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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 Nuclei

1.1 Introduction

Astrophysical systems such as gamma-ray bursts (GRBs), active galactic nuclei
(AGN), X-ray 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 difference 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 specific

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

w(r) = /2, (1)
j(r) =rvy, = VGMr. (1.2)



Chapter 1. Introduction 2

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 different 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 outflows (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 differ
from this simple model due to factors like thickness, magnetisation, or radiative

inefficiency, which I will mention briefly in the coming sections.

1.2 History
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FIGURE 1.1: Emission lines generated from the original observations reported by
Seyfert (1943).
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The first step toward understanding active galactic nuclei (AGN) was made in 1909,
when Edwin A. Fath used the 36-inch Crossley reflector 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 different 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 confirmed 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
figure 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 finding confirmed the
identification of a quasar, and transformed the understanding of extragalactic as-

tronomy.
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FIGURE 1.2: Top: Illustration of the primary structural components of an ac-

tive galactic nucleus (AGN), as described in unification 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 effects, 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 galary 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 different 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=nM:dc, (1.3)

where 7 represents the radiative efficiency. Rearranging gives

. L
M =

—. 1.4
= (14
Assume an AGN with efficiency n ~ 0.1. A luminosity L ~ 10% ergs™! then requires
an accretion rate of roughly

M ~ 1.8 My yr L.

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

M down to radius r would release

AU ~ . (1.5)

For continuous accretion, the corresponding rate is

U GMM
Comparing with L = % =M yields
GM
~ , 1.7
e (L7)

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

given by the ratio M/r. More compact systems allow more efficient conversion
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of accreted mass into radiation. For gas reaching within a few Schwarzschild radii
(Ry = 2GM/c?), efficiencies of order n & 0.1 are achieved, making accretion onto

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

In addition to efficiency, 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

ArGM
L — e mpc7 (1.8)
ar

where m,, is the proton mass and o7 the Thomson cross-section. If L > L, radiation
pressure would exceed gravity, disrupting steady inflow. The Eddington luminosity
therefore sets a natural ceiling on the radiative output of quasars and AGN for a

given black hole mass.

Another defining 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,

2GM
Ry =

. (1.9)

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

given by

2GM 2GM\
ds® = (1 — G ) Adt? — (1 - G ) dr? — r? (d92 + sin29d¢2) . (1.10)

c2r cr

where
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e ds%: spacetime interval,

t: coordinate time,

r, 0, ¢: spherical spatial coordinates,

G gravitational constant,

e M: mass of the object,

c: speed of light.

For r > R, the metric describes the exterior spacetime for any spherically sym-
metric mass distribution, while at » = R, the event horizon is located. From the
Schwarzschild metric, the innermost stable circular orbit (ISCO) for a non-rotating
black hole lies at » = 3R,. 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 < @ < 1). In the case of
a maximally rotating Kerr black hole (a = 1), the ISCO shrinks to r ~ 0.5 Ry for
co-rotating orbits, while for counter-rotating orbits it moves outward to r ~ 4.5 R,

(Bambi, 2020).

The first 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 SMBHs followed soon after. Photometric modeling of the nuclear light
distribution in M87 implied the presence of a supermassive object with a mass of
order ~ 5 x 10% My, confined 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—o relation
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and the M—Myyqe relation. The M—o 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-Myyge relation instead links the black hole mass to the stel-
lar mass or luminosity of the bulge. The first 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—Myyee 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:

ALy (5100 A\

RBLR =329 (
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 HB, MgIl, and CIV. Several studies (e.g., Wandel et al., 1999; Vestergaard and
Peterson, 2006) derived widely used calibrations based on HS. One common form
is:

Mg virial L5100 FWHM(H}3)
lOglo (T®> =091+ 0.510g10 (WTI‘gS_I) + 210g10 (m .

(1.12)
Analogous relations have been developed for Ha (Greene and Ho, 2005), CIV A1549
(Vestergaard, 2002; Vestergaard and Peterson, 2006), and MgII A\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
limit of < 2 x 10% M, on the black hole mass (Winn et al., 2004). More recently, the
Event Horizon Telescope has imaged the region around SMBHs 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 inflow settles into a
flattened accretion disk instead of a free fall. Different regimes of accretion lead to
different types of disks. At low accretion rates, the flow can become an advection-
dominated accretion flow (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, I 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 effective viscous stress. Shakura and

Sunyaev (1973) introduced the a-prescription, writing the stress as
T’r¢ = O[-F)totv

where P, is the total pressure and « is a dimensionless constant. The corresponding
kinematic viscosity is

v =acsH, (1.13)
with ¢, the sound speed and H the disk scale height.

The energy flux from the disk surface at radius R is

1— (%)W] . (1.14)

This expression assumes a steady-state disk where gravitational energy released at

3GMM
F(R) = ST R3

each radius is radiated locally. The result does not depend on the detailed origin of

viscosity.



Chapter 1. Introduction 12

In Newtonian gravity this form is valid. In general relativity, the flux is modified by

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

_ 3GMM

F(R) = ey f(R), (1.15)

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

outward for retrograde orbits.

The effective temperature of the disk is given by

(1.16)

g

Tn(R) = (F(R))l/4,

with o 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 figure 1.2.

The disk alone does not reach temperatures high enough to produce hard X-rays.
The X-ray spectrum is due to reflection and reprocessing of photons from the corona.
Part of the coronal radiation is reflected 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 effect, where the excess energy ejects another electron.

2. Emission of a fluorescent Fe Ka photon at 6.4 keV, a ubiquitous feature of

AGN spectra (figure 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 108~ 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 configura-
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 flow or magnetic field structure.

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

F(E)=AxE™" (photonss™! cm 2 keV 1), (1.17)

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

panel of figure 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 reflec-
tion model, the soft excess arises from reflection 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 (Gierliriski and
Done, 2004). While this scenario can in principle mimic a soft excess, it requires ex-
treme smearing and is not favored compared to reflection 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, Ty, which is the highest temperature that dust can
withstand before it evaporates. The size, composition, and local photon flux of the

dust grains all affect the sublimation temperature. The mean sublimation radius,
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(Rsup), can be found by averaging over typical graphite grains in the interstellar

medium Barvainis (1987).

1800 K\ *°
(ran) 05 L7 () 00) e

where
(Rgup) : mean dust sublimation radius (parsecs, pc)
Lus : AGN luminosity normalized to 10 erg s7!

Taup : dust sublimation temperature (Kelvin, K)

f(0) : angular-dependent factor accounting for radiation anisotropy
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FIGURE 1.3: Illustration of different 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 different ways, as shown in figure 1.3.



Chapter 1. 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 different temperatures because some are
shaded by others. Later, Stalevski et al. (2016) introduced a two-phase model that
includes both clumps and a diffuse 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+outflow structure, where the torus is clumpy but

also has a dusty wind in the polar direction.

The covering factor quantifies 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 different AGN (Mateos et al., 2016). The SED contribution from the
torus is in the IR window, as shown in figure 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 kms~! 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 flat 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 flowing inward toward the black hole (Gaskell, 2009),
while in others, parts of the BLR are moving outward as an outflow (Emmering
et al., 1992; Kollatschny, 2003). Such observations motivated the development of
outflow-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 flow. In this thesis, however, we focus on a related model, the Failed Radiatively
Accelerated Dusty Outflow (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: Illustration 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 Outflow (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 effective

temperature of a thin disk at radius r is

3GMM e
Teﬁ('r):<—> ,

8mwors

which decreases outward. At radii where Tog(r) < Ty, ~ 10001500 K, dust can
condense in the disk atmosphere. Once dust forms, the local disk radiation flux

exerts an upward force

lidF
Frad =
C
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where kq is the dust opacity and F' the radiative flux. This competes with the

vertical component of gravity from the central black hole,

GM

r3

2
Fgrav = QKZ, QK =

If Flaq > Faay at the disk surface, dusty gas is lifted upward, initiating a vertical
outflow. However, as the cloud rises, it becomes exposed to the intense UV radiation
from the central engine. At some critical height Zey.p, the dust grains are heated
above Ty, and evaporate, so that k4 — 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 inflow. 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 o
LY. 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 HeIl, HeI, NV, and CIV,
which therefore appear broader. By contrast, low-ionization lines including Mg II,
Call, OI, 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
ionization stratification within the broad line region. In other words, different
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 200-500kms~!. The
relatively low density of the NLR allows forbidden transitions such as [OIII] and
[NTII] to be observed. These transitions are considered “forbidden” only in high-
density environments, where collisions suppress them; in the low-density NLR they
occur efficiently. 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 I1I] emission line. Observations

show that the radial extent of the NLR follows

RnLr Lﬁ) 1)

where Lioqy is the luminosity of the [OIII] line and o ~ 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 influence 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 fields 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 fields 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 fields, 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, o< Ve, (1.18)

where S, is the flux density at frequency v, and « is the spectral index. A common

way to classify jets is the Fanaroff-Riley scheme (Fanaroff and Riley, 1974). FR I
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jets fade gradually with distance from the nucleus, whereas FR II jets end in bright

hotspots where they collide with the surrounding medium.

1.10 AGN Unification

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~*

Sey2 Seyfert 2 FWHM < 1,000 km s~ !

QSO Quasi-stellar object Quasar-like, non-radio source
QS0O2 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

FRI Fanaroff-Riley class I radio source radio core-brightened (ref. 2)
FRII Fanaroff-Riley class II 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. Fanaroff 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 different types of AGN. Antonucci (1993) argued
that Type 1 and Type 2 AGN can be explained within the same unified 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 unification model
for active galactic nuclei (AGN), adapted from Thorne et al. 2022.

object appears as a Type 1 AGN, as illustrated in figure 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 off 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 first 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 unification-by-orientation model came when similar results were obtained

(Miller and Goodrich, 1990; Tran et al., 1992) for other Seyfert 2 galaxies.



Chapter 1. Introduction 24

However, there are some observations that question the unification-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 difficult 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 Reup o< LY? while the torus height remains fixed. 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 HA3 < 2000 kms™!), strong Fe Il
emission, and rapid X-ray variability (Osterbrock and Pogge, 1985). In the simple
orientation-based unification 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 unification 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 fixed 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 difference 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 unification

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 influence whether an
AGN appears obscured or unobscured. A complete unification model must therefore
combine orientation effects 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, I 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 AGNs 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 efforts have produced high-cadence, multi-band data

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

27



Chapter II. Reverberation mapping 28

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 diffraction of light places a fundamental limit on the smallest angular scale that

a telescope can resolve. Mathematically, this limit is expressed as

1.22 )\
fg=—"""- 2.1
=] 1)

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

0 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 A = 500nm (5 x 107" m), the

diffraction-limited resolution is

~1.22x5x 1077

f 10.4

~ 5.87 x 10" ® radians. (2.2)

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

0 ~ 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 75 Mpc (or 2.31 x 10**m). The cor-

responding linear size is

linear size = 6 X Dgistance = 5.87 X 1075 x 2.31 x 10* ~ 1.34 x 10" m.  (2.4)

Expressed in light-days, this becomes

1.34 x 107
2.59 x 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 diffraction 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: Rg = 3.0 x 10%m,

Accretion disk: Lgig = 3.0 x 1013 m,

Broad-line region (BLR): Lgir = 3.0 x 10%°m,

Dusty torus: Ly = 2.6 x 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 diffraction formula (eq. 2.6).

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

in practice can affect observations.
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2.2.2 Requirements for Hypothetical Apertures

To estimate the telescope diameters required to resolve different AGN structures,

we invert the diffraction relation (eq. 2.6):

1.22AD
Dtel — TA, (26)

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

Using A =5 x 107"m and Dy = 2.31 x 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 x 101 4.7 x 107
Accretion Disk 3.0 x 1013 4.7 x 10*
Broad-Line Region 3.0 x 10% 4.7 x 10?
Dusty Torus 2.6 x 1016 5.4 x 10!

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 flat ACDM cosmology with Hy = 69.6km s~ Mpc™', Q,, = 0.286, and
Qn = 0.714, we extend this analysis to higher redshifts. The telescope apertures
required to resolve different 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 Dy in a flat ACDM with Hy = 69.6 km
s~! Mpc™1, Q,, = 0.286, Qp = 0.714.

z Dx [Mpc|] Dy [Gpcl

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 1117.4 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

2.00 1921.0 1.921

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

A =500
Redshift Event Horizon Accretion Disk BLR Dusty Torus
0.05 1.25e+08 1.25e+05 1.25e4+03  1.44e+402
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 7.09¢+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+4-06 1.12e4+04  1.28e+03
1.5 1.24e+09 1.24e+06 1.24e4+04  1.42e+403
2.0 1.23e+09 1.23e+06 1.23e4+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 A\ = 2.2 um (K-band), the diffraction 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
A = 2.2 ym using the same cosmology.

Redshift Event Horizon Accretion Disk BLR Dusty Torus

0.05 5.51e+08 5.51e+05 5.51le+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+4-06 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 4.31le+04  4.95e+03
1.0 4.93e+09 4.93e+06 4.93e+04  5.67e+03
1.5 5.48e-+09 5.48e+-06 5.48e+04  6.31e+03
2.0 5.43e+09 5.43e+06 0.43e+04  6.12e+403

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 difficult, 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 6 ~ \/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 difficulties. 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 justifies 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 effective 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 scientific necessity.

2.4 A General View of Reverberation Mapping

Optical/BLR

Reverberation X-ray

Mapping Reverberation broad line
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FIiGURE 2.1: Comparison of the spatial scales probed by different 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.

e 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 fluctuations 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.

e Delayed signal: In X-ray reverberation mapping, the delayed signal arises
from reflection off the inner accretion disk, producing features such as the
iron Ka 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 pm, which are
produced by vibrational modes in the dust grains rather than by atomic line

transitions.

This time delay 7 corresponds to a light-travel distance R = c¢-7, giving a direct mea-

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

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 modifications: it is shifted in time due to
the finite 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 defined.
Formally, this behaviour is described as a convolution of the driving signal with a
response function, ¥(7), which encapsulates the geometry and physical conditions of
the reprocessing medium. If Fi(t) denotes the variable component of the continuum,

the reprocessed signal F;(t) can be expressed as
tmax
Fi(t) = / U(r) Fi(t — 7)dr. (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 effectively 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 differences 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 unified and powerful tool for investigating the central structures of

active galaxies.

2.5 Lamp-post Model

Before discussing the different 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 figure 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 reflected or reprocessed, imprinting characteristic spectral signatures before

reaching the observer with a delay due to the additional light-travel path.



Chapter II. Reverberation mapping 39

X-ray Observer

VA<

Corona

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 (Markoff et al., 2005; Wilkins et al., 2017). Outflowing
corona models have also been invoked to explain weak reflection 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.



Chapter II. Reverberation mapping 40

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 reflected photons
carry the imprint of absorption, fluorescence, Compton scattering, and thermalisa-

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

The most prominent reflection signatures are the iron Ka complex and the Compton
hump. The former consists of fluorescent lines from iron in different 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 modified by relativistic effects in the inner disk (Fabian et al., 1989).
The line profile in particular is sensitive to black hole spin: faster spin reduces the

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

Because reflected 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 = c7, directly probing the inner accretion
flow. 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 Ka 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 confirm

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 reflects differences 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 Ko
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 Ka line; instead, the line core at 6.4 keV
remains narrow, consistent with more distant reflection. 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 flow.

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). (figure adapted from

Fausnaugh et al. 2016)

larger radii in the accretion disk, typically 10°-10* R,. 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 profile of the disk is

T(R) o< (MM)Y4R=3/4,
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FIGURE 2.4: Response functions at multiple wavelengths predicted by the lamp-

post model. Parameters used: Mgy = 5.0 x 107 M, Eddington ratio = 0.015,

lamp luminosity Ly = 9.68 x 10%3 ergs™!, height h = 48.297, Rin = 674, Rout =
1000074, and viewing angle ¢ = 40°.

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

light-travel time from radius R (7 = R/c), and blackbody radiation obeys
Ao T71,
we obtain the scaling relation
T(X) oc (MM)YV3N3,

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 figure 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 difference in light-travel
times. For the observer, this sequence appears as emission from the inner disk
(shown in blue) arriving first, 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 different annuli of
the disk contribute at different times. This behaviour is described by the response
function, which quantifies how the accretion disk reacts to an instantaneous flash of

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

There are two main points to notice in the response function. The first 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 I generated the response function, I calculated the lag corresponding to each

wavelength by using equation 2.8:

et N)dt

(A = Tt Ny dt

(2.8)

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 different wavelengths were significantly larger than those predicted

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

This result was later confirmed 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 effective 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

O = 7 [(%0)5—1],

where )\ is the reference wavelength (typically the best-sampled band), 7y is the

normalization, and 8 = 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 Nunez 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 first discussed by Rauch and Blandford (1991)

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

There were many proposed models to explain the difference 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 profile, 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 profile of the BLR.
The light emitted by the BLR is therefore delayed even further. We first 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: Mpy =

5.0 x 107 M, Eddington ratio = 0.015, lamp luminosity Ly = 9.68 x 10*3 ergs™!,

height h = 48.29ry, Rin = 674, Rout = 1000074, feLr = 30%, and viewing angle

i = 40°.

the BLR response function is added to the disk response function, the combined
result is shown in figure 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 fitting 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 affects
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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. (figure adapted from Peterson 2001)

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

test are presented in figures 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 flux, and

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

As illustrated in figure 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 figure 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 7. 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 profile. The different sub-
figures correspond to distinct geometries and parameters: Top left: Ring with
anisotropy parameter A = 0 and responsivity index g = 0. Top right: Ring with
A=1, =0. Bottom right: Spherical shell with A =0, 8 = 0. Bottom left:
Spherical shell with A =0, 8 = —4 (figure 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 defines an iso-delay
surface. The minimum delay is 7 = 0, corresponding to the near-side cloud, where
the continuum and line photons arrive together. The maximum delay is 7 = 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 0 to 2R/c.

In addition to delays, each cloud has a line-of-sight velocity V, that depends on its
orbital motion. Combining both effects yields the two-dimensional transfer function
U(V,, 1), also known as the velocity—delay map, which describes the line response as
a function of both V, and 7. The one-dimensional transfer function ¥(7) is obtained
by integrating over all velocities, and represents the total emission-line response as

a function of lag.

Different BLR models produce different forms of W(7) as shown in figure 2.7. For
a thin spherical shell with isotropic emission (A = 0), the response is flat between
0 and 2R/c, since all delays are equally probable. If the emission is anisotropic
(A = 1), with flux directed back toward the continuum source, near-side emission
is suppressed and far-side emission dominates, producing a triangular response that
rises linearly with 7. For a thick spherical shell extending from 7, to roy, the shape
further depends on the radial responsivity index 3, which parameterizes how the

line emissivity depends on radius:

e(r) oc rP.
With 8 = 0, all radii contribute equally, yielding a broad response: flat from 0-2ry, /c,
then tapering smoothly to zero at 2r.,/c. With 8 = —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 (AGNs)

through reverberation techniques began with the goal of measuring its response to
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fluctuations in the central continuum. However, these early efforts were hampered
by assumptions that overestimated the BLR’s size. For example, it was found that
the BLR size in NGC4151 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 findings 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 confirm 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 stratified BLR, where different

lines are formed at different 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 different 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. I 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 W(V,, 7) 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 flexible parametric model in which the clouds can have
different 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 inflow and
outflow. 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 . mV2
R R

Solving this gives:
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and since R can be written as ¢t (where 7 is the time delay from reverberation

mapping), we get:

V2(er) |

MBH = G

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

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 profiles than low-ionisation lines, which fits 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 Hf line, once host
galaxy light is removed, the relation roughly follows R oc L'/? (Bentz et al., 2006,
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 HfS has been the main focus, similar relations have also been developed for
Mg IT and C IV (Vestergaard and Peterson, 2006; Onken and Kollmeier, 2008; Woo
et al., 2018), which helps extend mass estimates to higher redshifts where Hf 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 ~ 10° R,. 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 effective 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 identified 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 stratified 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, Hy, 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 different ways of measuring Hy 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, finds 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 Ia 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 figure 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 difference (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 briefly introducing these existing methods, I 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 different rungs. The first 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 Ia 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 flow. 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: Illustration 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:

e 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:
MA:a,\logP+b,\+c>\[Fe/H]+d,\. (31)

The metallicity index is defined as

NFe) (NFe)
Fe/H| = lo — —lo — . 3.2
Fe/t) = tosuo (51 )  —loma( ) 32

e 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 cutoff in
brightness. This feature, visible in the I-band luminosity function, provides a

stable reference. It is commonly expressed as:
M[REB — ¢ [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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e Mira Variables Miras are long-period stars on the asymptotic giant branch.
In the near-infrared, their brightness correlates tightly with pulsation period
via:

My = alog P + b, (3.4)

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

that lack Cepheids.

e 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 unaffected 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 Gaza 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 first rung establishes

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

3.2.2 Second Rung: Type Ia Supernovae

For this we find a galaxy containing the first rung source and supernova la. The
role of the second rung is to calibrate the absolute magnitude of type Ia super-

novae (SNe Ia) by using calibrated first 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 differences and

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

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

MB,corr = MB + axy — 507 (36>

where 27 is the stretch (light-curve width) and c is the color; @ and 5 are determined

from global fits to supernova samples.

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

has distance modulus s, the standardized absolute magnitude is

MB = MB,corr — HMhost - (37)

This calibration fixes the intrinsic luminosity of standardized SNe Ia 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 Ia
into a direct measurement of the Hubble constant. From rung 2 we have already
established the standardized absolute magnitude Mp. For each Hubble-flow SN Ia,
the two directly measured observables are the corrected apparent magnitude mp corr

and the redshift z.
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C/HO

m™(z) = Mg + 5logyez (1+522)] + 510g10(m

) + 25, (3.8)

where qq is the deceleration parameter.

In this framework, Mp fixes the intrinsic luminosity scale (from Rung 2), while
mpcorr and z are measured for each supernova. The only free parameter that verti-
cally shifts the magnitude-redshift relation is Hy. By fitting the observed magnitudes
Mpcor as a function of z to the model m™(z) in equation (3.8), one extracts Hy
with high statistical precision. By using equation 3.8, there are two ways to estimate
hubble constant either for fixed gy (Riess et al., 2021) or by simultaneously fitting go
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 different 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 fixed 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.



Chapter III. Study Methodology 64

e 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 different path through the lens and experiences a different gravita-
tional potential, the light does not arrive simultaneously. The observed delay

between two images, At 4p, is expressed as

D
Atap = %AQMB; (3.9)

where A¢p is the difference in the Fermat potential, ¢ is the speed of light,

and D, is the so-called time-delay distance defined by

(3.10)

with z4 the lens redshift and Dy, D, and Dy, 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).

e 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,

o= 2 (3.11)
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where v is the orbital velocity, r the orbital radius, and M the central mass.
The angular separation 6 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 = 6D. (3.12)

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

Hubble constant follows directly as

v
Hy = EH’ (3.13)

This method estimate the H,, independent of both the cosmic distance ladder
and the CMB sound horizon (Gao et al., 2016).

e 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 difference in their stellar ages, At, can be linked
to the corresponding redshift gap, Az. This gives a direct estimate of the

expansion rate at that epoch,

1 Az

H(z) =~ 37 (3.14)

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).

e 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,
cz

Hy ~ — 1
0 dLJ (3 5)

where c is the speed of light, z is the redshift of the host galaxy, and d, is 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 Hy (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 fluid could travel before re-
combination. Two main probes are used: the cosmic microwave background (CMB)
and baryon acoustic oscillations (BAO). Both rely on the ACDM model, but within

that framework they deliver extremely precise values for Hy.

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

together, producing a characteristic scale

ry = /Zrcc Z‘;(Z) dz, (3.16)
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where ¢, is the sound speed. This length is observed through the angular size

of the first acoustic peak in the CMB,

T's

by = —
DA(Zrec)

(3.17)

with Da(zpe.) the angular diameter distance to the surface of last scattering.
Measurements from Planck space telescope determine 6, with exquisite accu-

racy, giving Hy ~ 67.4 + 0.5 km/s/Mpc (Planck Collaboration et al., 2020).

e 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 Dy (z) to the sound horizon 7,

z (674 1/3
DZS( ) _ (1+2)°D%(2) 0 Ti (3.18)

where Dy (z) combines transverse and radial distances. Since ry is fixed 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 Hy (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; Estimation

This section outlines the methodology used to estimate the Hubble constant
by modelling continuum reverberation mapping. As an example, I 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 figure 3.2. Although the procedure can be broken into
four steps in principle, my analysis follows a three-step modelling sequence,

with the final 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, I 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),
I estimate the energy contribution in each band from disk emission alone. The
corresponding fits to the lag and SED are shown in red in figure 3.3. It is
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 fits 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 first
travel to the BLR before reaching the observer. The effect 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

18 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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w(/\vt) = (1 - fBLR) wd(/\vt)

+ /BLR Ya(At —t') Yprr(t’) dt’ (3.19)

to
where:

— (A, t) : total response function at wavelength A and time ¢,
— g(A, t) : disk response function,
— ¢¥prr(t’) : BLR response function as a function of delay time #',

— fgLr : fractional contribution of BLR

Using equation 3.19, we convolve the FRADO based BLR response with the
disk response which yields a total response profile that includes a tunable BLR
contribution (fgLr) representing covering factor. As shown in figure 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 refine 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)

Y(A, 1) = (1 — feLr) Ya(A, 1)

—+ fBLR 6()\) wd()\,t - t/) ¢BLR(t,) dt, (320)

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
€(A). Comparing the total response function in equation 3.19 and equation
3.20, the key difference is the presence of the factor (), which encodes the
wavelength-dependent emissivity of the BLR. This key difference will control
the magnitude of second peak based on wavelength in response function as
shown in figure 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, diffuse recombination continua, and
strong hydrogen lines like HS. 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 final model, which combines disk emission, BLR reprocessing based on the

FRADO framework, and the full emission profile (lines and diffuse 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 figure 3.5. At this stage, the
agreement with the data improves significantly: 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 final fits, 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 fitted
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simultaneously. The final step is to estimate the Hubble constant. For this
purpose, the model parameters are divided into two groups: fixed 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 fit.

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 ACDM cosmological framework. This distance
serves as the reference, or canonical, distance. Combining this reference dis-
tance with the observed flux then allows us to infer the intrinsic luminosity of
the source. However, we do not use this distance and luminosity directly in
the fitting procedure. Instead, we use them to rescale the intrinsic luminosity

for different trial luminosity distances according to the relation eq. 3.21.

Lref Lnew
Dz, D2’

ref new

(3.21)

where Lot and D, are the intrinsic luminosity and luminosity distance at the
reference redshift, and L., and D, 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 file containing both the fixed and free parameters.

The code is first run with the prepared input, which produces the model lag
profile and SED. It also reports x? values separately for the lag, for the SED,
and for the total combined y2. 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 updated y? values, and the parameter
set with the lowest value is carried forward. This cycle continues until further
changes no longer improve the fit, 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” fit, though not all are equally successful. For instance,
as shown figure A.1 and A.2, at 50 Mpc the SED is fitted well but the lag is
not, while at 102 Mpc the lag is acceptable but the SED fit is poor. To decide
which solution is preferred, we rely on the combined x?, which balances both
constraints. For NGC 5548, the minimum combined y? is obtained at 74 Mpc,

corresponding to a Hubble constant of about Hy ~ 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 effect 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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ABSTRACT

Context. Continuum time delays from accretion disks in active galactic nuclei (AGNs) have long been proposed as a tool for measuring
distances to monitored sources. However, the method faces serious problems as a number of effects must be taken into account,
including the contribution from the broad line region (BLR).

Aims. In this paper, we model the expected time delays when both the disk reprocessing of the incident X-ray flux and further
reprocessing by the BLR are included, with the aim to see whether the two effects can be disentangled.

Methods. We used a simple response function for the accretion disk, without relativistic effects, and we used a parametric description
to account for the BLR contribution. We included only the scattering of the disk emission by the BLR inter-cloud medium. We also
used artificial light curves with one-day samplings to check whether the effects are likely to be seen in real data.

Results. We show that the effect of the BLR scattering on the predicted time delay is very similar to the effect of the rising height
of the X-ray source, without any BLR contribution. This brings additional degeneracy for potential applications in the future, when
attempting to recover the parameters of the system from the observed time delays in a specific object. Both effects, however, modify
the slope of the delay-versus-wavelength curve when plotted in log space, which opens a way to obtaining bare disk time delay needed
for cosmology. In addition, when the disk irradiation is strong, the modification of the predicted delay by the BLR scattering and by

X-ray source height become considerably different. In this regard, simulations of the expected bias are also presented.

Key words. accretion, accretion disks — quasars: general — galaxies: active

1. Introduction

The standard ACDM cosmological model is currently under vig-
orous discussion and testing via a state-of-the-art approach based
on current and upcoming astronomical instruments (Freedman
2017). This global model describes the evolution of the entire
Universe, so the measurements of the global model parame-
ters should give the same values independently of how and
where they are measured. One such parameter is the cur-
rent (i.e., at redshift zero) expansion rate of the Universe, the
Hubble constant, Hy. However, the local direct measurements
based on SN Ia, calibrated predominantly with Cepheid stars,
give average values of Hy of the order of 74 kms~'Mpc~! (e.g.,
Hy = 74.03 + 1.42kms™'Mpc~!, Riess et al. 2019; Hy = 73.2 +
1.3kms™! Mpc‘I , Riess et al. 2021). At the same time, measure-
ments of the cosmic microwave background (CMB) properties
imply 67.4 + 0.5km s~ Mpc~! (Planck Collaboration VI 2020)
when the standard ACDM is used to derive Hy. In the obser-
vational cosmology this discrepancy in the Hubble constant is
known as Hubble Tension. The detection of Hubble tension sug-
gests a need of different cosmological model to explain the local
universe. However, before going into detail of deriving a dif-
ferent cosmological model, we have to be very sure that the
tension really exists — hence, a range of different independent
methods is required to probe it. A similar tension between the
Planck results and the local measurements shows up for most
(and quite numerous) methods (for the most recent comprehen-

* CNPq Fellow.

sive review, see Di Valentino et al. 2021, in particular Fig. 1
therein). However, the disagreement is not at all that clear since
the systematic errors in each method are difficult to assess.

Therefore, a relatively simple and direct method, which
would not require the involvement of the distance ladder would
be extremely useful to fix the problem. One such method is the
one based on continuum time delays in accretion disks in active
galactic nuclei (AGNs), proposed by Collier et al. (1999; see
also Oknyanskij 1999 for a torus-based version of the idea). The
method is effectively based on measuring the size of the accre-
tion disk at different wavelengths and comparing it with the clas-
sical accretion disk model of Shakura & Sunyaev (1973). This
comparison, due to a specific scaling of both the monochromatic
flux and the effective temperature with the product of the black
hole mass and accretion rate (see e.g., Panda et al. 2018), allows
us to get the distance to the source directly, from the measured
time delay 7 between the two wavelengths and the observed
monochromatic flux, f,, at one of these wavelengths, without
any hidden dependence on the black hole mass and accretion
rate. The time delay, 7, as predicted by the theory, depends on
the wavelength 1 as 7 oc A*3, and the proportionality coefficient
is also strictly predicted by the theory. This coefficient contains
the observed flux and the distance, thus offering the possibility to
obtain the redshift-independent distance to the source knowing
the time delays and observed fluxes.

Observational monitoring of several sources confirmed the
expected delay pattern (e.g., Collier et al. 1999; Cackett et al.
2007; Pozo Nuiiez et al. 2019; Lobban et al. 2020), specifically,
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the proportionality: 7 o 1%3. However, the observationally
determined proportionality constant was frequently deemed as
being much too high (by some 40% up to a factor of a few)
in comparison with the theory, that is, when the standard cos-
mology was used (e.g., Collier et al. 1999; Cackett et al. 2007,
Lobban et al. 2020; Guo et al. 2022a) and the narrow filters
used by Pozo Nufiez et al. (2019) did not help. Some sources
have found a good agreement with expectations, particularly if
the height of the irradiating source and/or the extended char-
acter of the reprocessor are included (Kammoun et al. 2021a);
some authors have found a disagreement only at a single wave-
length band, close to the Balmer edge (e.g., Edelson et al. 2015;
Kammoun et al. 2019; McHardy et al. 2018; Cackett et al. 2018,
2020; Hernandez Santisteban et al. 2020). Hints of a consider-
able problem with regard to the contribution from the more dis-
tant reprocessing region, namely, the broad line region (BLR),
have appeared (Chelouche et al. 2019). In his most recent paper,
Netzer (2022) concluded that (for sources analysed by him)
most of the reprocessing actually happens in the BLR region,
making a continuum time delay longer than the predicted value
from the disk itself. A similar suggestion was made earlier by
Lawther et al. (2018) for the case of NGC 5548. If this is true,
it is very difficult to disentangle the BLR time delay with the
continuum disk time delay — hence, these objects cannot be
used for the cosmological purpose. The source of contamina-
tion comes, apart from strong emission lines, also from broad-
band spectral features such as the Fe Il pseudo-continuum and
the Balmer continuum (Wills et al. 1985). The problems of rec-
onciling the disk size with the standard model also appeared in
microlensing studies (Rauch & Blandford 1991; Mosquera et al.
2013), but the presence of the additional reprocessing medium
most likely solves this problem as well.

In the present paper, we model the combined reprocessing by
two media: an accretion disk and the extended BLR, with the aim
to find a way to disentangle efficiently these two effects. Finally,
we aim to use these results to reconstruct the disk time delay.

2. Method

We performed a set of numerical simulations that allows us to see
whether the adopted geometry for the disk and the BLR region
can be recovered in measurements of the time delays. We created
artificial light curves to mimic the incident radiation, assumed
a set of parameters describing the disk and BLR reprocessing,
and, finally, calculated the time delays using interpolated cross-
correlation function (ICCF) method to see whether the geometry
can be determined and, in particular, the conditions under which
the time delay related to the accretion disk alone can be recov-
ered in such simulations.

2.1. Incident light curve simulation

According to the general picture used in the description of the
disk reprocessing, we assume that variable X-ray emission is
responsible for the variability of the disk emission (Rokaki et al.
1993).

We modeled the lightcurve using the algorithm of
Timmer & Koenig (1995; hereafter, the TK method), which is
based on the adopted shape of the power spectrum. We mod-
eled the X-ray power spectrum as a broken power law, with
two breaks and three slopes. The higher frequency break has
been relatively well studied for a number of AGNs. For a given
set of source parameters, the relation between the black hole
mass, the Eddington rate, and the position of the break is given
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by McHardy et al. (2006). Older and newer measurements are
roughly consistent with this law (e.g., Czerny et al. 1999, 2001;
Markowitz 2010). For the slopes, we assumed -2, —1, and 0,
respectively. For the lower frequency break, we assumed that its
timescale is by a factor of 100 longer than the short timescale
break. This is somewhat arbitrary, since the long timescale trends
are not well measured. Alternatively, we could use a bending
power law as, for example, in Georgakakis et al. (2021). The
normalization of the power spectrum is then adjusted to the
required level of the source variability. This model is certainly
better than a damped random walk (DRW), corresponding to
a single break and slopes —2 and 0, proposed by Kelly et al.
(2009) for modeling the optical variability of AGNs. As shown
by Yu et al. (2022), more advanced models are needed for pre-
cise description of quasar variability in Stripe 82. For our pur-
poses, TK method is satisfactory, as it broadens the frequency
range in comparison to DRW.

2.2. Accretion disk reprocessing

Our description of the disk reprocessing is relatively simple.
For the geometry, we assumed a simple lamppost model that
represents the X-ray corona, namely, one that is frequently
adopted for the disk reprocessing in compact X-ray binaries
and AGNs (e.g., Martocchia & Matt 1996; Miniutti & Fabian
2004; Niedzwiecki et al. 2016), and the disk height is neglected.
We do not include general relativity (GR) effects and we
assume perfect thermalization of the incident radiation. Once the
X-ray photon hits the disk all the radiation get absorbed by the
disk which increases the disk temperature locally. Thus, in our
model, we do not consider any energy-dependent reflection as in
Kammoun et al. (2019) but all the incident emission is absorbed
by the disk and gets reprocessed.

The response of the disk to the variable irradiation was
recently studied in much more detail by Kammoun et al. (2019,
2021b). Their approach included numerous effects, such as the
assumption of the Kerr metric in the description of the disks, full
GR treatment of the photon propagation, and energy-dependent
reflection of the X-rays by the disk surface. We do not aim to
achieve such a detailed approach here. Instead, we adopt the
rather simple approach of Shakura & Sunyaev (1973) for the
disk and geometrical optics, where a perfect thermalization of
the incident X-ray flux is considered. In creating our software,
we aim to check qualitatively the effect of the second reproces-
sor on the measured time delay and we do it not only with the
use of the transfer function approach, but also with the use of
artificial light curves simulating the data cadence and quality. In
such cases, we simply carry out a direct calculation of a sequence
of disk reactions to variable irradiation by X-ray flux, where the
incident flux can vary with arbitrarily large amplitudes.

Our numerical scheme is thus different from the one used
by Kammoun et al. (2019, 2021b). We first set the radial grid
covering the accretion disk between Rjs., and R,y by a variable
sample size. The radial bin size is quasi-logarithmic, to allow for
a proper resolution at the inner parts. Specifically, we define this
grid by the following formula, dR = 0.085 * (%0)0‘85 , and for
each “R,” we also increase the grid step in angular (¢) direction
by d¢ = %Z‘?O For a given R and ¢, we calculate the Carte-
sian (x,y) coordinate in the disk plane, and the surface element,
ds = R*dR * d¢ = R, * R,. The disk height is neglected, that is,
we assume z = (. For a given x, y coordinate, we calculate the
total delay 71 (x, y). This delay is the sum of time 7,4(r) taken by
photon to reach the given disk location from corona, located at
the height, H, along the symmetry axis to accretion disk, and the
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time to reach observer after disk reprocessing, 74,(x, y). For con-
venience, we define this last time delay with respect to the plane
crossing the equatorial plane at Roy, ¢ = 0, and perpendicular
to the direction towards the observer. This delay depends on the
inclination angle i, the corona height, the position on the accre-
tion disk, and the black hole mass. All the delays are calculated
with respect to the photon generated from the corona.

Once we have the total delay 7(r) for a differential disk ele-
ments, we calculate the new temperature from the total flux, F,
the sum of flux generated from the non-irradiated disk, and irra-
diation. We thus used the following expression:

F(r,t+‘rd(r)):(3GMM [1— 9)]+(M) (@)

8rr3 r 4nr3

The local temperature at each moment is calculated from the
local flux assuming a blackbody emission:

Teﬁ(r’tJer(r)):[(3GMM(]_ g]]+ (Lx(t)h )} @

8nrioy r 4nr3og

where o is the Boltzmann constant. We do not include the
color correction, which would affect the normalization of the
time delay but does not affect the basic trends with the param-
eters that are the topic of our study. However, the inclusion of
the color correction indeed makes all the delays longer, which is
critical for actual data fitting.

From Planck’s formula, we can generate the entire spectrum
for the given differential area only to store it in a photon table,
which is a 2D matrix P(t’, ), using a determined time delay
appropriate for the disk position and wavelength. Every flux ele-
ment of the photon table has a unique delay and a wavelength A.
We chose the values of A from 1000—-10 000 A for the simulation,
using a logarithmic scale grid for selection. The time delay step
is either linear or logarithmic, depending on the need.

We assume that the incident light curve is provided with
equal bin size, Ar. We treat such a light curve as a histogram,
which is a step function with Az. Thus, the time bin size of the
photon table matches the resolution of the incident light curve
and the time span must be long enough to cover the duration of
the incident lightcurve, fi;,q. For each incident light curve bin,
we include this uncertainty of At of the photons arrival when
locating the flux contribution into the photon table. We first per-
formed the loop with respect to incident light curve bins for
a given location at the disk, and then repeated the process for
all the elements of the disk surface, thus creating the lightcurve
expected from the irradiated disk, equivalent to:

1 tirrad , ,
LisdD =1 f f BuTer (. (= Taory))dsdf,  (3)
t J tmin S disk

for a very dense grid.

‘We can calculate the response function of the disk, ¢4, which
is a very useful concept if the response of the medium is linear
(see e.g., Eq. (9) of Peterson 1993). In this case, we replace the
light curve Lx(f) with a very short impulse of duration of one
second, and we normalize the result based on the incident bolo-
metric luminosity:

Ya(t, ) =

AL f; N Bu(Ter(r(, 1 = Tao(x,¥))))ds. @)

We do not subtract the flux from the non-irradiated disk, since
we do not aim to linearize the equation and, in general, (¢, 1)
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Fig. 1. Geometry of the reprocessing by the extended disk and extended
BLR. We include only the scattering from the inter-cloud medium.

depends on the parameters, including L,, which is a function of
time. When generating the response function, we used two types
of time bins: linear and logarithmic — as the linear time bin failed
to capture the smallest delays created by the disk elements close
to the black hole.

To create the disk light curves from the incident X-ray light
curves, we generally do not use the concept of response function
as defined by Eq. (4), but we calculate the result directly from
Eq. (3). In this approach, the amplitude of the irradiating flux
can be arbitrarily large in comparison with the locally dissipated
radiation flux.

2.3. Second reprocessor

The BLR is a secondary medium responsible for the reprocess-
ing of the irradiating flux (Lawther et al. 2018; Korista & Goad
2019; Chelouche et al. 2019; Netzer 2022). This medium is the
source of the emission lines and the emission line time delays
have been measured by many authors since many years using
the reverberation mapping technique (e.g., Blandford & McKee
1982; Peterson 1988, 1993; Kaspi et al. 2000; Peterson et al.
2004; Bentzetal. 2013; Duetal. 2014; Grieretal. 2017;
Martinez-Aldama et al. 2019; Du & Wang 2019; Panda et al.
2019; Zajacek et al. 2021). This process has mostly been mod-
eled and measured as an independent process, neglecting the
disk reprocessing. However, as pointed recently by many authors
(Korista & Goad 2001, 2019; Netzer 2022; Guo et al. 2022b),
BLR is also the source of diffuse continuum, including Balmer
continuum and scattering, which also vary — this, together with
some level of line contamination affects the measured continuum
time delays.

In this paper, we focus on the simplest aspect of the BLR,
which is electron scattering of the photons by the inter-cloud
BLR medium. Such a process does not imprint any characteristic
features as a function of wavelength but can effectively modify
the predicted net time delay between the two continuum bands.
The schematic illustration of the geometry is shown in Fig. 1. We
include this effect through the Thomson scattering approxima-
tion. This means that the scattering does not change the photon
frequency.

In order to model the scattering effect, we used a simple ana-
lytical parametrization of the response of the second reprocessor,
YpLr. There are no simple direct observational determinations
of such a response, but we can look for suitable parameters by
looking at the measured responses for HB lines (e.g., Grier et al.
2013; Xiaoetal. 2018; Duetal. 2018) and assume that the
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Fig. 2. BLR response function shapes used in this paper. Left panel: full Gaussian (7.« = 20days, o = 5days). Middle panel: half-Gaussian
(Tpeak = 5 days, o~ = 10 days). Right panel: exponential decay (tpeax = 5, decay rate =0.1). In all three cases, fy = 5 days, fm.x = 35 days.

inter-cloud medium follows a similar distribution. Thus, for the
shape of this function, we assumed one symmetric function in
the form of a Gaussian and two asymmetric functions: half-
Gaussian and an exponential decay. The peak location of the
function in the time axis is given by Tpe.. The non-zero con-
tribution is included starting at a specific time delay #, up to
tmax- The width of the Gaussian, o, or the decay timescale of
the exponential (fgecay) are the parameters of the model. Exem-
plary shapes are presented in Fig. 2. We assume the same shape
of the yprr for all the disk photons, independently from their
wavelength and location on the accretion disk.

In the case of the presence of the second reprocessor, we
introduce a parameter fgrr Which weights the relative contri-
bution from the two regions. The parameter fg;r accounts for
the fraction of photons scattered by the inter-cloud medium and
introduces an additional time delay. The factor (1 — fgrr) rep-
resents the fraction of disk photons that reaches the observer
without any scattering or additional time delay. In case of fgir
different from zero the total time delay is a combination of two
processes: initial delay due to light travel time from the X-ray
source to the disk and the extra time delay due to scattering in
extended BLR inter-cloud medium.

The assumption of extended BLR medium modeled ygir
implies that the final result is a convolution of these two effects:

WD) = (1= faWa(d 1) + forr f T L WsR(E)AE . (5)

The value of fg g can vary from O (no BLR reprocessing)
to 1 (no disk reprocessing). The usually expected value is rather
in the range from 0.1 to 0.3, if measured by an estimated solid
angle of the BLR. However, fully ionized medium can have a
different spatial distribution than the BLR denser clouds.

If we aim to calculate the effect of reprocessing from the
long X-ray lightcurve, we apply the response function directly
to our photon table P(t’, A1), using the same parameter fgir: a
fraction of (1 — fg r) remains unchanged and the fraction of fp; r
is smeared by ¥ r(?).

2.4. Time delay measurements

We considered two mathematical approaches to determine the
expected time delay. In the first method, we use a single flare
event (not a delta function but of final duration of 1), we deter-
mined the response function by the disk for the corresponding
parameters and we eventually added the response function of the
second reprocessor. In this case (see Sect. 2.4.1), the whole light
curve is not created, so this method is most accurate but does
not adequately represent how the time delay is measured in the
actual observational data. In the second approach, we created
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a realistically sampled light curve (incident and in each of the
bands), and the time delay is measured using methods compar-
ing the two light curves (see Sect. 2.4.2). Independently from the
method, all delays are always measured with respect to the X-ray
flare event.

2.4.1. Single-event delay

In the case of a single event, we constructed the standard
response function ¢ for the accretion disk with the lamp post
geometry (see Sect. 2.2), combined it with properly normalized
response function from the second reprocessor, and calculated
the expected time delay using the formula (Koratkar & Gaskell
1991):

~ [ (e, de
 [u@ade

Computations in this case require much denser time grids in
comparison with the computations for long X-ray light curves
(see Sect. 2.2), since the onset of the reprocessed flare has to
be well resolved in this case and that happens very close to the
black hole.

(1) Q)

2.4.2. Realistic light curves

In this case, we simulated the entire incident radiation curve,
with realistic sampling, and determined the observed continuum
curves at selected wavelengths. Three methods are most fre-
quently adopted: interpolated cross-correlation function, ICCF
(Peterson 1993; Sunetal. 2018), JAVELIN (Zuetal. 2011,
2013, 2016), and y? (Czerny et al. 2013; Bao et al. 2022). In
the present paper, we concentrate on the first one (ICCF), which
brings rather stable results.

2.5. Mkn 110 as a motivation for the adopted parameters in
simulations

Complex variability was recently discussed in detail for the
source Mkn 110 (Vincentelli et al. 2021). So, in order to put
our simulations onto realistic footing, we predominantly focus
on parameters well representing this source and the light curve
duration and spacing characteristic for this source. Mkn 110
(Markaryan 1969) is a well-studied nearby optically bright,
radio-intermediate (R =~ 1.6) narrow-line Seyfert 1 galaxy
(NLS1s) at a redshift z = 0.036 (see e.g., Dasgupta & Rao
2006). As implied by the relativistically broadened X-ray emis-
sion line (O VII), the cold, standard disk extends there at least up
to 20-100r, (Reeves et al. 2021) and Fe K line study implied
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that the cold disk down to 1.24r, is needed (Mantovani et al.
2016), although we note that such a fit was achieved for
unlikely inclination of 80 deg. A more recent study of com-
bined data from XMM-Newton and NuSTAR gave more con-
servative values of ~20r, (Porquetetal. 2021). The level of
polarization in the optical band in this source is low (~0.5%,
Afanasiev et al. 2019), but the low polarization does not nec-
essarily imply the low optical depth of the scattering medium
(e.g., Sniegowska et al. 2022) and the presence of very highly
ionized medium is revealed through the presence of Fe XXVI
emission line (Mantovani et al. 2016). The viewing angle is esti-
mated at 18.0 + 3.1 deg. (Afanasiev et al. 2019). The black hole
mass in this source was estimated to be 2x 107 M, (Bentz & Katz
2015) and also adopted by Vincentelli et al. (2021). Older mea-
surements have claimed a higher value, 1.2 X 108 M, and even
larger values has been determined from the recent polarization
method, log M = 8.32 + 0.21 M, (Afanasiev et al. 2019). The
source has been monitored with Neil Gehrels Swift Observatory
(Gehrels et al. 2004), with a cadence roughly once per day, for
about 200 days, and we adopted this setup in our simulations. A
detailed disk reverberation is studied by Vincentelli et al. (2021),
using good cadence data from Neil Gehrels Swift Observatory
and LCO network and they found the variability on two differ-
ent time scales in Mkn 110. The variability time scale below
ten days is mostly consistent with accretion disk reverberation
with a maximum two-day lag between the shortest wavelength
(W2 band) and longest z-band. On the longer time scale they
found that the g-band lags the hard X-ray (from BAT) by ten
days and a similar lag was also observed between the z- and
g-band which is not consistent with the disk reverberation. The
author proposed that the longer time scale and higher time delay
can be due to the contamination from the diffuse emission of the
BLR. Vincentelli et al. (2022) also discussed the effect of X-ray
luminosity on the lag spectra. During the low X-ray luminosity
state, they do not observe any u-band excess and negative time
lag excess as frequently seen in many AGNs. However, at high
a X-ray luminosity state, the u-band excess is visible, which is
dedicated to the diffuse BLR emission. However, these authors
also argue that the excess lag in X-ray can also be explained by
moving the corona to farther distances. In the same sense, our
study also sees the possibility to disentangle the BLR and corona
height contribution in order to explain the disk reverberation.

3. Results

We presents the result of our project aimed at testing the time
delay in the presence of the two reprocessors using simulated
light curves. This allows us to test under which circumstances, if
at all, the time delays from the disk alone can be recovered.

3.1. Response function of the disk and single event delay

We first calculated one example of the response function, that is,
the result of the reprocessing of the delta signal from the X-ray
lamp by the disk, without any presence from the second repro-
cessor. Such computations require much denser grids in space
and time as specified in Sect. 2.2 to adequately see the onset of
the radiation. For this exercise, we used the accretion disk model
with the following parameters: M = 103 M, L/Lggq = 1, lamp
height of H = 5R,, the lamp luminosity of Ly = 10*ergs™!,
and the viewing angle of i = 30 deg. All the delays are cal-
culated with respect to the corona. Although we can generate a
response function for any wavelength, we usually store and show

10° . . . .
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Fig. 3. Response function shapes for the accretion disk at selected wave-
lengths (see text). Parameters: black hole mass =10 M, Eddington
ratio=1.0, Ly = 10"ergs™!, height: # = 5r,, and viewing angle:
i = 30 degrees.
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Fig. 4. Time delays calculated from the disk response functions from
Fig. 3. Parameters as in Fig. 3.

the response function only for nine values of A, from 1258.92 A
(responsel) to 7961.59 A (response9), adopting a constant log-
arithmic step. We show the results in Fig. 3. The overall shape
is similar to the responses derived by Kammoun et al. (2021b),
although we do not have GR corrections. We comment more
quantitatively on this issue in Appendix A.

We calculated the centroid times of all response functions
using Eq. (6). The results (see Fig. 4) are consistent with the
simple analytic formula of Collier et al. (1999). We also com-
pared the normalization of the best fit 7 o« A*3 trend with the
expectations from Collier et al. (1999). Their formula contains
an unspecified factor X which accounts for the peak contribu-
tion to the total emission from a given radius through a scal-
ing of X = hc/(kT 1), which they estimated to be of the order
of 3-4. Our value, derived from numerical computations, gives
X = 2.47, much lower than the factor suggested by Collier et al.
(1999), but higher than the semi-analytical relation (X = 1.65)
proposed by Siemiginowska & Czerny (1989).

3.2. Response function from two reprocessors and single
event delay

We go on to calculate the time delay from Eq. (6) as a function
of the wavelength, for a combined disk and BLR effect and for
several values of the parameter fp g.
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Fig. 5. Comparison between disk response function and disk plus BLR
response function for different BLR profiles (Gaussian, half-Gaussian,
and exponential; see Fig. 2), and 30% BLR contribution is used. Param-
eters: black hole mass 10% My, Eddington ratio= 1.0, Ly = 10 ergs™!,
height & = 5r,, viewing angle i = 30 degrees.
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Fig. 6. Combined response function, disk plus BLR, for BLR profile
half-Gaussian (see middle panel in Fig. 2) at selected wavelengths.
Parameters: black hole mass 10® My, Eddington ratio=1.0, Ly =
10* ergs™, height & = 5r,, viewing angle i = 30 degree, fair = 30%.

The exemplary response functions for the two reprocessor
setup is shown in Fig. 5. We plot the shape for the shortest wave-
length only, but for three shapes of the BLR response illustrated
in Fig. 2.

We see that in the two-reprocessor setup, the combined
response has two peaks and the shape of the new response
depend on the adopted description of the BLR. In Fig. 6, we plot
the response functions for representative wavelengths, selecting
half-Gaussian (Fig. 2, middle panel) that represents the BLR. We
see that the deep valley between the two peaks becomes more
shallow when we go towards longer wavelengths and, finally,
the two-peak structure disappears. We note that the dependence
of the time delay on wavelengths at the longest time delay is not
due to wavelength-dependent effect in BLR itself (as we assume
Thomson scattering in the inter-cloud medium), but it is due to
the fact that those are photons generated at large disk radii, with
the delay generated between the X-ray source and their origin
and the net effect is a convolution, as given by Eq. (5).

Next, for the same parameters, we calculated the time delays
from two reprocessors. The results are shown in Fig. 7. For
feLr = 0 the usual 7 o< A*73 is recovered. Now we add an offset
in the Eq. (5), which corresponds to the fraction of BLR. The
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Fig. 7. Delay for all response function with different BLR percentage
contribution for BLR profile half-Gaussian (see middle panel in Fig. 2).
Upper panel: log scale, lower panel: linear scale. Parameters: black hole
mass 10® M,, Eddington ratio=1.0, Ly = 10* ergs™", height h = 5r,,
viewing angle i = 30 degree.

time delay for different contribution of BLR is estimated and
in the linear scale the delays at higher BLR contribution are just
shifted with respect to fgrr = 0 (lower panel of Fig. 7). However,
the result appears to be very interesting when we plot the time
delays in log-log space (upper panel of Fig. 7). With increasing
JfBLR, We obtain more shallower relations than the standard one.
So, not only does the time delay become longer overall due to
the extra scattering in the BLR region, but also the slope of the
relation changes. In the extreme case, when the disk contribu-
tion becomes small and most of the photons are actually scat-
tered, the delay only weakly depends on the wavelength. How-
ever, some dependence on the wavelength would remain even for
100% BLR contribution since the photons (before going on to
the observer) are first reprocessed in the disk with a wavelength-
dependent delay. It is important to note that the change of the
slope is actually seen only if we use log-log plot.
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Fig. 8. Time delay as a function of the BLR contribution for exemplary
wavelengths. For BLR profile, we used half-Gaussian as shown in the
middle panel Fig. 2. Model parameters are as in Fig. 7.

It is also interesting to show the dependence of the time delay
at selected wavelengths, but as a function of BLR contribution.
Netzer (2022) argued (partially following Lawther et al. 2018)
that the delay from two reprocessors is a linear combination of
the two time delays (disk and BLR) weighted with the flux con-
tribution. We plot the expectations from our model in Fig. 8. The
plot supports the claim of the linear dependence of the time delay
on the BLR contribution for all wavelengths if this contribution
comes from scattering. The dependence is indeed linear, with the
time delay plot shifted up with the increase in the wavelength.

The contribution from the scattering by the inter-cloud
medium in BLR can thus easily account for too large disk sizes
claimed from the data. In addition, the change of the delay
shape shown in Fig. 7 might, in principle, reveal this effect
in the data. However, Kammoun et al. (2021a) were able to
fit well the observational data for a number of sources at the
expense of postulating large height of the illuminating source.
Thus, our more general model — which includes the arbitrary
lamppost height and arbitrary contamination by the disk photon
scattering — might be degenerate with respect to these two param-
eters and, in the data fitting in the future, we will not be able
to discriminate among them. In order to address this problem in
advance, in our simulations, we calculated the effect of these two
parameters for a range of lamppost source luminosities.

First, we assumed a very faint lamppost of 10*’ ergs~., and
we repeated the disk delay computations for several height val-
ues and compared the results with the expected time delay for
small height but with BLR contribution. We see that a change of
the lamppost height leads to a flattening of the delay curve, as
shown by Kammoun et al. (2021b). In particular, Fig. 18 of their
paper shows that the effect is very similar to the introduction of
the BLR scattering.

The curvature introduced to the delay curves in low-
luminosity case is actually very similar in the case of an
increased height or some BLR scattering (see Fig. 9, upper
panel). It is a serious source of the degeneracy in the future
data fitting, although the relative importance of the two effects
depends strongly on the parameters. For example, from our stan-
dard model (o = 10days, Ly = 10* ergs™, the contribution of
BLR just ~7% gives the same effect as moving the lamp height
from 5 to 100R,, and smaller values of o further reduce this
factor.

Next, we repeated the simulations for the incident X-ray flux
to 30% of the disk bolometric luminosity. Such high luminosity
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Fig. 9. Time delay as a function of the wavelength for models with
different lamppost height and for no BLR and for BLR contribution.
For the BLR profile, we used a half-Gaussian, as shown in the mid-
dle panel of Fig. 2. Model parameters (top): black hole mass 10 M,
L/Lggq = 1, inclination angle 30 degree, and luminosity of the corona
is 10" ergs™'. Model parameters (bottom): black hole mass 10® Mo,
L/Lggq = 1, inclination angle 30 degree, and luminosity of the corona
is 3.78 x 10% ergs'.

(Lx ~ 3 x 10* erg™") brings different result: 9% BLR contri-
bution delay is only matched at the smallest wavelength, not at
longer wavelengths. Thus, the overall curvature becomes differ-
ent (see Fig. 9, lower panel), which opens up the possibility to
differentiate the effect of the height from the effect of the BLR
scattering in the data. This shows that for X-ray-bright sources,
we can differentiate between the lamppost height and the BLR
contamination if the data is of sufficient quality, but it might be
much more difficult for X-ray weak sources.

3.3. Time delays from light curves

In the case of observational data, we do not have a direct insight
into the response function; however, some techniques allow us
to recover it from the data. The observed light curves depend
not only on the system parameters, but also on the sampling,
while the measured time delay depends not only on the light
curves but on the method to determine the time delay. There-
fore, we repeated our experiment from Sects. 3.1 and 3.2, using
the long artificial light curves with different adopted power and
data sampling. As a standard, we adopted the frequency break
timescale of 75 days, sampling of one day, and the ICCF method.
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Fig. 10. Different X-ray light curve generated for different breaking
time. Red, blue, and green are for breaking times of 7.5 days, 75 days,
and 750 days, respectively.

Computations are based on ten statistical realizations of the pro-
cess, allowing us to show the errors representing the dispersion,
namely, a likely error in a single measurement.

3.3.1. Role of the frequency break in the power spectrum in
disk time delay measurement

First, again for test purposes, we calculated the examples of
X-ray light curves representing different intrinsic timescales
assumed in parametrization of the power spectrum. We adopted
the time step of one day, duration of 200 days, and the irradi-
ating X-ray lightcurve was calculated as described in Sect. 2.1.
We assumed the level of X-ray variability of set by normalized
dispersion of 0.3 in the whole light curve of duration of 108 s.
The examples of the light curve for three values of the high fre-
quency break are shown in Fig. 10. We see that a small value for
the timescale corresponding to the frequency break gives much
sharper values of the curve peaks and much higher variability
amplitude in a period of 200 days (i.e., much shorter than the
whole curve duration). All three curves were obtained from the
same value of the parameter initializing random generator — for
a better comparison.

The X-ray curve seems more smooth when the timescale cor-
responding to high frequency break is longer, but otherwise, the
geometry of the system is not affected. In order to check whether
this indeed could affect the measured time delay, we calculated
the delay for the three values of the frequency breaks, using
ICCEF. The results are shown in Fig. 11.

Comparing the time delays obtained from the light curves to
the delays calculated directly from the response function (Fig. 4,
upper panel), we see that for a black hole mass, 108 M, the time
delays are relatively well recovered only in the case of a 75-day
characteristic time variability (middle panel of Fig. 11). When
variability is faster, the numerically calculated time delays are
systematically much too short in comparison with expectations.
If the variability timescales are longer, the numerical delays are
marginally consistent with expectations within an error, but they
again locate themselves systematically below the expected val-
ues. At the shortest wavelengths, even the optimum variability
timescale underestimates the delay, but this is directly caused by
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Fig. 11. Time delay as a function of the wavelength calculated with
ICCF method from the artificial light curves for the frequency break
corresponding to timescales of 7.5 day (upper panel), 75 days (sec-
ond panel), and 750 days (third panel). Model parameters: black hole
mass 10® M., Eddington ratio=1.0, corona height=>5r,, inclination
angle = 30 degree, and luminosity is on the order of 10* ergs~!. Black
points and continuous line represents the delays expected from the disk
response function.

the adopted one-day sampling which is not enough to resolve the
innermost part of the disk. Increasing the incident X-ray flux to
~3 x 10*ergs™! does not improve the results. We discuss the
issue later.

This trend to obtain numerically the time delays which are
shorter than expected is rather interesting and potentially impor-
tant for actual data analysis. The optimum characteristic vari-
ability of 75 days is within the duration of the total lightcurve of
~150days, so characteristic peaks are a few and apparently well
sampled. If the actual timescale is much longer than the total
observing time, we may have no strong features to rely on for
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Fig. 12. Time delay as a function of the wavelength calculated with
ICCF method from the artificial light curves for different bin size.
Black curve is expected delay from the response function. Model
parameters: black hole mass 108 M, Eddington ratio= 1.0, corona
height = 5r,, inclination angle =30 degrees, and luminosity is on the
order of 10%¥ ergs™!.

time delay measurement. Indeed, if we use the light curves of
the duration of 1000 days (again, with a one-day sampling) and
the remaining parameters unchanged, the agreement between the
numerical results and predictions is much better. Additionally,
the asymmetry in the time reprocessing by the disk can also con-
tribute if there are only very few strong peaks in both curves.
On the other hand, if the characteristic timescale is much shorter
than the total observing run and the sampling rate is not very
dense the curve is too noisy. It might thus be recommended to
check the characteristic timescale in the data (e.g., using the
structure function) and compare it to the derived time delay in
order to additionally discuss the potential bias in the time lag
determination.

3.3.2. Bin size effect in the disk time delay measurements

As we show in Fig. 11, the prediction of the delays from the
simulated light curves systematically underestimate the delay by
~30% at 4000 A, and the effect is stronger at the shortest wave-
lengths.

In order to see whether this is the result of inadequate sam-
pling, we repeated the analysis for just one frequency break
corresponding to 75 days, but for an increased data sampling
and keeping the total length of the curves unchanged — effec-
tively increasing the number of observational points. The effect
is shown in Fig. 12. Indeed, with the denser sampling the numer-
ical light curve time delay was systematically approaching the
expected response of the disk. Already, the sampling of 0.5 day
was enough to measure well the time delay at 2000 A and longer
wavelengths, for the adopted black hole mass of 10% M. The
shorter wavelengths ~1000 A would require still denser sam-
pling, as even 0.25 of a day would still underestimate the delay
almost by a factor of 2.

3.4. Time sampling and the black hole mass

The sampling rate of the lightcurve must be adjusted to the
source parameters. Our previous discussion focused on 10% M
black hole mass. However, if we increase the black hole mass
by a factor of 10, the delays are still not well recovered at the

Delay[days]

10° 4 H

3x10% 4x10°  6x 10° 10¢

AlA]

2x103

Fig. 13. Time delay from a bare disk as a function of the wavelength
calculated with ICCF method from the artificial light curves. Model
parameters: black hole mass 10° M, Eddington ratio= 1.0, corona
height = 5r,, inclination angle = 30 degrees, luminosity is of the order
of 10® ergs™!, and the frequency break corresponding to 75 days.

shortest wavelengths as shown in Fig. 13. However, at longer
wavelengths, the delay is comparable to the value expectations
based on the response function and the slope is well recovered
(see Fig. 4). Thus, for a larger mass, a one-day sampling is fully
adequate.

3.5. The influence of stochastic approach on time delay with
BLR contribution

In the case of the analytical (response function) approach, the
presence of the additional scattering in the BLR resulted in a
simple shift in the net time delay, as expected previously (e.g.,
Netzer 2022; Lawther et al. 2018). However, the stochastic light
curve approach may not preserve such a simple trend in all
parameter range. We selected the timescale break of 75 days,
since it was working relatively well for the disk delay, and
we adopted a one-day sampling which was adequate at longer
wavelengths. The resulting light curves thus become distorted
(smoothed and shifted) by the BLR (as illustrated in Fig. 14).
Smoothing is clearly stronger when the width of the BLR
response function is larger.

We now calculate the time delay using those stochastic
curves. We noticed that the numerically calculated time delay
does not increase with fgr g up to the critical moment when fg; r
crosses (unrealistic) value of 50%. This is in contrast to expecta-
tions based on the response function approach. The peak in the
combined response function is still due to the disk for smaller
values of fgr, which is apparently confusing in terms of the
numerical method. We see the same effect for the other values
of the width of the Gaussian. It may indicate that in real data
analysis, we would actually be recovering the disk delay, inde-
pendently of the BLR contamination.

However, the symmetric Gaussian shape for the BLR
response is unlikely, so we repeated the same analysis for half-
Gaussian shape. We found that for half-Gaussian shape the BLR
contamination shows more similarity between the time delay
predicted by response function and the stochastic prediction,
although the determined lags are always below the ones expected
from the combined response function.

We finally checked, in a systematic way, how the adopted
width of the BLR response function affects the delay. This time
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Fig. 14. Light curve for 1 = 1258.92 A generated for different BLR
contribution. We used half-Gaussian for BLR profile o = 5 days and
we used an X-ray light curve for breaking time 75 days. Parameters:
black hole mass 10® M, Eddington ratio = 1.0, height: # = 5r,, and
viewing angle: i = 30 degrees.

we performed ten simulations for each parameter set and the
errors mark the dispersion. We illustrate the complex trend in
the time delay with the change of the response model for BLR,
o, and fprr in Fig. 15.

We see that for a Gaussian shape the departure from the lin-
ear trend of the rise of the expected delay with the importance of
the BLR contamination is strong. But most of the other shapes
also predicted similar trend — the initial rise was slower than
expected and only after crossing rather unrealistic level of BLR
contribution (above 50%), the time delay flipped to values close
to the BLR time delay. For example, when the departure between
the measured time delay and the linear time delay is determined
at 50% of the BLR contribution we see a delay longer by 33.88%
(Gaussian), 28.85% (half-Gaussian), 15.01% (half-Gaussian2),
35.03% (half-Gaussian3), 25.62% (half-Gaussian4), and 0.66%
(half-Gaussian5). We refer to the caption of Fig. 15 for the model
parameters. Thus, no departure is seen for very wide asymmet-
ric BLR response profile while narrow asymmetric or symmetric
response show a considerable departure from a linear trend.

We see from the performed simulations that the measured
time delay depends on the light curve properties as well as BLR
response, and the dispersion in a single measurement is consid-
erable. This means that when an actual reverberation mapping
campaign is performed, corresponding to a single realization of
our process, some modeling adjusted to the observational setup
and source properties is useful for estimating the possibility of
the systematic bias in the measured time delays.

4. Discussion

We studied the wavelength-dependent time delay of optical pho-
tons originating from the X-ray photons generated in the lamp-
post geometry above the AGN accretion disk and reprocessed
by the surroundings. We included the photon thermalization and
re-emission in the accretion disk, but we also allowed for an addi-
tional scattering of the generated optical photons by the inter-
cloud medium of the BLR. Such a scattering does not change the
photon energy butintroduces an additional time delay with respect
to the arrival of the primary X-ray emission as well as with respect
to the unscattered optical photons. We constructed the response
functions for the combined effect of the accretion disk and stud-
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ied the time delays analytically, but we also constructed simulated
X-ray light curves and their reprocessing.

The results based on the response function computations give
a very smooth dependence on the model parameters. The most
interesting result of this study is the modification of the time
delay by the rising contribution of BLR scattering. This effect
is difficult to distinguish from the effect of rising the height
of the lamppost, without postulating any contribution from the
BLR. In noticing the difference in the curvature of the time
delay pattern is practically impossible even with high-quality
data, if the mean incident X-ray flux is small in comparison
with the disk bolometric luminosity. On one hand, this degen-
eracy between the lamppost height and the BLR contribution
can account for surprisingly large heights obtained from data
fitting. Kammoun et al. (2021a) successfully modeled the time
delay in seven nearby AGNs, but the derived height of the lamp-
post ranged from 11.2R,, (for Mkn 509, maximally rotating black
hole) to ~75R, for NGC 7469, independently from the spin.
This is not consistent with many of the fits of the X-ray spec-
tra that require low lamppost heights to model the relativis-
tically broadened Ka line (e.g., Parker et al. 2014; Jiang et al.
2019; Walton et al. 2021). We have an independent insight into
the geometry of the X-ray reprocessing from the measurement
of the Ko line delays, and they rise with the black hole mass
from ~100 to 1000 s for mass increasing from 10° M, to 108 M,
(Kara et al. 2016); for 108 M, this implies a geometrical delay
of ~2R,. However, in the case of NGC 7469, the Ka line is broad
(broadening velocity about 2700 kms™!) but not relativistically
distorted (Mehdipour et al. 2015), so it can come from the outer
disk and/or BLR, so a large height is not in contradiction with
the X-ray spectrum.

High values of the irradiating flux allow us to differentiate
the delay curve shape caused by the increase of the lamppost
height and by the BLR scattering. The question of whether such
high values — namely, up to 30% of the disk bolometric lumi-
nosity — are possible is directly related to the question of the
origin of the irradiating flux. Hard X-ray emission, as argued
by Kubota & Done (2018), contributes less than 2% to the bolo-
metric luminosity of bright AGNs, not containing inner ADAF.
On the other hand, soft X-ray excess can contain much higher
fraction of the total flux. The lamppost model is more likely
to represent better the hard X-ray emission while the geome-
try of the soft X-ray emission is still under debate, but it is most
likely a warm corona (e.g., Czerny et al. 2003; Rézariska et al.
2015; Petrucci et al. 2020). However, studies of other geome-
tries besides the lamppost is beyond the scope of the present
paper.

In general, a potential data fitting of the time delay faces a
number of degeneracies. As demonstrated by Kammoun et al.
(2021a), independent information about the black hole mass
and accretion rate would reduce it considerably; usually, esti-
mates of the black hole mass, based on line widths, are avail-
able. Knowing the monochromatic flux, we can also estimate
the accretion rate in a way that only weakly depends on the
black hole spin. The viewing angle remains, however, an issue,
since the monochromatic flux roughly depends on cos(i). How-
ever, a dusty or molecular torus limits the available viewing
angles to between 0 and ~70° (e.g., Prince et al. 2022, and the
references therein). The new degeneracy between the lamppost
height, Hy, and the BLR contribution, fg1 r, creates an additional
issue. When the height is small and the high-quality X-ray data
are available, we can independently estimate its height, but no
such estimate is possible if the height is large and the relativistic
distortion of the line is not strong.
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Fig. 15. Time delay as a function of BLR contribution for different BLR response functions. Dashed lines show the linear interpolation
between the extreme cases of no BLR contribution to time delay and 100% of disk photons reprocessed by the BLR. Points show the
intermediate delays calculated from stochastic light curves using ICCF between X-ray light curve and 7961.59 A for different shapes of the
BLR transfer function: A = Gaussian (Tpeax = 20, o = 5); C = half-Gaussian (tpex = 5, 0 = 5); E = half-Gaussian2 (tpeaxc = 3,
o = 10); G = half-Gaussian3 (tpeax = 5, 0 = 3); K = half-Gaussian4 (tpex = 5, 0 = 7); and I = half-Gaussian5 (Tpeax = 35,
o = 15). All values of Ty and o given in days. Solid lines show the ICCF delay measured between X-ray light curve and 7961.59 A
light curve by varying the BLR contribution using different BLR response function (B = Gaussian, D = half-Gaussian, F = half-Gaussian2,

H = half-Gaussian3, J = half-Gaussian4, and L = half-Gaussian5). All data points are summarized in Table 1.

Table 1. Simulated time lags for various shapes of response function and with different BLR contributions.

WBLR Ser = 0(%) ferr =20 (%) feir =30 (%) feir =40 (%) ferr =50 (%) ferr =80 (%) feLr = 100 (%)
T At T At T At T At T At T At T At
Gaussian 445 068 534 095 6.66 1.70 9.67 440 16.38 2.76 19.65 0.45 19.99 0.01
Half-Gaussian 4.45 0.68 5.67 0.83 7.01 0.94 7.79 0.91 8.67 0.94 11.3 0.81 12.5 0.67
Half-Gaussian2 4.45 0.68 5.67 0.83 6.9 1.1 8.34 1.4 9.99 1.88 143  0.92 16 0.95
Half-Gaussian3 4.45 0.68 5.56 0.7 6.67 0.8 723  0.79 8.01 081 979 042 10.5 0.49
Half-Gaussian4 4.45 0.68 5.67 0.83 7.0l 094 8.22 1.3 945 0.83 12.6  0.81 13.9 0.92
Half-Gaussian5 4.45 0.68 555 097 6.67 1.34 8.22 1.67 102 229 16.5 1.5 18.2 1.06

Notes. The corresponding plot is shown in Fig. 15; 7 is the delay measured in days between X-ray light curve and 7961.59 A light curve, and At

is error in delay measured in days.

Perhaps, in the future, a more careful modeling of the disk
reprocessing plus BLR scattering may help to ease the prob-
lem. In our simple code, indeed the effect of the height and
the effect of BLR show similar trend for low X-ray luminos-
ity; whereas, in Kammoun et al. (2021b), the disk height results
in a convex-shape plot of the time delay versus wavelength,
while in our simple model the pattern is concave both for height
and BLR contribution. We think that the shape should actually
be concave, and the convex shape results from too small outer
radius adopted in the computations (see Appendix A). Repeat-
ing the calculations of the disk plus BLR scattering using full

GR, X-ray reflection, and color correction to the temperature
may reveal a systematic difference in the system reaction to
these two parameters. In this case, the data fitting should not
be done just using a power law part of the delay curve, as
in Kammoun et al. (2021a), but the fits should include the full
wavelength-dependent model with the curvature. Also, studies
of the same source at different flux levels are very helpful in
disentangling the lamp height and BLR effect, as argued by
Vincentelli et al. (2022).

In the present study, we did not include the re-emission by
the BLR clouds. Such emission has clear spectral signatures,
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including the prominent Balmer edge (Lawtheretal. 2018;
Korista & Goad 2019; Chelouche et al. 2019; Netzer 2022).
This effect is also important but, in principle, it is easier to
include it later (in the data fitting), since the prominent Balmer
edge should fit the corresponding drop in the time delay. In
numerical computations of the reprocessed BLR component
with the use of CLOUDY (Ferland etal. 2017) or equivalent
code, the effect of scattering is included but only for (usu-
ally) constant density clouds, not accounting for the inter-cloud
medium. Thus, the scattering effect can be more difficult to
disentangle in the real data. Both broad band data, possibly
dense in the wavelength (e.g., coming from specially designed
narrow-band filter photometry, as used by Pozo Nufiez et al.
2019), but also very dense cadence is essential, as we can see
from our experiments with the artificial light curves. Also, the
broad wavelength coverage is very important since it allows to
determine the shape of the relation more accurately and to
improve the disentangling of the contributions from the disk
and BLR. Finally, there are two other possible effects that could
modify the delay obtained for the disk continuum: the disap-
pearance of the inner cold disk and the disk winds, as argued
by Zdziarski et al. (2022) — an insight into this issue could be
expected from a fitting of the broadband spectra of the studied
objects.

5. Conclusions

The results of our modeling of the X-ray reprocessing by the
accretion disk, with the additional scattering of disk photons in
the BLR region are as follows:

— For low-irradiating X-ray flux, the lamppost height and BLR
contribution through scattering are degenerate;

— For high-irradiating flux, there is a difference in the curvature
in delay versus wavelength plot that allows us to distinguish
between the two effects — if the wavelength coverage is broad
enough;

— The time delay rises linearly with the BLR contribution in
the description, which uses the response function;

— When stochastic incident light curves are used, the time
delay is aptly recovered only if the time-step of the curve
is considerably denser than the characteristic variability
timescale (set by the high-frequency break in the power spec-
trum) and when the total duration of the light curve is much
longer than this timescale;

— In numerical stochastic incident light curves, this linear
dependence is perturbed and the time delay rise is initially
slower than linear, then rising rapidly with the BLR contri-
bution;

— Our modeling shows that the results of the time delay based
on a single observational campaign should be supplemented
with simulations in order to identify the potential bias in
measuring the time delays.
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Appendix A: Comparison of results from our code
and from Kammoun et al. (2019)

To test the importance of the effects neglected in our model,
we calculated the model as closely as possible to the standard
one of Kammoun et al. (2021b). We concentrate on the issue
of the height effect on the measured delay. The result from our
code is shown in Figure A.1. We use the parameters adopted
by Kammoun et al. (2021b). We also included the color correc-
tion of 2.4 in this case, unlike in the other plots. We see that
our code gives shorter time delays at the shortest wavelengths
in comparison with Fig. 18 in Kammoun et al. (2021b), since
GR effects are most important in the disk central regions. How-
ever, at the longest wavelengths, our delays are also somewhat
shorter. The maximum delay is 1.7 days for 2 = 10* A as shown
in Figure A.1, while in Kammoun et al. (2021b) in their Fig.18
the maximum delay for the same wavelength is approximately
2.8 days.

Since our plot with the color correction shows also traces
of the convex shape, we carried out two experiments in order
to understand better this trend. We calculated exemplary delay
curves for a much higher incident luminosity and in this
case, the effect of convex shape is even much stronger (see
Figure A.1, middle panel). Since introducing the color correc-
tion and increasing the incident flux both lead to an increase
in the disk temperature and the emission at a given wavelength
comes with increasing disk radii, we checked whether the convex
shape is not caused by adopting too small outer radius. Indeed,
repeating the computations just for the high luminosity and the
lamppost height of 100 R, for two values of the disk outer radius
(10* and 105Rg), we show that the convex shape is an artifact of
an overly small outer radius value set in the model.
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Fig. A.1. Comparision of delay plots. Upper panel: Delay curves from
our code with the parameters: black hole mass = 10’ M, Eddington
Ratio = 0.05, inclination angle = 40 degrees, color correction = 2.4, and
X-ray source luminosity = 1.26x 10** erg s™'. Middle panel: Black hole
mass = 108 M, Eddington Ratio = 1.0, inclination angle = 30 degrees,
color correction = 2.4, and X-ray luminosity = 3.78 x 10% erg s7!.
Lower panel: Same parameters as middle panel, only for corona height
of 100R,, but two different values of the disk outer radius.






Chapter 5

Paper-2

5.1 Introduction

This paper simultaneously fits 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 fixed 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-fit 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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ABSTRACT

Context. The dynamical and geometric structures of the Broad Line Region (BLR), along with the origins of continuum time delays
in active galaxies, remain topics of ongoing debate.

Aims. In this study, we aim to reproduce the observed broadband spectrum, the HB line delay, and the continuum time delays using
our newly developed model for the source NGC 5548.

Methods. We adopt the standard accretion disk model, with the option of an inner hot flow, and employ the lamp-post model to
account for disk irradiation. Additionally, we model the BLR structure based on radiation pressure acting on dust. The model is
parameterized by the black hole mass, Mgy (which is fixed), the accretion rate, the viewing angle, the height of the lamp-post, the
cloud density, and the cloud covering factor. The resulting continuum time delays arise from a combination of disk reprocessing and
the reprocessing of a fraction of radiation by the BLR.

Results. Our model reasonably reproduces the observed broad-band continuum, the HB time delay, and the continuum inter-band time
delays measured during the observational campaign. When the accretion rate is not constrained by the known distance to the source,
our approach allows for a direct estimation of the distance. The resulting Hubble constant, Hy = 66.93?]'6 km s~! Mpc™!, represents a
significant improvement over previously reported values derived from continuum time delays in the literature.

Conclusions. This pilot study demonstrates that, with sufficient data coverage, it is possible to disentangle the time delays originating
from the accretion disk and the BLR. This paves the way for effectively using inter-band continuum time delays as a method for
determining the Hubble constant. Additionally, the findings provide strong support for the adopted model for the formation of the H3

q—
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line.

Key words. Accretion, accretion disks, Galaxies: active

. Introduction

The central components of active galactic nuclei (AGNs) in-
clude a massive black hole, a compact X-ray emitting region,

. arelatively cold Keplerian accretion disk, and the broad line re-

®

gion (BLR) (see, e.g., Krolik 1999a, for a basic compendium).
The Keplerian disk serves as the primary source of continuum
emission, while the BLR predominantly produces broad emis-
sion lines, along with a minor contribution to the continuum.
In terms of spatial extent, the innermost regions of the accretion
disk span approximately 10—100 gravitational radii (r,), whereas
the BLR extends outward at distances of order of ~ 1000 r,. Be-
yond the BLR, a dusty molecular torus is located at even larger
radii (~ 10* to 10°r,). Since the early studies of active galax-
ies by Seyfert (1943) and the discovery of quasars by Schmidt
(1963), there has been tremendous progress in our understanding
of the structure of AGNs (see e.g. Krolik 1999b, for a review).
The innermost regions of an AGN are too compact (~ a few
microarcseconds in the case of BLR) to be spatially resolved di-

* Gemini Science Fellow

rectly. However, their structure can be probed using intrinsic flux
variability. Among the various wavelengths, X-ray variability is
the fastest, originating from the most compact region near the
black hole. The reprocessing of this X-ray emission at longer
wavelengths, observed through light echo studies, provides in-
sights into the structure and dynamics of the surrounding mate-
rial, a technique known as reverberation mapping (RM; Bland-
ford & McKee 1982; Peterson 1993). RM has been widely ap-
plied to AGNs (Sergeev et al. 2005; McHardy et al. 2014; Mudd
et al. 2018; Homayouni et al. 2019; Yu et al. 2020; Guo et al.
2022), particularly in studies of continuum variability, which is
believed to arise from the irradiated accretion disk.

Although our understanding of AGN structure is still evolv-
ing, significant progress has enabled the exploration of AGNs as
potential tools for cosmology. Unlike standard candles, AGNs
exhibit luminosities that span several orders of magnitude. Nev-
ertheless, the luminosity distance to individual AGNs can be
estimated either through geometric methods or by standardiz-
ing them in a statistical sense (see e.g. Czerny et al. 2018, for
reviews). Early successful approaches relied on the non-linear
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relation between UV and X-ray luminosities (Risaliti & Lusso
2015; Lusso et al. 2025), or the correlation between the BLR
radius and the source luminosity (Martinez-Aldama et al. 2019;
Cao et al. 2022, 2024, 2025). However, these methods require
external scaling and, without it, can only constrain the curvature
of the Hubble diagram. As such, they are not directly suitable for
determining the Hubble constant.

The Hubble constant can instead be derived using strong
gravitational lensing techniques (see Suyu et al. 2024, for a re-
cent review), or through a combination of RM of the BLR with
angular size measurements obtained from high-resolution inter-
ferometric observations (Li et al. 2022, 2025). While both meth-
ods are promising, they demand extensive, dedicated observa-
tional campaigns and are currently feasible only for a limited
number of AGNS, specifically, nearby, bright sources at low red-
shift where sufficient spatial resolution can be achieved.

The primary goal of this work is to develop a practical
method for measuring the Hubble constant using a single mean
spectrum of an AGN combined with photometric RM results at
multiple wavelengths. High-quality photometric RM measure-
ments are already available for a number of sources (Fausnaugh
et al. 2016; Cackett et al. 2018; Edelson et al. 2024; Prince et al.
2025), and a substantial influx of data is expected from large-
scale time-domain surveys, such as the Zwicky Transient Facil-
ity (ZTF) and the Vera C. Rubin Observatory’s Legacy Survey
of Space and Time (LSST).

The idea of using photometric RM to measure the Hubble
constant is not new; it was first proposed by Collier et al. (1999),
but has yet to produce successful results. The method is based
on the standard accretion disk model of Shakura & Sunyaev
(1973), which predicts a direct relationship between the time
delay at a given wavelength and the monochromatic luminos-
ity: intrinsically brighter sources are physically larger and thus
produce longer time delays. More specifically, the model antic-
ipates that the time delays (7) should scale with wavelength (1)
as 7 o« A*3. While all coefficients in this relation are determined
by the model, the viewing angle (i) to the source remains a free
parameter and must be estimated independently.

While observational results have roughly confirmed this
trend, they have not matched the predicted normalization, as ob-
served delays continue to exceed theoretical expectations (e.g.
Cackett et al. 2007; Shappee et al. 2014; Kokubo 2018; Guo
et al. 2022; Mandal et al. 2025). This discrepancy, known as
the accretion disk size problem, was first recognized in optical
microlensing studies of gravitationally lensed quasars (Morgan
et al. 2010) and till recently remained an ongoing challenge in
our understanding of AGN accretion disk structure.

Recent intensive RM campaigns (Edelson et al. 2015; De
Rosa et al. 2015; Fausnaugh et al. 2016; Pei et al. 2017; Horne
et al. 2021; Lu et al. 2022; Prince et al. 2025) have revealed
that the observed optical continuum is not solely emitted by the
accretion disk. Korista & Goad (2001) first noted that radiation
reprocessed by the BLR contributes not only to the formation of
emission lines but also to the diffuse continuum emission. This
finding was later confirmed by Fausnaugh et al. (2016) and fur-
ther emphasized by Cackett et al. (2021); Netzer (2022), who
demonstrated that the diffuse BLR contribution can significantly
dominate the measured continuum time delays. This effect poses
challenges for using continuum time delays as a method to deter-
mine the Hubble constant, Hy, as originally proposed by Collier
et al. (1999). For instance, Cackett et al. (2007) derived an H,
value of 15 + 3 km s™! Mpc‘l; however, at the time, not all as-
pects of the physical mechanisms driving continuum time delays
were fully understood.
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The contribution of the BLR to the continuum time delay im-
plies that, in order to use photometric continuum RM of AGNs
for measuring the Hubble constant, we require not only a reliable
accretion disk model but also a robust model of the BLR struc-
ture. Importantly, such a BLR model must be fully determined
by the absolute luminosity of the source. However, fully para-
metric BLR models (e.g. Baldwin et al. 1995; Li et al. 2013;
Pancoast et al. 2014; Grier et al. 2017) may not be adequate
in this context, as the ability to recover the absolute luminosity
of the source can be compromised unless wavelength-resolved
spectroscopic RM data are available. Without such spectral res-
olution, key constraints on the BLR geometry and its luminosity
dependence may be lost, limiting the accuracy of distance mea-
surements based on photometric continuum RM.

We thus propose the use of the Failed Radiatively Accel-
erated Dusty Outflow (FRADO) model of the BLR (Czerny &
Hryniewicz 2011; Naddaf et al. 2021; Naddaf & Czerny 2022).
The model assumes BLR formation based on radiation pres-
sure acting on dust in disk regions where the disk atmosphere
temperature falls below the sublimation threshold. It was pro-
posed to explain the vertical rise of material responsible for low-
ionization lines, such as HB. In this study, we thus investigate the
reprocessing of central radiation through a combination of two
reprocessors: the Keplerian disk, which we modify to include
the warm corona in the innermost part, and the BLR, using the
BLR response derived from the FRADO model. This approach
provides a three-dimensional distribution of BLR clouds, which
we then combine with a spectral shape model of the BLR gen-
erated using the CLOUDY code (version 23.00; Chatzikos et al.
2023a). We fit this model to the observed spectrum and time de-
lays of NGC 5548 and evaluate its potential for determining the
distance to the source and the Hubble constant. We test the model
for a specific source, and we treat the results as the pilot study: a
base for further model developments and the later use for other
objects.

NGC 5548 (z = 0.017175), a Seyfert 1 galaxy, is among the
most extensively studied AGNs. Its brightness, relatively close
distance, and significant variability made it an early candidate
for studying the inner, unresolved structure of an active nucleus
(e.g., Clavel et al. 1991; Peterson et al. 1991; Krolik et al. 1991;
Rokaki et al. 1993). The recent high-quality photometric mon-
itoring (Fausnaugh et al. 2016), broad-band spectral analysis
(Mehdipour et al. 2015), measured HS time delay from spectro-
scopic RM (Pei et al. 2017), and wavelength-resolved RM that
captured the detailed response of the BLR (Horne et al. 2021)
collectively make NGC 5548 an ideal laboratory for testing our
methodology.

The structure of this paper is as follows. In Section 2, we
describe the data used for fitting. Section 3 outlines our method-
ology, which involves generating the response function of the
accretion disk using the lamp-post model and incorporating the
BLR contribution via FRADO and CLOUDY to estimate the
combined time delays. Section 4 presents the results obtained
from different models, detailing the simultaneous fitting of the
time lag and spectral energy distribution (SED) while assessing
the strengths and limitations of each approach. Finally, in Sec-
tion 5, we estimate the luminosity distance based on our best-
fitting model. The discussion and conclusions are presented in
Sections 6 and 7, respectively.
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2. Spectral shape and continuum time delay data of
NGC 5548

NGC 5548 (z = 0.017) is one of the most extensively studied
AGNs across multiple wavelengths. It was the primary target
of the AGN Watch international collaboration (Peterson et al.
2002), which began investigating its emission line variability as
early as 1987. Over the years, its optical and UV variability has
been the subject of numerous studies (Peterson et al. 1991; Ko-
rista et al. 1995; Peterson et al. 1992, 2002, 2004). Observations
from both ground-based and space-based telescopes have pro-
vided critical insights into accretion disk dynamics and emission
line variability. Notably, optical variability in both the contin-
uum and emission lines was first reported by de Vaucouleurs &
de Vaucouleurs (1972) in the 1970s, while early UV observa-
tions commenced in 1988 with the International Ultraviolet Ex-
plorer (IUE; Ulrich & Boisson 1983). More recently, intensive
multi-wavelength monitoring campaigns (Edelson et al. 2015;
De Rosa et al. 2015; Fausnaugh et al. 2016; Pei et al. 2017;
Horne et al. 2021; Lu et al. 2022) have significantly deepened
our understanding of the source.

These studies have revealed that the measured continuum
time delays do not follow a simple power-law trend with wave-
length. Instead, they show clear evidence of interaction with an
extended BLR, where different emission lines originate. Conse-
quently, these delays are often approximated by mean time de-
lays, though some emission line delay profiles exhibit double-
peaked features. This complexity opens up new avenues for test-
ing specific models of the BLR structure, as well as for explain-
ing the observed inter-band continuum time delays.

In this study, we utilize the broadband SED and global pa-
rameters from Mehdipour et al. (2015), covering the period from
2013 to 2014. The broadband SED, corrected for internal extinc-
tion, starlight contamination, the Balmer continuum, and the Fe
II pseudo-continuum, was first presented by Mehdipour et al.
(2015). Subsequently, Kubota & Done (2018) fitted this spec-
trum to an AGN spectral model, revealing that only the outer-
most part of the accretion flow corresponds to a standard disk.
Their results further indicated that the optical/UV emission pri-
marily originates from a region dominated by the warm corona
(see their Figure 4).

Therefore, to systematically model the observed inter-band
continuum time delays, we propose a step-by-step approach. We
select three representative setups to illustrate how the spectral fit
and time-delay measurements depend on the pre-set parameters
and details of the geometry.

First, we assume a standard accretion disk model (Model A).
This choice is motivated by the delay fitting for NGC 5548 done
by Kammoun et al. (2021b). The source was fitted by Kammoun
et al. (2021b) without assuming an inner hot flow, only with the
corona height, black hole mass (Mgy), spin, accretion rate, and
the X-ray luminosity as free parameters. The color correction
was set to 2.4. We modify the approach: we fix Mpy and the
Eddington ratio, but we allow for the inner hot flow and the con-
tribution of the BLR. Our color correction is the same, and no
warm corona is present. Since we also fit the spectral shape, we
include a starlight component in the model.

Next, we consider an alternative scenario (Model B) based
on the spectral decomposition proposed by Kubota & Done
(2018). In this case, the warm corona plays an important role in
the spectral fit. We adopt the value of the warm corona tempera-
ture from the corresponding paper. In order to calculate the time
delay caused by reprocessing, we assume that the optical/UV
variability arises solely from the reprocessing of X-rays in the

outer cold disk. This is motivated by the fact that warm corona
with a temperature of approximately ~ 10° K, is too optically
thick to absorb and re-emit incident hard X-rays in the UV/X-
ray bands, although it still contributes to the UV continuum. The
model is supplemented with the BLR contribution to the delays
and the spectrum, and starlight is included.

Finally, we introduce Model C, a most general spectral de-
composition based on Figure 5 of Mehdipour et al. (2015). Now
a number of geometrical and physical parameters are optimized
to fit the spectral and time delay data. This includes the warm
corona temperature and its optical depth, as well as contribution
from BLR and starlight.

The disk parameters used for Models A, B, and C are sum-
marized in Table 1, with more detailed descriptions provided in
Section 4.4.

To test these models, we utilize the continuum time delay
data from Fausnaugh et al. (2016), obtained during the STORM
campaign from December 2013 to August 2014. This campaign
integrated optical light curves data from 16 ground-based ob-
servatories, across the B,V,R,I filters, as well as the SDSS
—u, g, 1,1,z filters, coupled with ultraviolet data from the Hubble
Space Telescope (HST) and Swift instruments. The inter-band
time delays were measured relative to the HST light curve at
1367 A, providing a crucial dataset for evaluating the proposed
disk reprocessing scenarios.

3. Method

Understanding the origin of continuum time delays in AGNs is
crucial for probing the structure of the central engine and its sur-
rounding medium. However, fitting these delays solely as a result
of accretion disk reprocessing has often led to the so-called disk-
size problem, as discussed earlier. Motivated by previous studies
(Korista & Goad 2001; Netzer 2022; Jaiswal et al. 2023; Beard
et al. 2025), we extend this framework by considering the repro-
cessing of central flux by both the accretion disk and the BLR
medium. Given our twofold motivation, we adopt a theoretical
modeling approach that accounts for all relevant aspects. This
allows us not only to test the BLR model we employ but also
to explore the determination of the Hubble constant, as the rela-
tively small number of model parameters enables us to treat the
luminosity distance as an unknown parameter.

Building on this foundation, our model of an active nucleus
comprises multiple key components: a standard accretion disk in
the outer parts of the flow, a warm comptonizing corona, and a
hot corona in the inner parts of the flow, the BLR region, and the
contribution of the host galaxy to the total spectrum. In the fol-
lowing sections, we examine each of these components in detail.

3.1. Hot and warm corona

The hot corona, responsible for hard X-ray emission, was mod-
eled by Mehdipour et al. (2015). In our approach, we adopt the
proposed power-law shape and normalization for the observed
spectrum when fitting the warm corona. We do not model the
hot corona; instead, the power-law component is treated as part
of the broadband spectrum that irradiates the BLR clouds, as
discussed in the next section. It is also included in the fit to the
global spectrum, in the X-ray region. However, we neglect the
contribution of hard X-rays to the optical/UV part of the spec-
trum.

Unlike Mehdipour et al. (2015), we model the warm corona
with a different approach. In our framework, the inner and outer
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radii of the warm corona are treated as parameters. The outer ra-
dius of the warm corona coincides with the inner radius of the
standard (outer) disk. The Comptonization process in the warm
corona is computed using the analytical formulae from Sunyaev
& Titarchuk (1980) and is parameterized by the optical depth
and electron temperature. Since the warm corona covers the in-
ner disk, we do not assume a single temperature for the soft
photons. Instead, we determine the temperature of the underly-
ing cold disk at each radius and adjust it by the Comptoniza-
tion amplification factor. These calculations are performed itera-
tively, ensuring that the soft photon temperature spans a contin-
uous range while preserving the total energy from the accretion
flow. The coronal parameters (optical depth and the temperature)
are assumed to be radius-independent as we do not have a firm
predictions for these parameters from the warm corona physics.
This methodology aligns closely with the approach of Kubota &
Done (2018). The computational code used for this purpose was
originally presented in Czerny et al. (2003). The warm corona is
thus fully modeled, with its spectral shape and normalization de-
termined by global fitted parameters, including the optical depth,
temperature, the disk radius at which the warm corona develops,
and the accretion rate. This is incorporated in the spectral fitting,
but not included separately in BLR reprocessing where the inci-
dent radiation is made at the basis of the broad band SED, instead
of a separate modeling of the disk and the warm corona. This
choice avoids the computational complexity of calculating the
reprocessed emission using the CLOUDY code (Chatzikos et al.
2023b) at every step of the simulation. It is stated explicitly later
on.

Additionally, we do not include irradiation of the warm
corona by hard X-rays, as the high temperature and large opti-
cal depth of the warm corona would cause the incident radiation
to be predominantly scattered rather than absorbed and repro-
cessed. Consequently, no significant thermalization is expected,
although some high-ionization lines, such as iron lines in the
X-ray spectrum, may still be present (Petrucci et al. 2020; Bal-
lantyne et al. 2024).

3.2. Cold disk reprocessing

The irradiating flux is thermalized only in the outer, cold regions
of the standard accretion disk. To further explore this process,
we simulate the lamp-post model to generate the disk’s response
function, assuming a pulse of short duration. In this simulation,
we exclude corrections for general relativity (GR) and energy-
dependent reflection effects, as introduced by Kammoun et al.
(2023, 2024a); Papoutsis et al. (2024), to maintain a relatively
simple code suitable for data fitting. As a result, the incident
radiation from the corona is assumed to be fully absorbed by
the cold disk, leading to a localized increase in temperature. We
briefly comment on the implications and limitations of this sim-
plification in Section 6.

To accurately model the disk reprocessing, we employ a non-
uniform radial grid extending from the innermost stable circular
orbit (risco) to the outer disk radius (o), ensuring sufficient res-
olution at smaller radii. The radial grid spacing follows the rela-
tion dr = 0.085 x (r’m)o'”, where r is the radial distance from
the central source in units of gravitational radius, r,. For each
radial position, the azimuthal angle ¢ is sampled using the rela-
tion d¢ = % where Ngy = 3800 ensures sufficient resolution
across the entire radial range. The surface element for each (r, ¢)
coordinate is defined as ds = r-dr-d¢ in units of rﬁ. To facilitate
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further calculations, we convert (r, ¢) into Cartesian coordinates,
assuming a geometrically thin disk with negligible height.

For each (x,y) coordinate, we compute the total time delay,
Tiotal (X, y), as the sum of two components: the delay from the
corona to the disk, 7,4(r), and the delay from the disk to the plane
intersecting the equatorial plane at (r = r,,, ¢ = 0), denoted
as T4o(x,y). The delay is influenced by key parameters, includ-
ing lamp-luminosity (L), Mgy, accretion rate (M), the corona
height (%), and the inclination angle of the system (i). By de-
fault, we assume a cold Keplerian disk extending down to the
ISCO at 6r,, with an outer radius of 10* re. However, we also
consider cases with different inner and outer radii, which can be
set through the parameter ry,.

The non-irradiated disk is characterized by its flux,
Fron-irradiated, and temperature, Tg;sx, as defined in equations 1
and 2, respectively. When the contribution from the corona is
included, the resulting total flux and temperature are given by
equations 3 and 4. For a specified delay, we use the combined
flux from both the disk emission and irradiation, Fgis+irradiations
as described in equation 3. We then convert this total flux into an
effective temperature, T, according to equation 4. This temper-
ature is subsequently used to compute the blackbody emission.

3GMM Tin
Fnon—irradialed(rat"' Td(r)) = ( 8713 (1 - w 7)) (1)

3IGMM in :
Taisk(r, t + 74(r)) = [(8 3 (1 - r_))] @
r3og r
C(3GMM (| [\ (Ll
Fgisktirradiation (> t+74(r)) = ( - (] B ))+( = ) 3)

3GMM in Ly (Oh :
Tea(rat + 74(r) = [(m (1 - \/?)) + ( 4;;33)] @)

Additionally, we account for a color correction factor f. to the
disk temperature, which raises the temperature of the disk atmo-
sphere to 7, where f, = 1 corresponds to no color correction
applied, as described below (Shimura & Takahara 1995):

T. = feTepy ©)

To compute the full spectrum for a specific differential area,
we use Planck’s formula and store the results in a photon table,
represented as a 2D matrix denoted as P(t’,2). This involves ap-
plying the calculated time delay corresponding to the disk posi-
tion and wavelength. Each element in the photon table represents
aunique delay and wavelength A, with the A values ranging from
1000 to 10000 A and selected using a logarithmic scale grid for
simulation. We also introduce a color correction as a free param-
eter of the model.

Next, we generate the response function by sending a very
short light pulse of A, = 0.05 days duration and normalizing the
result by the incident bolometric luminosity. The pulse duration
is chosen to balance accuracy and temporal resolution: a very
short pulse can introduce significant errors in the temperature
enhancement, while a very long pulse tends to smear the sig-
nal and reduce time resolution, especially at the shortest wave-
lengths. The response function for a bare disk is given by the
following equation:

1 1 ,
Y, ) = AL ﬁm BATe(r(t = Tao(x, Y))))ds. (6)
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The time delay in the disk has been described previously by
Jaiswal et al. (2023). Our adopted method, while simpler than
the approaches presented by Kammoun et al. (2021b) and Kam-
moun et al. (2021a), which include corrections for GR and disk
albedo, is sufficiently accurate for the current purpose of this pi-
lot study.

3.3. BLR structure and reprocessing

To introduce the contribution from the BLR, we first describe
its properties. In this study, we do not parameterize the struc-
ture of the BLR using arbitrary numbers or functions; instead,
we calculate it based on the FRADO model, which was quali-
tatively proposed by Czerny & Hryniewicz (2011) and has been
further developed in several subsequent studies (Czerny et al.
2017; Naddaf et al. 2021; Naddaf & Czerny 2022; Naddaf et al.
2023; Naddaf & Czerny 2024).

The basic idea behind the model is to associate the low-
ionization parts of the BLR — responsible for emission lines,
such as HB, Mg 11, and Fe II, with dust-driven massive winds.
In stellar environments, such winds are typically denser, possess
higher optical depths, and exhibit significantly slower outflow
velocities. Similarly, in AGNs, dust-driven winds are expected to
be launched from the outer disk, where the effective temperature
falls below the dust sublimation threshold. This temperature con-
straint naturally defines the inner radius of the BLR. The nature
of the wind depends on Mgy and Eddington ratio: for sufficiently
massive black holes and high accretion rates, the wind escapes,
contributing to the BLR outflow structure; otherwise, it forms a
failed wind, in which the material ultimately falls back onto the
disk. Additionally, irradiation from the central parts of the disk
plays an increasingly important role in shaping the dynamics and
ionization state of the wind as the cloud elevates above the disk
plane.

Specifically, we utilize the code from Naddaf et al.
(2021), which provides a detailed numerical description of the
wavelength-dependent cross-section for dusty particles. Accord-
ing to this model, radiatively dust-driven pressure lifts the clouds
from the disk surface, while preserving their angular momentum
derived from the Keplerian motion of the disk surface. As a cloud
is lifted, it becomes increasingly illuminated by the inner parts of
the disk. However, if the cloud becomes too hot, the dust evapo-
rates, allowing the cloud to continue its motion along a ballistic
orbit. The global parameters of the model, such as Mgy, Ed-
dington rate, and metallicity, govern the behavior of the BLR.
For lower black hole masses, lower Eddington ratios, and lower
metallicities, the clouds form a failed wind, while in the oppo-
site case, a fraction of the clouds may form an escaping wind.
Hence, we emphasize that the inner and outer radii of the BLR,
along with the statistical distribution of the clouds, are governed
by global parameters, such as Mgy and the Eddington ratio.

‘We assume a universal value of the dust sublimation temper-
ature of 1500 K as representative for all grain species and sizes.
It was suggested by Barvainis (1987) at the basis of the obser-
vational data for PG quasars. It is frequently used for zero order
approximation, although it is well known that actually the sub-
limation temperature depends on the chemical composition as
well as size of the dust grains (Draine & Lee 1984; Baskin &
Laor 2018). However, calculating the range of evaporation tem-
perature of each grain is time consuming and not appropriate for
a pilot study. In addition, the chemical composition of grains in
AGN is not firmly established, and the presence of the graphite
with usual grain size distribution is highly unlikely (e.g. Czerny

et al. 2004; Gaskell et al. 2004). We further discuss this issue in
Section 6.3.

With knowledge of the global parameters of the source, we
can determine the 3-D locations of statistically representative
clouds within the BLR. The code calculates 3-D trajectories of
clouds launched from the disk. As described in Naddaf et al.
(2021), clouds are then located at these trajectories proportion-
ally to time they spent at each part of the trajectory. This in-
formation is then combined with the emissivity law for specific
emission lines, particularly low-ionization lines such as HB, Mg
II, or Fe II. In our model, we assume that the emissivity weight
of each cloud is influenced by its distance from the central disk:
clouds closer to the center receive more radiation, resulting in a
higher emissivity weight, while clouds farther away receive less
radiation, leading to a lower weight, as defined in equation 7:

w o d'z, (7

where d is the distance of a cloud from the center. This scal-
ing of the emissivity, which inversely depends on the square of
the distance, neglects the local efficiency of converting incident
flux into BLR spectrum. However, since our model does not yet
predict the local density, this simplification is reasonable at this
stage of development. We fix the local density of the cloud at
10" cm=3, and the column density at 3 x 10?* cm™2,

By supplementing the cloud distribution with emissivity, we
can determine the emission line profile for any viewing angle
relative to the observer, as demonstrated in Naddaf & Czerny
(2022). Next, we focus on calculating the response function
WpLr(t) for the BLR based on this distribution. This is accom-
plished by calculating the time delays for each representative
cloud as observed, using a method analogous to that applied for
disk emission. At this stage, we assume that the emissivity of
the clouds is universal, though wavelength-dependent, which is
determined through photoionization calculations for a represen-
tative cloud.

3.4. Photoionization calculations using CLOUDY

To determine the BLR spectral shape, we perform photoion-
ization calculations using the code CLOUDY, version C23.00
(Chatzikos et al. 2023a). In these computations, we simplify
the 3-D cloud distribution by replacing the entire ensemble of
clouds with a single representative cloud, positioned at the ra-
dius inferred from the time delay. For the analysis at this es-
tablished distance, we adopt an incident radiation luminosity of
log L (erg/s) = 44, and a BLR distance from the central source
of logr (cm) = 16 (Dalla Bonta et al. 2020), a constant hydro-
gen gas density of logny (cm™) = 11, and a column density
of log Ny (cm™2) = 23.5, following the prescriptions of (Korista
& Goad 2001; Panda et al. 2022). The adopted distance in our
representative case corresponds to the measured time delay of
the HE line in NGC 5548. The assumed bolometric luminosity is
also representative of this source, based on the redshift-inferred
distance within the framework of standard cosmology. In this
pilot study, we do not explore a wide range of gas densities or
column densities in detail, as photoionization models, particu-
larly single-zone models, still do not perfectly represent the full
complexity of BLR properties (e.g. Netzer 2020; Pandey et al.
2025; Floris et al. 2025). We assume a metallicity five times
higher than solar, as this was favored by comparisons between
the FRADO model and quasar spectra (Naddaf et al. 2021). In-
dependent studies of quasar metallicity also support super-solar
values (e.g. §niegowska et al. 2021), and in the specific case

Article number, page 5 of 21



Chapter V. Paper-2

97

A&A proofs: manuscript no. main_rev3_no_color

of NGC 5548, high metallicity was advocated by Netzer (2020)
based on line emissivity analysis. For simplicity, we neglect tur-
bulence in the medium.

The shape of the incident SED is taken from the file
"NGC5548.sed" available in the CLOUDY database, which cor-
responds to the SED derived by Mehdipour et al. (2015). Their
study estimated the starlight contribution to NGC 5548 using
HST observations, providing a well-constrained incident SED
that we adopt for our calculations.

This is clearly an oversimplification, in two aspects. Each
cloud receives the radiation of the same shape, only scaled down
with the distance as specified in equation 7. This radiation in-
cludes both the hard X-ray radiation as well as the warm corona
and the disk emission. Apart from the spectral shape, we also
do not differentiate here between the arrival time from the hot
corona, and warm extended corona. Accounting for such differ-
ences would require modeling the BLR response separately to
the hard X-ray emission from the hot corona and to the emission
from the warm corona, followed by merging several resulting
transfer functions. As this is a pilot study, we have not under-
taken that level of complexity at this stage, although it is feasible
in principle, given that our spectral decomposition separates the
contributions from all three components. For the current anal-
ysis, we adopt a fixed SED shape, a simplification that is un-
likely to significantly affect our results. The hard X-ray power-
law from the hot corona is consistent with SED, and the warm
corona is also fitted in such way as to reproduce the spectrum.
Slight error on the time delay introduced by the fact that some
photons should come directly from the hot corona instead from
the disk should not be essential, taking into account much larger
size of the BLR than the disk.

The resulting BLR emissivity profile, (1), is then incorpo-
rated into the final delay model. When we later account for the
assumption of an unknown luminosity distance, the irradiating
flux is adjusted accordingly to ensure consistency with the ob-
served hard X-ray flux.

Since CLOUDY does not compute higher-order Balmer lines,
we incorporate a scaled component into the spectrum, following
the method of Kovacevi¢ et al. (2014). This modification im-
proves the spectral fit, as demonstrated in Pandey et al. (2025),
though it only affects the wavelength range between 3646A and
4000A in the rest-frame. The shape of this component is taken
directly from Pandey et al. (2025); however, the emissivity still
appears too low to fully capture the gradual decline observed be-
yond the Balmer edge in the data. More advanced modeling may
be required to improve the fit in that region.

When we perform computations of the Model C for fixed lu-
minosity distance the value of the incident flux in CLOUDY com-
putations is fixed and corresponds to the observed luminosity
and the time delay to the BLR as above. However, later on, in the
Section 5 when the luminosity distance is treated as unknown,
we scale the incident bolometric luminosity to the fitted accre-
tion rate which is a function of the luminosity distance.

3.5. Starlight contribution

The starlight contribution in NGC 5548 was estimated by
Mehdipour et al. (2015), and we adopt the same level in some of
our models. However, in other models, we allow for flexibility
in adjusting the starlight level. To represent the starlight profile,
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we use the template of an Sa galaxy from Kinney et al. (1996),
which is available in the Kinney-Calzetti Spectral Atlas’.

3.6. Combined time delay and NGC 5548 data fitting

After analyzing each component of the central regions assumed
in our model for NGC 5548, we derive the final response func-
tion by incorporating both disk reprocessing and BLR contribu-
tions, as expressed in the following equation

U4, 1) = (1 = frr) ¥a(A, 1)
finax

+ foLR €(2) Ya(A,t = 1) ypir() dt’ ©))
fo
where the parameter fp; g defines the BLR fraction contributing
to the continuum time delay.

As mentioned in Section 3.4, we do not treat separately pho-
tons reaching the BLR directly from the hot corona and/or from
the warm corona, and from the disk. Photons from the hot and
warm corona are included in BLR computations as the incident
continuum (i.e. they are included in the €(1)), but their arrival
time is the same as for the photon disks under consideration.
This is done for the efficiency of computations when fitting the
data. Replacing the incident continuum adopted for photoion-
ization modeling with three separate spectral components would
additionally require repeating photoionization computations at
every computational step.

We generate response functions for 100 wavelengths, cov-
ering the range from 1000 A to 10000 A. Using these response
functions, we then compute the time delay at each wavelength
using the following equation:

_ [ (e, Dt
 [u@ar

To fit the data of NGC 5548, we utilize all the parameters listed
in Tablel, integrating the contributions from both the disk and
the BLR as described in equation 8.

When searching for the optimal solution, we impose con-
straints from both the observed SED and the measured time
delays. Specifically, we incorporate all 17 available time delay
measurements and select 17 representative points, evenly dis-
tributed across the entire observed SED range. To systematically
evaluate and compare different solutions, we integrate these con-
straints into a unified criterion:

() ©))
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where O; = observed data, 60; = is the error in observed data,
and E; = value from the model. We assume the error in the spec-
tral data of 7%, and the errors of the delay measurements are

taken from Fausnaugh et al. (2016).

4. Results

In this section we concentrate on testing the FRADO model
against the spectral and time-delay data for NGC 5548 and sum-
marize the results obtained from our model fitting. We fix Mgy

! https://www.stsci.edu/hst/instrumentation/
reference-data-for-calibration-and-tools/
astronomical-catalogs/the-kinney-calzetti-spetral-atlas
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Table 1. Parameters utilized in modeling the delay and spectral energy distribution (SED) of NGC 5548 for the three Models A, B, and C. Some
values were taken from the literature, others were derived as best fit values in the current work, as noted below.

Parameters Model A Model B Model C
H (2) 3) @
Black Hole Mass(Mgy) 5 x 1070e/D 5.5 x 1070ef4 5% 1070efD
Corona Height( h) 20@ 430ef4) 48.29@
Inclination Angle( i) 40(ref? 450ef® 400D
Warm corona Inner Radius - 430ef® 6@
Warm Corona Temperature - 1.98 x 1050/ 6.58 x 106@
Warm corona optical depth/Photon index - 2.280refH 20.26@
Inner Cold Disk Radius( 7;,) 35@ 1510/ 94.87@
Outer Cold Disk Radius( ) 10000@ 282(ref4 10000
Color Correction 2.4(ref2) 1.00ef® 1.0@
BLR Contribution(fz) 12%@ 40%@ 30%@
Lamp Luminosity(L,) 1.26 x 10%4@ 1.247 x 10%4ref® 9.68 x 10%@
Eddington Ratio 0.020¢f3 0.027¢ef® 0.017@
Starlight 6.74 x 1071 5.39x 1071 6.76 x 1071

Note. Columns are (1) name of the parameter used in the model, with values given in columns (2), (3) and (4) for Models A, B, and C, respectively.
Black hole mass in unit of M, corona height in unit of r,, inclination angle in degree, inner disk radius and outer disk radius in r,, lamp luminosity
in erg s~'. Warm corona optical depth or a photon index are alternative (equivalent) parameters of Comptonization models. Starlight normalization
is given in erg s™! cm™ A=! at 5100 A. References for the fixed parameters during fitting: (refl) Netzer (2022); (ref2) Kammoun et al. (2021b);
(ref3) Crenshaw et al. (2009); (ref4) Kubota & Done (2018); (a) fitted parameters. For model C we assume standard ACDM cosmology, with

Hy =70 km s~ Mpc~!, Q, =0.3.

and the bolometric luminosity in our analysis. We assume that
the distance to the source is known, and corresponds to the
source redshift. The issue of the Hubble constant determination
will be addressed separately in Section 5.

4.1. BLR properties from FRADO

The global model parameters adopted for NGC 5548, combined
with the assumption of a dust sublimation temperature of 1500
K, allow us to uniquely determine the structure of the BLR.
Notably, the FRADO model is specifically applicable to low-
ionization lines such as HB, Mg II, and Fe II. In this frame-
work, the cloud positions within the BLR are determined by
the FRADO model, with parameters relevant to NGC 5548:
Mgy = 5 x 10’ M, (Netzer 2022), an Eddington ratio of 0.02
(Crenshaw et al. 2009), and an assumed metallicity 5 times so-
lar.

We present the distribution of clouds forming the BLR in
NGC 5548 in Figure 1. The upper panel presents the overall 3-
D structure, revealing a complex cone-like configuration where
no clouds escape to infinity due to the low Eddington rate. The
lower panel provides a cross-section of this distribution, with
the black line marking the thickness of the underlying Keple-
rian disk. This disk structure accounts for the effects of radiation
pressure and opacity, as described by Roézariska et al. (1999),
both of which play a crucial role in shaping its complex geom-
etry. A notable feature is the abrupt change in disk height, cor-
responding to the transition from the inner radiation pressure-
dominated region to the outer gas-dominated region, which sig-
nificantly impacts the cooling efficiency of the disk and its over-
all structure.

In this model, clouds are launched from the disk surface but
remain relatively close to it, with the ratio of vertical height (z)
to radial distance (r) staying below 5%. This limited height is a
direct consequence of the low Eddington ratio, giving the BLR
a geometry that closely resembles a puffed-up disk surface. The
z/r ratio in the model peaks near the inner edge of the BLR,
which is defined by the dust sublimation temperature reached at
approximately ~ 2260 r, for the adopted Mgy, Eddington rate
and metallicity. At this radius, the Keplerian velocity is ~ 6300
km s~! for this Mgy, implying that the full width at half maxi-
mum (FWHM) of the emission lines could reach up to twice this
value. This result based on FRADO model is consistent with
the H3 FWHM of 10161 + 587 km s~! reported by Pei et al.
(2017). However, contributions from larger radii act to moderate
this broadening.

The position of the clouds and their velocity field allow us to
construct a 2-D velocity-delay map (see Figure 2, upper panel)
which we consider as representative for HS line, assuming a
viewing angle of 40 degrees, which is likely representative of
NGC 5548 (Pancoast et al. 2014; Cappi et al. 2016; Wildy et al.
2021; Horne et al. 2021). Our velocity—delay map closely resem-
bles the predictions of a simple flat Keplerian disk model, as the
vertical velocities are minimal, no outflows are included, and no
selective shielding is assumed. It shows some similarity in the
overall shape to the map derived observationally by Horne et al.
(2021) (see their Figures 5 and 7).

However, the main inconsistency lies in the narrower
velocity extent observed in our velocity-delay map, which
shows emission up to ~ +4000kms~', while Horne
et al. (2021) reported observed HS emission extending to
~ +8000 — 10000 km s~!, although the majority of the response
is concentrated within ~ +5000kms~!. Note that, FRADO
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Fig. 1. Upper panel: 3-D plot of cloud positions from FRADO model for
NGC 5548 with Mgy = 5% 10’ Mo, L/Lgqq = 0.02, metallicity Z =5 in
solar units. The axes are in units of r,. Bottom panel: a cross-section of
cloud positions for y > =300 7, and y < 300 r,. The black line indicates
the thickness of the Keplerian disk. Clouds form a geometrically thin
complex layer above the disk.

inherently assumes that the BLR originates beyond the dust
sublimation radius, which is appropriate for low-ionization lines
like HB and thus naturally predicts narrower velocity distri-
butions, consistent with emission from outer, slower-moving
regions of the BLR. While, the broader velocity distributions
observed by Horne et al. (2021) are shaped by contributions
from the inner, dust-free high-ionization zones (dominated by
CIV, He II lines) of the BLR, where gas orbits closer to the
black hole at higher Keplerian speeds.

Nevertheless, the exact comparison is difficult since the ob-
servational HB map in Horne et al. (2021) seems to be strongly
contaminated by He II emission. Notably, while the red wing of
the observed HB shows a Keplerian structure, the blue wing ap-
pears significantly weaker, suggesting substantial He II contami-
nation. In our model, in its present form, we cannot explain such
asymmetry. However, such asymmetries in the HB line are well-
documented and known to evolve over time in a quasi-periodic
fashion (Shapovalova et al. 2004). Bon et al. (2016) explained
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Fig. 2. Upper panel: Velocity—delay map of NGC 5548 constructed
from FRADO model with inclination angle i = 40 degrees. Color cod-
ing represents the number density of BLR clouds in each velocity-delay
bin. The white dashed line shows the virial envelope corresponding to
Keplerian disk-like rotation for v2XT = constant with Mgy = 5x107 M.
Bottom panel: BLR response function generated using the cloud posi-
tions from the model shown in Figure 1, assuming an inclination angle
of i = 40 degrees.

0.0020 - q

0.0015 - q

0.0010 - q

Value

0.0005 q

0.0000 - 1 1 1 1 | 1 1 1 L
—4000 —-3000 -2000 -1000 O 1000 2000 3000 4000

Velocity[kms™1]

Fig. 3. Line profile generated by the FRADO model using the parame-
ters from Figure 1.
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such phenomenon as caused by the presence of the secondary
black hole, perturbing BLR, by precession of the outer part of
the disk, or spiral waves in the disk. All such mechanisms will
give asymmetry between blue and red-shifted wing of the flat
BLR coexisting with the disk. In the future we could include the
warped disk into FRADO model, but this is beyond the scope of
the current paper.

Next, we derive the BLR response function by projecting
the map onto time axis. The resulting shape, shown in Figure 2,
lower panel, exhibits two distinct peaks: one at shorter time de-
lays, around ~ 2.6 days, corresponding to the clouds on the same
side as the observer, and the other peak arising from the clouds
on the opposite side of the black hole. The shape of our mod-
eled response function does not perfectly replicate the observed
one reported by Horne et al. (2021). In their analysis using the
MEMECHO software for HB (see Figure A.1 for comparison),
the projected response exhibits two peaks: a prominent one at ap-
proximately 2 days and a second, much smaller peak at around
25 days. While our first peak aligns well with theirs at ~2 days,
our second peak appears closer in time, at ~11 days, and is rel-
atively stronger than the second peak reported by Horne et al.
(2021). Despite these differences, it is important to emphasize
that our model relies solely on global parameters, without intro-
ducing arbitrary values such as inner or outer BLR radii. This
absence of free parameters enhances the significance of the ob-
served similarity between the modeled and empirical response
functions. Additionally, we assess the consistency between the
BLR response function recovered from our FRADO model and
the HB emission-line response function derived from spectro-
scopic RM data by Horne et al. (2021) in Section 7.

By integrating the BLR response profile derived from the
FRADO model, we calculate a mean delay of 8.101 days for a
viewing angle of 30 degrees and 8.105 days for a viewing angle
of 40 degrees. This delay is measured relative to the X-rays. To
compare it with delays at other wavelengths, such as the com-
monly used 5100 A, it is essential to account for the net time
delay between the X-rays and the specific wavelength of inter-
est.

The measured time delay of the HB line relative to the 5100
A continuum during the 2014 campaign (January to June) was
reported by Pei et al. (2017) as 4.17*3° days, which is shorter
than predicted by the radius—luminosity relation. This HB delay
ranks among the shortest ever recorded for NGC 5548. In con-
trast, the mean response function from the 1998—-2001 campaign
peaked around 20 days (Cackett & Horne 2006). Horne et al.
(2021) later explored the nature of this shorter delay in detail,
finding that the response function exhibited a secondary peak at
approximately ~ 25 days but began with a high value near to
zero time delay. Their observed map also supports the primary
response originating from the near side of the BLR, facing the
observer.

To compare the predicted and observed time delays, we need
to add the delay of the 5100 A continuum relative to X-rays to
the observed data. Since the exact time delay at 5100 A was
not measured by Fausnaugh et al. (2016), we averaged their
measurements around this wavelength and included the hard
X-ray time delay, also provided in their study. This results in
an estimated observed time delay for HB relative to X-rays of
6.83 + 0.53 days. Our predicted delay is slightly longer. This
discrepancy may stem from the long tail in the delay, which the
model accounts for but may not be fully captured in the obser-
vations. Alternatively, the delay could be shorter if there is inter-
vening material between the black hole and the BLR, potentially

shielding part of the most distant flow. Another possibility is that
the dust temperature in the BLR model, as discussed by Panda
et al. (2020) and Naddaf et al. (2021), differs from the assumed
1500 K.

Additionally, the model predicts an upper limit for the cov-
ering factor of the BLR. If the cloud distribution is not trans-
parent, the region intercepts all radiation emitted within inclina-
tions greater than the aspect ratio z/r of the cloud distribution.
As shown in Figure 1, the model suggests that less than 4% of
the radiation can be intercepted by the BLR, as the cloud height
is generally small compared to the radius. This is notably lower
than the 10% to 30% covering factor typically expected from
BLRs (e.g. Baldwin et al. 1995; Korista & Goad 2019; Panda
2021; Panda et al. 2022). In contrast, the yearly variations ob-
served in the line profile of NGC 5548 suggest that the disk can
be distorted and/or precessing (e.g., Shapovalova et al. 2009, see
their Figure 2). Such a departure from the disk model strictly
perpendicular to the symmetry axis may affect the irradiation of
the launched clouds and this way to modify the BLR emissivity.

The distribution of BLR clouds enables us to roughly esti-
mate the shape of the HB line predicted by the model. In this
estimation, we neglect the vertical cloud velocities and only con-
sider the projected rotational velocities towards the observer. The
resulting line shape, shown in Figure 3, reveals a two-peak struc-
ture that is even more pronounced than that observed in the data.
The FWHM predicted by our model approaches 8000 km s~!. In
comparison, the measured FWHM of the HB line from the rms
spectrum was 10161 + 587 km s~! (Pei et al. 2017). Notably,
the FWHM values have varied over the years, indicating the dy-
namic nature of the BLR. For instance, Peterson et al. (2004) re-
ported an H3 FWHM of 7202 + 392 km s~!, which is in good
agreement with our model estimate. These variations suggest
that our model captures a plausible state of the BLR, consistent
with the historical range of observed line widths.

4.2. The BLR emissivity

To model the emission characteristics of photoionized clouds,
we perform CLOUDY simulations that account for both line and
continuum contributions. During our computations, we consider
both line and continuum emissions, incorporating radiation from
both inward and outward directions to ensure equal visibility of
the illuminated and un-illuminated sides of the clouds. Among
the most prominent features that emerge are the Balmer and
Paschen edges, as illustrated in Figure 4. The depths of these
edges are governed by the specific model parameters adopted
(see the most recent study by Pandey et al. 2023).

The reprocessing calculations are performed for a single rep-
resentative cloud, using the full shape of the SED as the incident
radiation, as described in Section 3.4. This approach is admit-
tedly a significant simplification, since in reality each cloud is
exposed to a different incident spectrum depending on its lo-
cation and orientation. This spectral variation is properly ac-
counted for in the computation of the radiation force. However,
generating comprehensive tables of local emissivity for the full
range of incident spectra lies beyond the current scope of this
work. Such an extension is essential for future studies to improve
the physical realism of the model.

4.3. Exemplary shape of the response function

After deriving the BLR response function using FRADO model
and the emissivity profile from CLOUDY for NGC 5548, we com-
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Fig. 4. Emissivity profile (ratio of the reprocessed to the incident con-
tinuum) of a BLR cloud for the adopted parameters: log ny [cm™] = 11,
log L [erg s™'] = 44, and the BLR distance of 10'® cm.
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Fig. 5. Upper panel: Response functions of the disk at different wave-
lengths. Bottom panel: Combined response functions of the disk and
BLR across the same wavelengths. These representative response func-
tions are obtained for Model C. Parameters used: Mgy = 5.0 X 10’ M,
Eddington ratio = 0.015, Ly = 9.68 x 10* erg s™!, height: & = 48.29r,,
R, = 94.87r,, Ry, = 10000r,, and viewing angle: i = 40 degrees.

pute the disk response function and the combined disk-BLR re-
sponse function using equations 6 and 8, respectively. These
results are presented for nine different wavelengths in the up-
per and bottom panels of Figure 5. The disk response function
(upper) displays a single-peaked structure, whereas the com-
bined response function (bottom) exhibits a bimodal shape, as
expected, with the first peak corresponding to direct emission
from the disk, and the second arises from delayed reprocessing

Article number, page 10 of 21

by the BLR. Moreover, the overall time delay associated with
the combined response function is significantly longer than that
of the disk alone, consistent with the findings of Netzer (2022).

4.4. Time delays in representative models

This paper serves as a pilot study, focusing on three distinct
global setups rather than exploring the full parameter space. In
this section, we assume that the source distance can be deter-
mined from its redshift, enabling a unique conversion of bolo-
metric luminosities to fluxes. We define these setups as Model
A, Model B, and Model C, which were shortly introduced in
Section 2. Each setup is characterized by different global param-
eters. In all cases Mgy was fixed (in Models A and C, the Mgy
is derived from observational data (Netzer 2022)), whereas in
Model B, it is adopted from the corresponding model reference
(Kubota & Done 2018). All models are supplemented with the
BLR components. A detailed discussion of each model follows
in the subsequent sections.

4.4.1. Model A

To account for disk atmosphere effects, Model A employs a stan-
dard accretion disk framework with a fixed color correction. It
uses well-established literature values for Mgy and Eddington
ratio, and does not include the warm corona component. With
only a few free parameters, the model incorporates the BLR con-
tribution alongside the accretion disk emission to fit the observed
continuum time delays and spectral energy distribution. We min-
imize the number of free parameters by relying on the basic pa-
rameter values from the literature, including the Mgy, Edding-
ton rate, color correction, and viewing angle (see Table 1 for the
adopted values). Specifically, the adopted color correction of 2.4
comes from the studies of Kammoun et al. (2021b, 2023). The
model does not include the warm corona, and the cold disk ex-
tends down to the ISCO (6 r,). The BLR model is then directly
determined based on the assumed Mgy, Eddington rate, and a
fixed metallicity of 5, but the covering factor is left as a free
parameter of the model. The other key parameter is the corona
height. The resulting predictions are presented in Figure 6.

The model reproduces the time delay quite well, the Balmer
edge at ~ 3600 A is well reproduced, the region of the Paschen
jump is not so well fitted. The covering factor and the corona
height optimizing the fit of the time delay are given in Table 1.

Below, we outline the key advantages and limitations of this
model.

Model advantages:

three free parameters: starlight level, inner disk radius, BLR
fraction

the HB delay is approximately recovered

the double peak shape is approximately recovered

the time delay is well modeled

Model limitations:

The optical/UV SED is inconsistent with the observed data

In Model A, the discrepancy between the observed and mod-
eled SED is substantial in the blue part, and cannot be resolved
by adjusting any model parameters without making the time de-
lay fit worse. The required lamp height lead to a very blue spec-
trum in the UV due to the color correction applied. The time de-
lay is primarily driven by the disk response, with the BLR con-
tribution appearing only near the Balmer edge—contrary to the
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Fig. 6. Model A. Upper panel:The observed delay from Fausnaugh
et al. (2016) is represented in black. The delay calculated from the
disk response function alone is shown in red, while the delay calculated
from the combined response function of the disk and BLR is shown in
brown. Bottom panel: The observed SED from Mehdipour et al. (2015)
is shown in blue. The disk SED is represented in red, while green il-
lustrates the disk SED combined with the emission lines. The starlight
contribution is shown in black color. The final SED, incorporating con-
tributions from the disk, star, and emission lines, is shown in purple.
The selected points used for estimating the > value are represented by
brown squares. Parameters: Mgy = 5.0x 10’ M, Eddington ratio = 0.02,
Lx = 1.26 x 44 erg s™!, height: h = 207y, Ry = 351, Ry = 100007,
color correction= 2.4, viewing angle: i = 40 degrees.

findings of Netzer (2022). This discrepancy arises because the
disk contribution is underestimated due to the fixed color cor-
rection being set too high. While this increases the time delay
by pushing the fixed-color emission outward, it simultaneously
shifts the disk spectrum toward the far-UV. Consequently, we do
not include the SED fit from Model A in the/\//2 minimization, as
further adjustments would not improve the fit.

The starlight contribution in our decomposition is 6.74 X
107"5 erg s7! em™2 A~!, comparable to reported value of 6.2 x
1075 erg s em™2 A~! (Mehdipour et al. 2015). Furthermore,
this model fails to reproduce both soft and hard X-rays, as it in-
cludes only a cold disk. As a result, there is an inconsistency
between the shape of the incident continuum assumed in the
CLOUDY modeling and the continuum produced by the model it-
self.

4.4.2. Model B

In Model B, we adopt the framework of Kubota & Done (2018),
where the innermost part of the accretion disk is replaced by
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Fig. 7. Model B. Upper panel: The observed delay from Fausnaugh
et al. (2016) is represented in black. The delay calculated from the
disk response function alone is shown in red, while the delay calcu-
lated from the combined response function of the disk and BLR is
shown in brown. Bottom panel: The observed SED from Mehdipour
et al. (2015) is shown in blue. The disk SED is represented in red, while
green illustrates the disk SED combined with the emission lines. The
starlight contribution is represented in black, while the warm corona
is shown in orange. The final SED, incorporating contributions from
the disk, star, warm corona, and emission lines, is shown in purple.
The selected points used for estimating the y? value are represented by
brown squares. Parameters: Mgy = 5.5% 107 M, Eddington ratio = 0.02,
Ly = 1.247 x 44 erg s™', height: h = 431y, Ry = 1511, Ry = 2821y,
color correction= 1.0, viewing angle: i = 45 degrees.

a hot corona. In our setup, the standard accretion disk extends
from 151 r, to 282 r,, and we do not apply any color correction
since the disk in this region remains cold. The global system
parameters and the inclination angle are consistently taken from
Kubota & Done (2018). The free parameters in the model are
the BLR contribution, f5; g, and the level of starlight. The corona
height is fixed at the value of the inner radius of the warm corona,
ie., 43 r,.

The results of this model are presented in Figure 7. As in
Model A, we employ the same BLR response function (see Sec-
tion 4.1). However, this approach may introduce minor inconsis-
tencies due to slight differences in Mpy and accretion rate. While
the time delay fit remains broadly satisfactory, the SED is again
not well reproduced. The reduced inner disk radius results in a
steep decline in the disk spectrum at shorter wavelengths.

In this configuration, the total time delay is predominantly
influenced by the BLR, with only a minimal contribution from
the accretion disk. Consequently, the contribution from BLR to
the time delay is significantly higher than in Model A. Addition-
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Table 2. Time delay measurements.

WB.VC}CHgth Teentroid Tmodel
A) (days) (days)
1158 —0.17+1% -0.14
1479 0.15j§; ié 0.13
1746 0227 0 0.39
1928 0.63%y ¢ 0.78
2246 06822 0.60
2600 09313 1.62
3467 1.80%0%4 2.23
3472 2.0370% 273
4369 1 .42j8;§2 1.12
4392 1.64j8j%; L15
4776 19818;%% 1.51
5404 20445 1.95
6176 3.13+04 2.61
6440 3.221%2583 2.92
7643 39905 4.03
8561 3.59j8;§ 3.64
9157 3.9370% 3.58

Note. Columns are (1) pivot-wavelength of the filters in the
observed-frame, (2) measured inter-band delays from Fausnaugh
et al. (2016) in the rest-frame, (3) recovered inter-band delays
from Model C. The inter-band delays are with respect to HST
1367 A.

ally, the amount of starlight in this case is 5.39 x 1071 erg s}
em™2 A~1, less than corresponding value in Model A.
Model advantages:

— only two free parameters: starlight level, BLR fraction
- the Hp delay is approximately recovered

— the double peak shape is approximately recovered

— the time delay is reasonably well modeled

Model limitations:

— Although the high-energy portion of the SED is reason-
ably well recovered, this model fails to accurately fit the
3000-4000 A wavelength range, which includes the Balmer
jump, and shows some inconsistencies at longer wavelengths
in the optical regime. This is related to the limited flexibility
due to a small number of free parameters.

— The modeled time-delay spectrum is predominantly influ-
enced by the BLR, with negligible contribution from the ac-
cretion disk, in contrast to observed AGN time-delay spectra
that exhibit significant contributions from both the accretion
disk and the BLR (Mandal et al. 2025).

4.4.3. Model C

This model represents a generalization of Model B. Rather than
fixing certain parameters to the values derived by Kubota &
Done (2018), we treat them as free parameters and allow the data
to constrain them through fitting. First, we allow for the variation
of the radii dividing the zones of hot corona, warm corona and
outer disk. We assume that the outer radius of the cold disk is
large. Then, we vary the warm corona parameters (optical depth,
temperature) as well as the Eddington rate, to achieve the best
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Fig. 8. Model C. Upper panel: The observed delay from Fausnaugh
et al. (2016) is represented in black. The delay calculated from the
disk response function alone is shown in red, while the delay calcu-
lated from the combined response function of the disk and BLR is
shown in brown. Middle panel: The observed SED from Mehdipour
etal. (2015) is shown in blue. The disk SED is represented in red, while
green illustrates the disk SED combined with the emission lines.The
starlight contribution is represented in black, while the warm corona
is shown in orange. The final SED, incorporating contributions from
the disk, star, warm corona, and emission lines, is shown in purple.
The selected points used for estimating the y? value are represented by
brown squares. Parameters used: Mgy = 5.0 X 107 M, Eddington ratio
=0.015, Ly = 9.68 x 10* erg s™', height: h = 48.29r,, R;, = 94.87r,,
R, = 10000r,, and viewing angle: i = 40 degrees. Bottom panel: X-
ray—UV-optical SED fitting. The warm corona is represented by the ma-
genta line, the hard X-ray power law is shown in dashed gold, the green
line represents the sum of the two, and the black line displays the opti-
cal data.

fit to the broad band spectrum (including X-rays), and to time
delays. Model parameters are listed in Table 1.

The time delays recovered from this model, along with the
observed inter-band delays from Fausnaugh et al. (2016), are
presented in Table 2. The corresponding fitted SEDs, are dis-
played in the upper, middle, and bottom panels of Figure 8,
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respectively. The Balmer edge is well reproduced in the lag-
spectrum. Paschen edge is expected to be less prominent, as
shown by Pandey et al. (2023) at the basis of CLOUDY simu-
lations.

Additionally, the broad-band SED is now well represented,
with the starlight continuum of 6.76 x 107" erg s™! cm™2 A",
which is nearly identical to the value of 6.2 x 107" erg s™! cm™
A" reported by Mehdipour et al. (2015). The middle panel of
the figure provides a detailed view of the optical/UV portion
of the spectrum, consistent with previous presentations. Further-
more, the bottom panel displays the full X-ray-UV-optical spec-
tral range on a logarithmic scale, allowing for clearer visualiza-
tion of the broad-band fit. In this representation, both the hard
X-ray component and the contribution of the warm corona to
the X-ray band are clearly visible. This contrasts with Model
A, which lacked a warm corona and therefore failed to repro-
duce the observed soft X-ray data. In comparison, Model B, by
construction from Kubota & Done (2018), is consistent with the
X-ray band and thus its X-ray spectral range is not plotted in
this figure. However, it is important to note that Kubota & Done
(2018) did not fit the spectroscopic optical data, and as a result,
the discrepancy between their model and the actual optical ob-
servations was not apparent in their analysis.

The disk contribution to the time delay in this model falls
between the contributions in Model A and Model B. Overall, the
time delay is reproduced much more accurately compared to the
other two models, providing a better fit to the observed data. The
contribution of the corona to the spectrum is dominating the part
of the spectrum below ~ 2000 A.

Model advantages:

— limited number of parameters (although larger than in Model
B)

— the HE delay is approximately recovered

— the double peak shape is approximately recovered

— the time delay is well modeled

— We successfully reproduce the Balmer jump in the observed
SED, and our modeled SED is consistent with the observed
spectrum.

In conclusion, this model offers a significant improvement in
both time delay and SED fitting, with a more realistic represen-
tation of the BLR contribution to the observed continuum time
delays and a better overall alignment with the observed spectral
features.

5. Distance Estimation from generalized Model C

Having considered the final fit from Model C as successful, we
now assess whether our model improves the determination of the
Hubble constant for this source, as done by Cackett et al. (2007).
To begin, we first explore analytical estimates and subsequently
evaluate the method that should be employed for actual data fit-
ting.

5.1. Analytical estimate of Hy

Collier et al. (1999) proposed a method for determining Hy based
on continuum time delays, under the assumption that the inter-
band time delays are a result of a classical accretion disk struc-
ture, as given by the following equation

3/2 -1 o\ 1/2
(i) (57) () [l

1
Hy = 89.6(1—04)

an

where 7 is the time delay measured at the wavelength A4, z is the
source redshift, f, is the measured flux at the frequency v corre-
sponding to the wavelength A, and y is the parameter which is
used to account for systematic discrepancies due to conversion
of annulus temperature to the corresponding wavelength A at a
given radius. According to Wien’s law, y = 4.97 (Netzer 2022);
however, under the assumption of a flux-weighted radius, y is
typically taken to be 2.49 (Edelson et al. 2024). In our analy-
sis, considering the AGN accretion disk SED as a multicolored
blackbody spectrum, we adopt y = 4.

We can test the model using this formula, but it is important
to use the disk delay rather than the total combined disk plus
BLR time delay. The disk delay from Model C is 75199 = 1.008
days at 1 = 5100 A relative to the X-ray source. For a corona
height of 4 = 0, this delay becomes 751090 = 0.898 days (i.e.,
1.008 — 0.110 days), and this value is therefore used in equation
(11). We convert the flux from Lu et al. (2022), F; = 5.22x10°1
erg s~'em™2A! to f, = 4.590x 1072 erg s~'em 2Hz!. Assum-
ing an inclination angle of i = 40 degrees for the source, we
derive Hy of 47.54 km s™'Mpc~!. This represents a considerable
improvement over the value of Hy = 15 km s~! Mpc~! obtained
by Cackett et al. (2007) for the same source. The difference is
largely due to the fact that we are using only the disk delay. If
we had used the total time delay (disk + BLR) of 2.00 days, we
would have obtained a much lower value of Hy = 21.34 km s~}
Mpc!, closer to the result from Cackett et al. (2007).

However, adopting y = 2.49 yields a derived Hy of 25.27
km s~! Mpc™! for the disk delay, or 11.34 km s~ Mpc™! when
including both the disk+BLR delay. Since there is no universally
accepted value of y, equation 11 inherently carries additional
uncertainty associated with this parameter.

5.2. Direct method to measure the distance to the source
and H, from combined spectral and time delay fitting

The Model C in the version described in Section 4.4.3 is based
on the known distance which in turn constraints the accretion
rate and the bolometric luminosity of the source. Therefore, if
we indeed want to measure the distance to the source we can-
not rely on quantities that were determined knowing its distance.
We thus must allow the Eddington rate to cover a broad range,
reflecting the possibly broad range of the luminosity distance of
the source. However, we keep Mpy fixed, as it is derived from
spectral fitting—using the FWHM/line dispersion (o) of the HB
line and the time delay measured from RM, making it indepen-
dent of the luminosity distance. We also fix the viewing angle.

In this Section, we present a series of computations using
a grid of pre-selected luminosity distances. For each luminos-
ity distance, we fit several model parameters by minimizing the
x° value. The parameters we vary when fitting the spectrum in-
clude the Eddington ratio (77), the cold disk inner radius (r;,), the
height of the corona (), the optical depth of the warm corona
(Top-depth), the temperature of the hot corona (T,), the covering
factor of the BLR (fp.r), and the normalization of the starlight
(Asrar)-

The incident radiation in the CLOUDY computations is deter-
mined by the choice of the luminosity distance, as the incident
radiation must match the observed hard X-ray flux. Therefore,
for each value of the luminosity distance, we use a different spec-
tral shape for the BLR component. Figure 9 illustrates exemplary
shapes corresponding to different normalizations of the incident
flux. It is important to note that the distance to the BLR and the
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Fig. 9. Examples of the BLR emission profile for three values of the
logarithm of the bolometric luminosity log L [erg s™'] = 44.0 (black
line), 43.8 (blue line), and 44.2 (red line) corresponding to the three
values of the luminosity distance, D; = 70, 56, and 84 Mpc, respec-
tively.

internal parameters of the clouds remain unchanged throughout
these computations.

The dependence of the BLR shape on the incident flux is
not monotonic. However, the changes are relatively small, as the
range of the considered flux amplitude variation is limited. It is
important to emphasize that we do not modify the spectral shape
of the incident radiation, as it was derived from observations
rather than the model. During spectral fitting, we construct the
final model spectrum based on absolute luminosity and compare
it to the observed flux, taking into account the adopted distance
as

47(D%

F, (12)

The value of y? is calculated at several wavelengths, excluding
the intense emission lines. Soft X-ray data points, taken from
Mehdipour et al. (2015), are also included in the calculation. We
assume a 10% error in the spectral fitting process. For the time
delay, the y? value is based on the errors complementing the time
delay measurements (Fausnaugh et al. 2016).

The results of the combined delay and spectra fitting are
shown in the upper panel of Figure 10 in luminosity distance
space. Now, in the y?>—D;, plane, each point in the sequence cor-
responds to the same Eddington ratio and other parameters in
both the time delay and spectral fitting. The minimum occurs at
Dy, =74 Mpc in our grid, though the minimum is relatively shal-
low. The best fits for both the spectrum and the time delay at this
grid are also presented in Figure 8.

The accretion rate predictably increases along the sequence,
from 0.008 to 0.038, while the covering factor remain roughly
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the same, at ~ 30 %. The results are weakly sensitive to the
lamp height, which remains close to ~ 25r,, as well as to the
inner radius of the cold disk, which is located at ~ 90r, in all
fits.

The value of the luminosity distance can be directly trans-
lated into the Hubble constant using the expression Hy = zc/Dy,
given that the redshift to the source is small. Thus, the same re-
sult, but as a function of the implied Hy, is shown in the lower
panel of Figure 10. The distance of D; = 74 Mpc corresponds
to a Hubble constant of 66.8 km s~! Mpc~!. Interpolating be-
tween the grid points we find the minimum location at 73.96
Mpc. Since the minimum is shallow, the error is large, leading

to our constraint of D; as Dy = 74.0f%é0 Mpc. This translates to
1

Hubble constant constraints: Hy = 66.971%% km s™'Mpc™".

The error estimate presented here is necessarily approximate,
as it is based on a qualitative assessment of the effective num-
ber of independent degrees of freedom (dof) in the model. Our
dataset includes 17 measurements of time delays and we sam-
ple the spectrum in the same number of wavelengths. The model
involves 7 free parameters, in addition to 4 parameters that are
held fixed: Mgy, viewing angle, local cloud density, and column
density. Each model realization is computed for a fixed luminos-
ity distance. This setup yields 23 dof. We simply determine the 1
sigma error of the reduced x? as x*/dof < x*. /dof +1/23. We
did not perform tests whether all these measurements are statis-
tically independent.

A more robust approach to error estimation would be to use
a bootstrap resampling method, which could account for even-
tual correlations. Unfortunately, our current implementation is
not optimized for such computationally intensive analysis, which
would require at least 100 realizations to obtain reliable error es-
timates. Code optimization is underway, as we view this method-
ology as promising for future studies.

Note that, in this analysis, we do not vary all the parame-
ters involved in Model C when calculating the spectral and time
delay fits, as described above. Therefore, the derived constraint
should be interpreted as an indication that the methodology is
working, with further progress expected to reduce the error.

The value is well within the error range of the expected val-
ues (Abdalla et al. 2022; Freedman et al. 2024). The measure-
ment error may decrease with improved modeling of the contin-
uum in this source. Additionally, combining measurements from
more sources will help further reduce the error. This value is
higher than the 47.54 km s™'Mpc™' obtained from the analytical
formula, which suggests that the proper methodology — avoid-
ing forced power-law solutions and the extra y parameter — is
essential.

To illustrate the necessity of combining delay and spectral
fitting, we also present the results obtained when only one type
of data, either delays or spectra is used independently.

In experiments where only the time delay is fitted, we vary
four parameters (7, riy, h, fprg), while the other three (7.,
Topdepth» Agrar) are fixed at the values determined by the spec-
tral best-fit, as these parameters have a negligible impact on the
time delay. This strategy is motivated by the fact that spectral
fitting is computationally efficient, whereas time delay fitting is
considerably more time-consuming. Moreover, when fitting the
SED, all parameters must be optimized simultaneously.

The x? values in the luminosity distance space for the SED-
only fit are shown in the upper panel of Figure 11. The key pa-
rameter that changes with Dy, is the accretion rate. The formal
minimum of y? occurs at D; = 58 Mpc, with the Eddington ratio
varying from ~ 0.008 at D; = 50 Mpc to ~ 0.034 at D; = 102
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Fig. 10. Upper panel: The sequence of best fits of both the spectrum
and the delay as a function of the luminosity distances, marginalized
for other model parameters. Bottom panel: The same plot as a function
of the resulting Hubble constant.

Mpc. Along with this change in the accretion rate, the corona
height increases from 16.5 r, to 53.0 r,. The covering factor
of the BLR, fp.x, remains roughly the same, ~ 0.30. The stel-
lar contribution also decreases by a factor of 4 as D, increases.
Despite these variations, the optical depth of the hot corona re-
mains roughly unchanged at 20, while the electron temperature
increases slightly with Dy, from 6.6 x 10° K to 8.0 x 10° K. The
reduced y? is of order of 1, suggesting that the adopted spectral
errors of 7% are realistic.

The x? values for the case when we fit only the delay data set
in the lag-spectrum, are shown in the lower panel of Figure 11.
The dependence of x> on Dy is relatively weak, exhibiting an
almost monotonic decrease in y? values with increasing lumi-
nosity distance. This sequence exhibits very different properties
compared to the spectral sequence. The Eddington ratio remains
constant at 0.03, independent of Dy, since there is no direct cou-
pling between the delay, the distance, and the source luminosity.
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Fig. 11. Upper panel: The sequence of best fits of the spectrum as a
function of the luminosity distances, marginalized for other model pa-
rameters. Bottom panel: The same plot for the time-delay fitting.

The lamp height is monotonically increasing with D, . Addition-
ally, the weak variation in the irradiation flux does not lead to a
substantial change in the model structure.

Therefore, the combined fitting of both the SED and the time
lag-spectrum is essential. Spectral fitting enforces a change in
the best-fit Eddington ratio with D;, which, in turn, affects the
delay fitting. A small Eddington ratio implies a smaller source
size and shorter time delays as expected from standard disk.

6. Discussion

The aim of this paper is two-fold: first, to test the FRADO model
for the formation of the BLR, and second, to attempt the estima-
tion of the Hubble constant from such a self-consistent model
by determining the redshift-independent distance to the source
NGC 5548. While this remains a pilot study, our results demon-
strate that the method holds significant potential.

The model itself involves very few parameters. Mgy has been
fixed, and we have not yet tested its dependence on the results.
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However, it is worth noting that Mgy can be considered indepen-
dent from cosmology since it is based on line kinematic width
and the measured time delay. The key parameters — Eddington
ratio, BLR contribution, and cold disk inner radius are fitted us-
ing the observed mean spectrum and the continuum time delays
measured in the continuum—RM campaign by Fausnaugh et al.
(2016). The best fit favors a redshift-independent distance of ~
74 Mpc to the source. This distance, when converted to the Hub-
ble constant, implies a value of Hy = 66.97)%° km s™' Mpc™".
Additionally, the model successfully reproduces the HB time de-
lay. One hidden parameter in the FRADO model is the dust subli-
mation temperature, T, Which we adopt as 1500 K. Variations
in this temperature would directly influence the favored distance,
roughly following the relationship r o (T/1500K)™4/3.

The multi-wavelength time delays in NGC 5548 have also
been modeled in other studies. The original work by Fausnaugh
et al. (2016), which provided the delay measurements, employed
only power-law parametric modeling. More recently, Kammoun
et al. (2023) fitted the NGC 5548 time delay using a new model
that incorporates relativistic effects, such as the X-ray reflec-
tion component and albedo, while also exploring the influence
of black hole spin and corona height. Their SED fitting yielded
a higher Eddington ratio (0.05) than our solution, along with a
higher Mgy, resulting in a significantly greater bolometric lumi-
nosity for the source compared to our model. However, we can-
not analyze this discrepancy in detail, as their best-fit SED was
not explicitly presented. While Kammoun et al. (2023) strongly
advocate for the inclusion of color correction, they do not ac-
count for the BLR contribution in their model. Notably, in both
of these studies, the distance to NGC 5548 was determined using
redshift measurements.

The recent study by Netzer et al. (2024) shares several key
elements with our work. However, their BLR model is not based
on a dynamical framework like ours, requiring additional arbi-
trary parameters to define the dynamics and geometry. At the
same time, their study addresses important factors, such as ob-
scuration, which are not considered in our analysis. Despite suc-
cessfully fitting both the spectra and time delays for their target,
Mrk 817, they did not attempt to interpret their results in terms
of a redshift-independent distance or derive an estimate for the
Hubble constant.

Constructing a complete model of the BLR remains a signif-
icant challenge, with progress being made along several fronts.
For instance, Long & Dexter (2025) analyzed the STORM data
for NGC 5548 and, by combining a few representative geome-
tries with table models that span a range of cloud ionization
properties, concluded that none of the simplest models ade-
quately reproduce the observed data. This highlights the limita-
tions of overly simplified assumptions. Additionally, parametric
approaches, such as those implemented in the BELMAG code
(Rosborough et al. 2024, 2025), exemplify the complexity and
richness required to capture the full diversity of BLR structures.

Our approach does not yet incorporate a detailed treatment
of the ionization levels of individual clouds, as our objective is
more modest and thus we do not aim to reproduce all features of
the available data for the NGC 5548 source. Instead, we begin by
establishing the dynamics based on the FRADO model, which
alone enables us to roughly reproduce key observables such as
the HB time delay, the transfer function, and the mean spectrum
(apart from intensities of all lines), as well as the overall time-
delay spectrum.

The geometry adopted in our model naturally leads to
double-peaked emission lines. This is consistent with the ob-
served double-peaked structure of the HS line, particularly in the
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rms profile (e.g. Lu et al. 2016; Shapovalova et al. 2009; Long
& Dexter 2025). Moreover, other emission lines also exhibit
double-peaked profiles (Horne et al. 2021), and the velocity-
resolved time delays further support this structure (Long & Dex-
ter 2025). Our model recovered transfer function similarly dis-
plays a double-peaked profile, consistent with an axially sym-
metric geometry dominated by Keplerian motion. In contrast,
Horne et al. (2021) obtained an almost single-peaked transfer
function for HB, which may indicate the presence of cloud emis-
sion anisotropy, an effect already considered by Ferland et al.
(1979), as well as possible selective shielding of parts of the BLR
by outflowing material located within the region.

There remains considerable room for advancement in the
coming years, particularly in refining the physical details of BLR
modeling. Furthermore, the potential application of continuum
time-delay measurements to cosmology provides an additional
strong motivation for continued progress in this area.

Taken together, these comparisons highlight the unique
strengths of our approach. Unlike previous studies that either re-
lied on power-law fitting, incorporated relativistic effects with-
out addressing the BLR contribution, or did not pursue an inde-
pendent distance determination, our method integrates spectral
fitting and time delay modeling within a self-consistent frame-
work. By leveraging the FRADO model, we obtain a redshift-
independent distance to NGC 5548. While further refinements—
such as improved continuum modeling and broader sample
studies—are needed to reduce uncertainties, our results demon-
strate the potential of this methodology in offering an alternative
approach to cosmic distance measurements.

6.1. Covering factor

Although we refer to our disk-plus-BLR model as self-
consistent, not all of its components are fully self-consistent yet.
In principle, for a given Mpy and Eddington ratio, the BLR cov-
ering factor should be determined by the model. Some tests of
the predicted covering factor have been performed for relatively
high Eddington ratios (Naddaf et al. 2023; Naddaf & Czerny
2024). However, at lower Eddington ratios, the clouds are lo-
cated too close to the disk, leading to inconsistencies.

The aspect ratio of the cloud distribution, as shown in Fig-
ure 1, implies a covering factor of approximately 5%, whereas
the value favored by time delay and spectral fitting is 36%. While
the BLR location is well represented, the vertical motion of the
clouds appears insufficient when considering only radiation pres-
sure from dust. This suggests that line driving likely plays a role,
but it is not yet included in the FRADO model.

Incorporating line driving, such as by combining FRADO
with the QWIND model of Risaliti & Elvis (2010), is highly
complex. The improved version of the QWIND software (Quera-
Bofarull et al. 2023) is publicly available, providing a strong
foundation for future work. However, it still lacks dust physics,
which is crucial for determining the radial structure of the BLR
at low luminosities. Future developments integrating these el-
ements will be essential for achieving a fully self-consistent
model.

6.2. Relativistic effects and X-ray albedo

Currently our model does not account for the effects of GR,
which are critically important for phenomena within the inner
10 r,. In these inner regions, spacetime curvature significantly
influences both the propagation of photons from the lamppost
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(a point-like X-ray source) to the accretion disk and their sub-
sequent travel from the disk to the observer. Additionally, the
energy dissipation profile in the cold disk depends on the black
hole spin (see e.g., Novikov & Thorne 1973).

However, the lamppost geometry itself is a considerable sim-
plification, and in the case of NGC 5548, the cold accretion disk
does not extend all the way to the ISCO. As a result, the repro-
cessing primarily occurs at larger radii, where GR effects are less
dominant.

Another important consideration is the disk albedo, which
is a complex function of the density in the disk atmosphere
and the ionization parameter, both of which are likely to vary
with radius. This issue is best addressed in systems that exhibit
broad, relativistically smeared X-ray Fe Ko lines, where model
assumptions can be more directly tested (e.g., Ballantyne et al.
2001; Dov¢iak et al. 2004; Garcia et al. 2013). Even models
of reprocessing by the warm corona were studied recently by
Petrucci et al. (2020).

For the case of continuum time delays, GR eftects have been
specifically studied for NGC 5548 by Kammoun et al. (2024b).
However, these models do not include contributions from the
BLR and fail to reproduce features such as the Balmer and
Paschen edges in the time-delay spectrum.

In the future, it may become possible to integrate these var-
ious components into a single model. However, full GR-based
computations are computationally expensive and require the in-
clusion of additional free functions (radial profile of the ion-
ization parameter, disk geometrical height, hard X-ray source
geometry) to model the reprocessing accurately. Overall, as
demonstrated by Kammoun et al. (2021a), the disk response is
indeed sensitive to both relativistic effects and albedo. Nonethe-
less, those models do not incorporate an inner warm corona and
therefore cannot be used for direct comparison in our case.

6.3. Dust sublimation temperature

In this work, we adopt a universal dust sublimation temperature
of 1500 K, which plays a crucial role in the FRADO model as it
sets the onset of BLR cloud launching. This choice directly influ-
ences the analytical expression for the Hubble constant derived
in equation 11. Given the temperature profile in the standard ac-
cretion disk that underlies this formula, our inferred values for
the Hubble constant scale approximately as:

Tsuh )4/3
1500K

However, the dust sublimation temperature is not firmly es-
tablished. While Barvainis (1987) originally recommended 1500
K as arepresentative value, more recent papers recommend 1500
K for standard mixture of silicate/graphite dust (e.g. Mor & Net-
zer 2012), but for pure graphite, higher values such as 1800 K
are proposed (e.g., Mor & Netzer 2012). A broader, density-
dependent range was presented by Baskin & Laor (2018), whose
Figure 1 shows that at densities around 10'"'ecm™3, sublimation
temperatures for silicate and graphite grains could reach 1600 K
and 2000 K, respectively.

Nonetheless, graphite is unlikely to be present in the nuclear
parts of AGN, as the 2175 A feature is generally not seen in
absorption (Laor & Draine 1993; Gaskell et al. 2004), which
rather suggests the presence of amorphous carbon grains (e.g.
Czerny et al. 2004). However, there are no reliable estimates for
the sublimation temperature of amorphous carbon in AGN envi-
ronments. Stellar measurements from AGB stars give a temper-

H()OC(

13)

ature of 1170 + 60 K, very close to the sublimation temperature
of silicate in these surroundings.

An alternative constraint was proposed by Vazquez et al.
(2015), who argued for dust temperatures as high as 1800 K
based on dust time-delay measurements rather than direct spec-
tral analysis. However, their interpretation may be affected by an
incomplete subtraction of the accretion disk contribution to the
observed dust-delays (Mandal et al. 2024).

Given these uncertainties, we adopt 1500 K as a conserva-
tive and widely used value, but we acknowledge a plausible er-
ror margin of +100 K. Based on the scaling relation above, this
translates into a ~ 9% uncertainty in the inferred Hubble con-
stant, representing an important systematic contribution to our
results.

The presence of dust, particularly of dust with atypical prop-
erties, may additionally imply problems with establishing the in-
trinsic SED. For example, Gaskell et al. (2023) argue that, based
on their extinction curve, the UV flux of NGC 5548 may be un-
derestimated by a factor of seven. Tests of such issues can be
performed in the future.

6.4. Other fixed parameters as sources of systematic errors

It would be computationally very time consuming to move the
other fixed parameters to the parameters fitted to the data, and to
study the degeneracy between all these parameters. However, we
can easily discuss their expected importance looking at the an-
alytical formula for the Hubble constant of Collier et al. (1999)
(see equation 11). Those extra fixed parameters are: Mpy, incli-
nation angle, gas density, and column density. The black hole
mass does not enter into equation 11. The monochromatic flux
f, is not sensitive on Mgy as long as the optical spectrum does
not show strong departure from a power law (Shakura & Sun-
yaev 1973). This happens only in the far UV. The presence of
the warm corona complicates the reasoning. Also the shape of
the structure function shows some dependence on Mpy (see e.g.
Naddaf et al. 2025, for most recent study), and not just on lo-
cal monochromatic flux which is actually fitted. The onset of the
BLR does not depend on Mpy, as it is set by the dust sublimation
temperature, but the vertical velocities increase with Mpy. Over-
all, it should not lead to significant effect. The viewing angle is
important, as it is present in equation 11. For the viewing angle
of 30 degrees, the Hubble constant would be lower by 6 %, and
for 50 degrees it would be higher by 8 %. Therefore, this effect
is important for any specific source. On the other hand, if the
method is later applied to a large sample of objects at different
redshifts, the viewing angle effects will average out, as there is
no strong evidence for a redshift-dependent trend in the viewing
angle or the dusty torus opening angle (e.g. Prince et al. 2022;
Ratowski et al. 2024). However, assessing the influence of the
local density and column density of the BLR clouds is consider-
ably more challenging, as both parameters impact the ionization
state and the effective optical depth of the region. These quanti-
ties can be effectively constrained by analyzing the shape of the
delay enhancement near the Balmer and Paschen edges. More-
over, any reduction in effective optical depth can be compensated
for by adjusting the covering factor, which is treated as a free pa-
rameter in the model. We certainly plan to refine and improve the
model in future work.

Article number, page 17 of 21



Chapter V. Paper-2

109

A&A proofs: manuscript no. main_rev3_no_color

6.5. FRADO vs LOC models as a method to reproduce the
BLR transfer function

FRADO is a dynamical model which aims to reproduce the
physical origin of the clouds, their location and their velocities.
The model is not yet fully matured, but there are clear prospects
for the model further development. For the dynamics, the addi-
tion of the line driving, mentioned above, should be included as
its importance is increasing with the height of the clouds. Next,
the emissivity of each clouds should be calculated individually,
according to its location. Finally, there are two even more com-
plex problems. One is a good realistic description of the shield-
ing of clouds by themselves, important at low heights from the
disk. The second one is determination of the density distribution
of material based on thermal instability of the medium, as de-
scribed already by Krolik et al. (1981). The wind is launched as
a continuous medium, with clouds forming out of this wind in
short thermal timescale.

Locally Optimally Emitting Cloud (LOC) models, on the
other hand, by their concept (power law distribution of clouds
in radius and in density, with the limiting densities and limiting
radii, and power law slopes as parameters) are better suited for
accurately reproducing the line ratios observed in AGN spectra.
The additional parameters are still required if the distribution is
flat, concentrated around the accretion disk, instead of a spheri-
cal distribution as in the original model of Baldwin et al. (1995).
This model is mature, but its parameters must be controlled by
the data. However, to derive the BLR response, additional as-
sumptions are required. Lawther et al. (2018) combined a spher-
ically symmetric approach with the continuity equation to con-
strain the radial distribution of clouds, and were thereby able to
predict the expected time delays for all emission lines. Addition-
ally, using LOC model, Korista & Goad (2019) pioneered the
study of the disk continuum contamination by BLR continuum.
However, it remains to be seen whether LOC models can be ap-
plied in the same way as FRADO to simultaneously fit both the
spectra and time delays, and thereby enable determination of the
Hubble constant. This has not been achieved so far.

6.6. Other distance measurements to the source

The heliocentric redshift of NGC 5548 (z = 0.017175 = 2.30 x
1075; de Vaucouleurs et al. 1991) corresponds to a distance
of 79.05 + 5.54 Mpc. It is different when the motion of the
source is measured relative to the Cosmic Microwave Back-
ground (CMB)?. The proper motion of the source is thus not
negligible, as indicated by the difference between its heliocen-
tric and CMB-based velocities reported by NED (5149 + 7 km
s71 vs. 5359 + 16 km s7!).

In addition to redshift-based estimates, several independent
distance measurements exist for this source. Two estimates rely
on the Tully-Fisher method: an older measurement of 103 Mpc
(Bottinelli et al. 1984) and a more recent one that closely aligns
with the redshift-based value (82.2 + 16.4 Mpc; Robinson et al.
2021). Meanwhile, the AGN continuum time lag method yielded
a significantly higher distance of 341 + 62 Mpc (Cackett et al.
2007). In contrast, dust reverberation mapping provided a dis-
tance of 92.5 + 1.5 Mpc (Yoshii et al. 2014), which, despite its
small uncertainty, is not consistent with the redshift-based value.

Applying a velocity correction from the heliocentric frame to
the CMB frame shifts the redshift from 0.017175 to 0.017876.
This adjustment would, in turn, modify our estimated value of

2 https://ned.ipac.caltech.edu/
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the Hubble constant to 69.63"2'0 km s~! Mpc~!. However, given
the relatively large uncertainties involved, achieving a highly
precise correction for the proper motion is not crucial in this con-
text.

6.7. The Hubble tension

The recent measurements of the Hubble constant generally high-
light a persistent tension between early- and late-Universe deter-
minations (see Abdalla et al. 2022, for a review). A key issue
in this debate is the determination of measurement uncertain-
ties. For example, studies by Riess et al. (2016) and Planck Col-
laboration et al. (2016) suggest a significant discrepancy, while
the baryon acoustic oscillation (BAO) measurements by Wang
et al. (2017) are consistent with both within their reported er-
rors. However, the overall tension remains unresolved, as indi-
cated by the most recent results from Riess et al. (2024), Uddin
et al. (2024), and Planck Collaboration et al. (2020).

In response to this discrepancy, several independent methods
have been proposed to confirm or address the tension (e.g., see
de Jaeger et al. 2022; Wong et al. 2024; Trefoloni et al. 2024;
Liu et al. 2024; Bargiacchi et al. 2025, for some of the latest ex-
amples). Notably, some local measurements yield lower values
of Hy (e.g., Grillo et al. 2024). The latest findings from the clus-
tering of galaxies, quasars, and Lyman-a forest tracers, based
on the first year of observations from the Dark Energy Spectro-
scopic Instrument (DESI Data Release 1; DESI Collaboration
et al. 2024), support a lower Hubble constant of 68.40 +0.27 km
s™! Mpc~! for a flat ACDM model, with remarkably small un-
certainty. Their results, incorporating constraints from Big Bang
nucleosynthesis and acoustic angular scale measurements from
the CMB, suggest Hy = 68.52 + 0.62 km s~' Mpc~!, while
a joint analysis of CMB anisotropies and CMB lensing from
Planck+ACT vyields Hy = 67.97 + 0.38 km s~! Mpc~!. Most
recent measurements from the Dark Energy Survey (DES) ex-
periment yields an Hy value of 67.81*22¢ km s™! Mpc™' (DES
Collaboration et al. 2025).

Although our method lacks the precision needed to deci-
sively address this tension, it represents a significant improve-
ment over the results obtained by Cackett et al. (2007) for this
object. This progress is both substantial and encouraging.

Interestingly, distance-ladder-based measurements tend to
yield higher values of Hy compared to single-step methods, with
Perivolaropoulos (2024) reporting an average of Hy = 69.0+0.48
km s~' Mpc™!. Our target source, at a redshift of z = 0.017175,
lies near the boundary of z ~ 0.01, where some studies suggest
a possible transition in cosmological behavior (e.g., Gavas et al.
2025; Verde et al. 2024). However, given the current uncertain-
ties in our results, we cannot yet distinguish between competing
interpretations. Future efforts should focus on reducing measure-
ment errors and extending the analysis to AGN at both lower and
higher redshifts to further explore this issue.

6.8. Prospects for continuum reverberation from LSST

The standard six-color photometry provided by the Legacy Sur-
vey of Space and Time (LSST), soon to be available from the
Vera Rubin Observatory, may not achieve the same level of pre-
cision in time delay measurements as combined SWIFT/ground-
based monitoring. However, there remain promising opportuni-
ties for detecting continuum time delays, particularly for AGNs
with larger black hole masses with high luminosities (Pozo
Nuiiez et al. 2023, 2024; Panda et al. 2024).
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For the most massive quasars, however, the contribution of
the BLR to the observed time delay may be less significant. This
is suggested by results for PG2308 + 098, a quasar with Mgy of
10%6£91 M, as reported by Kokubo (2018). To better understand
this effect, we can also investigate a potential scaling relation be-
tween BLR continuum contamination and emission line intensi-
ties, which may provide further insight into the role of the BLR
in time delay measurements.

7. Conclusions

Our pilot study aims to test the FRADO model for the BLR
structure and estimate the Hubble constant based on the mean
spectrum data and continuum time delay measurements for NGC
5548. The study has been highly successful, yielding several key
outcomes:

— The time delay of the Hp line is approximately recovered,
even though our model does not allow for direct adjustments
of the inner and outer radii of BLR. Instead, these parame-
ters emerge naturally from computations of radiation pres-
sure acting on dust and the dust sublimation temperature.

— By using the redshift-based distance of NGC 5548 and its
known luminosity, we successfully model the overall spec-
trum, incorporating contributions from both the accretion
disk and the BLR. Additionally, we accurately reproduce the
time-delay pattern, emphasizing the crucial role played by
the Balmer and Paschen edges.

— Relaxing the assumption of a known redshift-based lumi-
nosity, we model the spectrum and time-delay data across
a range of Eddington ratios. For each value, we optimize the
source distance, ultimately identifying a best-fit Eddington
ratio and corresponding distance, which in turn provide an
estimate of the Hubble constant.

— Although the uncertainty in the Hubble constant remains rel-
atively large (66.97)%% km s™' Mpc™"), our method demon-
strates potential for refinement. Further improvements, both
for this source and for similar determinations using other
AGNs with dense monitoring could lead to significantly
more precise measurements.

Our results validate the viability of using AGN continuum
time delays and spectral modeling as an independent method for
measuring cosmic distances and estimating the Hubble constant.
While the current uncertainty is still substantial, the methodol-
ogy holds promise for future applications. Expanding the sample
to include additional AGNs with well-sampled continuum-RM
data will be crucial for reducing uncertainties and improving the
accuracy of this approach.
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Appendix A: H, based on observationally
determined response function

We employ an alternative method to validate the results obtained
from the FRADO model. In rare cases, NGC 5548 being one
notable example, the transfer function for HB was directly deter-
mined from the data using densely sampled spectroscopic RM.
For this purpose, we use the results presented by Horne et al.
(2021). These observations were conducted in 2014, roughly
during the same period with the photometric time-delay mea-
surements. The study provides response functions for various
emission lines, but we focus on those corresponding to the HB
line, as they are most representative of the regions in the BLR
where the Balmer and Paschen continua originate and play a
dominant role in shaping the observed time delays. Specifically,
we consider two versions of the HB response functions presented
by Horne et al. (2021): one that encompasses the full HB line
and another centered narrowly around 4863 A. A comparison
between our model-derived BLR response function and the two
response functions from Horne et al. (2021) is shown in the up-
per panel of Figure A.1.

Both observed response functions lack a double-peak struc-
ture, which, however, is present in the case of the CIV line (see
Figure 4 of Horne et al. 2021). More importantly, these response
functions exhibit a significantly longer tail, with this extended
tail being notably stronger in the full-HS response profile than in
the narrower 4863 A case. This long tail is also clearly visible
in the 4830 A bin shown in Figure 9 of Horne et al. (2021), sug-
gesting that the extended delay may arise from contamination by
Fe II emission. On average, the optical and UV Fe II delays tend
to be longer than those of typical low-ionization lines such as
Mg II and HB (Zajacek et al. 2024).

Having an observationally derived transfer function signifi-
cantly reduces our dependence on the FRADO model summa-
rized in Section 3.3. However, we still require CLOUDY compu-
tations to determine the wavelength-dependent efficiency of re-
emission by the BLR, as well as a disk/corona model.

Therefore, we perform fitting of both the mean spectrum and
the wavelength-dependent time delay as before, for a set of val-
ues of the luminosity distance. For each luminosity distance Dy,
the model parameters are refitted accordingly.

In the case of the entire HB transfer function, we are unable
to tightly constrain the luminosity distance (blue data points in
the bottom panel of A.1); the monotonic trend continues up to 98
Mpc, with marginal rise at 102 Mpc. We did not perform compu-
tations beyond this distance. However, for the transfer function
centered around 4863 A , a broad minimum is observed from 82
Mpc till 94 Mpc (red data points), which is shifted compared to
the 74 Mpc value obtained using the theoretical FRADO model
for the transfer function (black data points). Interestingly, the
overall fit is the best for the FRADO model. The resulting con-
straint on the Hubble constant Hy from the 4863 A bin is 60.3*29

km s~! Mpc~!, generally lower than the FRADO-derived range
but only marginally outside the 1 sigma error value due to rel-
atively large uncertainty, further supporting the applicability of
the FRADO model in such analyses.
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Fig. A.1. Upper panel: the response function from the FRADO model
(black), total HB response (blue) presented in Figure 4 of Horne et al.
(2021), and the response at 4863 A (red) shown in Figure 9 of the same
paper. Lower panel: The x? values as a function of luminosity distance
for the three response functions are shown in their respective colors.
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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 different 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 configura-
tion produces delay curves very similar to a single lamppost, with differences up
to 20% for specific 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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ABSTRACT

Context. The illumination of the accretion disks is frequently studied assuming that the incident X-ray flux is a point-like source. The
approach is referred as lamppost model.

Aims. The most recent computations of the X-ray reprocessing by the disk take into account the departure from the simple lamppost
models. However, in computations of the incident flux thermalization and subsequent re-emission in the optical-UV band the lamppost
approximation is most frequently assumed. We test if the UV-optical reverberation mapping and time delay measurements are sensitive
to this assumption.

Methods. We assume that the incident radiation originates from a region extended along the symmetry axis. To model this, we adopt
a simple setup by representing the emission as two lamps irradiating the disk simultaneously from two different heights. We then
compare the resulting predictions with those obtained for a single lamppost located at an intermediate height.

Results. We show at the basis of the transfer function that the deviation of the wavelength-dependent delay curve shows at most a
difference of 20 % in comparison to a single lamppost, assuming the black hole mass of 10® Mo, Eddington ratio 1, and the location
of the lamps at 5 and 100 rg. The maximum deviation happens for the lamp luminosity ratio ~ 3. When simulating light curves for
a two-lamp setup and a standard lamppost with the same black hole mass and a sampling rate of 0.1 days, we find no measurable
differences in the ICCF profiles between the two setups. Larger black hole mass and considerably lower Eddington ratio would allow
to see larger differences between a single lamppost and a two-lampost model.

Conclusions. UV/optical reverberation mapping is not very sensitive to the vertical extension of the corona. To detect such extension
we would need small errors in the time delay (below 20 % in optimized setup, and much less otherwise), and the sampling of the
lightcurves must be very dense. The effective position of the lamp is given by the luminosity-weighted position of the emitting

components.

Key words. giant planet formation — k-mechanism — stability of gas spheres

1. Introduction

Active Galactic Nuclei (AGN) are highly variable systems pow-
ered by accretion onto supermassive black holes. Most of the
energy is released in the innermost regions of the accretion flow,
deep within the gravitational potential well of the central black
hole. This complex and dynamic region undergoes rapid varia-
tions (see, e.g., Krolik 1999). The UV and X-ray emission gener-
ated in these inner regions irradiates the more distant parts of the
accretion flow, which, in efficiently accreting systems, typically
takes the form of a geometrically thin, optically thick accretion
disk.

The production of the X-ray continuum involves seed pho-
tons from the accretion disk being Comptonized by high-energy
electrons in the corona. This interaction up-scatters the photons
to higher energies, resulting in an X-ray spectrum. A portion of
these X-ray photons interacts with the accretion disk, illuminat-
ing it, while the rest travel unimpeded directly to the observer.
The phenomenon of X-ray irradiation of the accretion disk has
been extensively studied in AGN over the years (e.g., Nandra
et al. 1989; Pounds et al. 1990; George & Fabian 1991). This ir-
radiation leads to the formation of characteristic X-ray features,
such as the iron Ke line and the Compton hump. These features
originate in the accretion disk close to the black hole, where rel-
ativistic effects become significant (Iwasawa et al. 1996; Fabian
et al. 2000; Dovciak et al. 2004).

The first measurement of a delay in reprocessed X-rays,
known as a reverberation lag, was made in the source Ark
564 using XMM-Newton observations, as reported by McHardy
et al. (2007). Subsequently, Fabian et al. (2009) measured the
lag between the soft X-ray energy band (0.3—1 keV) and the hard
band (1-4 keV) in the AGN 1H 0707-495. Since then, numerous
reverberation lags have been detected in AGN (Emmanoulopou-
los etal. 2011; Kara et al. 2013; Zoghbi et al. 2013; Cackett et al.
2013, 2014; Kara et al. 2016a,b; Ursini et al. 2020a). For a de-
tailed review, see De Marco & Ponti (2019), and for a broader
discussion of light echo studies, refer to Cackett et al. (2021).

More distant regions of the accretion disk are also illumi-
nated by X-rays and UV radiation. In these regions, most of the
radiation is absorbed, temporarily increasing the local disk tem-
perature. This process results in observable time delays between
subsequent optical bands due to the light travel time effect. Early
studies of the optical/UV continuum focused on measuring inter-
band time delays (e.g., Collier et al. 1998, 1999; Oknyanskij
et al. 2003; Sergeev et al. 2005; Cackett et al. 2007; Poindex-
ter et al. 2008; Fausnaugh et al. 2016; Montano et al. 2022).
More recently, reverberation mapping campaigns utilizing HST,
SWIFT, and ground-based telescopes have extended the spectral
coverage to include the X-ray and far-UV regions alongside opti-
cal bands (McHardy et al. 2014, 2018; Cackett et al. 2018, 2020;
Vincentelli et al. 2021; Cackett et al. 2023; Edelson et al. 2024,
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Liu et al. 2024). This multi-band, broad-wavelength photometric
approach provides a powerful tool for independently probing the
geometry of the hot corona and the inner accretion flow.
Despite extensive observations and studies, the exact geom-
etry of the corona remains poorly understood. Historically, three
primary models have been proposed to describe the hot corona:

— Flat Disk Atmosphere Model: This model describes the
corona as a hot, thin atmosphere that lies above the flat, geo-
metrically thin accretion disk. Soft UV photons emitted ver-
tically from the disk interact with the corona’s relativistic
electrons, where they are upscattered via inverse Compton
scattering, producing the observed hard X-rays. (Haardt &
Maraschi 1993; Haardt et al. 1994; Galeev et al. 1979).

— Hot, Thick Accretion Flow Model: Here, the corona is envi-
sioned as a hot, optically thin accretion flow surrounding the
black hole (Ichimaru 1977; Narayan & Yi 1994; Esin et al.
1997).

— Lamppost Model: This model posits that the corona is a com-
pact source located along the black hole’s spin axis, often
approximated as a point source at a height / above the disk
(Matt et al. 1991; Rokaki et al. 1993; Beloborodov 1999).
It may also be associated with the base of a relativistic jet
(Henri & Pelletier 1991; Markoff et al. 2005).

Advances in spectral modeling have shown that the first sce-
nario cannot produce the observed hard X-ray spectral slopes,
and the relative importance of the second and third models ap-
pears to correlate with the source’s Eddington ratio (see, e.g.,
Rozanska et al. 2015; Giustini & Proga 2019; Ballantyne et al.
2024; Palit et al. 2024). Recent theoretical work, such as the
broad-band spectral energy distribution (SED) models by Kub-
ota & Done (2018), integrates contributions from the hot corona,
a warm corona, and an outer cold disk. These models address
the energy budget but do not resolve the geometric details of the
corona.

In this study, we focus on sources radiating above a few per-
cent of the Eddington luminosity, where the inner hot flow is
unlikely to dominate. For such sources, the lamppost geometry
provides a plausible approximation. While the Comptonization
process requires the corona to have an extended structure to ef-
fectively intercept disk photons, the lamppost model remains a
reasonable simplification if radial extent of corona is small com-
pared to its height. Nevertheless, this approximation needs to be
rigorously tested against observational data.

In recent years, researchers have increasingly explored the
possibility of an extended hot corona using observational data.
Several X-ray reprocessing studies have incorporated the ef-
fects of an extended, contracting, or moving corona (Wilkins &
Fabian 2012; Wilkins et al. 2016; Kara et al. 2019; Chainakun
2019; You et al. 2021). Szanecki et al. (2020) introduced a new
extended lamppost model that considers the spatial extent and
rotational motion of the X-ray source, applying it to the AGN 1H
0707—-495. However, their study did not yield definitive evidence
for the size of the corona. Building on this, Hancock et al. (2023)
developed a two-corona model for the sources 1H 0707-495
and IRAS 13224-3809, suggesting that the corona could ex-
tend up to approximately 20 r, for IRAS 13224-3809, where rg
refers gravitational radius.. Similarly, Lucchini et al. (2023) in-
vestigated the same source and demonstrated that the two-corona
model can successfully reproduce its spectral and timing prop-
erties. Additionally, Ursini et al. (2020b) proposed a complex
structure to explain both the hard and soft X-ray emission in the
AGN HE 1143-1810. Their model incorporates two components:
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a hot, hard X-ray-emitting corona and a warm corona, consistent
with the multi-component framework discussed earlier.

These findings underscore the growing interest in refining
corona models to better understand their spatial and physical
properties. The issue of the corona height also plays a crucial
role in modeling the variable X-ray radiation incident on and
absorbed by the outer regions of the accretion disk. This irra-
diation drives UV and optical variability, which serves as a key
tool for probing the structure of the cold outer accretion disk and
the broad line region (BLR). Such as, the reverberation mapping
technique, has been extensively utilized in numerous studies, pri-
marily to measure black hole masses by establishing the radius-
luminosity relationship for strong emission lines (Peterson 1988,
1993; Peterson et al. 2004; Bentz et al. 2013; Zajacek et al. 2021;
Shen et al. 2024).

While the height of the corona is not a significant factor for
BLR mapping, it has emerged as a critical parameter in recent
accretion disk reverberation mapping models (Kammoun et al.
2021a, 2023). Representative values for the corona height have
been derived through data fitting in these studies (Kammoun
et al. 2021b), highlighting its importance in understanding disk
irradiation and variability.

One of the most intriguing findings from these two lines of
research is the apparent discrepancy in the inferred heights of
the corona across X-ray and optical/UV delay studies. In X-ray
studies, the corona height is typically small, varying from 5 r,
to 39 r,. In contrast, optical/UV studies suggest a significantly
larger height, varying from 22 r, to 74 r,

This disparity raises important questions about the nature of
the X-ray source. It is unclear whether the position of the X-
ray source genuinely varies between the studied objects or if
the corona is vertically extended, causing the inner and outer
regions of the disk to respond to irradiation from different parts
of this structure. Further investigation is essential to reconcile
these findings and to understand the complex interplay between
the corona’s geometry and the multiwavelength variability it in-
duces.

This paper aims to explore the potential impact of a ver-
tically extended corona on UV/optical reverberation mapping.
To model this scenario, we approximate the corona as two dis-
tinct lamppost-like sources positioned along the symmetry axis,
rather than a single point source. Using this setup, we simulate
the irradiation of the accretion disk to investigate how the ex-
tended corona influences the observed variability. Our objective
is to assess whether optical/UV data can effectively differenti-
ate between a single lamppost corona and a vertically extended
corona, providing new insights into the geometry of the X-ray
emitting region.

2. Method

We simulate the reprocessing of the coronal emission extended
along the symmetry axis in a very simple way. We assume that
instead of a single point-like source located at the symmetry axis
we have two point-like sources located at a different heights, £,
and /,. The average bolometric luminosities of the two compo-
nents are assumed to be L;, and L,, and in general they can be
different. The setup is illustrated in Figure 1.

In addition, we illustrate the stationary incident flux as a
function of the radius in the case of two coronas of the same
luminosity, and compare it with the disk flux from dissipation.
At large distances all fluxes are proportional to =3 but at small
radii the distributions are quite different. As shown in middle and
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Fig. 1. A schematic representation of the geometry is shown in the up-
per panel, along with an example of the stationary incident flux for this
geometrical setup presented in linear scale (middle panel) and logarith-
mic scale (lower panel). The corona heights are 5 r, (black line) and
100 r, (red line), each contributing approximately 30% of the total disk
luminosity. The disk flux is represented in magenta.
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bottom panel of Figure 1, in the case of small height the irradi-
ation dominates close to ISCO, and before the peak of the disk
emission drops below and remains proportional to the disk flux.
For larger height the incident flux is flat at to the radius of the
order of the lamp height, well below the disk emission, and then
starts to dominate by a small factor, decreasing with the radius
in proportion to the disk flux.

2.1. reprocessing of the radiation by the accretion disk

We use a simple accretion disk model of Shakura & Sunyaev
(1973) for this purpose, and geometrical optics for light propa-
gation. It is a reasonable approximation for sources with Edding-
ton rate above a few percent. In such sources the cold optically

thick geometrically thin disk extends down to innermost stable
circular orbit (ISCO). In Shakura-Sunyaev model ISCO is lo-
cated at 6 ry (where r, = GMgy/c?), and Mgy is the black hole
mass, while G and c are gravitational constant and the light ve-
locity). We neglect all general relativity effects, which is a good
approximation for a non-rotating black hole. We concentrate on
the relative effects of having two instead of one lampost sources,
and our simplified treatment shows the direction of the change.

The disk is divided into zones as in Jaiswal et al. (2023). In
order to calculate the effect of incident radiation, in the first step
we set a quasi-logarithmic radial grid that covers the accretion
disk between R;, and R,,, with a variable density to ensure
proper resolution at the inner parts. Specifically, we define the
radial bin size using the formula: dR = 0.085 * (ﬁ)o‘“. For
each value of "R," we also increase the grid step in the angular
(¢) direction by d¢ = ')31?0, where Ny;, = 1000. Once we have
a given "R" and ¢ value, we calculate the (x,y) Cartesian coordi-
nate in the disk plane and the surface element, ds = R+*dR*d¢ in
a unit of Rg?. We neglect the disk’s height and assume z = 0. For
a given (X,y) coordinate, we calculate the total delay 7;yq(x, ),
which is the sum of the time 7,(r) taken by a photon to reach a
given disk location from the bottom corona located at height £,
along the symmetry axis to the accretion disk and the time taken
to reach the observer after reprocessing by the disk, 74,(x,y).
We define this time delay with respect to the plane crossing the
equatorial plane at R,,,, ¢ = 0, and perpendicular to the direction
towards the observer. This delay thus depends on the inclination
angle i, the corona height, the position on the accretion disk, and
the black hole mass. Similarly, we calculate the delay for the top
corona located at ;.

The disk temperature is calculated from the sum of the flux
generated by the disk (parametrized by Mgy and accretion rate,
M, or, equivalently, the Eddington rate) and the incident flux.
We assume black body local radiation, not applying any color-
corrections.

We are assuming that the incident radiation is perfectly ther-
mally absorbed. Whenever an X-ray photon strikes the disk, all
the radiation it carries is absorbed by the disk, causing a local in-
crease in the disk temperature. Therefore, in our model, we have
ignored any energy-dependent reflection, as discussed in Kam-
moun et al. (2019) and Kammoun et al. (2021a), and have instead
considered that all the incident radiation is absorbed by the disk
and then reprocessed, i.e. considering perfect thermalization of
incident X-ray flux.

2.2. Transfer function

The computation of the transfer function involves using a short
impulse of light and determining the corresponding reprocessed
flux as a function of time. The exact width of the pulse is not crit-
ical; a typical value is 0.05 days. For a black hole mass of 108 M,
often adopted as a reference, this pulse duration corresponds to
a light travel time of 1.76r,, which is well within the 10r, limit
recommended by Kammoun et al. (2021a). To calculate the re-
sponse function for two lamps, a pulse is sent from each corona
for a duration of 0.05 days. At any given radius (r) and angle
(¢), there are two possible scenarios: the pulses either overlap
or they do not. If the pulses do not overlap, we calculate the to-
tal flux separately, as the two pulses will arrive independently.
However, when the pulses do overlap, we first calculate the flux
from corona 1, then we compute the combined flux from both
coronas, and finally, we calculate the flux from corona-2. This
method allows us to generate the response function.
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Fig. 2. The diagram illustrates the light curves from Corona-1 (red) and
Corona-2 (blue) at a specific location on the disk. Here, #,,, represents
the pulse width of the light curves, 74 denotes the temporal shift between
the two for a given (r, ¢), which varies based on the disk location, and
t¢ is the result of subtracting the shift (z,) from the pulse width (z,,,).

2.3. Creation of corona and reprocessed lightcurves

The use of the response function requires that the variability be
of small amplitude, ensuring that a single response function can
describe all the disk luminosity states. In numerical method we
do not require that the variable irradiating flux creates only a
small amplitude variations. We generate the variable flux in some
timestep bins, and we calculated the reprocessing of the incident
radiation in each disk element and time bin independently. This
is a much more time-consuming method but it reflects well the
reality, including all the sampling issues.

We start with creating a single long equal-step lightcurve
representing the corona using the Timmer & Koenig (1995) algo-
rithm which is parameterized by three slopes and two frequency
breaks. Such description is more general than damped random
walk model applied to AGN by Kelly et al. (2009) which is
equivalent to the fixed slopes, 0 and -2, and a single break. The
random curve is additionally parameterized by the total variance
which sets the fractional amplitude of the variability. The corona
light curve is produced by multiplying the fixed luminosity with
the dimensionless random number series, and the resulting se-
ries is utilized as the irradiation source for the accretion disk. In
the next step we apply the observationally motivated sampling of
the dense lightcurve. In this paper we assumed 0.1 day sampling,
and the duration of the lightcurve 200 days.

In the case of two coronal sources we usually use the same
dense curve, without any intrinsic delay between the coronal
points. Next we calculate the reprocessing of the incident radia-
tion at every timestep. As illustrated in Figure 2, the accretion
disk receives radiation at any radius r and azimuthal angle ¢
from two distinct radiation sources, referred to as coronal and
corona2. These sources emit light that reaches different loca-
tions on the disk at different times due to their varying spatial
positions and distances from the disk. For a specific point on the
disk, (r, ¢), the light pulse from coronal arrives at time 7y, while
the light pulse from corona2 reaches the same location later, at
time 7y + t4. Here, t4 represents the additional time delay caused
by the difference in light travel paths from corona2 to the disk
location. To simplify calculations, the red pulse ("L;;’) emitted
by coronal is ignored during the initial phase because the blue
pulse (’Lp;’) from corona?2 is absent in this period. The analysis
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begins at time t + t,,,, where t,,, pulse width. During the time
interval from 7y + #,,, t0 fo + 1, + 14, the total flux Fj, and the
corresponding effective temperature T, at the location (r, ¢) are
computed as:

3GMM 6| Liphi  Lah
Firr B = 1- — 1
P =——3 [ r] anr A )
1
3GMM 6\ Lok Lo ||
= lgm% (1 ) \ﬁ% pin peal i o I
B 7”'10'3 7(7'20'3

where | = \/rz +h3,r, = \/rz +h2, L1 and Ly; are luminosi-
ties associated with the two sources, and /; and /, represent their
respective heights above the disk. For the subsequent time inter-
val from tg +1,,,, + 4 t0 to + 1, + 5 + 1, the conditions change as
the sources evolve. During this phase, the flux and temperature

are updated to:

3GMM 6 Lizhy  Lyphy
Fi(r,¢) = 1= 4/= 3
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Once the effective temperature Tj, is determined, it becomes
possible to compute the emitted intensity across wavelengths us-
ing the Planck function. This is expressed as:

27thc? 1
2 he

e*sTir — ]

L) = &)

For a non-irradiated disk (without external illumination from the
coronal sources), the flux Fgis, effective temperature 7gis, and
intensity /lgisx(4) are given by:
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The impact of the external illumination by the coronae can be
studied by subtracting the contribution of the intrinsic disk emis-
sion from the total irradiated intensity. This yields the net effec-
tive intensity as:

L () = Lie(A) = Lgisk () )

Finally, the monochromatic luminosity L, can be computed by
multiplying the net effective intensity Z.4(4) by the correspond-
ing surface area of the emitting region:
Li= [ awaa (10)
This approach allows us to analyze how the external radiation
sources contribute to the observed flux, temperature, and spectral
properties of the disk, enabling a deeper understanding of the
physical processes at play.
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Fig. 3. The upper plot shows the response functions for a single corona
with a height of 5r, (blue) and 100r, (green), as well as for two corona
(red). The summed response function for the single corona at 5r, and
100r, is shown in pink. The combined response function closely over-
laps with the two-corona response function for the given parameters.
The bottom plot displays the corresponding delay plot. For the single
corona, the parameters are: black hole mass 108 M, incident luminosity
Ly = 1.0 x 10% erg s™!, Eddington ratio = 1.0, heights & = 5r, (blue)
and 2 = 100r, (green), and viewing angle i = 30°. For the two coro-
nae, the parameters are: black hole mass 108 M, luminosities L; and
L, = 1.0 x 10* erg s™!, Eddington ratio = 1.0, heights h; = 5r, and
hy = 100r,, and viewing angle i = 30°.

3. Results

We first analysed the response function from the extended
corona model and compare the resulting time delay pattern to
see if this geometry can be distinguish from a simple lamppost
model in the data.

3.1. response function from the extended corona

We have computed the response function for the two-lamppost
corona model. An example for the wavelength 4 = 1000 A is
presented in Figure 3(top), which illustrates four response func-
tions, each distinguished by a unique color. The blue curve rep-
resents a single corona positioned at a height of 5 R,, while the

green curve corresponds to a single corona at a height of 100 R,.
The response for the two-lamp model is depicted in red. Both the
combined response function and the two-point corona response
function begin at the same time. Each single-corona response
function exhibits a distinct peak that depends on the corona’s
height. However, the two-lamppost model produces a broader,
two-peak response function, reflecting the travel time of light
from both lamps to the disk and subsequently to the observer.
For the given parameters, the two-lamp corona’s response func-
tion can be approximated by summing the red and blue single-
corona response functions (indicated in pink). Notably, the shape
of the time delay curve in the two-corona case generally aligns
with that of the single-corona case. .

3.2. time delays from the extended corona

Having the response functions for a range of wavelengths, we
determined the the time delay for those three cases: two sin-
gle lamp models and for a two-lamp model. The delay profiles
are displayed in the bottom plot of figure 3. Single lamp so-
lutions are equivalent to those created in Jaiswal et al. (2023).
They are consistent with the standard A4*3 trend when the corona
height is small, and show systematic departure with the rise of
the corona height (Kammoun et al. 2021a). The delay from the
two-lamp model is roughly following the same trend. We do not
see any sub-structure related to the two-component character of
the transfer function. There is a small departure in the overall
shape.

If we analyse the actual data, we do not know the lamp posi-
tion. Therefore, in order to find a criterion for the presence of two
lamps instead of one we must compare the two-lamp setup with
the option of a single lamp setup, most similar in properties. To
ensure accurate comparison, we adjusted the height of the sin-
gle corona so that it matched the delay of the 2-corona for the
longest wavelength, and measured the departure at the shortest
wavelengths. We could not simply measure the departure from
the A*/3 trend since the curvature effect is always present.

We perfomed the computations for a range of luminosity ra-
tios between the lower corona’s luminosity to the upper corona’s
luminosity. The results are shown in Figure 4, the blue line repre-
sents the delay profile of 2-corona while the red line represents
the delay profile of a single corona with combined luminosity
and the height optimized as described above. Then, we deter-
mined the maximum deviation in delay between the two plots
for a given wavelength as shown in Figure 5. The results are
summarized in Table 1.

We see that the maximum deviation from a single lamp
model is at the lamp luminosity ratio 3, and it reaches 20 %.Such
a measurement would, of course, require coverage over a wide
range of time delays, from 1000A to 100004, with no contami-
nation from BLR scattering. However, with excellent data, these
tests can be successfully performed. Overall, large deviations are
seen for the lamp luminosity ratio from 2 to 4, and departures are
expected to be much lower outside this range.

The effective lamp position is well approximated by the
arithmetic average of the assumed lamp positions weighted with
the lamp luminosity

h:h]Ll+h2L2. (11)
L+ L,
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Fig. 4. The plots show the variation in the delay as the luminosity ratio between the two corona is changed. The luminosity for the single corona is
fixed at 2 x 10% erg/s, while the height is adjusted such that the delay for the longest wavelength matches the delay for the two corona. The delay
from the single corona is represented in red, while the delay from the two corona is shown in blue for different luminosity ratios.

H Luminosity Ratio Deviation[days] Deviation[%] H

0.01 0.0035 0.276
0.10 0.0313 2.593
0.5 0.0922 8.826
1.0 0.1351 14.78
2.0 0.1407 17.79
2.5 0.1422 19.01
3.0 0.1432 20.10
4.0 0.1254 18.56
10.0 0.0832 14.73
20.0 0.0507 9.77
30.0 0.0382 7.63
40.0 0.0279 5.64
50.0 0.0241 4.93

Table 1. Difference in delay between single and 2-corona for 1000A
from Figure 4.

3.3. cross-correlation function from the two lamp model

In the case of the two-lamp geometry, the response function has
a two-peak shape, hence in principle two timescales from two
lamps are present in the process. Therefore, we aimed to check
if this could be also present in cross-correlation function, and
help to differentiate between a point-like and extended corona.

We conducted simulations to distinguish between the sin-
gle corona and two corona models. We generated X-ray light
curves using the Timmer & Koenig (1995) algorithm. We then
used these light curves to create reprocessed light curves from
the disk (see Section 2.3).

Next, we calculated the Interpolated Cross-Correlation Func-
tion (ICCF) between the two wavelengths, 1000A and 7923A.
This process was repeated for 10 random realizations of the ini-
tial light curve, while maintaining the same statistical setup. We
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Fig. 5. Deviation in delay for wavelength 1000A for different luminosity
ratios as shown in table 1.

used exactly the same lightcurve for a single-lamp corona and for
two-lamp model. The 10 ICCF plots are shown in the figure 6.
All curves should be statistically equivalent, and the difference
shows the expected statistical error for the adopted sampling.
The overall shape varies between the different realizations of the
process, particularly at the longest timescales. We observe that
the ICCF for two corona is consistently broader than that of the
single corona, but the differences between individual realizations
dominate.

These 10 exemplary statistical realizations of the lightcurve
can be used as a qualitative test whether the two-lamp corona can
be differentiated from a single-lamp corona. With this aim, we
calculated the mean shape of the ICCF shown in Figure 6, and
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Fig. 6. Examples of the ICCF results for statistically equivalent light curves are shown. The blue line represents the ICCF for the two-corona

case, while the red line represents the ICCF for the single-corona case.

In this simulation, the luminosity ratio between the two coronae is set to

3. Stochastic variability dominates under the adopted parameters: a light curve duration of 200 days and a sampling interval of 0.1 days.For the
single corona, the parameters are: black hole mass 108 M, incident luminosity Ly = 2.0 X 10% erg s7h, Eddington ratio = 1.0, heights h = 287,
and viewing angle i = 30°. For the two coronae, the parameters are: black hole mass 108 M, luminosities L; = 1.5 x 10 and L, = 0.5 x 10*® erg
s~!, Eddington ratio = 1.0, heights ; = 5r, and h, = 100r,, and viewing angle i = 30°.

(tpeak) I—-corona [dd)’s‘]

1.0 4.69 5.69
3.0 4.19 5.19
Table 2. Table summarizing the peak delay from figure 7.

[ Cuminosity Ratio (e r—corora 10835] |

the contour plot shows the dispersion. The result for the lamp
luminosity ratio 1:1(top panel) and 1:3(bottom panel) are shown
in Figure 7. We observe that the two mean curves lie well within
the dispersion, making it difficult to distinguish between them
based on a single measurement. The error of the mean would
be by a factor of VN lower than the dispersion, but even 10
lightcurves for a given source would not allow us to see the dif-
ference. Denser monitoring than 10 observation per day is un-
likely, but eventually much longer observations (several seasons)
could help.

3.4. comparison of ICCF time delay with respect to single
corona

In Figure 7, we present the averaged values and standard devi-
ations of all 10 ICCFs for both single and double corona con-
figurations. Simulations were conducted for luminosity ratios of
1 and 3, with the results summarized in Table 2. For a luminos-
ity ratio of 1, the peak occurs at 4.69 days for the single corona
configuration and at 5.69 days for the double corona configura-
tion. Similarly, for a luminosity ratio of 3, the peak is observed
at 4.19 days for the single corona and at 5.19 days for the double
corona. Thus, extended corona increases statistically the mean
time delay but fluctuations are large.

4. Discussion

We presented a simulated setup for irradiation of the disk by
the vertically extended hot corona. We aimed to see if the opti-
cal/UV reverberation mapping of the accretion disk can reveal
such an geometry. The simulations were performed for a black
hole mass 108 My, dense (0.1 day sampling) and long (200 days)

monitoring. The expected delays for such setup were from frac-
tion of a day at short wavelengths to 10 days at ~ 10000 A.
The location of the two lamps were extreme, at 5r, and 100r,.
When one of the lamps dominates, the wavelength-dependent
delay pattern is like for a single lamppost model. When the two
sources have comparable luminosity there is a deviation between
the two-source pattern and a single-source (intermediate height)
pattern but smaller than 20 %. Therefore, it is not very likely to
resolve the vertical extension of the hot corona with the current
studies of the continuum time delays. The eventual traces of the
vertical extension of the corona in the shape of ICCF are even
harder to detect under the discussed setup.

The two lamps are roughly equivalent to a single lamppost
model with the location determined as the luminosity-weighted
average height (see Equation 11). This is simply related to the
fact that most reprocessing observed in optical/UV happens at
a distance larger than the largest corona height. In this case the
local ratio of the incident radiation from all N lamps to the disk
emission is independent from the radius, and given by the ratio

N

o Z L:H,,

i=1

Fie (12)
Faisk
as implied by the ratio of the lamp terms to the first term corre-
sponding to non-illuminated disk in Equation 6. Similar condi-
tion holds for a continuum distribution, then the sum would be
replaced with the integral.

When the two lamps have the same luminosity the effec-
tive height is practically just half of the higher lamp position.
Therefore, the upper extension of the corona in this sense dom-
inates. This is due to the simple fact, that the irradiation due to
the higher lamp dominates at distances larger than ~ 30r, as il-
lustrated in Figure 1 where the emission at longer wavelengths
is produced.

In our standard model the emission above 2000 A originates
at a distance larger than the maximum height of the corona, 100
rg , as illustrated by Figure 8. However, this value depends on
the black hole mass as well as on the Eddington ratio. We may
have better prospects to see the effect of extended corona not
equivalent to a mean position when the Eddington ratio is lower,
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Fig. 7. Upper panel: The mean and dispersion of 10 statistical realiza-
tions of the ICCF for a lamp luminosity ratio of 1:1. Bottom panel: The
mean and dispersion of 10 statistical realizations of the ICCF for a lamp
luminosity ratio of 1:3. The red line represents the mean ICCF for a 1-
corona, while the blue line represents the mean ICCF for 2-corona. The
shaded region indicates the dispersion in the 2-corona model.

and the black hole mass is higher. This is illustrated in Figure 8
with the red line. In this case the reprocessing takes place at the
radii lower or comparable to the height of the upper corona. This
opens a prospect to see the difference between a single lamppost
and an extended corona. We check that showing the expected
time delay.

The delay from the two-corona model in the case of the large
black hole mass and low Eddington rate is shown in Figure 9.
The delay now does not follow the standard A*> law any more,
as it bends rapidly at the shortest wavelengths. Due to the irradia-
tion, the temperature is almost constant at small radii where radi-
ation at the shortest wavelengths is produces (see the schematic
picture in the lower panel of Figure 1). Therefore, the time delay
almost disappears. However, most of the reverberation-measured
sources do not have such high masses and low Eddington ratios.
In addition, our assumptions underlying the model may not be
satisfied in this case. We assume (see Section 2.1) that the stan-
dard disk extends down to ISCO while this is not true for lower
values of the Eddington ratio, and the transition to an inner hot
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Fig. 8. The dependence of the mid-radius, where 50% of the radiation
is emitted, on the emission wavelength is shown for two models: one
with a black hole mass of 10% M, and an Eddington rate of 7iz = 1 (black
line), and another with a black hole mass of 10° M, and an Eddington
rate of iz = 0.01 (red line).
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Fig. 9. The plot compare the delays for a 1-corona and 2-corona (with
a luminosity ratio of 1). The height of the single corona is selected
such that the delay for the longest wavelength matches that of the 2-
corona model. For the single corona, the parameters are: black hole
mass 10°M,, incident luminosity Ly = 2.0 x 10* erg s~!, Eddington
ratio = 0.01, height i = 58r,, and viewing angle i = 30°. For the
two coronae, the parameters are: black hole mass 10° M, luminosities
Ly = 1.0x 10* erg s and L, = 1.0 x 10*® erg s~!, Eddington ratio
= 0.01, heights h; = 5r, and h, = 100r,, and viewing angle i = 30°.

flow is not well described. In addition, since in such case all
reprocessing takes place closer to the black hole, the effects of
General Relativity become important, and the use of geometrical
optics is not justified. If there is a suitable observational data then
much more advanced modeling would have to be performed, and
the methodology of Langis et al. (2024) would be an excellent
starting point.
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5. Conclusions

Sensitivity of UV/Optical Reverberation Mapping: The

study reveals that UV/optical reverberation mapping has lim-

ited sensitivity to the vertical extension of the corona. De-

tecting such an extension requires highly precise time de-
lay measurements (with errors below 20%) and exception-
ally dense sampling of lightcurves.

- Effective Position of the Corona: The effective position of
the corona is well approximated by a luminosity-weighted
average height of the emitting components. This result un-
derscores that the impact of vertical extension on reverbera-
tion mapping is minimal under typical observational condi-
tions.

— Comparison of Two-Lamp and Single-Lamp Models:
The differences in wavelength-dependent delays between the
two-lamp corona model and the single-lamp model are rela-
tively small, with a maximum deviation of 20%, observed for
a lamp luminosity ratio of about 3. These differences remain
challenging to detect with current observational techniques.

— Insights from Cross-Correlation Function (ICCF) Analy-
sis: Simulations demonstrate that ICCFs for single-lamp and
two-lamp corona configurations are statistically similar. Dif-
ferentiating the two geometries would require significantly
extended monitoring periods or much denser observational
sampling.

— Role of Black Hole Mass and Eddington Ratio: The study
suggests that larger black hole masses and lower Eddington
ratios enhance the likelihood of detecting the effects of an ex-
tended corona. These conditions result in more pronounced
deviations from single-lamp model predictions, but would
require much more advanced modelling.
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Appendix A

Lag and SED fitting IN NGC 5548

High quality time delay measurements and spectral data are required to con-
strain the luminosity distance to the source. We determined that the best fit
sets the luminosity distance for NGC 5548 at 74 Mpc (see Chapter 5) but we
show here for comparison the fit of the spectrum and the time delay pattern
for two extreme luminosity distances considered in the paper: 50 and 102 Mpc.
They are visually not very different as the change in the luminosity distance is
compensated by the change of the fitted parameters like accretion rate, coronal

height, or starlight contamination.
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FIGURE A.1: Simultaneous fitting of the lag spectrum and spectral energy dis-
tribution (SED) of NGC 5548, under the assumption of a luminosity distance of

50 Mpc.
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Appendix B

Shielding effect in the Broad Line

Region

It is sometimes suggested (e.g. Horne et al., 2021) that the observer does not
see the entire Broad Line Region, and the appearance may be dominated by
the clouds close to the observer. Clouds themselves or strong outflow from the
disk inside the inner BLR radius can selectively shield part of the BLR from
our view. If so, we would indeed preferentially see the BLR part closer to the
observer. This effect can shorten the time delay as the most distant clouds
would not contribute to the emission. In Figure B.1 I show the response func-
tion for NGC 5548 calculated assuming that clouds opposite to the direction
towards observed, within a certain arbitrary angle, as shielded. The shorten-
ing effect depends clearly on this angle, so in principle, shorter delay could
be explained even with larger radius of the BLR than in the original model
without shielding. However, shielding would also imply a considerable change
in the line profile, as I show in Figure B.2. With moderate shielding, the line
of more strongly double-peaked than without shielding. This issue was not

included in my papers but should be studied in the future.
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Transfer Functions for different shielding angles
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FIGURE B.1: Response functions of the broad-line region (BLR) for different
shielding angles. The comparison highlights how changes in shielding geometry
alter the strength and timing of the BLR response to continuum variability.
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