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Abstract

Light echo studies, usually referred to as reverberation mapping in active galactic
nuclei(AGN) is an indirect but powerful method for investigating the structure of the
central engine. Instead of relying on spatial resolution, it makes use of time delays
between variations at different wavelengths, which are generally interpreted as high-
energy photons from the corona being reprocessed by the accretion disk. These so-
called continuum lags are widely used to estimate disk sizes. However, many recent
studies have reported lags that are larger, or more complex, than predicted by the
thin-disk standard model. This thesis investigates the origin of these discrepancies

by developing models that include additional sources of reprocessing.

The first part of the work focuses on building such a model, starting from the lamp-
post geometry and extending it to include the contribution of the broad-line region
(BLR). A series of simulations shows that scattering in the BLR can enhance the
observed lag amplitude and produce signatures that closely resemble those gener-
ated by increasing the coronal height. This degeneracy complicates reliable disk-size
estimates. We also find that the cadence and duration of monitoring campaigns
strongly affect lag recovery, with short baselines in particular leading to underesti-

mated values.

The second part of this work applies a physically motivated BLR model to the well-
studied AGN NGC 5548. The model is based on the Failed Radiatively Accelerated
Dusty Outflow (FRADO) framework of the physically motivated formation of BLR
coupled with spectral calculations of BLR reprocessing from the radiative transfer
code (CLOUDY). In combination with the accretion disk, this approach reproduces
both the observed spectral energy distribution and the pattern of multi-band lags.
As a further outcome, the model provides an estimate of the source distance and,

from this, a tentative value for the Hubble constant.

The final part of this work looks at the effect of a vertically extended corona by
adopting a two-lamppost setup. Our simulations show that reverberation signal of
AGN is found to be very similar to that of a single source placed at the average

height, with no clear distinction between the two cases. For systems that are both



very massive and slowly accreting, some differences do appear, although they remain

small.

The results of the presented PhD thesis indicate that continuum reverberation is
shaped by a combination of disk reprocessing, and BLR reprocessing. Including
these effects in the models helps to explain why many measured lags differ from the
thin-disk predictions. As a pilot study, the method was applied to NGC 5548, where
the combined disk+BLR model reproduced both the spectrum and the observed lag
pattern. The next step would be extend this approach to a larger set of AGN, which
will make it possible to test the model more broadly and improve its use for studying

accretion and cosmology.



Streszczenie

Badania echa $wietlnego, zazwyczaj okreslane jako mapowanie reverberacyjne w ak-
tywnych jadrach galaktyk (AGN), stanowia posrednia, lecz potezna metode bada-
nia struktury centralnego silnika. Zamiast polega¢ na rozdzielczosci przestrzennej,
metoda ta wykorzystuje opdznienia czasowe pomiedzy zmianami obserwowanymi
przy roznych dtugosciach fal, co jest zazwyczaj interpretowane jako ponowne przetwa-
rzanie wysokoenergetycznych fotonéw z korony przez dysk akrecyjny. Tego typu
tzw. opoézZnienia ciagle sa powszechnie stosowane do szacowania rozmiaréw dysku.
Jednak wiele najnowszych badan wykazalo, ze obserwowane opdznienia sg wieksze
lub bardziej ztozone, niz przewiduje standardowy model cienkiego dysku. Niniejsza
rozprawa bada zrodta tych rozbieznosci, rozwijajac modele uwzgledniajace dodatkowe

zrodla reprocessingu.

Pierwsza czesé pracy koncentruje sie na budowie takiego modelu, rozpoczynajac od
geometrii typu lamp-post i rozszerzajac ja o wklad obszaru linii szerokich (BLR).
Seria symulacji pokazuje, ze rozpraszanie w BLR moze zwicksza¢ obserwowang am-
plitude opdéznienn oraz generowaé sygnaly bardzo podobne do tych powstajacych
przy zwiekszeniu wysokosci korony. Ta niejednoznaczno$é utrudnia wiarygodne os-
zacowania rozmiaru dysku. Stwierdzono réwniez, ze czestotliwos$¢ i czas trwania
kampanii obserwacyjnych silnie wptywaja na odzyskiwanie opdznien, a szczegolnie

krotkie okresy bazowe prowadza do zanizonych wartosci.

Druga czes¢ pracy wykorzystuje fizycznie uzasadniony model BLR w odniesieniu do
dobrze przebadanej aktywnej galaktyki NGC 5548. Model ten opiera si¢ na koncepcji
Failed Radiatively Accelerated Dusty Outflow (FRADO), opisujacej fizycznie moty-
wowany mechanizm powstawania BLR, sprzezony z obliczeniami widmowymi repro-
cessingu BLR przy uzyciu kodu transferu promieniowania CLOUDY. W potaczeniu
z dyskiem akrecyjnym podejscie to pozwala odtworzyé¢ zaré6wno obserwowana dys-
trybucje energetyczna widma, jak i wzoér opdznienn wielopasmowych. Dodatkowym
wynikiem modelu jest oszacowanie odlegtosci do zrodta, a na tej podstawie wstepna

wartos$é statej Hubble’a.



Ostatnia cze$é pracy analizuje wplyw rozciaglej pionowo korony poprzez zastosowanie
konfiguracji z dwoma zrodtami typu lamp-post. Symulacje pokazuja, ze sygnat
reverberacyjny AGN jest bardzo podobny do tego, ktéory powstaje w przypadku
pojedynczego zrodta umieszczonego na Sredniej wysokosci, bez wyraznych réznic
pomiedzy obiema sytuacjami. Dla uktadéw bardzo masywnych i wolno akreujacych

pojawiaja sie pewne roznice, lecz pozostaja one niewielkie.

Wymniki przedstawionej rozprawy doktorskiej wskazuja, ze opdzZnienia ciagte ksz-
taltowane sa przez kombinacje reprocesowania promieniowania w dysku i BLR.
Uwzglednienie tych efektéw w modelach pomaga wyjasni¢, dlaczego wiele zmier-
zonych opo6znien odbiega od przewidywan cienkodyskowych. Jako badanie pilotazowe
metoda zostalta zastosowana do NGC 5548, gdzie potaczony model dysk+BLR odt-
worzyl zaré6wno widmo, jak i obserwowany ksztalt opoéznieri. Kolejnym krokiem
bedzie rozszerzenie tego podej$cia na wiekszy zbior AGN, co umozliwi szersze przetes-

towanie modelu i poprawi jego zastosowanie do badan akrecji oraz w kosmologii.
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Chapter 1

Active Galactic Nuclel

1.1 Introduction

Astrophysical systems such as gammaray bursts (GRBs), active galactic nuclei
(AGN), Xray binaries, protoplanetary disks, and tidal disruption events look dif-
ferent, but they are all powered by the same basic process: accretion of matter onto

a compact object. The main di erence between these systems is their physical scale.

In accretion, gas falls toward the central object and transforms gravitational po-
tential energy into kinetic energy, heat, and radiation. The gas, however, usually
carries angular momentum, which prevents direct infall. If we assume a Keplerian
disk, in which the rotational velocity at a given distance is determined solely by the
gravitational force of the compact object, the azimuthal velocity and the specic

angular momentum (angular momentum per unit mass) are given by

r—
v(in=  — (1.1)

jry=rv = P GMr: (1.2)
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From the equation 1.2, it is apparent that angular momentum, which is also a con-
served quantity, increases with radius. In order for accretion to take place, transfer-
ring the angular momentum is the only solution. Transport of angular momentum
can happen in di erent ways: through viscosity (Shakura and Sunyaev, 1973), turbu-
lence, magnetic instabilities such as the magnetorotational instability (MRI; Balbus
and Hawley, 1991, 1998), or disk winds and out ows (Blandford and Payne, 1982).
The ideal situation, where pressure forces are negligible and central gravity domi-
nates, is a thin Keplerian disk. Disks in real systems, particularly AGN, may di er
from this simple model due to factors like thickness, magnetisation, or radiative

ine ciency, which | will mention brie y in the coming sections.

1.2 History

Figure 1.1: Emission lines generated from the original observations reported by
Seyfert (1943).
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The rst step toward understanding active galactic nuclei (AGN) was made in 1909,
when Edwin A. Fath used the 36-inch Crossley re ector at Lick Observatory to take
the optical spectrum of NGC 1068. He found that the nucleus of this galaxy showed
bright emission lines on top of a weak continuum, very di erent from the absorption
features usually seen in stellar spectra (Fath, 1909). At that time, the origin of this

emission was not understood.

In 1917, V. M. Slipher obtained higher quality spectra of 25 spiral nebulae, including
NGC 1068. He conrmed the strong, narrow emission lines and also showed that
NGC 1068 had a radial velocity of +1130 km/s, which was unusual compared with

normal galaxies (Slipher, 1917).

In 1943, Carl K. Seyfert extended this work by showing that several spiral galaxies,
again including NGC 1068, have nuclei with strong emission lines, as illustrated in
gure 1.1. From the spectra of six galaxies, he reported both broad permitted lines
and narrow forbidden lines on top of the stellar background. These galaxies became

known as Seyfert galaxies (Seyfert, 1943).

Another breakthrough happened in 1963, when Maarten Schmidt obtained an opti-
cal spectrum of the radio source 3C 273 and realized that the strange emission lines
were simply Doppler redshifted Balmer hydrogen emission lines (Schmidt, 1963).
The source was found to have a redshift of 0.16, and this nding con rmed the
identi cation of a quasar, and transformed the understanding of extragalactic as-

tronomy.
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Figure 1.2: Top: llustration of the primary structural components of an ac-

tive galactic nucleus (AGN), as described in uni cation models (adapted from

Hickox and Alexander 2018). Bottom: Representative spectral energy distribu-

tion (SED) of an AGN, decomposed into contributions from the accretion disk,
dust, and host galaxy (adapted from Collinson et al. 2017).
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1.3 Components of AGN

The term active galactic nucleus (AGN) is a broad label for galaxies whose central
black holes are actively accreting gas. Seyfert galaxies are one example, but other
well-known classes include quasars, radio galaxies, and blazars, among others. What
distinguishes these categories are mainly their luminosities, spectral characteristics,
and the viewing angle toward the nucleus. In particular, obscuration by gas and
dust, together with orientation e ects, plays a major role in how an AGN appears
(Antonucci, 1993; Urry and Padovani, 1995). Table 1.1 gives a summary of the
main classes. In the chapters that follow, the terms Seyfert galaxy and AGN will

occasionally be used interchangeably.

Figure 1.2 illustrates both the structure and the broadband emission of an AGN. At
the center lies a supermassive black hole encircled by an accretion disk. Surrounding
the disk is the broad-line region (BLR), and farther out a dusty torus together with
the narrow-line region (NLR). In many systems, relativistic jets are also launched,
extending to scales far beyond the host galaxy. Each of these components contributes
to a di erent part of the observed SED, and their roles will be discussed in more

detail in the following sections.

1.3.1 Supermassive Black Holes (SMBHS)

While the SMBH itself contributes no radiation directly to the SED, it acts as the

central engine, creating the deep gravitational potential well into which gas and
dust fall and accrete. This process of accretion converts gravitational potential
energy into radiation. As material spirals closer to the black hole, friction and

compression heat the gas, producing the luminous accretion disk observed in AGN.
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The luminosity L produced by such a system is connected to the mass accretion rate

M. through

L= Mc? (1.3)

where represents the radiative e ciency. Rearranging gives

L

M. = (:2:

(1.4)

Assume an AGN with e ciency  0:1. Aluminosity L 10 “fergs! then requires
an accretion rate of roughly

M 1:8M yrl:

To understand e ciency, assume a gas of mass m falling into a black hole of mass

M down to radius r would release

GMm

U r (1.5)
For continuous accretion, the corresponding rate is
(jzl_LtJ Gl\f M': (1.6)
Comparing with L = ¢ = Mc? yields
(?TI\Q: 1.7)

In this sense, the e ciency is tied to the compactness of the central object,

given by the ratio M=r. More compact systems allow more e cient conversion
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of accreted mass into radiation. For gas reaching within a few Schwarzschild radii
(Rs = 2GM=c?), e ciencies of order  0:1 are achieved, making accretion onto

SMBHSs one of the most powerful energy-generation mechanisms in nature.

In addition to e ciency, there is also a theoretical upper limit on the luminosity
that can be sustained. This is the Eddington luminosity, obtained by equating
the outward radiation pressure (acting on electrons through Thomson scattering)
to the inward pull of gravity (acting on protons). For a spherical system of ionized
hydrogen, the limit is

_ 4GMm c,

T

Le (1.8)

where m, is the proton mass and 1 the Thomson cross-section. If L > lg, radiation
pressure would exceed gravity, disrupting steady in ow. The Eddington luminosity
therefore sets a natural ceiling on the radiative output of quasars and AGN for a

given black hole mass.

Another de ning property of a black hole is the event horizon, the surface from
which not even light can escape. For a non-rotating black hole this is set by the

Schwarzschild radius,

(1.9)

The Schwarzschild metric, which describes the spacetime outside such a mass, is
given by

2GM 2Gm 1
G c2dt? 1 G

ds*= 1 c2r c2r

dr2 r 2 d?+sin?>d ?2: (1.10)

where
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ds?: spacetime interval,

" t. coordinate time,

r; ; . spherical spatial coordinates,
" G: gravitational constant,

" M: mass of the object,

" c: speed of light.

For r > R 5, the metric describes the exterior spacetime for any spherically sym-
metric mass distribution, while at r = R, the event horizon is located. From the
Schwarzschild metric, the innermost stable circular orbit (ISCO) for a non-rotating
black hole lies at r = 3Rs. Inside this radius, circular orbits are unstable and mat-
ter rapidly plunges into the black hole. For rotating (Kerr) black holes, the ISCO
depends on the dimensionless spin parameter a (with 0 a 1). In the case of
a maximally rotating Kerr black hole (a = 1), the ISCO shrinks tor ' 0:5R ¢ for
co-rotating orbits, while for counter-rotating orbits it moves outward tor ' 4:5R ¢

(Bambi, 2020).

The rst dynamical evidence for a stellar-mass black hole came from the X-ray binary
Cygnus X-1, where orbital studies of the companion star pointed to a compact object
with several solar masses (Webster and Murdin, 1972; Bolton, 1972). Observational
evidence for SMBHSs followed soon after. Photometric modeling of the nuclear light
distribution in M87 implied the presence of a supermassive object with a mass of
order 510 °M con ned within 100 pc, providing some of the earliest compelling

evidence for a massive black hole in a galactic nucleus (Young et al., 1978).

When direct dynamical measurements are not possible, black hole masses are esti-

mated using host galaxy correlations. The two most common are the M relation
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and the M M y,4e relation. The M relation connects the black hole mass to the ve-
locity dispersion of stars in the galaxy bulge (Ferrarese and Merritt, 2000; Tremaine
et al., 2002). The M Myyqge relation instead links the black hole mass to the stel-
lar mass or luminosity of the bulge. The rst evidence for a connection between
black hole mass and bulge mass came from dynamical modeling of nearby galaxies
(Magorrian et al., 1998). A more precise calibration of this M Myqe relation was

later established using improved data (Haring and Rix, 2004).

For AGN, indirect methods such as reverberation mapping (chapter 2) are com-
monly employed. Under the assumption of virialized motion, the black hole mass
can be expressed in terms of broad-line region (BLR) cloud velocities and the ra-
dius luminosity (R L) relation (Kaspi et al., 2000). The empirical R L relation

derived by Kaspi et al. (2000) is given by:

L (5100A) *7

R =32:9
BLR 10" erg st

light-days: (1.11)

Subsequently, single-epoch virial mass estimators were developed, combining this
relation with the full width at half maximum (FWHM) of broad emission lines such

as H, Mgll, and CIV. Several studies (e.g., Wandel et al., 1999; Vestergaard and
Peterson, 2006) derived widely used calibrations based on H. One common form
is:

" . FWHM(H
Metiviial  — .91 +0:5l0g,, ﬁ +2logy W

(1.12)

logyo

Analogous relations have been developed for H (Greene and Ho, 2005), CIV 1549
(Vestergaard, 2002; Vestergaard and Peterson, 2006), and Mgl 2798 (McLure and
Jarvis, 2002; Wang et al., 2009).
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Other specialized methods can also be used to measure black hole masses. For
example, water megamaser emission, from circumnuclear disks, can be mapped
very accurately, allowing Keplerian rotation curves to be modeled, as in NGC 4258
(Miyoshi et al., 1995). Gravitational lensing provides another case: in the lens sys-
tem PMN J1632 0033, a faint central image was detected and used to place an upper
limitof .2 10 #M on the black hole mass (Winn et al., 2004). More recently, the
Event Horizon Telescope has imaged the region around SMBHSs such as M87, making
it possible to determine their masses directly from black hole shadow observations

(Event Horizon Telescope Collaboration et al., 2019a,b).

1.4 Accretion disk

Gas falling toward a compact object generally has non-zero angular momentum.
Because of this, the gas cannot fall in directly but instead forms a rotating struc-
ture. Angular momentum is gradually transported outward by viscosity, magnetic
instabilities, or winds, while mass moves inward and gravitational energy is con-
verted into radiation (Shakura and Sunyaev, 1973; Balbus and Hawley, 1991, 1998;
Blandford and Payne, 1982).

As the gas spirals inward, gravitational potential energy is converted into kinetic
and thermal energy. The gas is heated and radiates in optical, ultraviolet, and X-
ray bands. Because of angular momentum conservation, the in ow settles into a
attened accretion disk instead of a free fall. Di erent regimes of accretion lead to
di erent types of disks. At low accretion rates, the ow can become an advection-
dominated accretion ow (ADAF), where most of the energy is advected inward
rather than radiated (Narayan and Yi, 1994). At very high accretion rates close to

the Eddington limit, radiation pressure produces a slim disk (Abramowicz et al.,
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1988). In other regimes, thick disks (Abramowicz et al., 1978) or magnetically
arrested disks (MADs) (Narayan et al., 2003; Tchekhovskoy et al., 2011) are
relevant, especially in connection with jet production. In this thesis, | focus on the
standard Shakura Sunyaev thin disk model, which assumes a geometrically

thin, optically thick disk and will be described in the next section.

1.4.1 Shakura Sunyaev Accretion Disk Model

The model assumes a disk that is geometrically thin and optically thick. An-
gular momentum transport is described by an e ective viscous stress. Shakura and

Sunyaev (1973) introduced the -prescription, writing the stress as
Tr = P o,

where Ry is the total pressure and is a dimensionless constant. The corresponding
kinematic viscosity is

= ¢ (H; (1.13)
with ¢4 the sound speed and H the disk scale height.

The energy ux from the disk surface at radius R is

n #
3GMM. R 2
FR)= “grs 1 = :

(1.14)

This expression assumes a steady-state disk where gravitational energy released at
each radius is radiated locally. The result does not depend on the detailed origin of

viscosity.
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In Newtonian gravity this form is valid. In general relativity, the ux is modi ed by

correction factors (Novikov and Thorne, 1973; Page and Thorne, 1974):

F(R) = —SSI\R/IZA'f(R); (1.15)

where f(R) vanishes at the ISCO. For a Schwarzschild black hole the ISCO is at
R = 3Rs. For Kerr black holes the ISCO moves inward for prograde orbits and

outward for retrograde orbits.
The e ective temperature of the disk is given by

F(R) ™™
Te (R) = FR) ; (1.16)
with the Stefan Boltzmann constant. Each annulus radiates approximately as
a blackbody. The sum of all annuli produces a multi-temperature spectrum that
peaks in the ultraviolet and extends to optical and infrared. The disk contribution

appears in the SED shown in gure 1.2.

The disk alone does not reach temperatures high enough to produce hard X-rays.
The X-ray spectrum is due to re ection and reprocessing of photons from the corona.
Part of the coronal radiation is re ected by the disk, producing a hard X-ray excess.
Another part is absorbed, and photons above 7:1 keV can eject K-shell electrons

from iron atoms. Two outcomes are possible:

1. The Auger e ect, where the excess energy ejects another electron.

2. Emission of a uorescent Fe K photon at 6:4 keV, a ubiquitous feature of

AGN spectra (gure 1.2).
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1.5 Corona

The corona is a high-energy region located above the accretion disk, and it plays a
central role in producing the X-ray emission of AGN. It is often described in terms

of two components: a hot corona and a warm corona.

The hot corona is an optically thin plasma with temperatures of £8 K. Electrons

in this region are highly energetic, and X-rays are produced through inverse Comp-
tonization of thermal photons from the inner accretion disk. The geometry of the
hot corona is not well constrained and is model dependent. Suggested con gura-
tions include a compact lamp-post above the black hole (Martocchia and Matt,
1996; Miniutti and Fabian, 2004), or extended structures (Haardt and Maraschi,
1991). Recent observations also suggest that the corona may vary over time; for
example, Kara et al. (2019) report changes in coronal geometry in the stellar-mass
black hole transient MAXI J1820+070, possibly linked to evolving conditions in the

inner accretion ow or magnetic eld structure.

The emission from the hot corona is usually described by a power-law spectrum:

F(E)=A xE (photons st cm? keV?!); (1.17)

where A¢ is a normalization constant, E is the photon energy, and is the photon
index. This power-law emission is represented by the dashed blue line in the bottom

panel of gure 1.2.

An important feature of AGN X-ray spectra is the deviation from a pure power-
law below 2 keV, known as the soft excess (Turner and Pounds, 1988). One

explanation is a warm corona: an optically thick, low-temperature medium located
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near the disk, which Comptonizes disk photons into soft X-rays (Petrucci et al.,

2018).

Alternative explanations for the soft excess have also been proposed. In the re ec-
tion model, the soft excess arises from re ection of hard X-rays by the accretion
disk (Crummy et al., 2006; Jiang et al., 2019). In the complex absorption model,

the apparent soft X-ray excess is produced by partially ionized, velocity-smeared ab-
sorption along the line of sight, possibly associated with a disk wind (Gierli«ski and
Done, 2004). While this scenario can in principle mimic a soft excess, it requires ex-
treme smearing and is not favored compared to re ection or warm-Comptonization.
The relative contribution of these mechanisms is still debated, but it is clear that
both hot and warm coronae are essential for shaping the observed AGN X-ray spec-

trum.

1.6 Torus

A dusty torus, composed of gas and dust, looks like a doughnut (Antonucci, 1993),
and the very high column density of the torus completely blocks the bright light
from the center. Studies using mid-infrared (MIR) imaging have shown that this
torus is optically thick and can extend between 0.1 and 10 parsecs (Packham et al.,

2005; Radomski et al., 2008).

The dust sublimation radius sets the inner edge of the torus, which also sets the
outer edge of the broad line region (BLR). This radius is where dust grains reach
their sublimation temperature, Tgy,, Which is the highest temperature that dust can

withstand before it evaporates. The size, composition, and local photon ux of the

dust grains all a ect the sublimation temperature. The mean sublimation radius,
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hRupi, can be found by averaging over typical graphite grains in the interstellar

medium Barvainis (1987).

_ _, 1800K %°
hRupi 0:5L 35 —— 1O pc

sub

where

hRsbi : mean dust sublimation radius (parsecs, pc)
Ls : AGN luminosity normalized to 10 erg st
Teup : dust sublimation temperature (Kelvin, K)

f(): angular-dependent factor accounting for radiation anisotropy

Figure 1.3: lllustration of di erent theoretical models for the structure of the
AGN torus (adapted from Victoria-Ceballos et al. 2022).

The dusty torus in AGN can be described in di erent ways, as shown in gure 1.3.



Chapter I. Introduction 16

In the smooth torus model, the dust and gas are assumed to follow a continuous dis-
tribution (Pier and Krolik, 1992; Fritz et al., 2006), with the temperature depending
primarily on the distance from the black hole. The clumpy torus model (Nenkova
et al., 2008a,b) assumes that the dust exists in dense clouds with gaps in between.
These gaps let light travel through more freely, which means even clouds at the same
distance from the black hole can have very di erent temperatures because some are
shaded by others. Later, Stalevski et al. (2016) introduced a two-phase model that
includes both clumps and a di use medium between them. This provides a descrip-
tion that sits between the smooth and clumpy pictures. More recently, Honig and
Kishimoto (2017) suggested a disk+out ow structure, where the torus is clumpy but

also has a dusty wind in the polar direction.

The covering factor quanti es the fraction of the sky, from the black hole's perspec-
tive, that is blocked by the torus. Studies have shown that this covering factor varies
widely across di erent AGN (Mateos et al., 2016). The SED contribution from the
torus is in the IR window, as shown in gure 1.2. The dust around the AGN absorbs
the intense ultraviolet and optical light coming from the center and then re-emits
that energy as infrared radiation. The re-radiation happens at temperatures close
to the dust sublimation limit, which is typically around 1500 K (Barvainis, 1987,

Nenkova et al., 2008a).

1.7 Broad-Line Region (BLR)

The broad emission lines seen in the spectra of active galactic nuclei (AGN) were
key to their discovery. These lines come from the Broad Line Region (BLR), which

is made up of clouds of gas orbiting the central supermassive black hole at speeds
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reaching up to 5000 km$ or even more. To an observer, these lines appear broad-
ened because some clouds are moving away, stretching the light to longer wave-
lengths, while others move toward us, compressing the light. The BLR clouds are
very dense, and the frequent collisions within them play a crucial role in produc-
ing strong permitted emission lines while suppressing forbidden lines (Osterbrock,
1989). The absence of forbidden lines, together with photoionization models, makes
it possible to estimate the electron density in the BLR, which is found to be very

high (Davidson and Netzer, 1979).

There are multiple models proposed to describe the geometry and dynamics of the
BLR. Early models suggested that the BLR could be explained either as a at and
gravitationally bound disk (Perez et al., 1988; Kollatschny et al., 2014), or as a sys-
tem made of discrete line-emitting clouds (Kwan and Krolik, 1981). In some AGN,
the BLR gas shows signs of owing inward toward the black hole (Gaskell, 2009),
while in others, parts of the BLR are moving outward as an out ow (Emmering
et al., 1992; Kollatschny, 2003). Such observations motivated the development of
out ow-based models. For instance, Elvis (2000) proposed a funnel-shaped, radia-
tively driven disk wind in which the BLR clouds are embedded as a cooler phase of
the ow. In this thesis, however, we focus on a related model, the Failed Radiatively
Accelerated Dusty Out ow (FRADO) model proposed by Czerny and Hryniewicz
(2011), which we adopt to generate the BLR response function (discussed in chap-

ter 2).
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Figure 1.4: lllustration of the proposed mechanism for broad-line region (BLR)
formation in active galactic nuclei, adapted from Czerny and Hryniewicz 2011.

1.7.1 Failed Radiatively Accelerated Dusty Out ow (FRADO)

Model

The FRADO model (Czerny and Hryniewicz, 2011) provides a physical explanation
for the origin of the Broad Line Region (BLR) in AGN. In this scenario, the key
ingredient is dust formation in the outer regions of the accretion disk. The e ective

temperature of a thin disk at radius r is

1=4

I
3GMM.
8r 3 '

Te (1) =

which decreases outward. At radii whereI(r) . T g 1000 1500 K, dust can
condense in the disk atmosphere. Once dust forms, the local disk radiation ux
exerts an upward force

F
Frad = dT;
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where 4 is the dust opacity and F the radiative ux. This competes with the

vertical component of gravity from the central black hole,

Foav = k27 k= G—M:

If Fraa > Fgav at the disk surface, dusty gas is lifted upward, initiating a vertical
out ow. However, as the cloud rises, it becomes exposed to the intense UV radiation
from the central engine. At some critical height &4,, the dust grains are heated
above T, and evaporate, so that 4 ! 0 and the radiative driving vanishes. The
gas then loses vertical support and falls back onto the disk, creating a failed wind.
This cycle of launching, sublimation, and fallback naturally produces a population
of dense clumps moving mainly with Keplerian velocities but also showing vertical

oscillations and signatures of in ow. Figure 1.4 illustrates the FRADO model.

With the help of reverberation mapping, a clear relation between the BLR size
and the brightness of the accretion disk has been established (Kaspi et al., 2005).
This relation shows that the BLR size scales with the AGN luminosity as R /
L%5, Another important result from reverberation mapping is that high-ionization
emission lines respond more quickly to changes in the central light source than
low-ionization lines (Gaskell and Sparke, 1986; Clavel et al., 1991; Peterson et al.,
1991). High-ionization lines are also observed to be broader than low-ionization
lines, which indicates that the gas producing them is moving at higher velocities
(Shuder, 1982; Wilkes, 1984; Espey et al., 1989). Since the orbital velocity decreases
with radius, clouds located closer to the black hole must move faster. These inner
clouds are the ones that emit high-ionization lines such as Hell, Hel, NV, and C 1V,
which therefore appear broader. By contrast, low-ionization lines including Mgll,
Call, Ol, and Fell are narrower, consistent with their origin at larger radii where

the gravitational potential is weaker and orbital velocities are lower. Taken together,
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these observational trends and reverberation results provide strong evidence for an
lonization strati cation within the broad line region. In other words, di erent
ions are not produced at random locations but instead trace a layered structure,

with highly ionized species closer in and more weakly ionized species further out.

1.8 Narrow-Line Region (NLR)

In contrast to the BLR, the Narrow-Line Region (NLR) extends beyond the torus
and can reach scales comparable to the host galaxy bulge (Ho, 2009). Since the
NLR is located at very large distances from the black hole, gravity is no longer the
dominant force; instead, the intense ionizing radiation from the central source plays
the main role. Because the gas lies far from the black hole, it moves at much lower
velocities, producing emission lines with widths of typically 200 500 km's. The
relatively low density of the NLR allows forbidden transitions such as [O1ll] and
[N1I] to be observed. These transitions are considered forbidden only in high-
density environments, where collisions suppress them; in the low-density NLR they
occur e ciently. The NLR therefore contributes prominently to the optical spectrum

of AGN through strong forbidden emission lines.
The size of the NLR scales with the strength of the [O IlI] emission line. Observations

show that the radial extent of the NLR follows

RNLR /l— [oun ;

where Loy is the luminosity of the [OIIl] line and  0:5 (Bennert et al., 2002,
Schmitt et al., 2003; Netzer et al., 2004). Typical NLR sizes are comparable to the

central bulge of the host galaxy, extending up to kiloparsec scales.
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1.9 Jet

Among the AGN population, it has been observed that only about 10% are radio-

loud, meaning they produce powerful relativistic jets, while the remaining 90% are

radio-quiet (Padovani, 2011, 2016). These jets consist mainly of relativistic plasma
and are launched from regions very close to the black hole. Observations further
show that jets can propagates up to distance of 100kpc, and in doing so they can
strongly in uence both the host galaxy and the surrounding intracluster medium

(Blandford et al., 2019).

The exact mechanism that produces jets is not fully understood. One idea is that
magnetic elds connected to the accretion disk are wound up by rotation and direct
the plasma outward (Blandford et al., 2019). Another model, the Blandford Znajek
process, extracts energy from the spin of the black hole through magnetic elds near

the event horizon (Blandford and Znajek, 1977; Tchekhovskoy et al., 2011).

For synchrotron emission to occur, two key ingredients are required: relativistic
charged particles and magnetic elds, both of which are present in jets. Therefore,
the radiation from jets falls mostly in the non-thermal regime, with emission pro-
duced through the synchrotron process that spans a broad range of the spectrum,
including radio, X-ray, and gamma-ray bands (Madejski and Sikora, 2016; Harris

and Krawczynski, 2006). The spectrum power law can be written as:

s/ (1.18)

where S is the ux density at frequency , and is the spectral index. A common

way to classify jets is the Fanaro Riley scheme (Fanaro and Riley, 1974). FR |
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jets fade gradually with distance from the nucleus, whereas FR Il jets end in bright

hotspots where they collide with the surrounding medium.

1.10 AGN Uni cation

Table 1.1: Types of AGN based on observational properties(table is taken from
Padovani (2016))

Class/Acronym Meaning Main properties/reference
Quasar Quasi-stellar radio source (originally) Radio detection no longer required
Seyl Seyfert 1 FWHM 1;000 km s?

Sey? Seyfert 2 FWHM < 1,000 km st

QSO Quasi-stellar object Quasar-like, non-radio source
QS02 Quasi-stellar object 2 High power Seyfert 2

RQ AGN Radio-quiet AGN see ref. 1

RL AGN Radio-loud AGN see ref. 1

Jetted AGN with strong relativistic jets see ref. 1

Non-jetted AGN without strong relativistic jets  see ref. 1

Type 1 Seyfert 1 and quasars

Type 2 Seyfert 2 and QSO2

FR | Fanaro -Riley class | radio source radio core-brightened (ref. 2)
FR Il Fanaro -Riley class |l radio source radio edge-brightened (ref. 2)
BL Lac BL Lacertae object see ref. 3

Blazar BL Lac and quasar BL Lacs and FSRQs

Reference key: 1. Padovani (2016); 2. Fanaro and Riley (1974); 3. Giommi et al. (2012)

The general picture of an active galactic nucleus (AGN) includes a supermassive
black hole at the center, surrounded by an accretion disk, a system of rapidly moving
gas clouds that form the broad-line region (BLR), a dusty torus on larger scales,
slower-moving clouds that form the narrow-line region (NLR), and, in some cases,
powerful jets. Table 1.1 shows the di erent types of AGN. Antonucci (1993) argued
that Type 1 and Type 2 AGN can be explained within the same uni ed framework by
orientation. If the torus is viewed edge-on, it blocks the accretion disk and BLR so
that only the NLR is observed, giving the appearance of a Type 2 spectrum. When

the nucleus is viewed more directly, the BLR and accretion disk are visible and the
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Figure 1.5: Schematic diagram of the orientation-dependent uni cation model
for active galactic nuclei (AGN), adapted from Thorne et al. 2022.

object appears as a Type 1 AGN, as illustrated in gure 1.5. Importantly, the BLR
does not vanish in Type 2 AGN but is simply hidden. Some of its radiation can
escape along unobscured paths, scatter o electrons or dust, and reach the observer.
Since scattering produces polarized light, broad emission lines from the BLR can still
be detected in polarized spectra. This was rst demonstrated in the seminal work
of Antonucci and Miller (1985), who detected broad Balmer lines in the polarized
spectrum of the Seyfert 2 galaxy NGC 1068. Another strong observational support
for the uni cation-by-orientation model came when similar results were obtained

(Miller and Goodrich, 1990; Tran et al., 1992) for other Seyfert 2 galaxies.
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However, there are some observations that question the uni cation-by-orientation
model. For example, the fraction of obscured AGN decreases with increasing lumi-
nosity (Lawrence, 1991; Simpson, 2005; Assef et al., 2013). This luminosity depen-
dence is di cult to explain if orientation is the only factor, and it has motivated the
receding torus model of Lawrence (1991), where the inner edge of the obscuring
material depends on luminosity. In this picture, the dust sublimation radius grows
as Ry / L 172 while the torus height remains xed. As a result, the torus opening

angle widens at high luminosities, reducing the covering factor of obscuration.

Narrow-line Seyfert 1 galaxies (NLS1s) form a subclass of Type 1 AGN characterized
by unusually narrow broad emission lines (FWHM H < 2000 kms ), strong Fell
emission, and rapid X-ray variability (Osterbrock and Pogge, 1985). In the simple
orientation-based uni cation picture, such narrow broad lines would be unexpected,
since viewing angle alone cannot systematically reduce BLR velocities. Instead,
NLS1s are interpreted as systems with relatively low black hole masses accreting at
high Eddington ratios, where the larger BLR radius leads to lower orbital velocities

(Mathur, 2000).

Another major challenge to the simple uni cation scheme comes from the so-called
changing-look AGN, seen both in X-rays (Matt et al., 2003) and in the optical
(LaMassa et al., 2015), where objects transition between obscured and unobscured
states or between Type 1 and Type 2 spectra on timescales of only a few years.
Such rapid changes cannot be explained by a shift in orientation, which would require
much longer timescales, but instead point to intrinsic variability in the central engine.
Possible drivers include changes in the accretion rate or variations in obscuration
along the line of sight, both of which can dramatically alter the appearance of the

BLR and continuum emission.
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At the population level, the fraction of obscured AGN is not xed but evolves with
redshift. Deep X-ray and infrared surveys show that obscured AGN reach their
maximum space density at earlier cosmic times than unobscured AGN (Hasinger,
2008; Lacy et al., 2015). This evolutionary di erence cannot be explained by orien-
tation alone and suggests that the frequency of obscuration depends on the cosmic
environment and accretion history, adding another dimension to AGN uni cation

models.

In summary, orientation clearly plays a major role in shaping AGN spectra, as

demonstrated by the detection of hidden BLRs in Type 2 sources. Nevertheless,
luminosity, accretion rate, and cosmic epoch also strongly in uence whether an
AGN appears obscured or unobscured. A complete uni cation model must therefore
combine orientation e ects with intrinsic physical drivers of AGN structure and

evolution.






Chapter 2

Reverberation mapping

2.1 Introduction

Chapter 1 discussed the basic structure and components of active galactic nuclei
(AGN). In this chapter, | will focus on one of the most widely used techniques to
study the unresolved central regions of AGNs: reverberation mapping (Blandford
and Payne, 1982; Peterson, 1993). To explain the method and its practical applica-
tions, we will use NGC 5548 as a primary example, since this galaxy also serves as

the basis for the modeling presented in chapter 5.

NGC 5548 is a Seyfert 1 galaxy at redshift z 0:017 and is one of the most exten-
sively observed AGNSs to date. Over the past thirty years, it has been monitored
across multiple wavelengths by space-based observatories such as the Hubble Space
Telescope (HST), Swift, and XMM-Newton, as well as through long-term ground-
based campaigns (Peterson et al., 2002; Bentz et al., 2009; De Rosa et al., 2015;
Edelson et al., 2015). These e orts have produced high-cadence, multi-band data

that make NGC 5548 an ideal case for studying time-dependent processes in AGNSs.

27
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This long-term monitoring has enabled detailed measurements of the broad-line
region (BLR) geometry, ionization structure, and variability patterns. As a result,

NGC 5548 plays a central role in the development of scaling relations for black hole
mass estimates and remains the most important calibrator in reverberation mapping

studies.

Even with decades of high-quality, multi-wavelength observations, the central regions
of NGC 5548 such as the accretion disk, broad-line region, and dusty torus remain
unresolved by current telescopes. Their physical scales are simply too small and too
distant to be directly imaged, even with the most advanced optical, infrared, or

radio facilities available today.

This limitation raises an important question: what level of spatial resolution would
be required to directly observe these inner structures? More importantly, are there

indirect methods that can probe their structure and dynamics?

2.2 Optical Telescopes

The di raction of light places a fundamental limit on the smallest angular scale that

a telescope can resolve. Mathematically, this limit is expressed as
= — (2.1)

where D is the telescope's aperture diameter, is the observation wavelength, and

is the smallest resolvable angle (in radians).
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As an example, consider the Gran Telescopio Canarias (GTC), which has a primary
mirror of 10:4m. At an observing wavelength of = 500nm(5 10’ m), the

di raction-limited resolution is

1:.22 5 10 °

. 8 P .
104 5:87 10 radians: (2.2)

Converting this to arcseconds, using 1radian = 206;265 arcseconds, gives

0:012 arcseconds: (2.3)

Thus, the GTC can at best achieve an angular resolution of about 0:012 arcseconds.

Now, let us translate this angular resolution into a physical length scale at the
distance of NGC 5548, which is approximately 75Mpc (or 2:31 18 m). The cor-

responding linear size is

linear size= D gisaance = 5:87 10 8 2:31 10 ?* 1:34 10 Y'm: (2.4)

Expressed in light-days, this becomes

1:34 10%
2:59 1013

5;170 light-days: (2.5)

This scale is enormous compared with the compact regions of interest in AGN:
the dusty torus spans only a few hundred light-days, the broad-line region (BLR)
extends over just a few tens of light-days, and the accretion disk operates on scales of
a few light-days. This simple calculation highlights the severe limitations of even the

largest current optical telescopes in directly resolving these inner AGN structures.
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Conversely, we can also invert the di raction equation 2.1 to estimate the aperture

size that would be required to spatially resolve each of these components.

2.2.1 Adopted Characteristic Length Scales

For consistency, all aperture calculations in this chapter are based on the following
representative physical sizes:

~ Event horizon: R 5=3:0 10 °m,

"~ Accretion disk: L g =3:0 10 B¥m,

" Broad-line region (BLR): L g =3:0 10 ¥'m,

" Dusty torus: L s =2:6 10 ¥m.
These characteristic scales are chosen as order-of-magnitude estimates consistent
with reverberation mapping and interferometric observations of Seyfert galaxies.

Unless otherwise noted, all subsequent telescope aperture requirements (tables 2.1

2.4) are derived using these values together with the di raction formula (eq. 2.6).

Note: The calculations presented in this chapter assume an ideal case and omit
e ects such as scattering or absorption of light over cosmological distances, which

in practice can a ect observations.
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2.2.2 Requirements for Hypothetical Apertures

To estimate the telescope diameters required to resolve di erent AGN structures,

we invert the di raction relation (eq. 2.6):

1:22 Do

Dtel = L 1

(2.6)

where L is the physical size of the structure and R is the distance to the source.

Using =5 10 7 mand Dy =2:31 10 #*m (NGC 5548), we obtain table 2.1.

Table 2.1: Estimated telescope diameters required to resolve AGN components
in NGC 5548 at 500 nm.

Component Size (m) Required Aperture (m)
Event Horizon 3:0 100 4:7 107
Accretion Disk 3:0 1013 4:7 104
Broad-Line Region 3:0 10% 4:7 102
Dusty Torus 2:6 1016 54 101

The table 2.1 shows that while resolving the BLR would require telescope apertures
of several hundred meters, imaging the black hole's event horizon or accretion disk
would demand instruments larger than the Earth itself. The next generation of
extremely large telescopes may, at best, approach the scale required to resolve the

dusty torus.

To emphasize this limitation further, we can perform another simple experiment:
hypothetically place the same source at increasing distances that is, vary its red-
shift and then calculate the telescope aperture required to resolve each AGN com-

ponent at those distances.
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2.2.3 Extension to Higher Redshifts

Adopting a at CDM cosmology with H ¢ = 69:6km s* Mpc!, ,, =0:286, and

= 0:714, we extend this analysis to higher redshifts. The telescope apertures
required to resolve di erent AGN components at 500 nm are calculated using the
distances mentioned in table 2.2 and the results are in table 2.3.

Table 2.2: Angular-diameter distance D 5 ina at CDM with H ¢ = 69:6 km
st Mpcl, ., =0:286, =0:714.

Z  Da [Mpc] Da [Gpc]

0.05 197.8 0.198
0.10 372.3 0.372
0.20 685.9 0.686
0.30 926.5 0.927

0.40 11174 1.117
0.50 1269.9 1.270
0.70  1549.2 1.549
1.00 1757.9 1.758
1.50 1940.9 1.941
200 1921.0 1.921

Table 2.3: Telescope diameters (m) required to resolve AGN components at

=500

Redshift Event Horizon Accretion Disk BLR Dusty Torus
0.05 1.25e+08 1.25e+05 1.25e+03  1.44e+02
0.1 2.36e+08 2.36e+05 2.36e+03  2.73e+02
0.2 4.35e+08 4.35e+05 4.35e+03  5.02e+02
0.3 5.88e+08 5.88e+05 5.88e+03  6.78e+02
0.4 7.09e+08 7.09e+05 7.09e+03  8.18e+02
0.5 8.06e+08 8.06e+05 8.06e+03  9.30e+02
0.7 9.83e+08 9.83e+05 9.83e+03  1.13e+03
1.0 1.12e+09 1.12e+06 1.12e+04  1.28e+03
15 1.24e+09 1.24e+06 1.24e+04  1.42e+03
2.0 1.23e+09 1.23e+06 1.23e+04  1.39e+03

These calculations illustrate the severe limitations of direct imaging for AGN in-

ner regions. Resolving structures smaller than the dusty torus remains far beyond
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foreseeable optical technology. Indirect methods such as reverberation mapping

therefore remain essential to probe AGN central engines.

In the following section, we repeat the same experiment in the near-infrared regime.

2.2.4 Near-Infrared Requirements

At a wavelength of = 2:2 m (K-band), the diraction limit increases propor-
tionally with wavelength. Applying the same approach as in the optical case, we
can estimate the telescope diameters required to resolve key AGN structures. The
results are shown in table 2.4,

Table 2.4: Telescope diameters (m) required to resolve AGN components at
= 2:2 m using the same cosmology.

Redshift Event Horizon Accretion Disk BLR Dusty Torus
0.05 5.51e+08 5.51e+05 5.51e+03  6.33e+02
0.1 1.04e+09 1.04e+06 1.04e+04  1.15e+03
0.2 1.91e+09 1.91e+06 1.91e+04  2.21e+03
0.3 2.58e+09 2.58e+06 2.58e+04  2.97e+03
0.4 3.11e+09 3.11e+06 3.11e+04  3.59e+03
0.5 3.53e+09 3.53e+06 3.53e+04  4.08e+03
0.7 4.31e+09 4.31e+06 4.31e+04  4.95e+03
1.0 4.93e+09 4.93e+06 4.93e+04  5.67e+03
15 5.48e+09 5.48e+06 5.48e+04  6.31e+03
2.0 5.43e+09 5.43e+06 5.43e+04  6.12e+03

As table 2.4 shows, even under optimistic assumptions, only the dusty torus falls
within the potential reach of kilometer-scale infrared interferometry. Resolving the
broad-line region remains extremely di cult, and accessing the inner accretion disk
or the event horizon would still require telescope baselines far beyond current or

near-future capabilities.
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2.3 Conclusion

The calculations presented above clearly illustrate the immense challenge posed by
direct spatial resolution of the innermost regions of active galactic nuclei such as
NGC5548. Across the electromagnetic spectrum from optical through infrared

to radio wavelengths the telescope aperture sizes required to resolve fundamental
components like the event horizon, accretion disk, broad-line region, or dusty torus
at cosmological distances range from hundreds of meters to hundreds of thousands
of kilometers. These scales vastly exceed the dimensions of any current or foresee-
able human-made observatories, making direct imaging of these compact structures

practically impossible with conventional telescopes.

Building a single telescope with such a large aperture is clearly impractical. A more
realistic approach is to use two or more smaller telescopes and combine their sig-
nals through interferometry. In this case the resolution is set by =B, where

B is the separation (baseline) between the telescopes. This method is already in
common use: radio interferometers (e.g. VLA), optical/infrared arrays (e.g. VLTI),
and even projects like the Event Horizon Telescope, which links radio dishes across
the Earth. With VLTI, the Gravity instrument has already spatially resolved the

BLR in some quasars and the hot dust torus in nearby AGNs, providing direct con-
straints on geometry and dynamics (Gravity Collaboration et al., 2018a; GRAVITY
Collaboration et al., 2020; Gravity Collaboration et al., 2024; GRAVITY Collabo-
ration et al., 2021, 2020). Its successor, Gravity+, will extend sensitivity and sky
coverage, enabling such interferometric studies for larger samples of AGNs (Santos
et al.,, 2025). In this way, interferometry is emerging as a unique complement to
reverberation mapping and remains the only direct probe of AGN sub-parsec struc-
ture. There are also proposals to attempt interferometry at X-ray wavelengths in

the future.
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Even so, to resolve the innermost regions of AGN the required baselines remain very
large, and interferometry brings its own technical di culties. For extremely long
baselines the signals must be combined in phase with very high timing precision.
Although Infrared interferometry has already resolved the dusty torus and even the
BLR in a few nearby AGN, extending such measurements to larger samples and

higher redshifts remains a major challenge.

This severe constraint justi es the central role of indirect observational techniques,
which do not rely on spatial resolution but instead exploit time resolution. The
reverberation mapping stands out as the most e ective tool to probe AGN inner
structures. By using the time delays between continuum and line emission variations,
it enables us to infer geometry, size, and kinematics of the BLR and accretion disk,
and torus. In this context, reverberation mapping is not just a useful technique; it

IS a scienti ¢ necessity.

2.4 A General View of Reverberation Mapping

Figure 2.1: Comparison of the spatial scales probed by di erent reverberation

mapping approaches, showing how each technique provides information on distinct

regions of the active galactic nucleus (AGN) structure (adapted from Cackett et al.
2020).
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At its core, reverberation mapping is built on a simple but powerful idea: we observe
two related light signals one acting as a reference, and the other as a delayed

signal due to reprocessing by distant material.

" Reference/Driving signal: In X-ray reverberation mapping, the driving
signal is the rapid variability from the compact corona, while in disk reverber-
ation mapping it typically arises from X-ray or ultraviolet uctuations in the
inner accretion disk. For broad-line region (BLR) reverberation mapping, the
accretion disk continuum serves as the driver, and in the infrared the same

disk continuum drives the response of the dusty torus.

A

Delayed signal: In X-ray reverberation mapping, the delayed signal arises
from re ection o the inner accretion disk, producing features such as the
iron K line and Compton hump. In disk reverberation mapping, the de-
lay is seen as thermal reprocessing in the outer regions of the accretion disk.
For BLR reverberation mapping, the delayed response is not limited to broad
emission lines. It also includes a variable continuum component, which arises
partly from scattering (primarily by free electrons) and partly from contin-
uum emission processes in the ionized gas, dominated by hydrogen but with
contributions from other ions as well. In infrared reverberation mapping, the
delayed response arises from dust in the torus re-radiating absorbed disk con-
tinuum. The observed signal consists of a thermal continuum together with
broad spectral features such as the silicate bands at 9.7 and 18 m, which are
produced by vibrational modes in the dust grains rather than by atomic line

transitions.

This time delay corresponds to a light-travel distance R = ¢ , giving a direct mea-

surement of the spatial scale of the reprocessing region. As illustrated in gure 2.1,



Chapter Il. Reverberation mapping 37

the region of an active galactic nucleus that can be probed with reverberation map-
ping depends on the observed part of the electromagnetic spectrum, with di erent

wavebands providing access to distinct physical structures.

In reverberation mapping, the delayed signal reproduces the overall variability pat-
tern of the driving signal but with two key modi cations: it is shifted in time due to

the nite light-travel distance, and it is smoothed or broadened as a consequence of
the extended geometry of the reprocessing region. Consequently, the delayed light
curve mirrors the driver, though its features appear later and less sharply de ned.
Formally, this behaviour is described as a convolution of the driving signal with a
response function, (), which encapsulates the geometry and physical conditions of
the reprocessing medium. If ft) denotes the variable component of the continuum,

the reprocessed signal &) can be expressed as

tmax

Fe() = OF it )d: (2.7)

0

The response function is a key element in reverberation mapping, since in prin-
ciple it allows us to reconstruct the delayed signal directly from the driving light
curve by convolution. There are two main ways to approach it. One is observa-
tional: this has been attempted most successfully in BLR reverberation mapping,
where long monitoring campaigns make it possible to use inversion methods to esti-
mate the transfer function. In other regimes, however, the response function cannot
be directly determined. In X-ray reverberation mapping the delays are extremely
short, making direct inversion impossible with current timing precision; instead, one
measures frequency-dependent lags. In disk reverberation mapping the continuum
delays are only of order hours to days, so in practice the data is used to generate

lag spectrum rather than a full transfer function. In the infrared, by contrast, the
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lags are very long (months to years) and light curves are sparsely sampled, so again

only mean delays can usually be obtained.

The second approach is theoretical: here one models the system by introducing a
short pulse of radiation and following how it is redistributed as it travels through the
reprocessing medium. The geometry, orientation, and physical state of the material
shape the form of the theoretical response function. Moreover, such modelling reveals
which wavebands most e ectively probe distinct AGN components: X-ray lags trace
the innermost accretion disk, optical and ultraviolet lags map the broad-line region
along with middle and outer disk, and infrared lags uncover the structure of the dusty
torus. Thus, despite di erences in observational regime, the underlying process of
reverberation mapping is fundamentally the same: the delayed signal arises from
the convolution of the driving light curve with the response function, making this
framework a unied and powerful tool for investigating the central structures of

active galaxies.

2.5 Lamp-post Model

Before discussing the di erent types of reverberation mapping, it is useful to in-
troduce the lamp-post model, which is also a very important part of my research.
This model is particularly relevant for both X-ray and disk reverberation studies.
In this model, the corona is approximated as a compact source located on the spin
axis above the black hole (Martocchia and Matt, 1996; Miniutti and Fabian, 2004),
as illustrated in gure 2.2. A fraction of the coronal X-rays reaches the observer
directly, while the rest illuminates the accretion disk. The illuminated photons are
then re ected or reprocessed, imprinting characteristic spectral signatures before

reaching the observer with a delay due to the additional light-travel path.
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Figure 2.2: The lamp-post model of AGN emission, where a point-like X-ray
corona situated on the rotation axis irradiates the surrounding accretion disk.

Although the lamp-post model is very simple to apply, the true geometry of the
corona is still an open question. Observational and theoretical work has suggested
that the corona may often be extended rather than point-like. Patchy or sandwich-
like coronae covering parts of the disk were already proposed in the two-phase
disk corona model (Haardt and Maraschi, 1991, 1993). Microlensing studies of
quasars indicate that the X-ray emitting region can be compact but not strictly
point-like, implying a radial extent of a few to tens of gravitational radii (Chartas
et al., 2009; Mosquera et al., 2013). Other scenarios favour vertically elongated or
jet-like coronae, motivated by the apparent connection between coronal emission and
the base of relativistic jets (Marko et al., 2005; Wilkins et al., 2017). Out owing
corona models have also been invoked to explain weak re ection fractions, as bulk
motion of the plasma can beam radiation away from the disk (Beloborodov, 1999).
More recently, Kara et al. (2019) proposed that the geometry of the corona can also

evolve with time, although the result was not for an AGN.
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2.6 X-ray Reverberation Mapping: A Probe of the

Inner Disk

X-ray reverberation mapping provides a unique window onto the innermost regions of
active galactic nuclei (AGNs), on scales of only 10 20 R from the black hole. The
accretion disk itself does not have enough temperature to emit X-rays directly; in-
stead, thermal UV photons from the disk are upscattered to X-ray energies by inverse
Comptonisation in the corona (Haardt and Maraschi, 1991). Some of these photons
reach the observer directly, while others illuminate the disk. The re ected photons
carry the imprint of absorption, uorescence, Compton scattering, and thermalisa-

tion, producing characteristic spectral features in the observed X-ray spectrum.

The most prominent re ection signatures are the iron K complex and the Compton
hump. The former consists of uorescent lines from iron in di erent ionization states:
6.4 keV for neutral or weakly ionized gas, and 6.7 and 6.97 keV for He-like and H-like
iron, respectively. The latter is a broad excess peaking at 20 30 keV (Risaliti et al.,
2013; Parker et al., 2014; Walton et al., 2014; Marinucci et al., 2014). Both features
are strongly modi ed by relativistic e ects in the inner disk (Fabian et al., 1989).
The line pro le in particular is sensitive to black hole spin: faster spin reduces the

innermost stable circular orbit, broadening the line (Reynolds, 2019).

Because re ected photons travel a longer path, they arrive with a delay relative to the
direct coronal emission. As mentioned before, fourier-based methods are employed,
allowing lags to be measured as a function of frequency. Measuring these delays
converts into a light-travel distance, R = ¢, directly probing the inner accretion
ow. The breakthrough case was the 30 s soft lag in 1H 0707 495 (Fabian et al.,
2009). Since then, lags have been detected in the soft X-ray band (Zoghbi et al., 2011,
Cackett et al., 2013; Alston et al., 2014; De Marco et al., 2013), in the Fe K line
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(Zoghbi et al., 2012; Kara et al., 2013b, 2016; Vincentelli et al., 2020), and even in the
Compton hump above 10 keV using NUSTAR (Zoghbi et al., 2014; Kara et al., 2015).
In some Seyfert galaxies, lags of tens of seconds have been observed, corresponding
to only a few gravitational radii. Other techniques, such as microlensing (Chartas
et al.,, 2009, 2012) and X-ray eclipses (Gallo et al., 2021), independently con rm

that the X-ray emitting region is compact.

The X-ray reverberation mapping studies on multiple AGNs show that lags correlate
with black hole mass (De Marco et al., 2013; Kara et al., 2016). The large scatter in
this relation likely re ects di erences in coronal size and geometry. For instance, in
IRAS 13224 3809 the lag increases when the corona brightens (Kara et al., 2013a),
consistent with models in which the coronal height grows with luminosity (Alston

et al., 2020).

NGC 5548 is one of the best-monitored Seyfert galaxies. Observations with XMM-
Newton and Suzaku reveal soft lags of a few hundred seconds and tentative Fe K
lags of a few kiloseconds (De Marco et al., 2013; Cackett et al., 2014; Kara et al.,
2016). Unlike narrow-line Seyfert 1 galaxies such as 1H 0707 495, however, NGC 5548
does not show a strongly broadened Fe K line; instead, the line core at 6.4 keV
remains narrow, consistent with more distant re ection. Nevertheless, the reverber-
ation delays imply reprocessing at radii of order 10 20 R reinforcing the view that

X-ray reverberation mapping is a powerful probe of the innermost accretion ow.

2.7 UV/Optical Reverberation mapping

In contrast to X-ray reverberation mapping, which probes only the innermost few

tens of gravitational radii, UV/optical reverberation mapping is sensitive to much
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Figure 2.3: Left: Ground-based light curves of NGC 5548 at three wavelengths.

Right: Cross-correlation functions (CCFs) computed with respect to the 1367 A

continuum: UVW1 (solid blue) and i band (orange dashed). ( gure adapted from

Fausnaugh et al. 2016)

larger radii in the accretion disk, typically 1¢ 10* Ry. Shorter-wavelength UV pho-
tons are emitted from the hotter inner regions of the disk, while longer-wavelength
optical and infrared photons come from cooler outer regions. This radial temperature
gradient naturally determines the range of physical scales that can be studied with

continuum reverberation mapping. Figure 2.3 illustrates this in NGC 5548, where

variability at longer wavelengths clearly lags behind that at shorter wavelengths.

Theoretical expectations for these lags can be derived from the standard Shakura Sunyaev

thin-disk model. In this framework, the temperature pro le of the disk is

TR/(M MR,
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Figure 2.4: Response functions at multiple wavelengths predicted by the lamp-

post model. Parameters used: My = 5:0 10 ™ Eddington ratio = 0:015,

lamp luminosity L x =9:68 10 “3ergs! , height h = 48:29r4, Rin =67 ¢, Rout =
100001, and viewing angle i = 40 .

where M. is the mass accretion rate. Since the observed lag corresponds to the

light-travel time from radius R ( = R=c), and blackbody radiation obeys

/T L

we obtain the scaling relation

O/ )= =

This expression predicts how the time delay should increase with wavelength in a

standard thin disk.
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The central aim of my PhD research was to investigate continuum reverberation
mapping within the framework of the lamp-post model, as outlined in section 2.5.
The physical picture is illustrated in gure 2.2. If the corona emits a short pulse
of radiation, the innermost regions of the accretion disk receive and reprocess this
signal before the more distant regions, simply due to the di erence in light-travel
times. For the observer, this sequence appears as emission from the inner disk
(shown in blue) arriving rst, followed by progressively delayed responses from the
outer disk (shown in green). Thus, an initially sharp and compact pulse from the
corona is observed as a broadened and stretched signal, since di erent annuli of
the disk contribute at di erent times. This behaviour is described by the response
function, which quanti es how the accretion disk reacts to an instantaneous ash of

light from the corona, and is illustrated in gure 2.4.

There are two main points to notice in the response function. The rst is that
the curves for all wavelengths start at the same time. This happens because the
accretion disk emits like a blackbody, so each part of the disk contributes some
radiation across a wide range of wavelengths. The very hot inner regions emit
strongly at short wavelengths but still contribute at longer ones as well. This means
that every wavelength band receives an almost immediate signal from the inner disk,

which is why the responses all begin together.

The second point is that the response becomes broader as the wavelength increases.
UV light comes mostly from the hot, compact inner disk, giving a narrow response.
In contrast, the optical bands are produced over a much larger area of the disk,
where the cooler, outer regions dominate. Because of this, the response at long

wavelengths is spread out over a wider range of times.
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Once | generated the response function, | calculated the lag corresponding to each
wavelength by using equation 2.8:

R
g (G)dt

0= B 28)

The launch of the Swift observatory provided a major opportunity for progress, as
it enabled simultaneous monitoring of AGN in X-ray, ultraviolet (UV), and optical

bands with high signal-to-noise. Early lag measurements from Swift showed that the
delays between di erent wavelengths were signi cantly larger than those predicted

by standard thin-disk theory (Shappee et al., 2014; McHardy et al., 2014).

This result was later con rmed by a large coordinated campaign on NGC 5548 that
combined observations from Swift, the Hubble Space Telescope, and multiple ground-
based facilities. The campaign showed that inter-band time delays are systematically
larger than those predicted by the standard thin-disk model. In fact, the data suggest
that the e ective size of the accretion disk is about three times greater than expected
from classical theory (Edelson et al., 2015; Fausnaugh et al., 2016). This discrepancy

has become widely known as the accretion disk size problem.

The wavelength dependence of the delays is usually parameterized as

where o is the reference wavelength (typically the best-sampled band)g is the

normalization, and = 4=3 for a standard thin accretion disk.

The measured lags are almost always found to be larger by a factor of two to three
(Shappee et al., 2014; McHardy et al., 2014; Edelson et al., 2015, 2017, 2019; Faus-
naugh et al., 2016, 2018; Cackett et al., 2018, 2020; Pozo Nufiez et al., 2019; Jiang
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et al., 2017; Mudd et al., 2018). These larger-than-expected delays suggest that
the radius corresponding to a given temperature is greater than predicted by the

thin-disk model. Independent evidence from gravitational microlensing has also in-

dicated that the optical emission regions of quasars are larger than predicted by
standard thin-disk theory, a point rst discussed by Rauch and Blandford (1991)

and con rmed in later systematic studies (Morgan et al., 2010).

There were many proposed models to explain the di erence in measurements of the
size of the accretion disk. For example, Dexter and Agol (2011) suggest that an
accretion disk that is not uniform and changes over time can lead to longer lags
than what standard models predict. Hall et al. (2018) pointed out that the emission

should not be treated as a simple blackbody. A scattering atmosphere on top of the
disk can shift the spectrum and change the temperature pro le, which increases the
delays. This is often described by introducing a colour-correction factor. Building

on this, Kammoun et al. (2019, 2021a,b) showed that including such corrections in
thin-disk models helps to match the longer lags seen in reverberation data. Along
with colour correction, the larger height of the corona also helps to increase the

delay.

In our work, we tried to resolve the disk size problem by including the contribution
from the BLR. Some of the reprocessed light from the disk reaches the observer
directly, while some is scattered and modulated by the emission pro le of the BLR.
The light emitted by the BLR is therefore delayed even further. We rst modeled
BLR reprocessing as a scattering process, with the BLR structure represented by a
Gaussian or semi-Gaussian smearing (Paper 1). In Paper 2, we advanced the ap-
proach by incorporating radiative transfer within the clouds (using CLOUDY) and
adopting the three-dimensional structure of the region from a physically motivated

model (FRADO) (Czerny and Hryniewicz, 2011), as described in Chapter 3. When
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Figure 2.5: Response functions at multiple wavelengths predicted by the lamp-

post model including the contribution from the BLR. Parameters used: Mgy =

5:0 10 M , Eddington ratio = 0:015, lamp luminosity L x = 9:68 10 *3ergs? ,

height h = 48:29r4, Rin =61 g, Rout = 1000014, fg .r = 30%, and viewing angle

i=40 .

the BLR response function is added to the disk response function, the combined
result is shown in gure 2.5. The second peak in the total response function arises
from the BLR contribution, and as a result the overall response is more extended in

the time domain, producing longer delays compared to the case with only the disk

contribution. This is the way we address the disk size problem.

Another interesting test we performed, though not used in the tting process, was
to introduce shielding of the BLR clouds along the observer's line of sight using a
cone-shaped geometry. As the cone's base becomes larger, an increasing fraction of

clouds is hidden from the observer. Our aim was to study how this shielding a ects
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Figure 2.6: Left: Iso-delay curve, along which BLR clouds produce the same
time lag. Right: Corresponding observed line-of-sight velocity distribution for
clouds located on a given iso-delay curve. ( gure adapted from Peterson 2001)

the BLR response function and the resulting emission pro le. The outcomes of this

test are presented in gures B.1 and B.2.

2.8 Broad-Line Region Reverberation Mapping

Blandford and Payne (1982) introduced the theory of reverberation (or echo) map-
ping as a powerful method to probe the geometry and kinematics of the broad-line
region (BLR) in active galactic nuclei (AGN). The central idea is that continuum
variations from the accretion disk act as a variable lamp that photoionizes the
BLR gas. The BLR responds with a delayed change in its emission-line ux, and

this delay encodes information about the spatial distribution of the gas.

As illustrated in gure 2.6, consider a short light pulse emitted from the center and a

population of BLR clouds arranged on a thin ring at radius R. Since all clouds are at
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Figure 2.7: Each gure consists of three panels. Upper left: Two-dimensional
transfer function (grayscale), showing the emission-line response as a function of
line-of-sight velocity V, and time delay . Upper right: One-dimensional trans-
fer function obtained by integrating over V,, representing the total line response
as a function of time. Lower: Emission-line response integrated over time delay,
corresponding to the variable component of the line prole. The dierent sub-
gures correspond to distinct geometries and parameters: Top left: Ring with
anisotropy parameter A = 0 and responsivity index = 0. Top right: Ring with
A =1, =0. Bottom right: Spherical shell with A =0, =0. Bottom left:

Spherical shell with A =0, = 4 (gure adapted from Peterson 2001).

the same distance from the center, they receive the continuum pulse simultaneously.
However, the observer does not see their responses at the same time, because the
reprocessed light must travel an additional distance from each cloud to the observer.
The set of points that produce the same observed time delay de nes an iso-delay
surface. The minimum delay is = 0, corresponding to the near-side cloud, where
the continuum and line photons arrive together. The maximum delay is = 2R=c,

corresponding to the far-side cloud, where the line photon must travel an extra 2R.

Thus, the sharp input pulse is observed as a broadened response function extending
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from O to 2R=c.

In addition to delays, each cloud has a line-of-sight velocity,\that depends on its
orbital motion. Combining both e ects yields the two-dimensional transfer function
(V 2; ), also known as the velocity delay map, which describes the line response as
a function of both \, and . The one-dimensional transfer function () is obtained

by integrating over all velocities, and represents the total emission-line response as

a function of lag.

Di erent BLR models produce di erent forms of () as shown in gure 2.7. For

a thin spherical shell with isotropic emission (A = 0), the response is at between

0 and 2R=c, since all delays are equally probable. If the emission is anisotropic
(A = 1), with ux directed back toward the continuum source, near-side emission

Is suppressed and far-side emission dominates, producing a triangular response that
rises linearly with . For a thick spherical shell extending from § to rqy, the shape
further depends on the radial responsivity index , which parameterizes how the

line emissivity depends on radius:

n/r

With =0, all radii contribute equally, yielding a broad response: at from 0 2r ;,=c,
then tapering smoothly to zero at 2g,=c. With = 4, the emissivity is strongly
weighted toward the inner radii, so the response is sharply peaked at short delays.
In summary, anisotropy controls the angular weighting of clouds, while the respon-
sivity index governs the radial weighting, together shaping the observed response

functions.

Attempts to map the broad-line region (BLR) in active galactic nuclei (AGNSs)

through reverberation techniques began with the goal of measuring its response to
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uctuations in the central continuum. However, these early e orts were hampered
by assumptions that overestimated the BLR's size. For example, it was found that
the BLR size in NGC 4151 is under 30 light-days in multiple works (Cherepashchuk
and Lyutyi, 1973; Antonucci and Cohen, 1983; Bochkarev, 1984). Initially, they ac-
cepted this discrepancy between theoretical and observational BLR size as the galaxy
has low luminosity and large ionization parameter. But with the 4-year observation
of Akn 120, a highly luminous source, the estimated BLR size was still smaller than
the theoretical prediction (Peterson et al., 1985). Their ndings revealed that pre-
dictions based on photoionization had overstated the BLR size by nearly an order

of magnitude.

Later monitoring programs, especially AGN Watch, added more data over longer
timescales. These studies didn't just con rm the smaller BLR size they also showed
that high-ionisation emission lines responded faster than low-ionisation emission
lines (Peterson, 1993). This implied a layered or stratied BLR, where dierent

lines are formed at di erent distances from the central source.

In order to understand this, the Locally Optimally Emitting Cloud (LOC) model

was introduced (Baldwin et al., 1995). This model suggests that the BLR is made
of many clouds with di erent densities and distances. Each line is strongest under
certain conditions, so what we observe is a result of how these clouds are distributed.

The LOC model is used today to explain the reverberation data.

With these developments, the next step was to attempt a direct recovery of the two-
dimensional response function from observed data. | will discuss two approaches.
Horne et al. (2021) developed a true non-parametric inversion of the reverberation
equation using the maximum entropy method (MEMECHO), which reconstructs the
velocity delay map (V ,; ) directly from the data with minimal assumptions. This

approach yields empirical 2D response functions that reveal BLR structure, but its
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resolution depends strongly on data quality. In contrast, Li and collaborators devel-
oped a Bayesian forward-modeling approach (Li et al., 2013, 2018). In this method,
the BLR is described by a exible parametric model in which the clouds can have
di erent spatial distributions and dynamical states. Given a set of model parame-
ters, synthetic velocity-resolved light curves are generated and then compared with
the observed data. The comparison is carried out using Markov Chain Monte Carlo
inference, which yields a posterior probability distribution for the physical BLR
properties such as inclination, radial structure, and the balance between in ow and
out ow. From these posterior samples, a model-based transfer function can be con-
structed. In this way, Horne's inversion technique directly reconstructs the transfer
function from the data, while Li's method instead infers the BLR geometry and
dynamics through parameterized modeling. Together, the two approaches provide

complementary perspectives on the nature of the BLR.

Altogether, reverberation mapping remains a crucial tool not just for mapping the
BLR, but also for estimating black hole masses and understanding the gas conditions

in the central regions of AGN.

2.8.1 Estimating Black Hole Mass from Reverberation

If we assume that BLR gas is orbiting the black hole, then the gravitational and

centripetal forces must balance:

GMBHm_ mVZ.
R2 R

Solving this gives:

V2R
Mgy = ——;
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and since R can be written as ¢ (where is the time delay from reverberation

mapping), we get:

V() :

Mgh = G

To account for the unknown geometry and dynamics of the BLR, a factor f is used:

cVv?|

Mgy =f G

Using this formula, Peterson and Wandel (1999) estimated the mass of the black
hole in NGC 5548, as well as for the sources NGC 3783 and NGC 7469 (Peterson
and Wandel, 2000). Along with this, Peterson et al. (2004) suggested that to get an
accurate mass, we should use the line width from the variable part, as this variable
part is contributed by the virialised BLR clouds. High-ionisation lines usually have
shorter delays and broader pro les than low-ionisation lines, which ts well with a
virialised BLR and supports the use of reverberation for black hole mass estimates

(Peterson and Wandel, 2000; Kollatschny et al., 2001).

2.8.2 The Radius-Luminosity Relationship

One of the most useful outcomes of BLR reverberation mapping is the radius luminosity
(R L) relation, which connects the BLR size to the luminosity of the AGN (Ko-
ratkar and Gaskell, 1991; Kaspi et al., 2000, 2005). For the H line, once host
galaxy light is removed, the relation roughly follows R / L¥*? (Bentz et al., 20086,
2009, 2013). This trend has been backed up by microlensing studies (Guerras et al.,
2013) and direct interferometric measurements, such as those from the GRAVITY

instrument (Gravity Collaboration et al., 2018b).
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The R L relation makes it possible to estimate black hole masses using just a
single AGN spectrum (Shen et al., 2011). If we know the AGN's luminosity, we
can estimate R, measure the broad-line width, and plug the values into the virial

formula with an appropriate f factor (Vestergaard and Peterson, 2006).

While H has been the main focus, similar relations have also been developed for
Mg Il and C IV (Vestergaard and Peterson, 2006; Onken and Kollmeier, 2008; Woo
et al., 2018), which helps extend mass estimates to higher redshifts where H shifts
out of the optical window. These scaling relations are key for tracing black hole

growth over cosmic time.

2.9 Dust Reverberation Mapping in Active Galax-
ies

Dust reverberation mapping provides a means to probe scales beyond °IRy. In
active galaxies, the near-infrared emission is dominated by hot dust heated by the
intense radiation coming from the center (Landt et al., 2011, 2019). Dust can survive
only below its sublimation temperature, typically in the range 1300 2000 K. At
higher temperatures the grains are destroyed, which sets an e ective inner boundary
to the dusty region. Because dust reprocesses variations in the continuum with a
light-travel delay, the time lag between the driving optical/UV signal and the near-
infrared response provides a direct measure of the dust sublimation radius (Clavel

et al., 1989; Suganuma et al., 2006).

Early reverberation studies established that this dusty region, often identi ed with
the torus, extends on scales up to 1 light year. They also revealed a luminosity-

dependent size relation, in which the dust radius increases with the AGN brightness.
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More recent work has shown that the dust is systematically closer to the black
hole than early measurements suggested, likely because large graphite grains can
withstand higher temperatures and thus survive at smaller radii (Oknyanskij and

Horne, 2001; Kishimoto et al., 2007; Burtscher et al., 2016).

Systematic monitoring has further demonstrated that the dust reverberation radius

Is typically a factor of 4 larger than the characteristic radius of the BLR, consis-

tent with a strati ed structure of the circumnuclear medium. On yet larger scales,

the narrow-line region extends to parsecs or tens of parsecs, where variability oc-
curs on timescales of years to decades (Koshida et al., 2014; Netzer, 2015; Peterson
et al., 2013). Together, these results emphasize both the hierarchical structure of
AGN environments and the need for long-term, high-cadence monitoring to map the

interplay between dust, gas, and radiation around supermassive black holes.






Chapter 3

Hubble Constant Estimation

3.1 Introduction

The Hubble constant, H,, is one of the most important parameters in cosmology as
it brings the information about the present rate of cosmic expansion. Knowing its
value helps us pin down both the age of the universe and what might happen to it
in the far future. The problem is that di erent ways of measuring H, do not agree,

and this mismatch is what people usually call the Hubble tension.

To give two examples, the Planck satellite, which measures the cosmic microwave
background, nds Hy = 67:4 0:5 km/s/Mpc (Planck Collaboration et al., 2020).

By contrast, when astronomers build the distance ladder using Cepheid variables
and Type la supernovae, the result comes out closer to 73 1:04 km/s/Mpc (Riess
et al.,, 2022). The estimates from these and other techniques, together with their
uncertainties, are summarized in gure 3.1, which clearly illustrates the ongoing
Hubble tension. The fact that these values are inconsistent has led to two main

lines of thought: either there are still unaccounted-for systematics, or new physics

57
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is required to explain the di erence (Abdalla et al., 2022; Di Valentino et al., 2021,
Hu and Wang, 2023; Efstathiou, 2025). There are three broad families of methods
for estimating Hy: distance ladder techniques based on stellar and supernova cal-
ibrators, early universe probes such as the CMB and baryon acoustic oscillations
that rely on the sound horizon, and one-step methods including strong gravitational
lensing, megamasers, and gravitational-wave standard sirens. Since each of these
approaches comes with its own strengths and challenges, a more complete discus-
sion can be found in recent reviews such as Perivolaropoulos (2024). In this chapter,
after brie y introducing these existing methods, | will describe the methodology
for using reverberation mapping of active galactic nuclei as an additional route to

estimate the Hubble constant.

3.2 Distance Ladder

In cosmology, one of the classic approaches to measuring the expansion rate is the
so-called distance ladder. The idea is simple but applied in stages, often described as
three di erent rungs. The rst step relies on nearby distance markers, for example
Cepheid variables, Mira variables, Tip of the Red Giant Branch (TRGB), etc . These
sources provide a means to measure distances reliably up to 10 Mpc. The second
stage takes those calibrations and uses them to standardize Type la supernovae,
which then extend the scale much farther, to several tens of megaparsecs. Finally,
in the third stage, the calibrated supernovae are applied to galaxies in the smooth
Hubble ow. This provides a way to link observations at larger redshifts directly

to Hy (Freedman et al., 2001; Riess et al., 2016; Freedman et al., 2025; Riess et al.,
2022). In this way the ladder gives an independent path to the Hubble constant

that does not depend on early universe physics.
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Figure 3.1: lllustration of the Hubble tension, adapted from Abdalla et al. 2022.
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3.2.1 First Rung: Local Distance Indicators

The lowest step of the distance ladder is built from nearby stellar indicators whose
distances can be tied directly to geometric measurements. These form the reference
scale for all higher rungs and are generally applicable within 10 Mpc. The main

classes of indicators include:

" Cepheid Variables Cepheids are pulsating supergiant stars whose light out-
put changes regularly with time. Their intrinsic luminosity is linked to the
pulsation period and chemical composition through the Period Luminosity

Metallicity (PLZ) law:

M =a logP +b +c [Fe=H]+d : (3.2)

The metallicity index is de ned as

[Fe=H] = log;, N—Fe

H  star

N
log 1, N—;e : (3.2)

A

Tip of the Red Giant Branch (TRGB): When low-mass stars climb the
red giant branch and ignite helium in their cores, they show a sharp cuto in
brightness. This feature, visible in the I-band luminosity function, provides a

stable reference. It is commonly expressed as:
M,/RCB = a[Fe=H] + b; (3.3)

with a and b determined empirically (Freedman et al., 2020a,b). TRGB dis-
tances are particularly valuable because they are less sensitive to dust and

chemical abundance compared with Cepheids.
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A

A

Mira Variables Miras are long-period stars on the asymptotic giant branch.
In the near-infrared, their brightness correlates tightly with pulsation period
via:

Mg =alogP +b; (3.4)

where M, is the absolute K-band magnitude (Huang, 2024). Their strong
infrared emission makes them e ective distance tracers, especially in galaxies

that lack Cepheids.

JAGB Stars (J-band Asymptotic Giant Branch) A subset of carbon-
rich AGB stars has an almost uniform luminosity in the J-band, approximated

by:
M; constant: (3.5)

These stars stand out clearly in near-infrared color magnitude diagrams, are
bright, and are relatively una ected by dust, making them useful complemen-

tary indicators (Madore and Freedman, 2020).

The calibration of all the methods in rung 1 uses a few highly reliable geometric

distance anchors. These include parallaxes from the Gaia mission, water maser mea-

surements in the galaxy NGC 4258, and eclipsing binaries in the Large Magellanic

Cloud. With these anchors providing the absolute scale, the rst rung establishes

the foundation on which the rest of the cosmic distance ladder is constructed.

3.2.2 Second Rung: Type la Supernovae

For this we nd a galaxy containing the rst rung source and supernova la. The

role of the second rung is to calibrate the absolute magnitude of type la super-

novae (SNe la) by using calibrated rst rung. All supernova does not have same
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peak brightness but their variation can be well predicted using Phillips relation.
Observationally, supernovae that are intrinsically brighter decline more slowly af-
ter maximum light, producing broader light curves, while fainter events fade more
rapidly. This correlation allows astronomers to correct for brightness di erences and

use SNe la as standardized candles for distance measurements (Phillips, 1993).

In practice, the observed peak magnitude g is standardized via Tripp relation
(Tripp, 1998)

Mg.cor = Mg + X 1 C; (36)

where X, is the stretch (light-curve width) and c is the color; and are determined

from global ts to supernova samples.

To set the absolute luminosity scale, one uses nearby galaxies that host both a SN la
and a rst-rung distance indicator (Cepheids, TRGB, Miras, or JAGB). If the host

has distance modulus 1., the standardized absolute magnitude is

Mg = Macor host - (3.7)

This calibration xes the intrinsic luminosity of standardized SNe la and prepares

them for use at much larger distances

3.2.3 Third Rung: Hubble-Flow Supernovae

The purpose of the third rung is to transform the calibrated luminosity of SNe la
into a direct measurement of the Hubble constant. From rung 2 we have already
established the standardized absolute magnitude ¢ For each Hubble- ow SN la,
the two directly measured observables are the corrected apparent magnitudeg.

and the redshift z.
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c=Hy
m"(z) = Mg + 5logy, cz 1+ 23°z  + 5logy, TMpe + 25; (3.8)

where @ is the deceleration parameter.

In this framework, Mg xes the intrinsic luminosity scale (from Rung 2), while
Mg.cor @nd z are measured for each supernova. The only free parameter that verti-
cally shifts the magnitude redshift relation is Hy. By tting the observed magnitudes
Mg.cor as a function of z to the model M (z) in equation (3.8), one extracts H
with high statistical precision. By using equation 3.8, there are two ways to estimate
hubble constant either for xed @ (Riess et al., 2021) or by simultaneously tting g
and Hubble constant (Camarena and Marra, 2021). Because SNe la remain visible

to hundreds of megaparsecs, this rung extends far beyond Cepheids or TRGB stars

3.3 One-Step (Direct) Methods

The distance ladder depends on several layers of calibration, each building on the
previous one. Direct, or one-step, methods take a di erent route: they try to mea-
sure the Hubble constant in a single step. These methods rely on physical systems
whose geometry or dynamics can be modeled well enough to give either an absolute
distance or a xed length scale. The appeal is that they do not rely on nearby stellar
populations. The downside is that the objects are rare and the measurements often
noisier, so the statistical errors are larger. Even so, they provide an important inde-
pendent check on the distance ladder. The most widely used examples are outlined

below.
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A

A

Time Delays in Strong Lenses: A massive foreground galaxy can bend the
light of a background quasar to form multiple images. Because each image
follows a di erent path through the lens and experiences a di erent gravita-
tional potential, the light does not arrive simultaneously. The observed delay

between two images, tag, is expressed as

D
t A = Tt AB » (3-9)

where ag is the di erence in the Fermat potential, ¢ is the speed of light,

and D. is the so-called time-delay distance de ned by

D = (L+zg) 5 (3.10)

with z4 the lens redshift and 0, D, and Dgys the angular-diameter distances to
the lens, to the source, and between them. These angular-diameter distances
depend on the cosmological expansion history, and therefore on the Hubble
constant. By measuring the delays and modeling the lens potential, one can
estimate Hy. Such analyses have been successfully demonstrated by collabora-
tions including HOLICOW and TDCOSMO (Birrer et al., 2020; Millon et al.,
2020).

Megamasers: Water megamasers are luminous maser sources located in the
accretion disks of some active galactic nuclei. Their emission at 22 GHz arises
from molecules orbiting the central supermassive black hole. Using very long
baseline interferometry (VLBI), both the sky positions of the maser spots
and their line-of-sight velocities can be measured. The orbital motion follows
Kepler's law,

Ve = ——; (3.11)
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PN

where v is the orbital velocity, r the orbital radius, and M the central mass.
The angular separation of the maser spots gives the apparent size of the disk.
By combining the physical size from Kepler's law with the angular size, one

obtains the distance D to the galaxy through

r = D: (3.12)

With the recession velocity of the galaxy, y, corrected for local motions, the

Hubble constant follows directly as

Ho = - (3.13)

This method estimate the H,, independent of both the cosmic distance ladder

and the CMB sound horizon (Gao et al., 2016).

Cosmic Chronometers: Massive galaxies that have stopped forming stars

can serve as natural clocks for cosmology. If one compares two such galaxies
at close redshifts, the small di erence in their stellar ages, t, can be linked

to the corresponding redshift gap, z. This gives a direct estimate of the

expansion rate at that epoch,

H(z) =

z
— 3.14
1+z t ( )
In practice, the method relies on precise stellar population dating, but it has
the advantage of measuring H(z) directly without assuming a full cosmological

model (Moresco, 2023).

Gravitational Waves: Mergers of compact objects, such as binary neutron

stars, emit gravitational waves whose waveform directly reveals the luminosity
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distance, d. The observed amplitude decreases with distance, so the signal
acts as a standard siren. From the redshift of the host galaxy, one can then
obtain the Hubble constant in a single step. This is expressed through Hubble's
law,

(3.15)

where c is the speed of light, z is the redshift of the host galaxy, and & the
luminosity distance inferred from the gravitational-wave signal. This method
bypasses the intermediate calibrations of the distance ladder and provides a

direct, physics-based estimate of H(Abbott et al., 2023).

3.4 Early Universe Methods

A complementary route to the Hubble constant looks not at nearby galaxies but
at relics from the early universe. Here the relevant ruler is the sound horizon, the
maximum distance acoustic waves in the photon baryon uid could travel before re-

combination. Two main probes are used: the cosmic microwave background (CMB)
and baryon acoustic oscillations (BAO). Both rely on the CDM model, but within

that framework they deliver extremely precise values for H

" CMB Sound Horizon: Prior to decoupling, photons and baryons oscillated

together, producing a characteristic scale

' a(2)

7 . HE@)

dz; (3.16)

Zrec
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A

where ¢ is the sound speed. This length is observed through the angular size

of the rst acoustic peak in the CMB,

I's

s = m; (3.17)

with D a(zrec) the angular diameter distance to the surface of last scattering.
Measurements from Planck space telescope determinewith exquisite accu-

racy, giving Hp ' 67:4 0:5 km/s/Mpc (Planck Collaboration et al., 2020).

Baryon Acoustic Oscillations (BAO): The same acoustic physics also
leaves an imprint on the clustering of galaxies at lower redshifts, visible as
a preferred separation scale (the BAO feature). It is commonly expressed

through the ratio of a distance measure [(z) to the sound horizon g,

1=3 1

Dv@) _ (14522 (p) - (3.18)

s H(z) rs’
where Dy (z) combines transverse and radial distances. Since is xed by
early universe physics, BAO measurements provide geometric distance infor-
mation that, when combined with a cosmological model, can be extrapolated
to z = 0 to give the present-day expansion rate bl (Aubourg et al., 2015).

Current BAO results are most robust at intermediate redshifts (0:2 . z . 2).

3.5 Continuum Reverberation Mapping Frame-

work for H o Estimation

This section outlines the methodology used to estimate the Hubble constant
by modelling continuum reverberation mapping. As an example, | consider the

observed lag spectrum and spectral energy distribution (SED) of the source
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Figure 3.2: Two-panel illustration of the observed lag spectrum (left)(Fausnaugh
et al. (2016)) and SED (right)(Mehdipour et al. (2015)) for NGC 5548.

NGC 5548, shown in gure 3.2. Although the procedure can be broken into

four steps in principle, my analysis follows a three-step modelling sequence,

with the nal step used to estimate H,.

3.5.1 Step 1:: Disk-only delays

As described in section 2.5, the starting point is the lamp-post model, which
provides the accretion-disk response function. From this, | calculate the ex-
pected time delay as a function of wavelength, under the assumption that the
lag originates solely from the disk. For the spectral energy distribution (SED),
| estimate the energy contribution in each band from disk emission alone. The
corresponding ts to the lag and SED are shown in red in gure 3.3. Itis
immediately evident that the disk-only model fails to fully reproduce either

the lag spectrum or the SED.
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Figure 3.3: Model ts for the disk-only case: lag spectrum (left) and spectral
energy distribution (SED, right).

3.5.2 Step 2:: Disk + BLR Lag Distribution in FRADO

The second step introduces the role of the broad-line region (BLR). Not all
photons from the accretion disk reach the observer directly: a fraction is in-
tercepted by BLR clouds. The purpose of the BLR response function is solely
to introduce an additional delay through reprocessing, as some photons rst
travel to the BLR before reaching the observer. The e ect is an extra lag
component superimposed on the disk response, producing a secondary peak
in the total response function that appears later in time. In paper-1, it was
described as Gaussian or half Gaussian but in paper-2 more advanced method

is use.

To describe this process, we employ the FRADO framework, which predicts
the spatial distribution and trajectories of BLR clouds from global AGN pa-
rameters such as black hole mass and accretion rate (Czerny and Hryniewicz,
2011; Naddaf et al., 2021). From the FRADO cloud distribution, we calculate
the light-travel delays associated with individual clouds and combine them to
form a lag distribution, or BLR response function. This function, therefore,

captures only the timing signature of the BLR as a whole.
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=@ f sr) d(:D)

+f iR d;tt 9 pr@Ydt® (3.19)

to
where:

(;t) : total response function at wavelength and time t,
4( ;1) : disk response function,
air (19 : BLR response function as a function of delay time°t

f gLr : fractional contribution of BLR

Using equation 3.19, we convolve the FRADO based BLR response with the
disk response which yields a total response pro le that includes a tunable BLR
contribution (f g.r ) representing covering factor. As shown in gure 3.4, incor-
porating the BLR in this way improves the agreement between the model and
the observed lag spectrum, particularly at longer wavelengths where the disk-
only model falls short but still fails to reproduce the lag in 2000 4000 range.
Also, this step does not alter the shape of the spectral energy distribution, as
the BLR contribution here only introduces extra delays for a fraction of the
disk photons. To re ne the model further, we need to introduce a wavelength-
dependent weighting of the BLR response, which is provided in the next step

by incorporating the emission spectrum predicted with Cloudy.

3.5.3 Step 3:: Disk + Full BLR Contribution (FRADO
+ Cloudy)

=@ f sr) d(:D)

+far () a;t t 9 pr(Ydt° (3.20)

to
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Figure 3.4: Fits to the lag spectrum (left) and spectral energy distribution (SED,
right) for the disk plus Broad-Line Region (BLR) reprocessing model.

The third step introduces the spectral contribution of the BLR in addition to

its timing signature. To do that, we select a representative cloud for which the
radiative transfer is calculated with CLOUDY code (Chatzikos et al., 2023).
This gives us the spectral shape of the BLR emission which is encoded as
(). Comparing the total response function in equation 3.19 and equation
3.20, the key di erence is the presence of the factor (), which encodes the
wavelength-dependent emissivity of the BLR. This key di erence will control
the magnitude of second peak based on wavelength in response function as
shown in gure 2.7. While FRADO provides the geometry and timing distri-
bution of the clouds, it does not predict their detailed emission spectrum. For

this, we rely on the photoionization code Cloudy.

Given the incident radiation from the central source and the physical con-
ditions of the BLR gas such as density, column density, metallicity, and
distance Cloudy self-consistently computes the emergent spectrum. This
includes both continuum and line emission, capturing characteristic features
such as the Balmer and Paschen jumps, di use recombination continua, and
strong hydrogen lines like H . In principle, the radiative transfer should be

calculated for many clouds but it was beyond the scope of the project.
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Figure 3.5: Lag spectrum (left) and spectral energy distribution (SED, right)

for the nal model, which combines disk emission, BLR reprocessing based on the

FRADO framework, and the full emission pro le (lines and diuse continuum)
calculated using CLOUDY.

By combining the intrinsic disk emission, the BLR timing contribution pre-
dicted by FRADO, and the wavelength-dependent emissivity from Cloudy,
we obtain a model that simultaneously reproduces the observed lag spectrum
and the spectral energy distribution, As shown in gure 3.5. At this stage, the
agreement with the data improves signi cantly: the lag spectrum is matched
across the optical and UV bands, and the SED now exhibits the characteristic
BLR-induced features that were previously missing. This integrated approach
demonstrates that both the timing and the spectral properties of the BLR
must be included for a realistic description of continuum reverberation. In
the nal ts, we also account for the host-galaxy starlight and the contribu-
tion of the warm corona to ensure a complete representation of the observed

spectrum.

3.5.4 Step 4:: Estimating the Hubble constant

In the three steps above, we outlined how the contributions from the disk and

BLR are incorporated so that both the lag spectrum and the SED can be tted
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simultaneously. The nal step is to estimate the Hubble constant. For this
purpose, the model parameters are divided into two groups: xed and free
(see table 1 in chapter 5). Fixed parameters are those that can be constrained
directly from observations, such as the black hole mass, while free parameters

are those that must be varied to obtain an optimal t.

The redshift of a source can be determined from emission line, preferentially
from NLR. Once the redshift is known, the luminosity distance can be cal-
culated within the standard CDM cosmological framework. This distance
serves as the reference, or canonical, distance. Combining this reference dis-
tance with the observed ux then allows us to infer the intrinsic luminosity of
the source. However, we do not use this distance and luminosity directly in
the tting procedure. Instead, we use them to rescale the intrinsic luminosity

for di erent trial luminosity distances according to the relation eq. 3.21.

Lret  Lnew.
o= e (3.21)

ref new

where Lt and Dy are the intrinsic luminosity and luminosity distance at the
reference redshift, and ke, and Dy, are the corresponding values for the trial

luminosity distance.

For our simulations, we run the model over a grid of assumed luminosity
distances: 50, 54, 58, 62, 66, 70, 74, 78, 82, 86, 90, 94, 98, and 102 Mpc. For
each distance, we compute the corresponding intrinsic luminosity and prepare

an input le containing both the xed and free parameters.

The code is rst run with the prepared input, which produces the model lag
pro le and SED. It also reports 2 values separately for the lag, for the SED,
and for the total combined 2. After this initial step, one of the free parameters

Is adjusted say the accretion rate by testing both a slightly larger and a
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slightly smaller value. The same is done for other parameters, such as the
height of the corona. Each new run gives updatec values, and the parameter
set with the lowest value is carried forward. This cycle continues until further
changes no longer improve the t, which we take as a sign that the solution

has converged for that assumed luminosity distance.

The whole process is carried out for every trial luminosity distance. Each
distance yields a best t, though not all are equally successful. For instance,
as shown gure A.1 and A.2, at 50 Mpc the SED is tted well but the lag is
not, while at 102 Mpc the lag is acceptable but the SED t is poor. To decide
which solution is preferred, we rely on the combined?, which balances both
constraints. For NGC 5548, the minimum combined ? is obtained at 74 Mpc,

corresponding to a Hubble constant of about I 66:8 kms ! Mpc? .



Chapter 4

Paper-1

4.1 Introduction

This chapter focuses at how time delays in UV/optical continuum of active
galactic nuclei (AGNs) vary with wavelength. We estimated the lags using
lamp-post model through two methods: by response function calculations and
by light curve simulation. To simulate real conditions, scattering from the
broad line region (BLR) is also considered. Including the BLR contribution
not only lengthens the overall observed lag but also alters the delay pattern.
Interestingly, the e ect of BLR scattering can resemble what would be seen
if the X-ray source were positioned higher above the black hole These results
emphasize that BLR scattering must be taken into account in continuum re-
verberation mapping of AGNs. Doing so is essential both for understanding
the physics of accretion and for improving the use of AGNs as distance indi-

cators.
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Chapter 5

Paper-2

5.1 Introduction

This paper simultaneously ts the NGC 5548 delay spectra and SED by com-
bining the contributions from the accretion disk and the broad line region
(BLR). The BLR component is generated using the FRADO model together
with the CLOUDY photoionization code. In this approach, a set of parame-
ters is adopted. Some of them are xed by independent observations, while
others are kept free. The free parameters are varied systematically until the
minimum chi-squared value is obtained. This procedure ensures that both the
delay spectra and the spectral energy distribution are reproduced within ob-
servational uncertainties. From the best-t model, the luminosity distance of
the source is estimated directly, and the value of the Hubble constant, which
Is consistent with other cosmological measurements. This study serves as a pi-
lot application of the method and demonstrates the possibility of using AGN

continuum time delays for cosmological purposes.
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Chapter 6

Paper-3

6.1 Introduction

This paper tests the extended corona model using optical/UV reverberation
mapping of accretion disks. Instead of a single compact lamppost source, the
corona is modeled as two emitting regions placed at di erent heights along the
axis. Response functions and simulated light curves are generated to study the
wavelength-dependent delays. The results show that the two-lamp con gura-
tion produces delay curves very similar to a single lamppost, with di erences up
to 20% for speci ¢ luminosity ratios. Cross-correlation analysis also indicates
that present monitoring campaigns are not sensitive enough to distinguish the
two cases. The study concludes that current optical/UV reverberation map-
ping is only weakly sensitive to vertical extension of the corona, and much

denser observations would be required.
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