue (4FGL-
DR3, for Data Release 3), based on 12 years of survey data in the 50 MeV-1 TeV energy
range, including 5064 sources above 40 significance (Abdollahi et al.,[2022). The blazar NVSS
J163547+362930, with its 4FGL designation 4FGL J1635.6+3628, is detected and identified
in the LAT survey, from which the spectrum is taken.

Using the missions and observatories mentioned above, an extensive compilation of data
was aggregated that spanned the entire SED range. The resulting data set is presented in Table
3.1, where it outlines the energy density values along with their associated errors at specific
frequencies. Additionally, each data point is accompanied by the corresponding attributing
mission or observatory, and it is indicated whether the point was employed as an upper limit
(UL) or not.

3.2 JetSeT

JetSeT (Tramacere et al., |2009; Tramacere, 2020; Tramacere et al., [2011) is a versatile
C/Python framework designed for simulating and reproducing radiative and accelerative
processes in relativistic jets and galactic objects. The framework excels in handling observed
data, defining data sets, and establishing connections with astropy tables and quantities.
Moreover, it allows for the definition of complex numerical radiative scenarios, including SSC
process, EC interactions, and EC interactions with the CMB. To enhance the accuracy of
the modelling process, JetSeT incorporates a pre-fitting stage that constrains the model
based on well-established phenomenological trends. By utilising parameters derived from
observations, such as spectral indices, peak fluxes and frequencies, and spectral curvatures,
the pre-fitting algorithm generates an informed starting model that aligns with these
implemented trends. This ensures that the subsequent fitting process begins with a reliable
initial configuration of the model. The framework supports both frequentist approaches,
utilising the minuit package (James & Roos, 1975), and Bayesian Markov Chain Monte
Carlo (MCMC) sampling, implemented through the emcee (Foreman-Mackey et al., 2013
package, facilitating the fitting of multiwavelength SEDs.

JetSeT provides a homogeneous one-zone framework, enabling the simulation of emission
processes and physical conditions within the source. By considering the source’s most

relevant parameters (the magnetic field strength, particle densities, and accretion rates, etc.),

68



CHAPTER 3. DATA ANALYSIS AND MODELLING

Source Data Frequency (Hz) vF, (ergem=2s7!) dvF, (ergcm™2s71) UL

4FGL-DR3 (100-1000 GeV) 7.65E+25 7.90E-13 0.00 True
4FGL-DR3 (30-100 GeV) 1.32E+25 5.28E-13 0.00 True
4FGL-DR3 (10-30 GeV) 4.19E+24 1.38E-13 0.00 True
4FGL-DR3 (3-10 GeV) 1.32E+24 3.29E-13 8.90E-14 False
4FGL-DR3 (1-3 GeV) 4.19E4-23 4.99E-13 8.50E-14 False
4FGL-DR3 (0.3-1 GeV) 1.32E+4-23 9.54E-13 1.50E-13 False
4FGL-DR3 (0.1-0.3 GeV) 4.19E+4-22 2.28E-12 7.20E-13 False
4FGL-DR3 (0.05-0.1 GeV) 1.71E+22 1.38E-11 0.00 True
4XMM-DR12 (4.5-12 keV) 1.46E+18 6.80E-14 1.59E-14 False
4XMM-DR12 (2-4.5 keV) 7.87TE+17 5.05E-14 9.45E-15 False
4XMM-DR12 (2-4.5 keV) 7.28E+17 5.13E-14 9.35E-15 False
4XMM-DR12 (1-2 keV) 4. 75E+17 5.51E-14 9.91E-15 False
4XMM-DR12 (1-2 keV) 4.73E4+17 5.40E-14 9.82E-15 False
4XMM-DR12 (1-2 keV) 3.72E+17 4.49E-14 8.71E-15 False
4XMM-DR12 (1-2 keV) 3.68E+17 5.06E-14 9.58E-15 False
4XMM-DR12 (0.5-1 keV) 2.99E+17 5.00E-14 8.35E-15 False
4XMM-DR12 (1-2 keV) 2.97E+417 3.85E-14 6.44E-15 False
4XMM-DR12 (0.5-1 keV) 2.36E+417 4.30E-14 7.18E-15 False
4XMM-DR12 (0.5-1 keV) 2.34E+17 4.77E-14 7.87E-15 False
4XMM-DR12 (0.5-1 keV) 1.67TE+17 2.84E-14 4.95E-15 False
4XMM-DR12 (0.5-1 keV) 1.63E+17 3.07E-14 5.24E-15 False
Swift-UVOT 8.36E+14 4.20E-15 9.83E-15 False
GAIA 6.17E+414 4.11E-14 2.40E-15 False
GAIA 4.77E+14 7.21E-14 2.65E-15 False
GAIA 3.89E+14 7.72E-14 2.99E-15 False
GAIA 3.25E+4+14 5.08E-14 9.93E-15 False
WISE (W1) 8.53E+13 8.43E-14 4.09E-15 False
WISE (W?2) 6.30E+13 3.89E-14 4.48E-15 False
WISE (W3) 2.42E+13 7.29E-14 0.00 True
WISE (W4) 1.32E+13 2.94E-13 0.00 True
NRAO VLBA (5 GHz) 5.00E4-09 3.04E-15 0.00 True
NRAO GB 4.85E409 4.32E-15 5.82E-16 False
NRAO GB 4.85E409 4.17E-15 6.26E-16 False
NRAO GB 4.83E409 2.66E-15 0.00 True
NRAO VLA 1.40E+09 2.13E-15 6.44E-17 False
NRAO GB 1.40E+409 1.72E-15 0.00 True
NRAO VLA 1.40E+4-09 1.59E-15 0.00 True
NRAO VLA 1.40E+09 1.55E-15 7.75E-17 False

Table 3.1. Summary of SED Data Points.
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it is possible to investigate the emission mechanisms and gain insights into the fundamental
processes at play. Building upon the acquired data and leveraging the capabilities of JetSeT,
the next step involves constructing and refining the SED model for the blazar NVSS
J163547+362930. This process entails adjusting the model parameters to achieve the best
possible fit between the simulated SED and the observed data points. Through iterative
refinement, the goal is to unveil the physical properties of the source, including the dominant
emission mechanisms, energetics, and any unique characteristics that differentiate it from
other astrophysical objects. The results obtained from the SED modelling provide valuable
insights into the nature and behaviour of the source, facilitating a deeper understanding of

its underlying astrophysical processes.

3.3 Model Constraining

3.3.1 Regrouping and Systematics

To enhance the accuracy of our model’s fit to the data and effectively handle
uncertainties, we will employ two complementary strategies: binning and the incorporation
of systematic error into our dataset. Binning entails grouping similar data points into
discrete bins, which minimises the impact of minor fluctuations and provides a clearer
representation of the underlying data patterns while considering the overlapping of different
instruments. By employing this approach, we can capture significant trends and
relationships that may not be readily apparent when examining the raw data alone.

In addition, we will introduce systematic errors in our data set to account for various
sources of inherent biases or inaccuracies. These sources can include limitations in
instrumentation, calibration issues, and systematic biases in data collection methods. By
adding systematics in our case, we address the concern that the minimiser may exhibit a bias
towards better fitting the data in the IR-UV range as, typically, data points in this range
have smaller errors compared to those at higher energies.  Therefore, incorporating
systematic errors helps to improve the overall reliability of our model by accounting for these
potential biases. Additionally, considering these uncertainties allows for accounting for the
intrinsic short-term variability of such sources, as the observations with the 6 previously
mentioned facilities were not taken simultaneously. As already said, long-term variability has
been ruled out by monitoring the source by the Fermi-LAT survey having a low variability
index value.

The results of the implementation of these techniques can be seen in Figure[3.1] In general,
the data were regrouped into 113 new bins, while a systematic error of 15% was added to all

data points in the frequency range 10¢ < v < 10?® Hz. By implementing these techniques, we
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not only enhance the quality and usefulness of our analysis, but we also optimise the runtime
of the program to ensure the best fit of the data. This comprehensive approach allows us to
handle uncertainties, accurately capture data patterns, and produce reliable results for our
modelling efforts.

However, it is worth noting that coarse rebinning unavoidably results in the smoothing out
of spectral characteristics. However, when modelling the broad-band SED from radio to y-ray
energies, the presence or relevance of narrow spectral features is neither of interest nor of use.
As a final comment related to the data employed in this work, it is interesting to note that
the Swift data point shows a relatively large error bar and is almost an order of magnitude
smaller than the data within the IR-Optical region. This observation is noteworthy because
this particular data point appears to be in close proximity to the Lyman-limit line, suggesting
the potential for an independent approach to estimate the object’s distance (e.g., Rau et al.
(2012))). At the very least, it should enable us to establish a lower limit for the source redshift.
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Figure 3.1. Comparison of the SED before and after employing data enhancement techniques.
The original data are depicted in blue, whereas the new data resulting from the application of
binning and the incorporation of systematic error are shown in orange. For the cases in which
a data point is distant from another (such as the data point with the large vertical error bars
between ~10'® and 107 Hz, as well as all Fermi points), the orange points overlap the blue
ones rendering the latter not visible, despite its presence.

3.3.2 Constraining from Observables

As previously mentioned, JetSeT can be utilised to constrain our model from observable

points. Thus, it is possible to obtain a phenomenological prefit model using minuit, resulting
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in a set of initial conditions. For this purpose, and for all following models, a broken power-law
for the electron distribution was used. The prefit SED model obtained in this step can be
seen in Figure [3.2 as well as its values in Table |[3.2, This gives us a good idea of the values
that would be needed to be changed to better suit the observables, but also it gives us a first
insight into the parameters related to the electron energy distribution, which will dictate the
overall slopes of the SED.

Figure reveals certain parameters in the initial prefit that fail to fully explain the SED.
Specifically, the synchrotron component beyond the breaking energy inadequately matches
the emissions in the IR-UV range. This discrepancy suggests that the synchrotron component
within this range should have a lower intensity. Consequently, we anticipate a reduced slope
after the break energy and a smaller minimum or breaking Lorentz factor for the electron
energy distribution. Additionally, this indicates that the thermal emissions remain “naked”,
uncovered, by the synchrotron flux. These initial observations align with findings in the
literature (e.g., Ghisellini (2013a), Ghisellini et al. (2009), Sahakyan et al. (2020), Tavecchio
et al. (2000), and Zhang et al. (2014)). Exposure to thermal emissions, in particular to the
emission of the disc, allows for a precise calculation of the total luminosity generated by the
accretion disc Lgi.. Consequently, this model allows for more accurate constraints on the

parameters associated with both the accretion disc and the total mass of the SMBH.
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Figure 3.2. Prefit model for the SED of NVSS J163547+362930 from which a pair of initial
physical observations providing crucial insights into the observed emissions were obtained.
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Parameter | Value Units Model component
R 7.45 10 cm  Blob

Riiss 1.50 10 cm Blob

B 5.00 102G Blob

0 3.00 deg Jet viewing angle
r 1.85 10! Jet bulk factor

) 1.91 10* Beaming factor
Ymin 3.63 10! LE cut-off

Vbreak 5.38 103 Turn over energy
Ymax 3.32 10* HE cut-off

N 4.20 102 cm™  Emitters density
D 2.32 LE spectral slope
P1 3.50 HE spectral slope
Rin 3.00 RS Disc

Rout 5.00 102 Rg Disc

Mgy 1.00 109M,, Disc

n 8.00 1072 Disc

Lgise 3.33  10% ergs7! Disc

Rpr 5.00 10'® cm DT

Toyr 1.00 102K DT

DT 0.10 DT

RBLR-m 1.00 1018 cm BLR

RBLRout 2.00 1018 cm BLR

TBLR 0.10 BLR

Table 3.2. Prefit model values, Figure as explained in § |1/ and Figure .

Another inference that can be drawn from the prefit obtained by JetSeT is that the second
peak in the SED is predominantly governed by EC scenarios. However, it remains unclear
which specific component dominates the contributions in this energy range, particularly at the
highest energies. However, as discussed in § these emissions are explicitly dependent
on both the distribution of electron energies and the energy density of the seed photons.
Consequently, the optimal approach to fitting these emissions involves initially developing a
more accurate model to explain the emissions up to the X-ray range. Of particular interest is
a comprehensive characterisation of the central engine component, including the SMBH and
the accretion disc, as these elements will have significant implications for both BLR and DT.

With this in mind, our strategy for modelling the SED is as follows: first, since the emissions
from the accretion disc are believed to be entirely revealed, we will fit a multicolour blackbody
to the data points corresponding to this energy band to obtain a coherent initial value of the
total Lgis. Second, with a better understanding of Lgis., we can establish a range of values
for both the size of the SMBH and the circumnuclear disc by modelling the SED using a
set of accretion efficiency (1) values. Throughout this process, we will use a range of values
for the synchrotron emission, and consequently, the SSC emission, to best match the X-ray
contributions, which we believed are primarily attributed to the SSC component. Once these

initial two steps are completed, taking into account the insights gained, we will fine-tune the
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model to account for the high-energy contributions observed by the Fermi-LAT.

3.4 Modelling the Central Engine

As mentioned previously, SMBHs are located at the centre of the AGN and therefore also
on powerful blazars. It is crucial to determine the black hole properties, such as the accretion
rate M , the already named accretion efficiency 7, as well as the luminous accretion disc Lgse
for SED modelling. One way to achieve this is by modelling the blazar accretion disc as
proposed by Shakura and Sunyaev (1973)) and explained exhaustively in § 2.8 The modelling
will not only provide the previously named parameters, but also give us an estimate on the
SMBH mass Mpp.

Blazars observed at high redshift provide insights into earlier stages of their evolution,
indicating a more youthful phase for both the black hole and the host galaxy. Previous
studies have proposed four main mechanisms for the formation of SMBHs: direct collapse
scenarios (e.g., Begelman et al. (2006) and M. Latif and Schleicher (2015)), the collapse of
massive Population III stars (e.g., Alvarez et al. (2009)), gas collapse and star formation (e.g.,
Devecchi and Volonteri (2009)), or intense gas accretion in a super-Eddington phase (e.g.,
Alexander and Natarajan (2014) and Madau et al. (2014))); a more exhaustive discussion of
the topic can be found in Boekholt et al. (2018), Johnson et al. (2013), M. A. Latif and
Ferrara (2016), and Petri et al. (2012). However, with the growing interest in gravitational
waves and upcoming missions like the Large Interferometer Space Antenna (LISA), another
formation possibility must be considered: mergers and/or gas accretion from smaller “seed”
black holes (Berti, 2006; Tanaka & Haiman, 2009). In the context of LISA’s future operation
in 2030, it becomes relevant to explore the dynamics of these primordial black holes, as their
non-vanishing derivative of the mass quadrupole moment could generate mHz gravitational
waves detectable by LISA. This would provide valuable insights into the formation theory. In
any case, if any of these hypotheses holds for our specific object under consideration and the
conditions are met, we anticipate that the SMBH will possess spin a and consequently exhibit
higher values for n compared to a typical SSD model.

Furthermore, research indicates that rotating black holes not only demonstrate increased
efficiency, but also have the potential to generate more luminous accretion discs, as the latter
is proportional to 1. Therefore, an expected Lgisc > 10% erg s=! is anticipated, which means
that, as explained in Volonteri (2012)), the “golden era” of SMBH with Mgy > 10° © M
occurred early in the universe. This expectation is supported by various observational studies,
including Ackermann et al. (2017)), Ghisellini et al. (2015)), Paliya et al. (2016), and Sahakyan
et al. (2020), among others.

Since the discovery of our blazar of study, estimations of its Mgy have been made by
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studying its emissions in the IR-UV range (Ackermann et al., 2017 Li et al., 2018; Sahakyan
et al., [2020), with a value of log Mgy /My = 8.7. However, this is not the only method for
calculating the mass. A comprehensive modelling of the entire spectrum, encompassing more
than just the IR-UV range, could be employed. This is because the central engine not only
affects the blazar’s thermal emissions but also influences the non-thermal emissions generated
through EC effects (e.g., as described in § [2.6.1] Blazejowski et al. (2000), Dermer et al.
(2009), Liu and Zhang (2011), and Sikora et al. (1994)). Furthermore, when comparing the
SMBH mass of the target source with similar sources and other SMBH values at that specific
redshift, we anticipate that it will exhibit a larger size (log Mpn/Ms 2 9). Therefore, SED

modelling could also provide valuable insights into the size of the SMBH, and thus in its

nuclear environment.

3.4.1 The Disc Luminosity

To determine Ly, a series of calculations were performed. Initially, the optical-UV data
points within the SED originating from the accretion disc were fitted using a SSD multicolor
blackbody model. The primary objective of this fitting process was to identify the optimal
fit that accurately represents the observed data points, as shown in Figure 3.3l Once a
satisfactory fit was achieved, the subsequent step involved obtaining the bolometric flux of
the disc, denoted as Fj. This flux represents the total flux emitted over all wavelengths or
frequencies by the accretion disc. In essence, Fi, was determined by integrating the flux per

unit frequency across all frequencies using the following integral:

Fbol = / F,/dV. (31)
0

For this particular case, a Monte Carlo integration method was employed to perform the
integral. The procedure for this integration can be summarised as follows: initially, N = 108
random points were generated uniformly within a rectangle of area A, ensuring that the points
spanned the minimum and maximum values along the x and y axes of the monochromatic
flux. Subsequently, the number of points falling below the curve (denoted k) representing the

multicolor blackbody were determined. Finally, the integral was approximated as follows:

k
Fbol =~ NA (32)

This process was done 1,000 times to reduce the stochastic error as much as possible. This
approximation yielded a value of Fi,o; = 1.064 4= 0.002 x 10713 erg cm~2 s~!. Having obtained
the bolometric flux, further calculations were carried out to determine the total luminosity of

the accretion disc.
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Figure 3.3. Best fit of a multicolor blackbody spectra for the emission points coming the
accretion disc, as well as the Monte Carlo integration method.

Expanding upon the concepts presented in §[2| we proceeded to estimate the value of Lgjsc

by incorporating the redshift of our observed source by using the following formula:
Laise = 41 D7 Fooi (3.3)

Here, D? signifies the squared luminosity distance, serving as a well-defined measure of
distance between two arbitrary points in spacetime. Applying this formula and considering
the specific redshift value for our source (z & 3.647763; Paris et al. (2018)), we successfully
calculated Lgi.. For this particular phase of our investigation, we used the Cosmology
Calculator provided by Wright to derive a value for Dy. This calculation accounted
for a generalised A\CDM (Lambda cold dark matter) model that incorporates a Hubble
constant of Hy = 67.8 km/s/Mpc, a matter density parameter of ), = 0.307, and a dark
energy density parameter of Q) = 0.693 (Planck Collaboration, [2016). The resulting
luminosity of the accretion disc was determined to be Lgj = 1.381 & 0.003 x 10%* erg s~!.
This outcome offers essential insights into the energetics and overall behaviour of the
accretion process within the investigated system. In fact, it is now possible to estimate a
value for the SMBH mass, but as for what we have discussed, we would be missing insights
from all the other regions of the SED. Therefore, to better model the central engine, we will
proceed now by setting a set of different values for 1 which will result in different values for
the SMBH mass, as these parameters are explicitly related by Equation 2.92] In particular,
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we will use n = 0.057,0.083,0.150,0.200, and 0.300 to account for the possibility of having
either a non-rotating Schwarzschild black hole, an extreme Kerr black hole, or spin values in
between, as explained in Thorne (1974)). This approximation to the problem of modelling the
SED not only will give us a better calculation on the SMBH mass, but also it will give a
better insight in the high-energy emissions of our blazar.

Therefore, considering the factors mentioned above and their implications, it becomes
necessary to employ a new ad hoc prefit approach to more effectively characterise the blazar
emissions. Specifically, due to the availability of a precise measurement of Lgjs., this parameter
will be set as a lower limit, while a revised range of values will be defined for the remaining

parameters.

3.4.2 Prefit Model

In our new prefit, considering the values obtained initially from the observables, we will
consider a self-consistent model that takes into account these initial values. In this model, the
size of the blob will be determined by a parameter based on a fixed opening angle, denoted as
Oopen, and the distance between the dissipation region Rgss and the black hole. Specifically,

the size can be calculated using the equation:
R = Rdiss X tan eopen (34)

This approach enhances the model’s coherence, as it recognises that in a one-zone model,
the blob should expand as it moves away from the central engine. In addition, with the
accurate determination of a lower limit of Lgis., an important consideration arises, namely the
establishment of a relationship between the BLR and the DT radii, and Lgis.. This significant
development allows us to seamlessly incorporate the DT and the BLR radius as additional
parameters within our model, further refining its accuracy and comprehensiveness. Guided by
the insights presented in Cleary et al. (2007) and Kaspi et al. (2007), we can assign specific

values to Rprr,,, RBBLR,.., and Rpr, respectively, using the following expressions:

in?

Ldisc

Rpr = 2.00 x 10" Tow ™ (3.5)
R 3,00 x 10174/ Laise 3.6
BLR,, — 9- X 106 cm ( . )
RBLRout =1.10 x RBLRin cm (37)

Consequently, the incorporation of these radii as a function of L4 enhances the overall
reliability and effectiveness of our emission model, facilitating a more accurate and

comprehensive characterisation of the physical processes at play.
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By incorporating these concepts into the SED modelling, we can observe that we already
possess a model that elucidates the underlying process responsible for each segment of the
spectra (as demonstrated in Figure . At this stage, our focus shifts to fitting our model.
Specifically, we are particularly interested in obtaining a good fit for the disc emissions, as they
also define the high-energy portion of the spectra. To achieve this, we will initially employ a
standard SSD model with a fixed efficiency parameter of n = 0.083. For this particular case,
we established lower and upper limits for the electron energy distribution, setting v, = 1.00
and Ymax = 2.00 x 10%, respectively. We will continue to incorporate the aforementioned
dependencies and allow the variables to assume values within a specified range, which are
used in the literature. For the fitting, we will be using the minuit package which is the

frequentist approach to the fitting.
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Figure 3.4. New prefit model considering a dependency in the radii of both the BLR and DT
as a function of Lgie
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After obtaining our prefit, which provides an initial understanding of the SMBH mass,
we will explore various scenarios within our model to explain different values of n. Initial
examination of Equations & suggests that altering n will result in proportional
changes in Lgjs., thus influencing the contributions of EC emissions from the BLR and DT.
As our emission zone moves closer or farther away from these regions, the energy density of
photons in each respective region will increase or decrease, leading to observable changes at
high energies. In relation to this matter, Costamante et al. (2018) explain that a higher
contribution in the v-rays from the DT is expected, particularly for larger values of n
(indicating higher Lgis.), as this creates a stronger radiative pressure capable of forming the
CND. In their analysis of the Fermi ~y—ray spectra of 106 FSRQs with significant BLR
luminosities and sizes, they showed no evidence of the anticipated BLR absorption resulting
from v — v interactions with BLR photons. In approximately two-thirds of the sources,
significant absorption was excluded, indicating that the maximum optical depth at the peak
of the v — v cross section was less than 1. For the remaining one-third, possible absorption
was constrained to be 1.5-2 orders of magnitude lower than expected. As a result, it is
inferred that in 90% of the cases, the jet does not interact with BLR photons. This suggests
that ~-rays are primarily produced outside the BLR or that the BLR is approximately 100
times larger than estimated through reverberation mapping; meaning the DT should be the
seed of the external photons. Figure illustrates the model employing a standard SSD,
while Table presents the corresponding parameter values.

Parameter | Value Units Model component
R 7.86 106 cm Blob

Rgiss 1.50 10'® cm Blob

B 5.56 1072 G Blob

0 3.00 deg Jet viewing angle
r 1.90 10 Jet bulk factor

) 1.91 10* Beaming factor
Ymin 1.00 LE cut-off

“Ybreak 9.46 102 Turn over energy
Ymax 2.00 10? HE cut-off

N 9.21 102 cm ™3 Emitters density
D 1.45 LE spectral slope
D1 3.58 HE spectral slope
Rin 9.27 RS Disc

Rout 8.41 102 Rg Disc

MBH 1.10 109M® Disc

n 8.30 102 Disc

Lgisc 1.41 10%6 erg s7'  Disc

RDT 2.37 1019 cm DT

Tor 9.27 102 K DT

DT 0.10 DT

RBLRiIl 3.56 1017 (@11} BLR

RBLRout 3.92 1017 cm BLR

TBLR 0.10 BLR

Table 3.3. SED model values using a SSD for J163547+362930, Figure .
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Figure 3.5. SED for J163547+4-362930 using a SSD which parameters can be seen in Table E
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3.4.3 Different Accretion Efficiencies

Using our new prefit model, we will proceed to fit the SED using a specific set of n values.
To ensure that the fit avoids non-physical values, we have established minimum and maximum
values for each parameter, as indicated in Table These values align with our assumptions,
initial insights on the disc luminosity, and the relevant literature. Consequently, by exploring
various efficiency values, we can investigate how the overall parameters of the system will be
affected.

Parameter | Min value Max value Units
R 0.26 - 1.57 10" cm
Raiss 0.50 - 3.00 10'® cm
B 0.10 - 1.00 107t G
r 1.00 - 2.50 10!
YVbreak 0.50 - 3.00 103

P 1.40 - 1.60

D1 3.30 - 3.50

Mpy 0.50 - 2.00 109M,,
Lgisc 0.80 - 8.00 1046 erg 571
Rpr 1.79 - 5.66 10" cm
Rgpig,, 2.68 - 8.49 10" cm
RBLR., 2.95 - 9.33 10" cm

Table 3.4. Parameter ranges for SED modelling within the realm of various black hole types
in consideration.

For the fitting process, we will again utilise the minuit package, which will also provide the
necessary information for performing inference on the probability distributions of our main
parameters using Markov Chain Monte Carlo (MCMC) techniques. Taking into account the
discussion presented in the previous section, it was initially hypothesised that a satisfactory fit
could be achieved for different models by keeping all parameters fixed except for Raiss, B, Laisc,
and Mpy. We then set the values of these parameters while keeping 7 constant to optimise
the contributions from the accretion disc and ensure a faster convergence of the fitting process.

Our hypothesis was that modifying  would cause a proportional change in Lgi.. The
reader may also think that this is not completely true; it can also be thought that by changing
n what would be needed to change is Ry, (i.e., Tinax) and not Lgis as the latter is more dominant
on the first, as can be seen in Equations & [2.121] Nevertheless, when this approach was
taken, it was clear that what was changing was the peak position of the multicolour blackbody
and not the F},. From this, by trying different values for Rg;ss it was possible to obtain a good

ad hoc fit, particularly on these emissions. In particular, we found that it was not necessary to
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drastically alter the value of Mpp to achieve a good fit to the data. With these parameters set,
we began the fitting process, anticipating a successful modelling of the SED. However, upon
performing this approach, a good fit was solely attained for emissions within the X-ray range.
Therefore, to achieve a more accurate fit, it became necessary to also free the parameters that
influence the electron energy distribution, particularly p, pi, N, and Yprear- It is worth noting
that the dependencies previously established for the BLR and DT radii, as well as the ratio
between R and Ry, will still be utilised to ensure that the model remains within the realm
of physical plausibility.

In Figure [3.6] which shows the sum of all components responsible for the SED, we can
observe the different outcomes of our model considering various values for n based on the
assumptions discussed. The parameter values for each model are shown in Table 3.5 It
is evident from the figure that the uncertainty of the models lies primarily in the energy
ranges where no data are available, particularly at the low-energy peak and in the hard X-ray
energy range. Nevertheless, it is now evident that different values for the accretion efficiency,
that is, different models for the SMBH, can be used to model the SED. With this newfound
information, we can not only achieve more accurate estimations of the main parameters for
the model, but also gain valuable insights into the early evolution of the SMBH and its nuclear

environment, taking into account different types of SMBHs.
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Figure 3.6. Different outcomes for the SED at different values of the accretion efficiency. The values of each parameter are shown in

Table E
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Chapter 4
Discussions and Conclusion

This chapter presents a comprehensive analysis of our results and models obtained in the
previous chapter. We highlight the use of the MCMC sampling technique for parameter
estimation. Additionally, a theoretical framework for the formation and evolution of SMBHs
1s presented. The chapter further showcases the intrinsic correlation between the accretion
luminosity and the total jet power. Furthermore, crucial future steps in characterising the
SMBH and its nuclear environment in NVSS J163547+362930 during the early universe are
mentioned. Finally, we conclude the work by synthesising the implications of our findings

and mapping a trajectory for future investigations in this field.

4.1 Markov-Chain Monte Carlo Sampling

It should be clear now that leptonic (but also hadronic) models for blazars SED are
challenging to model. Standard chi-square minimisation methods often fall short in
effectively constraining the model parameters due to their high dimensionality, parameter
degeneracies, local minima, and model-specific dependencies, including electron distribution
parameters and Lorentz factors. As a result, employing Markov-Chain Monte Carlo
(MCMC) methods, by performing a maximum likelihood test, to fit and explore the SED’s
parameter space is always considered a prudent approach.

MCMC combines two fundamental concepts: Monte Carlo and Markov chain. Monte Carlo
techniques use random numbers to generate samples from a probability distribution, enabling
the estimation of expectations for functions under this distribution. On the other hand,
Markov chains represent a sequence of states where each state has a probability distribution
dependent on the previous value. MCMC methods create Markov chains that eventually
reach an equilibrium distribution that matches the desired probability distribution. In this
thesis, we do not aim at delving into the general statistical concepts behind MCMC methods.

However, for a comprehensive understanding, interested readers can refer to MacKay (2003)),
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which extensively discusses these concepts and beyond. Instead, we will briefly introduce the

core idea of MCMC and provide an overview of the emcee algorithm.

4.1.1 emcee Framework

Since successive samples in the chain are correlated, it can take a considerable amount of
time to generate effectively independent samples from the target distribution. In our project,
we used the MCMC package called emcee (e.g., Foreman-Mackey et al. (2013))). This
package requires a user-defined log probability function to evaluate the goodness of a fit,
particularly a Chi-squared fit test. The posterior probability density function is then
automatically constructed using a specified number of steps (iterations), walkers (exploring
the state space), and a defined burn-in sample (to approach the equilibrium distribution).

The maximum-likelihood approach determines the best-fitting model to establish
confidence regions in the parameter space. For our specific case, using the formalism
portrayed in Sawicki (2012), we first defined a likelihood function, which represents the
probability of the data set given the model parameters, and then numerically optimised it.

The likelihood function is expressed as:

fdz fmz
I p(falfm) = 3 Z ( 0, + 9i(fur) (4.1)
where f; represents the data, f,, the model, § the data error, and g(fyr,) returns the error

function when considering the upper limits (UL) which is defined as

fur,j
RSy ETTETE P

The assumption is that the errors are Gaussian and independent, which of course, is not
the case in real life. Nevertheless, due to the fact that we are collecting data from different
instruments with different response functions, this assumption is not an oversimplification.
Maximising the likelihood that the observed dataset (detections and non-detections) is drawn
from the given model is equivalent to minimising the sum inside the likelihood function. Thus,
considering Equation we can define

() el ()] o

)

where the second integral from Equation is written in terms of the error function,

erf(z) = (2/m) f; e dt. From here, by using a Bayesian data analysis, it is possible to start
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constructing the posterior probability function

p(fmlfa) o< p(fm)p(fal fm) (4.4)

in which is clear we will need to define the probability p(f,,), the prior. For this case we
used a flat prior which demands that p(f,,) be kept at a constant value centred on the best-
fit value for each parameter. When obtaining the samples from the MCMC process, we
can estimate the constraints on the parameters f by creating a histogram of these samples
projected into the parameter subspace defined by the model. This histogram provides an
approximate representation of the distribution of possible values for the parameters, allowing
us to understand the range and likelihood of different f,, values. Hence, the expectation value

of a function of the model parameters F'(f,,) is:
(F G = [ DD F ()~ > Pl (4.5)

Once these functions where all defined, we used the simplest and most commonly used
MCMC algorithm, the Metropolis-Hastings (M-H) algorithm (e.g., Gregory (2005]), Hogg et
al. (2010)), and MacKay (2003)) encoded in the emcee package, to perform our analysis. In
particular, we used the same approach for all our models, namely: a flat prior centred on
the best fit value within the interval [best fit value — d,,,, best fit value + 6,], with 9, = 6, =
5 X best fit value, a burn-in run of 10 steps to approach the equilibrium distribution, with
175 walkers, and finally a production run of 75 steps. The results, which will be used in
the subsequent sections of this chapter, can be found in Table .1, as well as in Figures
to Specifically, we showcase the MCMC model confined within the 5% and 95%
confidence intervals of the SED. In addition, we provide corner plots that show the distributions
of variables such as N, Mgy, Raiss, B, Lgise, and the Bulk Lorentz Factor T'.

n 0.057 0.083  0.100 0.150 0.200 0.300
N(10% cm ™) 11.500785  9.01509) 7.554100 8741755 7.9871%  6.02%5;
Mpp(109M,) 1197028 113792 1.277929 143701 1.32702  1.07102%
Raiss (108 cm) 1.237030 1527040 1.81109% 2137041 2451398 2761053
B(1072 Q) 7.891018  6.6970 08 4131078 2227035 1.947035  2.94%030
Laisc(10% erg s71) | 1.007012  1.417018 2.0179% 3.307035 4.22703% 572108
I'(10%) 2.007022  1.897028 1.567012 1.337512  1.327543  1.487513

Table 4.1. The models were subjected to MCMC sampling. Specifically, the provided
values correspond to the 16th, 50th, and 84th percentiles of samples within the marginalised
distributions.
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Figure 4.1. Corner plot for model with n = 0.057.
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Figure 4.3. Corner plot for model with n = 0.083.
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Figure 4.5. Corner plot for model with 1 = 0.100.
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Figure 4.7. Corner plot for model with n = 0.150.
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Figure 4.9. Corner plot for model with 1 = 0.200.
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Figure 4.11. Corner plot for model with n = 0.300.
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4.2 The SMBH Evolution

Using the ACDM cosmological model described in § [3] for any of the different models
obtained, the SMBH hosted in our blazar of study, must have formed within ¢ = 1.722 billion
years after the Big Bang. This prerequisite establishes a notable constraint on the mechanisms
governing the origination and enlargement of black hole seeds during the early universe. We
have already said that black holes grow by a combination of mergers and gas accretion, and
it should be easy to think that the more massive the initial seed, the less time is required
for it to grow to our estimated values. Now, with everything we have shown and discussed,
it should be possible to set a basic model that describes the mass evolution for our study.
This model was first proposed by Shapiro (2005)) to study the evolution not only for the mass
but also for the spin of the black hole, considering that the seed black holes are expected to
possess rotation across all feasible formation scenarios. It is then asked the reader to review
the literature for a more comprehensive treatment of the subject on this section.

We have already defined L,.. in Equation [2.92] and thus n as the efficiency of conversion
of rest-mass energy to luminous energy by accretion. Also, in Equation [2.116] we defined Lgqq
as the limit for which the radiation pressure is in balance with the gravitational force. We
can provide additional details on the preceding equation by taking into account the average
molecular weight per electron, denoted as ., which is defined as follows:
1 8

=T"v73 Y72 = - (4.6)

Le
Here, we make the assumption that the accreting plasma consists of zero-metallicity, primordial
gas, while considering a helium abundance denoted as Y, with an approximate value of ¥ =
0.25 as noted by Cyburt et al. (2003). Now, considering that a black hole growth rate must

account for the loss of accretion mass energy in the form of outgoing radiation according to

dMpu
dt

where Mg is the rate of rest-mass accretion, we can combine Equations [2.92, [2.116| &
to obtain the black hole growth rate

= MBH = (1 — n)MBH,O (47)

Nnr — Lace (1 —1n) Mpn (1—n) Mg
BH = I = TEdd
Edd n Tacc n Tacc

(4.8)
where ngqq is the efficiency of accretion luminosity, and 7,. the characteristic accretion
timescale. In particular, the latter is defined as

. MBch
Tace =

~ 0.45u " Gyr (4.9)
LEdd
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which is independent of Mpgy.

It is worth remembering that 7 is dependent on the spin of the black hole, while
simultaneously the spin itself relies on Mpgy. In other words, for a comprehensive
understanding of the evolution of Mgy, one must also account for the spin evolution.
However, this falls beyond the scope of this thesis, and thus we assume a constant spin,
resulting in constant values for n and 7,... With this consideration in mind, we can now
integrate Equation [4.8] yielding:

(4.10)

1—nt—1t
Mgpru(t) = Mpru(to) exp {ﬁEdd 7 0]

Tac C

Here, to represents the initial time at which the black hole possesses a mass of Mpy(to). It
should be evident from this expression that under these assumptions, the evolution of the

black hole is primarily governed by efficiencies, which are complex parameters to define.

Using this model, we can now project the potential evolution of the SMBH for the different
values of Mgy within our models. To select our time frame, we opted to initiate the progression
at to = 99.321 Myr, corresponding to z = 30, and continue until ¢ = 1.722 Gyr, which aligns
with the redshift of our source considering the same cosmological model used in §[3.4.1] This
specific time frame choice is grounded in the emergence of the earliest stars and galaxies at
approximately z ~ 30, as indicated by previous studies (e.g., Bromm and Larson (2004) and
Bromm and Yoshida (2011))). Furthermore, armed with this information, we can derive the
value of Mpp(t = to) under the assumptions we have outlined. In particular, in Figure [4.13]
we have included a shaded region to represent conjectured values for the mass of seed black
holes, denoted as Mgeeq, taking into account only direct collapse models (e.g., M. A. Latif and
Ferrara (2016))), where M.q is estimated to be in the range of 10* — 10M,. Figure m
illustrates the projected developmental trajectory of these black holes according to this model
using data from Table 4.2

Line n Mpr(109My)  Laeo(10% erg/s)  Lpqa(10" erg/s) ngaq
Brown | 0.057 1.19 1.99 1.71 12%
Orange | 0.083 1.13 2.82 1.63 17%
Green | 0.100 1.27 4.02 1.83 22%
Red | 0.150 1.43 6.60 2.06 32%
Purple | 0.200 1.32 8.44 1.90 44%
Pink | 0.300 1.07 11.94 1.54 7%
Dashed | 0.150 1.24 17.78 1.78 100%

Table 4.2. Parameters derived from the computed models are employed in conjunction with
Equation to depict the evolution of the SMBH in NVSS J16547+36293. The last row
represents the average outcome for the calculated Mgy values, assuming efficiency values of
0.150 for 1 and 100% for 7maa. The evolution of the SMBH is represented in Figure [4.13]
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Figure 4.13. Mpy evolution for NVSS J16547436293 since t; = 99.321 Myr (z = 30), to

= 1.722 Gyr (z =~ 3.65). Each colour line represents the evolution for different values
obtained in the SED modelling for both the accretion efficiency n and the accretion luminosity
efficiency ngqq. Meanwhile, the dashed line illustrates the trajectory for the specified values in
relation to a black hole with Mpy = 1.247323 x 10°M,—representing the mean estimate for
the obtained values of Mgy for the different models with an error based on the 16th, and 84th
percentiles of the samples in the marginalised distributions obtained in the MCMC sampling.

The shaded horizontal region correspond to the expected mass ranges direct collapse black
holes (Mgeeq ~ 10* — 105M,).
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These findings are influenced by the underlying assumptions, encompassing factors such
as the redshift of seed formation, n, and ngqq. It can be seen that the only scenario in which
a SMBH with Mpy ~ 10°M,, is consistent with those predicted by current theoretical models
for Mgeeq is the case in which we consider a high value for ngqq, and, most importantly, a
smaller value for the accretion efficiency than for a highly spinning black hole. These results
support the scenario by which the SMBH in NVSS J163547+362930 evolves over cosmological
time from a heavy seed rather than through highly efficient accretion.

At the moment of writing this thesis, recent advances in the comprehension of the
formation and evolution of SMBHs during the early universe have emerged, thanks to
contributions made by the Chandra X-ray observatory and the JWST. The recent
identification of a quasar within the galaxy UHZ1 at a redshift of z =~ 10, facilitated by
Chandra-JWST observations, discloses that the accreting SMBH hosted in UHZ1 had
already established itself approximately 450 million years after the Big Bang (e.g., Bogdan
et al. (2023)). Its estimated mass is around 4 x 107 M, assuming an Eddington ratio (7gqq)
of 100%. These attributes closely align with preceding theoretical forecasts for a distinctive
category of ephemeral, high-redshift entities known as Outsize Black Hole Galaxies (OBGs;
e.g., Natarajan et al. (2017)), which house an initially substantial black hole seed formed
likely through direct gas collapse rather than stemming from Population III stars. However,
these recent theories can be integrated with the search of high-redshift blazars to achieve a
more comprehensive understanding and visualisation of the evolution and formation of
SMBHs. For further information on this particular study, please consult the work of
Natarajan et al. (2023).

4.3 Jet Power and Accretion Relation

We have already discussed, as well as proof in previous analysis, that there exists an
intrinsic relation between the jet power, the spin, and mass of the central black hole due
to accreting material. In particular, the process driving the magnetic field within the jet is
the rotational black hole resulting from the infalling material, which applies torque on it.
Although evidence of this correlation exists through the examination of a variety of blazars at
varying redshifts (e.g., Ghisellini, Tavecchio, et al. (2010)), Ghisellini et al. (2014), Maraschi
and Tavecchio (2003), and Rawlings and Saunders (1991))), our intention in this section is to
observe this relationship considering the distinct assumptions about the black hole’s spin.

In 2.7.2] we outlined the constituents that compose the total emitted jet power, denoted
as Piet. These constituents include radiative emissions P,.q, the power carried by electrons P,
and cold protons P, as well as the power carried by the magnetic field Pg. In particular, P.q,

which can establish a lower limit for P, and is directly proportional to Lgjs, is estimated to
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account for approximately 10% of P, (Ghisellini et al., 2009). Interestingly, this proportion
has been observed to hold consistently, even in the case of Gamma-Ray Bursts (e.g., Nemmen
et al. (2012))). This proportionality implies that P must be larger than L,.., consequently,
the process responsible for initiating and accelerating jets must exhibit remarkable efficiency,
representing the most effective means of transferring energy from the vicinity of the black hole
into the jets (Ghisellini et al., 2014).

Using the energetic report, which was computed by JetSeT, and despite the fact that a
single source was used throughout the work, it was possible to verify such correlation between
Piet and L, for different accretion efficiencies supporting the conservation of energy. In our
specific scenario, using the values shown in Table [4.3] the average ratio between the powers
is approximately Praq/Piet ~ 1%. In Figure it can then be seen that, especially for lower
values of 7, P is larger than L,... This implies that the gravitational potential energy of
the infalling material not only undergoes conversion into heat and radiation but also serves to
amplify the magnetic field. This magnetic field amplification enables access to the substantial
reservoir of rotational energy inherent to the black hole, leading to the conversion of a portion
of it into mechanical power for the jet. On the other hand, we see that higher values of n
produce Pj; ~ Lacc, which means that energy conversion is rather inefficient, even though
Pjet ~ 10P,qq. Thus, considering the nature of the jet power, this test could work to accept
or reject possible models that account for the SED modelling. In particular, for our case, we
again find that high values of ) are likely not realistic, supporting the view that the SMBH in
NVSS J1635474-362930 must be originated in the heavy seeds scenario.

" 0.057 0.083 0.100 0.150 0.200 0.300
Pp(10% ergs™') [ 3.74 361 134 037 035 0.86
P(10% ergs™') | 7.37 785 771 949 10.60 11.89
P,..(10% erg s~1) | 257 292 238 267 299 3.95
Praa(10% erg s!) | 9.53 808 598 508 49 524
Pan(10% erg s71) | 3.30 370 315 3.62 4.05 5.13

P (10% erg s7) | 340 379 321 368 410 5.19

Table 4.3. Luminosity components carried by the jet for the radiative components, the
electrons, the magnetic fields, and for the cold protons in the jet for our different models.
For calculating P,_,,, we are considering a ratio of cold protons to relativistic electrons of
0.10.

old ?

Furthermore, it is also important to mention that these quantities are not not
intrinsically related to each other, even if the main radiation mechanism is the inverse
Compton process from an external photons, which in turn we have showed in this work are

proportional Lgjs., which is also proportional to L... This situation arises because of the
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complete radiative cooling of the emitting electrons, resulting in the jet’s generated
luminosity becoming independent of the radiation energy density. In other words, within the
fast-cooling scenario, the jet consistently releases all the energy carried by its relativistic
electrons and cold protons, regardless of the accretion disc’s luminosity (Ghisellini et al.,
2011).

1048 -4 — PjE-t = 103812 4 {Lacc:ln'lg _,,-’f
=== Pjet:l'—acc ,r’J
T 1047 5 T’f‘;"’________—————”
U _ .
> / P
T -
- g W n=0.057
) ”
a e n=0.083
1046 — % n=0.100
] o % n=0.150
ot % n=0.200
et n=0.300
i i i
1046 10.4? 1048

Lacc (erg s

Figure 4.14. P estimated through the JetSeT framework, assuming a ratio of cold protons to
relativistic electrons of 0.10, against L,.. (see Table , using different models for . The blue
line is the best least square fit, while the yellow stripe is the equality line. The components
for P can be seen in Table .

4.4 Lyman-Limit: Redshift Estimation

To perform a consistency check in our SED modelling, we compare the redshift of the
source measured by Paris et al. (2018) (z ~ 6.35) and the redshifts that we can infer from the
SED through a dropout technique, which relies on multiwavelength broadband photometric
observations. This technique is grounded in the concept that neutral hydrogen in the path

of light between the source and the observer, scattered across the hot intergalactic medium
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(IGM; e.g., Gunn and Peterson (1965)), effectively absorbs photons with a rest-wavelength
shorter than 912 and 1216 A, which represent the Lyman-limit and the Lyman-o forest lines
(see § . This implies that the energy emitted by high-redshift sources at wavelengths
shorter than the Lyman-limit emission line gets significantly absorbed by the clouds along
the line of sight. In particular, objects such as blazars will not be detected, or will “drop-
out”, when viewed through filters with spectral responses that extend prior to the red-shifted
Lyman-limit at (14 2) x 912 A; in the case of the wavelength coverage for UVOT, this happens
at z ~ 0.8. The relative strength of the two breaks in the spectrum depends on the redshift
of the source, which means that this technique can also be used to measure the photometric
redshift, denoted zpno, providing, in an independent approach, a reliable lower limit on the
blazar redshift. The method has been extensively applied to estimate the redshift of Fermi-
LAT blazars that do not display line features for which it would be difficult or even impossible
to find the redshift (e.g., Rau et al. (2012)).

For our case of study, we knew in advance that it was possible to detect this absorption
due to the data obtained from UVOT and GAIA. In fact, it is very clear from Figure [3.6| and
absorption in the UV range for all the computed models. Thus, by using these different SED
models obtained in §, it should be possible to estimate zppot. For this, we plot the luminosity
obtained for each of our models against A as shown in Figure m (upper panel). As we are
performing a broadband modelling, we will not see any dominant emission lines, meaning it
is possible to use a simple power-law to model the UV to optical emissions. Nevertheless,
considering our discussion in § and the beginning of this section, we will see a cut in the
model at the Lyman-limit. Hence, in our case, it is a good approximation to use the break
wavelength at this range to estimate the Lyman-limit, and with it obtain the lower limit for
Zphot- 1N particular, for the inflection point, we took the second derivative of the SED and
solved for zero. The results of this analysis are reported in Table .4, Thus, taking the mean
value of all the solutions found, we can report a lower limit for the redshift of the source of
z = 1.9500%. In Figure , the upper plot shows the source’s measured luminosity for the
different models, while the lower plot shows both the DT and disc emissions. In both these
graphs, vertical bands are displayed representing the rest-frame, observed, and lower limit for

the Lyman-limit line.

In this analysis, we can verify and explain the relatively large error bar associated with
the UVOT data point at 358.60 nm (equivalent to 8.36 x 10 Hz). The presence of this
point in close proximity to both the observed and the lower limit Lyman lines contributes
to a significant uncertainty in the energy density. This finding serves to confirm our initial
hypothesis regarding the source of this error. Furthermore, the lower redshift limit inferred
through the SED is consistent with the actual measured redshift, thereby supporting the

modelling of the source.
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n Break point (nm)  zppot
0.057 | 268.37 1.94
0.083 | 274.37 2.01
0.100 | 269.26 1.95
0.150 | 266.15 1.92
0.200 | 271.35 1.98
0.300 | 263.08 1.88
Mean | 268.661333 1.95+9-96

Table 4.4. Inflection point and 2. for each model. As explained in §, it is possible to use

this inflection point to set a lower limit for the redshift of the source. In particular, for our

case, we can set a lower limit for the redshift of z = 1.95700%.
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Figure 4.15. Photometric redshift estimation accounting for the different SED modelling. Left:
energy density for both the DT and the disc against frequency; right: total source’s emitted
luminosity against wavelength. For both plots the black and yellow vertical lines represent
the rest-frame and observed values for the Lyman-limit respectively.
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4.5 Next Steps

For our work related to the SED modelling of our chosen blazar, we relied exclusively on a
leptonic model. This choice has proven to be the most favourable, as it requires, for instance,
smaller magnetic field strengths than when using a lepto-hadronic model. However, more
information has emerged regarding the correlation between neutrino emissions and AGN,
particularly blazars, in recent years (e.g., Buson et al. (2022)). This suggests that lepto-
hadronic modelling should also be considered whenever employing a leptonic model alone, as
neutrinos can only be generated through lepto-hadronic processes. In particular, we should
note that this new approach could be carried out using the JetSeT framework, making it even

more useful due to its other attributions.

A relevant mission in high energy astronomy is the Nuclear Spectroscopic Telescope Array
Mission (NuSTAR; Harrison et al. (2013)). This mission operates in the X-ray spectrum and
boasts the pioneering use of focussing optics for hard X-rays, specifically those above 10 keV.
Launched on June 13, 2012, and positioned in a low-inclination low-Earth orbit, it was initially
programmed for a two-year mission, but it continues to gather data. Covering an energy range
of 3-79 keV and featuring a telescope with the capability to extend to a 10-meter focal length,
it offers a combination of sensitivity, spatial, and spectral resolution factors that are 10 to
100 times improved compared to previous X-ray missions, particularly XMM-Newton. From
June 1, 2023, to May 31, 2024, NuSTAR will embark on its ninth cycle. In this cycle, our
designated source, NVSS J163547+4362930, has been accepted and a guaranteed an observation
time totalling 30 ks. Despite the relatively limited observation time, which may result in a
somewhat modest signal-to-noise ratio, implying possible relatively large error margins for the
observed emissions, these observations will hold considerable value, as they will contribute to
a more precise constraint of the SED models within the X-ray energy band, complementing
the XMM observations. In addition, the data could also be used to study possible X-ray
variability, as well as to constrain the SMBH and its nuclear environment (e.g., Bottacini
(2022)).

Another important analysis that can be done regarding the SED for our source is to
study, although we said that it is not a highly variable source, the multi-epoch SED. This
investigation serves as a potent means to comprehensively explain the observation of high-end
TeV spectra flares, irrespective of the methodology employed. This observational evidence has
persisted for some time, but current studies (e.g., Tramacere et al. (2022)) have suggested that
the y—ray emission might originate upstream within the jet, due to an adiabatic expansion
of the emitting blob, resulting in the region becoming radio-transparent at larger scales. In
our specific scenario, an in-depth analysis and modelling of the blob’s expansion within the

jet could potentially account for the upper limits measured by Ferm: for our source. In
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particular, it could enable us to make predictions about the SED whenever the UHE data
become accessible for our source.

It was explained in § [I] that the SED can be affected by v — 7 interactions with the
so-called EBL. In fact, it was also mentioned that to properly constrain the emission
processes contributing to the high-energy portion of the spectrum, it is crucial to consider
EBL corrections when performing SED modelling. Therefore, the next step to take in the
multiwavelength study of NVSS J163547+362930 is to use different EBL models (e.g.,
Dominguez et al. (2011), Finke et al. (2010), and Franceschini et al. (2008)), which will
improve our understanding not only of the emission processes within our source but also of
the EBL field and its interaction with other particles. The latter, as is the case with cosmic
rays, UHE protons, or nuclei heavier than protons, interacting with the EBL and the CMB,
may disintegrate into lighter nuclei, resulting in the so-called Greisen-Zatsepin-Kuzmin
(GZK) cut-off (Greisen, [1966)).

As a final comment, this study has highlighted a significant degree of uncertainty in the
hard X-ray portion of the SED. Consequently, there is a pressing need for forthcoming
missions equipped with adequate effective area telescope, especially for high-redshift sources,
to investigate this specific wavelength range. Currently, there are no missions capable of
conducting such observations, emphasising the potential utility of our results as templates
for future missions seeking to detect sources similar to NVSS J163547+362930. This effort
promises to provide us with the opportunity to refine our constraints and explanations
regarding the evolution and formation of SMBHs in the early universe. Additionally, it
opens up the possibility of better relating the dependencies between SMBHs and their

nuclear environments.

4.6 Conclusions

At redshift z = 3.65, NVSS J163547+362930 stands out for its multifrequency coverage.
This presents a unique opportunity to dive into and gain deeper insights into the underlying
physical mechanisms governing SMBHs and their surrounding nuclear environment in the early

universe. To embark on this endeavour, we undertook the following steps:

e We embarked on a comprehensive theoretical exploration of AGN, with a specific focus
on blazars. Our journey through the realm of blazars encompassed an in-depth study of
the primary radiative processes supporting their emissions. We delved into the details of
the leptonic and lepto-hadronic scenarios, showing their key distinctions. Mainly, a key
aspect of our investigation was centred around the role of broadband SED modelling,

in particular for high-redshift sources. We highlighted its significance in constraining

109



4.6. CONCLUSIONS

critical parameters linked to the blazar’s central engine and emission zone, shedding

light on the complexities of these high-energy phenomena.

Our research journey then transitioned into the realm of empirical data analysis, where
we gathered data from various low- and high-energy missions, as well as radio catalogues.
Through meticulous SED modelling, using the JetSeT framework, we probed the effects
of varying the black hole spin, ranging from non-rotating Schwarzschild black holes
to the extreme Kerr variety. With our models in hand, we employed MCMC sampling
techniques to refine our understanding of the key parameters governing blazar emissions,

having as a result better constrained values.

A first insight obtained from our standard SSD model was the excellent fit for the -
ray emissions found to be produced from EC processes, with the DT being the source
of the external photons instead of originating in the BLR. At the same time, we find
that the peak for the EC processes of the disc is located near the MeV band. With
further explorations from different High Energy Astrophysics missions, this could explain
potential contributions at this energy in the SED, allowing us to better constrain the

accretion disc and, consequently, the SMBH.

With the results obtained from our modelling, it was possible to trace the formation
and evolution of the SMBH within NVSS J163547+362930 by using a simplistic model
considering mainly the accretion efficiency and the accretion luminosity. Notably, our
findings illuminated a cosmological evolution in which the SMBH evolved from a heavy
seed, rather than through highly efficient accretion mechanisms, favouring moderate
spin values of the SMBH. Additionally, we verify the intrinsic correlation between the
jet power and the accretion luminosity, offering insights into the plausibility of high
accretion efficiency values for high-luminosity accretion discs. Our results support the
scenario in which the SMBH in NVSS J163547+362930 evolution with high values for
the accretion efficiency, and in agreement with our previous findings, are likely not
realistic. It was also discussed and explained, due to the nature and relation between
the central engine’s main components, that the relation between the jet power and the
accretion luminosity can be used as a valuable tool to differentiate between physical and

un-physical accretion efficiency values.

Finally, in this thesis, we introduced a simple but accurate technique for determining a
lower limit of the source’s redshift by measuring the inflection point in the Optical-UV
range. This approach proved particularly valuable for high-redshift AGN, as it allowed
us to glean insights into the Lyman-limit drop within this range, thereby providing a

measure of the line’s wavelength even though using only a broadband spectrum.
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