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Abstract

Broad emission lines, produced due to complex motion of illuminated material in a certain nuclear

region of most active galaxies (known as the broad line region), are the most characteristic features of

the optical/UV spectra of these sources. However, the dynamical nature of the broad line region (BLR)

of active galaxies remains an open question, with observed evidence indicating a largely Keplerian

motion alongside the possible traces of inflow or outflow. In this thesis, I present a comprehensive

investigation into the BLR dynamics through analysing the efficiency of the dust driving mechanism,

which is based on radiation pressure acting upon dust present at the surface layers of the accretion

disk. Employing a non-hydrodynamical approach, I examine the behavior of dusty clouds leaving the

disk surface and moving in the radiation field of the entire accretion disk, utilizing a realistic model for

dust opacity and introducing a geometrical model as proxy for the local shielding. In Paper I, I expand

the idea of the basic dynamical one-dimensional model of dust-driving mechanism responsible for the

formation of broad line region in active galaxies, developed by Czerny & Hryniewicz (2011), known

as FRADO (failed radiatively accelerated dusty outflow). We present the 3D numerical version of the

model (2.5D due to azimuthal symmetry) in detail. I developed a non-hydrodynamical model with

the single-cloud approach to the dynamics of BLR, but we carefully model the dust radiation pressure

and the 3-D motion of a cloud. We showed that the radiation pressure exerted upon dusty clouds is

potent enough to cause a dynamic outflow from the surface of accretion disk. I showed that the overall

dynamics of BLR in this model is very complex, and the radial structure of BLR consists of zones of

mostly failed winds, but also of an outflow from intermediate radii. The dynamics is strongly influenced

by the Eddington ratio of the source, with high Eddington ratio sources showing a complex velocity field

mentioned above and with significant vertical velocities relative to the local Keplerian rotation velocity

of accretion disk, while lower Eddington ratio sources produce smaller vertical velocities and most of

emission originates in proximity to the surface of accretion disk. Ultimately, the cloud dynamics serves

as the principal determinant of the three-dimensional geometry of the BLR. In Paper II, we performed

a preliminary test of the model using the observationally established radius-luminosity relation in

AGNs. In the model the location of the BLR is not a parameter but it is determined mostly by the

dust sublimation temperature. We showed that the model with different values of accretion rate and

with adjusting the shielding effect can explain the observed location of the BLR comming from the

most recent sample of sources with reverberation measured Hβ time-delays which includes the spread

over the phenomenological relation with respect the Eddington ratio of the source. In Paper III, we

tested the model by calculating the predicted spectral line generic profiles, using a large grid of results

from the 2.5D FRADO numerical code. In this work, we have conducted an analysis of the impact

of various parameters, including accretion rate, black hole mass, viewing angle, and dust-to-gas mass

ratio, on the shape of the spectral line profiles. Our results demonstrated that the spectral line profiles

are significantly influenced by the dust-to-gas mass ratio, which regulates the strength of the radiation

pressure. We have also shown that the model can appropriately explain the shapes of the low-ionized

broad emission lines, such as MgII and Hβ , observed in quasars mean spectrum. In this comparison,

the only free parameter of the model was the dust-to-gas mass ratio, since the mass and Eddington

ration were taken from the peaks of the quasar distribution for these parameters, and the viewing

angle also represented the mean quasar viewing angle.
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Streszczenie (Abstract in Polish)

Szerokie linie emisyjne, powstaj ↪ace z wyniku z lożonego ruchu oświetlonej materii w pewnym ob-

szarze j ↪adra wi ↪ekszości aktywnych galaktyk (znanym jako obszar szerokich linii emisyjnych), s ↪a na-

jbardziej charakterystycznymi cechami widm optycznych/UV tych źróde l. Jednak natura dynamiczna

obszaru emitujacego szerokie linie amisyjne (ang. BLR) aktywnych galaktyk pozostaje otwartym

pytaniem, a obserwowane dowody wskazuj ↪a na w dużej mierze keplerowski ruch orbitalny, z możli-

wymi śladami wp lywu lub wyp lywu w kierunku radialnym. W niniejszej pracy przedstawiam wszech-

stronne badania dynamiki BLR w oparciu o model ruchu materii spowodowany dzia laniem cisnienia

promieniowania na py l obecny w powierzchniowych warstwach dysku akrecyjnego. Wykorzystuj ↪ac

podej́scie niehydrodynamiczne, badam zachowanie chmur gazu i py lu opuszczaj ↪acych powierzchni ↪e

dysku i poruszaj ↪acych si ↪e w polu promieniowania ca lego dysku akrecyjnego, wykorzystuj ↪ac realisty-

czny model nieprzezroczystości py lu i wprowadzaj ↪ac model geometryczny jako substytut lokalnego

os loni ↪ecia. W Pracy I, rozwijam ide ↪e podstawowego dynamicznego jednowymiarowego modelu mecha-

nizmu dzia lania cisnienia promieniowania na py l odpowiedzialnego za powstawanie obszaru szerokich

linii emisyjnych w aktywnych galaktykach, opracowanego przez Czerny i Hryniewicza (2011), znanego

jako FRADO (ang. failed radiatively accelerated dusty outflow). Przedstawiamy szczegó low ↪a wersj ↪e

numeryczn ↪a modelu 3D (2.5D ze wzgl ↪edu na symetri ↪e osiow ↪a). Skonstruowa lem w tym celu model

niehydrodynamiczny opisuj ↪acy ruch szeregu pojedynczych chmur reprezentuj ↪acych dynamik ↪e BLR,

ale starannie modelujemy w nim si l ↪e císnienia promieniowania py lu. W niniejszej pracy pokazalísmy,

że si la císnienia promieniowania dzia la na chmury py lu wystarczaj ↪aco silnie, aby wywo lać dynamiczny

wyp lyw z powierzchni dysku akrecyjnego. Pokaza lem, że ogólna dynamika BLR w tym modelu jest

bardzo skomplikowana, a struktura radialna BLR sk lada si ↪e g lównie z powracaj ↪acych wiatrów (ang.

failed winds), z wyp lywem z pośrednich promieni. Na dynamik ↪e ma silny wp lyw stosunek Edding-

tona danego źród la, przy czym wysokie stosunki Eddingtona wykazuj ↪a skomplikowane pole pr ↪edkości,

jak omówione powyżej, oraz znaczne pr ↪edkości pionowe w stosunku do lokalnej pr ↪edkości rotacji ke-

plerowskiej dysku akrecyjnego, podczas gdy niższe stosunki Eddingtona w żródle generuj ↪a mniejsze

pr ↪edkości pionowe i wi ↪ekszość emisji pochodzi z materii w bliskiej odleg lości od powierzchni dysku

akrecyjnego. Ostatecznie dynamika gromady chmur s luży jako g lówny determinant trójwymiarowej

geometrii BLR. W Pracy II, przeprowadzilísmy wst ↪epny test modelu, używaj ↪ac obserwacyjnie odkrytej

relacji promień-jasność w AGN. Pokazalísmy, że model z różnymi wartościami tempa akrecji oraz z

regulacj ↪a efektu os lony może wyjaśnić po lożenie obszaru BLR, które wynika z najnowszych pomiarów

czasowych opóźnień linii Hβ dla szerego żróde l, który obejmuje rozrzut w tej fenomenologicznej relacji

spowodowanym zakresem stosunku Eddingtona źróde l w próbce. W Pracy III, przetestowalísmy model

poprzez obliczenia przewidywanych profili linii widmowych, używaj ↪ac dużej siatki wyników z kodu nu-

merycznego 2.5D FRADO. W tej pracy przeprowadzilísmy analiz ↪e wp lywu różnych parametrów, w

tym tempa akrecji, masy czarnej dziury, k ↪ata widzenia oraz stosunku masy py lu do gazu, na kszta lt

profili linii widmowych z modelu. Nasze wyniki wykaza ly, że profile linii emisyjnych silnie zależ ↪a

od stosunku masy py lu do gazu, który reguluje si l ↪e císnienia promieniowania. Pokazalísmy również,

że model dobrze wyjaśnia szerokie linie emisyjne nisko-jonizowane, takie jak MgII i Hβ , zaobser-

wowane w uśrednionym widmie kwazarów. W tym porównaniu tylko stosunek masy py lu do gazu

by l swobodnym parametrem, ponieważ masa czarnej dziury i tempo Eddingtona zosta ly wyznaczone

z maximum rozk ladu parametrów kwazarów, a przyjety k ↪at widzenia także reprezentowa l średni k ↪at

widzenia kwazarów.
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Chapter 1

Introduction

The nucleus of a galaxy contains a supermassive black hole at the center of a galaxy, which can be

called as active nucleus when it swallows the ambient matter through a process known as accretion.

The active episode of the nucleus of galaxies, known as Active Galactic Nuclei (AGN), is a crucial stage

in their evolution. Through accretion process, feeding the black hole, the corresponding gravitational

potential energy is transformed into huge amount of radiation that feedbacks the host galaxy in

return and regulates its star formation activity, hence its evolution. On the other hand, there is a

characteristic feature, i.e. Broad Emission Lines (BEL) in the spectra of bright AGNs. Measured

from black hole, the radial distance of the region, where the kinematics of material manifests itself in

BEL, known as Broad Line Region (BLR), scales with the corresponding AGN absolute luminosity

through an observationally-calibrated phenomenological relation, known as radius-luminosity relation.

Knowing the absolute luminosity, AGNs can thus be located on the Hubble diagram, hence recruited

as distance indicators. This makes studying the underlying mechanism of BEL formation and also

theoretical localization of BLR crucial.

My thesis, therefore, encompasses three published papers, as provided in chapters 3, 4, and 5, all

devoted to studying the formation, dynamics, geometry, and other properties of BLR in numerical

context. In this chapter, in order to locate my results into the big frame of AGN studies, first I will

briefly surf the history and structure of AGNs, and also their prospected role in cosmology in section

1.1, followed by a comprehensive review on BLR in section 1.2 which is the main focus of this thesis.

The chapter 2 is then fully devoted to the fundamental calculations behind the numerical computations

in this work on the physics of BLR. Finally, in chapter 6, a summary of the thesis is presented along

with a brief description of the future potential works, especially those in preparation or submission

stage.

1.1 AGNs in a nutshell

The fascinating story of AGNs started earlier than a century ago with the observation of the galaxy

NGC 1068 by Edward A. Fath (1909) who was aiming at clarifying the nature of the spiral nebulae.

He found strong and composite both emission and absorption lines in the spectrum of NGC 1068. In

almost two decades later, a more accurate observation of the same source by Vesto M. Slipher (1917)

using a narrow spectrograph slit revealed that not only the emission lines are broader, compared to that

of previously measured, but also the emission was covering a large range of wavelengths. This made him

1



CHAPTER 1. INTRODUCTION

to decline the ordinary interpretation of those line widths which was merely based on radial velocity.

Later, Edwin Hubble (1926) also confirmed the presence of strong and broad emission lines and more

importantly the planetary nebula–type spectrum of NGC 1068. Spectrograms of six galaxies with

bright nuclei, including NGC 1068, obtained later by Carl K. Seyfert (1943), although came up with

broad emission lines different in widths and shape of profiles, they were typically similar. Emergence

of radio astronomy then led to introduction of a new class of objects in order to accommodate these

apparently point-like sources. They were similar to stars in terms of optical appearance and size, but

with significantly different spectra, so they were hence called as quasi-stellar radio sources, later named

as quasars (QSOs). Twenty years after the systematic study by Seyfert, Schmidt (1963) (among his

colleagues, Greenstein & Matthews 1963; Greenstein 1963; Hazard et al. 1963 all working on the puzzle

of spectra of these objects) was smart enough to be the first one to realize the cosmological redshift in

Balmer lines. The relatively (at that time) large redshift of 0.158 measured by Maarten Schmidt for

the source 3C 273, and 0.37 measured by Jesse Greenstein for the source 3C 48 just shortly afterward,

revealed the hugely large intrinsic luminosity of these sources.

It was first in early 1950s that the term Active Galactic Nuclei due to bright nuclei of these sources

was coined in the Solvay Conference 1958 by Viktor Ambartsumian where he argued that this bright-

ness should be due to explosions of large amounts of mass of an unknown nature in the galactic nuclei

(Israelian, 1997). But a proper explanation for the enormous brightness of these objects was given

just after the redshift measurements by Edwin Salpeter and Yakov Zeldovich in 1964 (Salpeter, 1964;

Zeldovich, 1964), who all proposed that this is the result of accretion of material onto a supermassive

black hole. Then in 1969, Donald Lynden-Bell (Lynden-Bell, 1969) came with the first calculations of

a disk of gas in circular motion around a blackhole. Soon after, in 1973, the first convenient formalism

for describing the process of accretion was introduced by Nikolai I. Shakura and Rashid A. Sunyaev

(Shakura & Sunyaev, 1973), which is the most ever cited paper in the studies of accretion physics,

although it was motivated by the discovery of Xray binaries, not quite by the mainstream of AGN

studies.

Nowadays, AGNs are known as a spectacular class of astronomical objects with largely known

structure and components due to modern high resolution images (e.g., GRAVITY Collaboration et al.,

2018). The mainstream of studies on different aspects of AGNs contribute to a major part of research

in astrophysics and cosmology, both observational and theoretical.

1.1.1 Structure & components of AGNs

The nuclei of many galaxies are highly luminous, powered by efficient accretion of matter onto a central

supermassive black hole of millions to billions solar mass, transforming the gravitational energy into

radiation, hence called as active galactic nuclei. AGNs thus primarily consist of a central black hole

and accretion disk of material. Through the process of accretion of material onto black hole, other

secondary components can be formed such as a jet, dusty torus, broad and narrow line emitting

regions, etc.

The overall widely-accepted structure of AGNs, as shown in figure 1.1, can be described with a

black hole at the center of a galaxy surrounded by an accretion disk emitting emitting predominantly

in the optical/UV band, forming the Big Blue Bump. A jet may emanate from the vicinity of the

central black hole perpendicularly to the disk plane which is a source of the two-peak non-thermal

synchrotron and Compton emission visible over the broad frequency range from radio to gamma rays.

2



CHAPTER 1. INTRODUCTION

Figure 1.1: Components of AGNs adapted from Thorne et al. (2022); sizes are not in scale!

Thermal emission seen mostly in the hard X-rays comes from the corona, located close to the black

hole, and there is also soft X-ray emission which comes from the warm corona and/or reprocessing of

the X-rays by the surface of irradiated accretion disk. The system of disk and black hole are embedded

within a large torus-like molecular dusty structure known as torus, which may obscure the nucleus

from line of sight depending on the viewing angle. There are huge amount of plasma gas spanning

from the vicinity of up to large distances from the disk surface, which contains clumpy dusty-gaseous

material that forms the broad and narrow line region. These components are addressed one by one in

the following.

Black hole

As far as known to the date, every single galaxy hosts at its center a supermassive black hole (SMBH)

the mass of which ranges from 105 up to 1010 M⊙ (Kormendy & Richstone, 1995). The SMBH is

the central engine of an AGN where the material from the surrounding environment falls onto the

black hole, that releases the gravitational energy and emits radiation. The presence of an SMBH in

an AGN can be inferred from the observation of its effects on the surrounding environment, such as

the shapes of emission lines in the AGN spectrum particularly in the X-ray band where relativistically

smeared iron Kα line is seen in many sources. The compactness of the emitting region is also directly

implied by the AGN variability. In some cases with less activity, the presence of an SMBH can be also

directly confirmed by observing the velocity dispersions and motion of stars or gas clouds near the

black hole. Also, the disk continuum contains information about BH through the Innermost Stable

Circular Orbit (ISCO), which refers to the closest stable circular path that matter can take around

a black hole without falling in. Moreover, there are exceptional cases of direct imaging of blackhole

shadow, i.e. the images of blackhole at the center galaxies Sgr A* and M87 taken by Even Horizon

Telescope (EHT). The study of SMBHs in AGN has important implications for our understanding

3



CHAPTER 1. INTRODUCTION

of the formation and evolution of galaxies and the growth of massive black holes over cosmic time

(Kormendy & Ho, 2013).

The gravitational radius, rg, defined as below for a non-rotating black, is a fundamental parameter

used to characterize a black hole.

rg =
GM
c2 , (1.1)

where M is the mass of black hole, c is the speed of light, and G is the gravitational constant.

Accretion disk

The accretion disk forms as material from the surrounding environment falls onto the central super-

massive black hole, with certain amount of angular momentum. The infalling material contains the

gas and the dust. The structure and properties of the disk are influenced by the black hole mass,

and the accretion rate, though magnetic fields can also play a crucial role in shaping the structure

and properties of accretion disks by influencing the movement of charged particles in the disk, hence

inducing turbulence, heating the disk, generating jets, affecting the transport of matter and energy,

and forming hot spots and asymmetries.

The rate at which the matter is added to a central object, here a supermassive black hole is called

accretion rate. It is typically measured in units of solar masses per year and represents the mass that

is accreted per unit time. The gravitational energy released by the infalling material heats up the disk,

causing it to emit radiation across the electromagnetic spectrum, including ultraviolet, optical, and

X-rays. The total power radiated by the object, integrated over all frequencies is called bolometric

luminosity, usually expressed in units of ergs per second (erg/s).

On the other hand, there is a useful general definition known as Eddington luminosity referring

to the amount of luminosity emitted by a spherically symmetric object when the inward gravitational

force is balanced by the outward force of radiation pressure acting on the fully ionized hydrogen gas.

The Eddington luminosity is given by:

LEdd =
4πGMmpc

σT
(1.2)

where LEdd is the Eddington luminosity, G is the gravitational constant, M is the mass of the black

hole, mp is the mass of a proton, c is the speed of light, and σT is the Thomson scattering cross-section.

Likewise, Eddington accretion rate can be found through

ṀEdd =
LEdd

c2η
(1.3)

where η is the efficiency of accretion flow.

The Eddington ratio, which is the dimensionless ratio of the accretion rate to the Eddington

accretion rate, ṁ = Ṁ/ṀEdd, or, equivalently, the dimensionless ratio of the bolometric luminosity to

the Eddington luminosity, λEdd = Lbol/LEdd, is a convenient and useful key parameter that determines

the properties of the accretion disk and the emission it produces.

There are several different types of accretion disk models that are commonly used to describe

the behavior of matter around a supermassive black hole. These include geometrically thin models,

appropriate for AGNs, for which the height of the disk is far less than the corresponding radii, and

moderately geometrically thick models with the disk height comparable to the radius:
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• Standard thin disk model (SS disk: Shakura & Sunyaev, 1973): This is the simplest and most

commonly used model, which assumes that the disk is flat, geometrically thin, and optically

thick, and that the local dissipation of gravitational energy is mostly responsible for the heating

and radiation of the disk. The temperature of the disk at a given radius is determined by the

balance between energy released by viscous dissipation and radiative losses. The disk emits

thermal radiation that basically follows a blackbody spectrum and its luminosity is proportional

to the mass accretion rate onto the black hole. The radiation flux from a disk at the radius r

from a unit area is given by the formula (Shakura & Sunyaev, 1973; Novikov & Thorne, 1973):

F(r) =
3GMBHṀ

8πr3 f (r), (1.4)

where f (r) stands for the boundary conditions. The efficiency of accretion is such model depends

only on f (r) setting the location of the ISCO orbit, and is generally high, from 5.8% in a non-

rotating, up to 42% in the maximally rotating black hole case.

The Eddington ratio in the standard disk model is typically between 0.01 up 1. We mainly

focus on sources with this range of accretion rates, hence we use the standard disk model in our

computations.

• Advection-dominated accretion flow (ADAF) model (Narayan & Yi, 1994): In this model, the

accretion flow is assumed to be radiatively inefficient, with most of the energy carried by the

accreting gas advected onto the black hole rather than being radiated away. Such a disk is

geometrically moderate and optically thin, electron temperature is usually different from the

ion temperature, the emission mechanism is due to free-free emission (Bremsstrahlung) and

synchrotron emission. The efficiency of accretion is low and difficult to estimate. This model is

often invoked to explain the observed properties of low-luminosity black holes. The EHT image

of M87 shows the ADAF around the blackhole. The Eddington rate in the ADAF model is very

low, typically less than one percent of the Eddington luminosity.

• Slim disk model (Abramowicz et al., 1988): In a slim disk, the accreting gas forms a geometrically

moderate disk, but the disk is optically thick to electron scattering. This means that radiation

is trapped within the disk to some extent, but some can still escape. The Eddington ratio in

slim disks is typically above one, and the efficiency of accretion drops with the rise of Eddington

ratio. Such models are particularly important for understanding the behavior of super-Eddington

accretion-rate black holes, such as those found in AGNs.

Corona

The X-ray corona is a region of highly energetic and hot gas (low-density, high-temperature plasma)

that surrounds the central black hole and the accretion disk. Most of the corona emission originates

very close to the black hole, as implied by the X-ray variability. This component is thought to scatter

the ultraviolet photons via inverse Compton mechanism up from the disk to high energies, mainly

to the X-ray band, hence responsible for the hard X-ray emission observed in many AGN (Haardt &

Maraschi, 1991; Titarchuk, 1994). But the existence of the corona is not well predicted by the theory

of accretion disks. Its geometry also is not well known; for example, models are proposed such as a

thin outermost layer of the accretion disk (Haardt & Maraschi, 1991; Różańska, 1999), inner ADAF or
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ionized inner edge of the accretion disk (Ichimaru, 1977; Narayan & Yi, 1994; Gardner & Done, 2014),

lamp-post; serving as the base of the jet as well (Henri & Pelletier, 1991; Matt et al., 1991; Dauser

et al., 2013; Ursini et al., 2020). Corona can directly illuminate the inner part of the disk which leads

to formation of the soft X-ray emission lines (Różańska et al., 2002), a relativistically broadened iron

Kα line (Tanaka et al., 1995), and the formation of the Compton reflection component seen in hard

X-ray band (Pounds et al., 1990). Corona can eventually irradiate the outer parts of the disk and BLR

clouds (Chen et al., 1989). The contribution of hard X-ray to the bolometric luminosity decreases with

rising Eddington ratio (Kubota & Done, 2018). The soft X-ray excess is likely a combination of the

reprocessing (soft X-ray lines and continua) with warm corona layer above the inner part of the disk

developed due to magnetic heating of the disk surface layers (e.g., Różańska et al., 2015)

Broad Line Region (BLR)

The BLR is a region surrounding the central engine at a distance of a few hundreds to few thousands

gravitational radii where clouds composed of gas and likely dust emit broad spectral lines, which are

important for determining the central black hole mass and understanding the dynamics of the region.

The BLR is comprehensively addressed in the Section 1.2 below. Source showing broad lines are

classified as Seyfert 1 galaxies, broad line radio galaxies, or type 1 quasars.

Narrow Line Region (NLR)

The NLR is defined as a bi-conical structure of low-density ionized dusty clouds that surrounds the

central engine of an AGN and emits narrow permitted and forbidden emission lines with full-width

at half maximum (FWHM) less than 1000 km/s (Netzer & Laor, 1993). These clouds are thought to

reside up to distances of about a kilo-parsecs from the central black hole, outflowing mostly pushed up

by the radiation pressure and going through severe turbulence due to shocks so not virialized, and they

are characterized by a direct line of sight to the innermost regions of the AGN system. This direct line

of sight provides the high ionization radiation necessary to excite the narrow emission lines that are

observed in the NLR. These lines are important for determining the density, chemical composition,

and physical conditions of the gas in the NLR and for understanding the interaction between the AGN

and its host galaxy. Some AGNs only show narrow lines and they are classified as Seyfert 2 galaxies,

narrow line radio galaxies, or type 2 quasars.

Torus

The dusty torus is a doughnut-shaped region of dust and gas that surrounds the central engine and

obscures the AGN from our line of sight. The dust torus can re-emit absorbed radiation in the infrared

and sub-millimeter regions of the spectrum, making AGN appear as luminous infrared sources. The

first hint on the presence of a dust dates back to a work by Rees et al. (1969), but the torus geometry

was postulated by Antonucci & Miller (1985) at the basis of polarization studies.

Jet

Some AGNs are associated with highly collimated, relativistic outflows of gas known as jets. These jets

can emit synchrotron radiation in the radio band and Comptonized emission dominating in Gamma

rays. The presence or absence of jets in a particular source can depend on a variety of factors,
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including the accretion rate, the black hole spin, and the surrounding environment, and can change

over time. The presence of strong radio jets is considered a defining characteristic of radio-loud AGNs,

as confirmed by several studies, including the study by Kellermann et al. (1994) who found that radio-

loud AGNs are typically characterized by extended radio structures, such as radio jets and lobes, that

emit synchrotron radiation across the entire radio spectrum.

A classification scheme for radio sources based on the morphology of their radio emission by

Fanaroff & Riley (1974) divided radio sources into two main classes: compact (core-dominated) and

extended (lobe-dominated) sources, known as FRI and FRII, respectively.

Traditionally, all AGNs are divided into radio-Loud (RL) and Radio-Quiet (RQ) AGN, from the

point of view of the strength of their radio emission. First examples of RL AGN were radio galaxies.

Later, this distinction was established in relation to quasars, with the threshold between the two

categories set by either (1) radio flux density or luminosity (Peacock et al., 1986) or (2) the ratio of

radio-to-optical flux density or luminosity (Schmidt, 1970). The origin of this classification can be

traced back to Sandage (1965). Following the discovery of the first quasar, namely 3C 273, which was

an extremely intense radio source, he recognized the presence of a multitude of similar sources in the

sky that went undetected by the radio telescopes in operation at that time. Over time, radio loudness

has been defined differently in various studies. It is important to note that these classical definitions

are only applicable to type 1 AGN, as pointed out by Padovani et al. (2011) and Bonzini et al. (2013).

More recently, another division of radio AGNs into two sub-classes of jetted and non-jetted sources

was introduced. Padovani (2016, 2017b) has contended that the distinction between RL and RQ AGN

is not a mere semantic matter, but rather that these two categories denote fundamentally distinct

objects. Specifically, RL AGN emit a significant portion of their energy non-thermally and generate

powerful relativistic jets, while the multi-wavelength emission of RQ AGN is characterized by thermal

emission, which is directly or indirectly associated with the accretion disk. Furthermore, Padovani

argued that the designations RL and RQ are now outdated, misleading, and unsuitable. As the

presence or absence of robust relativistic jets is the primary physical distinction between these two

categories, it also follows that the maximum photon energies attained by these two classes differ

considerably. For a most recent review, see Padovani et al. (2017); Padovani (2017a).

1.1.2 Unification scheme of AGNs

The idea of unifying AGNs through a model that explains the diverse observational properties of

these sources dates back to 1990s, when (Antonucci, 1993; Urry & Padovani, 1995) suggested that the

differences in observed properties of AGNs result from differences in our line of sight relative to the

central regions of these sources.

A major breakthrough in the unification of AGNs came with the discovery of broad emission lines

in the polarized light in the spectra of some Seyfert 2 galaxies, which had previously been considered

to be a distinct class of AGNs. This discovery led to the recognition that Seyfert 1 and 2 galaxies

are essentially the same type of object, with the differences in their observed properties being due to

orientation effects. The orientation of the torus relative to our line of sight determines whether we see

the AGN as a Seyfert 1 or a Seyfert 2. The original unification model primarily focused on Seyfert

galaxies, but it has since been expanded to include other types of AGNs, such as Blazars and radio

galaxies, by incorporating the role of relativistic jets in these sources (Netzer, 2015).

A comprehensive sketch illustrating the unified model of AGNs is shown in figure 1.2. This model
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Figure 1.2: Unification model of AGNs adapted from Thorne et al. (2022)

posits that the type of AGN observed depends on three key factors: the viewing angle, the presence or

absence of a significant relativistic jet, and the rate of accretion onto the central supermassive black

hole. Specifically, the viewing angle determines whether or not the dusty torus surrounding the AGN

is visible, which in turn affects the observed characteristics of the AGN. The presence of a significant

jet, whether it be RL or RQ, also has an impact on the observed properties of the AGN. The rate

of accretion onto the central black hole determines not only the overall electromagnetic power of the

AGN, but also the broad band shape of the spectrum, which are of key factors that affect the observed

characteristics of these sources. The black hole mass also can impact the rate of accretion onto the

central black hole, which in turn affects the overall electromagnetic power of the AGN and its observed

characteristics. It can also impact the formation and properties of the relativistic jet, which is another

important factor in the orientation unified scheme of AGNs. But the role of black hole mass can be

embedded in the accretion rate if the rate is expressed dimensionless.

Referred to figure 1.2, apart from division into RL (upper part) and RQ (lower part), they can be

also divided into low (left hand side) and high (right hand side) electromagnetic power.
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RL sources can be then classified into two main categories based on their spectral characteristics

and the properties of their radio emission: low excitation radio galaxies (LERGs) and high excitation

radio galaxies (HERGs). LERGs are often referred to by several other names, including hot mode,

radio mode, jet mode, and radiatively inefficient sources. These AGNs are characterized by their low

level of optical and ultraviolet emission and are thought to be fueled primarily by the accretion of

hot gas onto the central supermassive black hole. HERGs, on the other hand, are also known as cold

mode, quasar mode, radiative mode, and radiatively efficient sources. These AGNs are characterized

by their high level of optical and ultraviolet emission and are thought to be fueled primarily by the

accretion of cold gas or material from a surrounding disk onto the central black hole. HERGs are

considered to be more luminous than LERGs, and they are thought to be the counterparts of the

bright and highly-energetic quasars that are seen in the universe.

RQ sources also can be then divided into two classes of low power (Seyfert galaxies) and high

power (QSOs), however, Seyfert galaxies can also be called as moderate power sources compared to

less bright sources such as Sgr A*. It is also notable that RQs should not be confused with radio-silent

sources as several galaxies emit low-level radio emission that are not substantially higher than those

produced by star-formation. As a result, it is unclear whether these galaxies host radio jets or not.

Overall, the lowest luminosity sources are not accommodated in this sketch and it can be the case for

sources with luminosity above one percent Eddington luminosity.

Some of the most frequently utilized names for diverse types of AGN, such as broad-line radio

galaxy (BLRG), narrow-line radio galaxy (NLRG), narrow emission line galaxy (NELG), flat-spectrum

radio quasar (FSRQ), steep-spectrum radio quasar (SSRQ), optically violent variables (OVV), and

quasi-stellar objects (QSO) are incorporated into this sketch. The schematic around the central part

indicates whether a specific combination of power, radio emission, and geometry is anticipated to

produce broad or narrow emission lines, or MIR, radio, X-ray, or gamma-ray radiation. The degree of

transparency in each ring corresponds to the increasing intensity or occurrence of a specific emission

type.

The term“quasar”and“QSO”(Quasi-Stellar Object) are mostly used interchangeably in astronomy,

and they both refer to a type of active galactic nucleus (AGN) that emits a tremendous amount of

energy across the electromagnetic spectrum. However, traditionally, astronomers have used the term

“quasar” to refer to AGNs that emit strong radio waves, while “QSO” has been used to refer to AGNs

that emit little or no radio waves. So, in this sense, a quasar is considered to be a type of RL

AGN, while a QSO is classified as RQ. In recent years, however, as astronomers have refined their

understanding of AGNs, this distinction between quasars and QSOs has become less clear. Nowadays,

the two terms are often used interchangeably to refer to any AGN that emits an enormous amount of

energy and has a compact, point-like appearance in the sky.

In the following we concentrate on RQ sources with λEdd > 1%, dominated by optical/UV. Such

objects belong to Seyfert 1/QSO class. Then, for simplicity, we refer to all of the as QSO.

AGNs populate nearby Universe starting from tens of Mpc up to large cosmological redshifts. They

can be thus used as a probes of the Universe expansion, which became important due to recent problems

with the standard cosmological model of ΛCDM, known as Hubble tension, which is addressed in the

next section.
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1.1.3 Hubble tension and the role of AGNs

The Hubble tension refers to the discrepancy between the value of the Hubble constant, which measures

the current rate of expansion of the universe, obtained from local measurements and that obtained

from observations of the cosmic microwave background (CMB) radiation. It has been the subject

of ongoing investigation and debate in the astronomical community. The first measurements of the

Hubble constant were made in the 1920s and 1930s using observations of nearby galaxies. These

early measurements, such as those by Edwin Hubble in 1929, yielded values of the Hubble constant

in the range of 500-1000 km/s/Mpc (Hubble, 1929). Georges Lemâıtre in 1927 (Lemâıtre, 1927,

1931) measured an estimated value for the proportionality constant even earlier than Hubble due

to which the expansion law is currently known as Hubble-Lemaitre law. Subsequent observations

and improvements in distance-measuring techniques, such as the Cepheid variable method and the

Tully-Fisher relation, reduced the uncertainty in the Hubble constant and led to a more accurate

value of about 75 km/s/Mpc by the 1990s (Sandage & Tammann, 1990; Tully & Fisher, 1977). In

the late 1990s, the value of Hubble constant inferred from the cosmic microwave background became

possible with the launch of the COBE satellite. The CMB provides a snapshot of the universe when

it was about 380 k yrs old and its temperature can be used to determine the average density and

expansion rate of the universe at that time. The first measurements from the CMB, made by the

COBE satellite (Bennett et al., 1996), yielded a value for the Hubble constant of about 50 km/s/Mpc.

Subsequent observations from the WMAP satellite (Spergel et al., 2003) and the Planck satellite

(Planck Collaboration et al., 2016) have refined the measurement of the Hubble constant from the

CMB and currently yield a value of about 67 km/s/Mpc. On the other hand, local measurements

of the Hubble constant using supernovae type Ia and the distance ladder based on Cepheid variables

(e.g., Riess et al., 2019) have not changed significantly and still yield a value of about 74 km/s/Mpc,

though the value measured using the calibration of the supernovae Ia with the tip of the red giant

branch (Freedman et al., 2020) yielded a value around 70 km/s/Mpc. Possible explanations for the

discrepancy include systematic errors in the measurements or new physics beyond the standard model

of cosmology, such as the presence of time-dependent (redshift-dependent) dark energy replacing the

cosmological constant, or a modification to general relativity (Di Valentino et al., 2021; Di Valentino,

2021). In recent years, new measurements of the Hubble constant using independent methods, such as

the late-time cosmic expansion rate (Riess et al., 2020), have also been made, and these measurements

generally agree with the local measurements. This agreement provides strong support for the accuracy

of the local measurements and suggests that the Hubble tension is a real and significant discrepancy

in our current understanding of the expansion of the universe. The Hubble tension is a critical and

unresolved issue in cosmology that represents an active area of research and investigation. Further

measurements and improvements in both local and CMB techniques will be crucial in resolving the

discrepancy and advancing our understanding of the universe. The implications of the Hubble tension

are not yet fully understood, but it has far-reaching consequences for our understanding of the universe.

On the other hand, AGNs represent a promising new tool for cosmology, owing to their abundance

and broad range of redshifts, spanning from nearby sources 10 Mpc away to quasars at redshift 6.

However, utilizing AGNs as a cosmological tool is a more intricate process, with multiple independent

methods available for use (as detailed in Czerny et al., 2018). Quasar-based methods were already

used to address the issue (see e.g., Czerny et al., 2013; Risaliti & Lusso, 2019; Lusso, 2020; Shajib

et al., 2020; Wong et al., 2020; Sacchi et al., 2022). However, the method based on BLR does not yet
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reach that stage but it may in the nearest future.

1.2 Broad Line Region

The BLR is important for several reasons. First, it provides a means of determining the masses of

the central black holes in AGN (for a recent review see, Baron & Ménard, 2019). Since the velocity

of the gas in the BLR is virialized dominated by gravitational potential of the black hole, hence mass

of the black hole can be dynamically estimated using the Keplerian scaling MBH ∝ R∆V 2, where MBH

is the black h ole mass, R is the radial distance of the BLR from black hole, and ∆V is the velocity

dispersion of the gas clouds which is proportional to the width of the broad emission lines (Marconi

et al., 2008; Netzer & Marziani, 2010; Reines & Volonteri, 2015). Second, the broad emission lines in

the BLR spectrum can be used to probe the physical conditions in the region, such as the density,

temperature, and chemical composition of the gas. Finally, the BLR is also thought to play a role in

regulating the accretion process onto the black hole, as it may help to absorb and re-emit some of the

high-energy radiation emitted by the accretion disk, and may partially have a form of efficient winds.

The study of the BLR is challenging because of its small size and its proximity to the central

black hole. Only in three sources the BLR was marginally resolved using the IR interferometry with

GRAVITY instrument: 3C 273 (GRAVITY Collaboration et al., 2018), IRAS 09149-6206 (GRAVITY

Collaboration et al., 2020), NGC 3783 (GRAVITY Collaboration et al., 2021). However, advances in

observational techniques, such as reverberation mapping (RM), have made it possible to study the

BLR in detail in many other sources and to gain insight into the structure and properties of this

important component of AGN. The RM technique involves measuring the time delay caused by the

light-travel time between variations in the continuum emission from the accretion disk around the

SMBH and the corresponding variations in the emission lines from the BLR. By measuring the time

delay, one can determine the size (location) of the BLR, which is related to the mass of the SMBH,

as well as the velocity dispersion and structure of the BLR (Peterson & Gaskell, 1991; Peterson et al.,

1993; Kaspi et al., 2000; Bentz et al., 2022). The technique has been successfully used in studying the

BLR in many AGNs (over 200 objects so far), including quasars and radio galaxies. Reverberation

mapping has been used to make some of the most accurate measurements of SMBH masses to date

(e.g., Grier et al., 2013), and has also provided insights into the dynamics and physics of the BLR

(e.g., Bentz et al., 2009, 2013).

The optical/UV spectrum of a typical quasar, as partially decomposed shown in figure 1.3, usually

consists of many different components including continuum emission from the disk forming a power

law and emission lines, especially Balmer lines which are due to reprocess and re-emission of the inner

disk radiation as well as corona emission by circumnuclear moving material. Doppler broadening of

emission lines in the spectra of AGNs as a result of velocity dispersion due to kinematics of those

moving material (∆λ/λ = v/c ) is usually a blend of two components of narrow and broad with widths

of order of few hundred km/s and up to 104 km/s, respectively (Kollatschny & Zetzl, 2011). The

regions where the moving material produces narrow and broad emission lines are called Narrow Line

Region (NLR) and Broad Line Region (BLR).

The lines are frequently observed in the form of single-peaked (mostly in high accretion rates)

and double-peaked (for low accretion rates) emission line profiles (Osterbrock & Mathews, 1986).

These broad lines are further divided into two main types of High Ionization Lines (HIL) emitted by
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Figure 1.3: Representative UV-optical spectrum of a typical type 1 QSO from SDSS (Kovačević-
Dojčinović et al., 2017). The power law represents the continuum from the accretion disk. The FeII
pseudo-continuum and also some emission lines including strong Balmer lines, MgII from BLR, and
OIII narrow lines are visible.

hotter and lower-density clouds, and Low Ionization Lines (LIL) originating from cooler, denser clouds

located further away from the central black hole than HIL medium (Collin-Souffrin et al., 1988). The

measured time delays are shorter for HIL lines like HeII and CIV, while LIL represented by Balmer

lines and the MgII emission show longer delays, indicating a stratification of the emission with the

ionisation degree (Peterson & Wandel, 1999; Zajaček et al., 2021).

Observations indicate that the circumnuclear moving material giving rise to formation broad emis-

sion lines are clumpy (Markowitz et al., 2014; Armijos-Abendaño et al., 2022), most likely due to

thermal instability (Risaliti et al., 2011; Pietrini et al., 2019). Recent advanced simulations address

the issue of cloud formation in such a wind due to thermal instability (Waters et al., 2022). The BLR

material is most likely expected to originate from the disk due flat geometry implied from observations

(see e.g., GRAVITY Collaboration et al., 2018, 2021).

1.2.1 Proposed models for BLR

There have been many attempts over the last 50 years to explain the formation of BLR under differ-

ent scenarios. Different models have been proposed to explain the origin of the BLR material, and

dynamics of BLR clouds in a theoretical context, but the origin of the BLR remains uncertain. Mod-

elling efforts could be divided into dynamics-oriented and line emission-oriented, with a slow progress

towards a unified approach.

Initially, researchers attempted to explain the emission line formation by assuming a random spher-

ical distribution of clouds in Keplerian motion and concentrating on the photoionization equilibrium

(Kraemer & Harrington, 1986; Ferland et al., 1998; Kaastra et al., 2004; Goad et al., 2012; Ferland

et al., 2017). The history of photoionization modeling of BLR in AGNs dates back to the 1970s, when
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it was first proposed that the BLR is a region of photoionized gas surrounding the central accret-

ing black hole. One of the earliest photoionization models of the BLR was presented by Osterbrock

(1978); Ferland & Osterbrock (1986). They found that the observed emission line spectrum could be

reproduced by a model with a single value of the photoionization parameter. This ionization param-

eter, U , is defined as the ratio of ionizing photon density to gas density. Since then, photoionization

modeling of the BLR has become a standard technique in the study of AGN, with many advances

in both the modeling codes and observational data. Since the detailed modelling implied a range of

densities in the BLR, Baldwin et al. (1995) presented a model of the BLR based on the concept of a

“locally optimally emitting cloud” (LOC), which assumed that the gas in the BLR is clumpy, covers

a range of distances, and at each distance there are clouds of different densities. All distributions

are described assuming power law dependence on radius and local density. This model can reproduce

the observed emission line profiles and variability of AGN. Another important development was the

inclusion of X-ray ionization in photoionization models, which is important for AGN with a strong

X-ray component. This was first done by Korista & Ferland (1998), who showed that X-ray ionization

can explain the observed variability of the BLR in NGC 5548. However, this approach has not been

consistently sufficient to explain the BLR formation mechanism and dynamics (Capriotti et al., 1980).

Parametric models are general attempts to the modelling of the BLR based on simple assumptions

about the geometry and kinematics of the gas clouds. For example, in an early study in this context

by Mardaljevic et al. (1988), in order to explain the broad emission lines in AGNs, radially outflowing

clouds from a Keplerian disk are just assumed without addressing a mechanism that can give rise to

their formation and geometry. These models generally feature diverse geometries such as rings, disks,

shells, and cones filled with clouds (Netzer & Laor, 1993). The density of clouds within the BLR

follows a particular function (Adhikari et al., 2018) and their physical properties are parameterized

to optimize the emission line shape and the corresponding time-delay maps (Pancoast et al., 2014).

These models can provide quantitative constraints on the dynamics and geometry of the BLR (Li

et al., 2013) or infer the transfer function (Krolik & Kriss, 1995), however, may not reflect the true

physical conditions. As such, they should be used with caution, and their results should be interpreted

in the context of the limitations and assumptions of the model being used.

As for the dynamics-oriented aspect, magnetically driven winds have been first proposed as a

generic outflow wind solution. The concept of magnetically driven winds was first proposed by Bland-

ford & Payne (1982) to explain the jet formation in some AGN, followed later by others (Konigl &

Kartje, 1994; Everett & Murray, 2007). Such magnetically driven outflow can originate at any disk

radius, so it can explain both the jet phenomenon as well as the outer dusty torus and X-ray absorption

features (Elitzur & Shlosman, 2006). One of the main advantages of magnetically driven winds is that

they can naturally explain the observed variability of the BLR, as the wind is driven by the accretion

disk and can respond to changes in the disk’s ionizing radiation flux. Additionally, magnetic fields are

known to play a key role in many astrophysical processes, so it is not unreasonable to expect them to

be important in AGN as well. However, this mechanism is based on assumption of the existence of

global magnetic field. There are also some potential disadvantages to using magnetically driven winds

to model the BLR. One issue is that the models are often complex and computationally expensive,

as they require detailed calculations of the magnetic field structure and the interaction between the

wind and the accretion disk (Li & Cao, 2022). Additionally, the models often require a number of

free parameters related to the global magnetic field and unconstrained by the data, which can make
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it difficult to accurately constrain the physical conditions of the BLR.

In another model, Begelman et al. (1983) suggested that the irradiation of the outer disk by the

central source to the Inverse Compton temperature could give rise to the formation of thermally-driven

winds, which could also be the origin of the BLR. This required additional elements to be assumed,

such as a hot corona above the disk or an inner hot flow (Czerny & King, 1989; Witt et al., 1997;

Blandford & Begelman, 1999).

Radiatively line-driven mechanism, although initially developed by Castor et al. (1975) to address

the stellar winds, was also used as a the most attractive scenario for BLR formation as winds emerging

from the accretion disk in AGNs and first studied in this regard by Murray et al. (1995); Murray &

Chiang (1997). These are the first papers which combined the physically dynamical approach with

the computations of the emission line profiles emerging from the wind. The mechanism works based

on the fact that resonance line absorption in an accelerating flow could be significantly more efficient

than electron scattering. Following the study by Murray et al. (1995); Murray & Chiang (1997), the

principle underwent through numerous tests in AGNs with semi-analytical and also hydrodynamical

simulations with varying initial conditions, and these models have shown that winds can be generated

for a broad range of black hole masses and accretion rates, and it has been particularly successful

at predicting the HIL formation (Proga et al., 2000; Proga & Kallman, 2004; Risaliti & Elvis, 2010;

Higginbottom et al., 2014; Waters & Proga, 2016; Waters et al., 2016).

There are also other models such as inflow models (Done & Krolik, 1996; Wang et al., 2017), and

disk instabilities (Collin & Zahn, 1999; Wang et al., 2011, 2012). But, dust-driven models are the new

and last resorts in this context in which the possible presence of dust in AGN black hole accretion

disks and in BLR motivated researcher to examine the possible formation of BLR due to radiation

pressure of accretion disk acting on dusty material. In the following, in section 1.2.2, I review the

literature hinting on the presence of dust especially in BLR, and then the models of BLR based on

dust in section 1.2.3.

1.2.2 Dust in BLR

The existence of dust in the BLRs of AGNs has been a topic of debate among astronomers for many

years. For old reviews, see e.g., (MacAlpine, 1985; Goodrich, 1995).

The detection of significantly lower Lyα and ultraviolet line to Balmer line ratios than expected

in Seyfert 1 galaxies and quasars by Baldwin (1977), subsequently confirmed by multiple researchers,

prompted an increased concern about the potential impact of reddening. Moreover, the International

Ultraviolet Explorer satellite data revealed that dust in active galaxies may possess extinction prop-

erties different from those found in the interstellar medium in our Galaxy, especially with respect to

the potential absence of a notable 2200Å feature (Neugebauer et al., 1980). Additionally, it was

observed that continuous spectra of quasars could not be explained entirely by simple power laws

(Richstone & Schmidt, 1980). Thus, it was realized that arguments against quasar reddening based

on apparent continuum characteristics might not be valid. Shuder & MacAlpine (1977, 1979); Baldwin

et al. (1978); Netzer & Davidson (1979) all identified specific line ratios that indicated considerable

differential extinction due to dust in the line of sight, while London underscored the possibility of dust

destroyed by trapped Lyα emission.

There is also another compelling evidence for the presence of dust in AGNs that has been revealed

through polarization and infrared observations. In certain Seyfert 1s and BLRGs, the comparable
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polarization of both emission lines and underlying continuum has been attributed to either dust scat-

tering or transmission, as demonstrated by different researchers (Thompson et al., 1980; Martin et al.,

1982; Rudy et al., 1983, 1984). Moreover, Rudy et al. (1983) found a relationship between measured

polarizations and broad line Balmer decrements, and many AGNs display an apparent rise in contin-

uum polarization towards shorter wavelengths, which may indicate the presence of dust scattering.

However, Miller & Antonucci (1983) warned that the perceived increase in polarization towards blue-

ward wavelengths could also result from dilution by unpolarized starlight. Although Antonucci (1984);

Antonucci & Miller (1985) have proposed that electron scattering is responsible for the observed po-

larization of lines and non-stellar continuum in the BLRG 3C 234 and the Seyfert 2 galaxy NGC 1068

(Angel et al., 1976), this interpretation may apply to other AGNs as well. Nevertheless, several of

these AGNs exhibit signs of dust besides polarization.

In the 1970s and 1980s, the study of AGN broad emission lines became more sophisticated, and it

was discovered that the lines showed a range of asymmetries and profiles that could not be explained

by simple models of the emitting gas. It was proposed that this could be due to the presence of dust in

the BLRs (Netzer, 1987). The question of the exact location of the dust in AGN remained a matter of

debate for many years. It was initially thought that the dust was located in a torus-shaped structure

surrounding the central black hole, but later observations suggested that the dust could also be present

closer to the central engine, in the BLRs or even in the accretion disk itself. (Kraemer & Harrington,

1986; Maiolino et al., 2001b,a; Suganuma et al., 2006).

The exact role of dust in the BLRs and its effects on the observed properties of AGN are still a

subject of active research (Ilić et al., 2012; Shablovinskaya et al., 2020). The broad hydrogen Balmer

emission line ratios observed in AGN are not consistent with simple theoretical predictions, and the

presence of dust has been proposed as a possible explanation (Ilić et al., 2012). In general, a medium

that is exposed to the central flux in AGN cannot remain dusty at distances smaller than the torus

inner radius. However, the disk in AGN is geometrically thin, and its inner part, or winds, may shield

the disk and allow dust to survive close in. Measurements of the time lag between the non-polarized

continuum and polarized broad line variability in Mrk 6 have indicated the presence of a scatterer

much closer than the torus but further away than the BLR (Shablovinskaya et al., 2020). Another

important fact is that broad lines coexist with a cold disk located much closer to the torus than

previously thought. Several studies (Rees et al., 1969; Rieke, 1978; Barvainis, 1987; Dong et al., 2008)

also suggest that there might be dust present in the outer regions of an accretion disk. This cold disk

contains low-ionized material with dust, as the effective temperature of the accretion disk drops below

1000 K (Czerny et al., 2004; Loska et al., 2004).

These facts motivated the development of the radiatively dust-driving models for the BLR which

is the subject of the section 1.2.3 below.

1.2.3 Dust-based models for BLR

A decade ago, Czerny & Hryniewicz (2011) showed that dust can form at large radii of accretion disk

where the disk effective temperature drops below the order of 1000 K, thus proposed a non-adhoc

physically-motivated fully-analytical one-dimensional (1D) model based on radiatively dust-driving

mechanism to explain the LIL part of BLR. In this model, a dusty wind is initiated from the disk due

to disk radiation pressure but finally falls back onto the disk, hence the model is called FRADO (Failed

Radiatively Accelerated Dusty Outflow). The FRADO model directly predicts the inner/outer radius
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Figure 1.4: A typical geometry of a quasar adopted from Miniutti et al. (2013).

of LIL-BLR, asymmetry in line profiles (due to dust evaporation); observationally consistent line shape

parameter FWHM/σ , the dependence of virial factor on black hole mass, and most importantly the

radius-luminosity (RL) relation (Czerny et al., 2015, 2016, 2017).

Later, Baskin & Laor (2018) developed another model in which a static disk is just puffed-up

due to irradiation in the dust-dominated region. According to Czerny et al. (2015), the Planck mean

opacity in the upper region of the accretion disk atmosphere is significantly higher than the Rosseland

mean opacity used in the interior of the disk. This results in the lack of hydrodynamical balance in

the optically thin surface layers of the disk, and indicates that the larger Planck value, appropriate for

wind-driving, inevitably causes an outflow launching, even though a failed wind (For a recent review

on radiation-driven accretion disk winds see Giustini & Proga, 2019). In contrast, Baskin & Laor

(2018) only utilized a static solution and were unable to capture the potential for strong winds to form

from the disk at high accretion rates. Although they acknowledged this possibility, their static analysis

could not account for this feature. In a typical geometry of a quasar as shown in figure 1.4, formation

of low-ionized broad emission line with a single-peaked profile is expected only if a wind, even a failed

wind, is formed. Irradiated static disk surface in the model of Baskin & Laor (2018) usually leads

to double-peaked line profiles. There is also another model in the context of dust-driving mechanism

by Dorodnitsyn et al. (2016), though appropriate for the outer disk and dusty torus. However, later

Dorodnitsyn & Kallman (2021) developed an extension of the static model of Baskin & Laor (2018)

that includes a convective component responsible for launching an outflow from the disk.

The basic model of FRADO, however, is 1D fully analytical in which the flux is very local and

constant with height, shielding effect is neglected, radiation from other radii is neglected in motion,

the motion is only described in the vertical direction and radial motion is neglected, a wavelength-

averaged dust opacity is used, and the full picture of LIL-BLR is in the form of failed wind (no

signature of outflow), but the successful predictions of the model motivated the development of a

more comprehensive model, accounting for the full 3D geometry of AGNs. During my PhD I developed

the 2.5D numerical non-hydrodynamical FRADO code to simulate the dynamics of material in low
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ionized BLR. The code incorporates the realistic prescription of extended disk radiation field, advanced

values of wavelength-dependent dust opacities (Szczerba et al., 1997; Röllig et al., 2013), dynamical

dust sublimation process and shielding effect (Murray et al., 1995). It shows that cloud motion is

rather complex and strongly depends on the parameters like black hole mass, accretion rate, viewing

angle towards the nucleus, and the metallicity of material. It successfully explains many observational

dynamical features of LIL-BLR, as presented in Paper I. For example, it predicts formation of an

outflow structure similar to empirical picture of Elvis (2000). Successful test of the model with the

observationally-established radius-luminosity relation in AGNs also confirms its predictive power, as

detailed in Paper II. The model can consistently recover the shape of low-ionized emission line profiles

of AGNs, hence serves as an appropriate model to account for LIL-BLR, as addressed in Paper III.

1.3 Thesis overview

In my thesis I focus on the dynamical nature of the broad line region (BLR) in active galaxies through

a numerical approach based on dust driving mechanism. The BLR is a nuclear region of most active

galaxies, characterized by broad emission lines in the optical/UV spectra produced due to complex

motion of material. The precise dynamics of the BLR as an open question, with observations indicating

a largely Keplerian motion alongside possible traces of inflow or outflow, seems to be unfolded at least

for the low ionized part, from the point of view of my thesis that presents a comprehensive investigation

into the BLR dynamics through radiation pressure acting upon dust present at the surface layers of

the accretion disk at large radii. To do so, I developed the 2.5D numerical version of the FRADO

model with non-hydrodynamical single-cloud approach to the dynamics of BLR which is addressed in

Chapter 2, and Paper I. In this paper, I showed that the radiation pressure exerted upon dusty clouds

is potent enough to cause a dynamical (mostly failed) outflow from the surface of the accretion disk.

The overall dynamics of BLR in this model is very complex, consisting of two parts of failed winds

and outflow. The dynamics is strongly influenced by the Eddington ratio of the source. Ultimately,

the cloud dynamics serves as the principal determinant of the three-dimensional geometry of the BLR.

In Paper II, I performed a preliminary test of the model with the observationally-established radius-

luminosity relation in AGNs. It shows that the model with different values of accretion rate and

adjusting the shielding effect can explain the most recent sample of reverberation measured Hβ time-

delays which includes the spread over the phenomenological relation with respect the Eddington ratio

of the source. In Paper III, I tested the model with calculations of the spectral line generic profiles,

using a large grid of results from the 2.5D FRADO numerical code. I conducted an analysis of the

impact of various parameters, including accretion rate, black hole mass, viewing angle, and dust-to-

gas mass ratio, on the shape of the spectral line profiles. The results demonstrate that the spectral

line profiles are significantly influenced by the dust-to-gas mass ratio, which regulates the strength of

the radiation pressure. They also show that the 2.5D FRADO model can appropriately explain the

low-ionized broad emission lines, such as MgII and Hβ , observed in quasars mean spectrum.

Overall, the thesis presents a novel dust-based approach to understanding the dynamics of the

BLR in active galaxies. The thesis findings highlight the significant role of radiatively dust-driving

mechanism in shaping the BLR dynamics, and the importance of metalicity, or dust-to-gas mass ratio

in determining the spectral line profiles. These findings provide valuable insights into the physics of

active galaxies and contribute to the broader understanding of these fascinating astrophysical objects.
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Chapter 2

FRADO in 2.5D: Calculations & Setup

2.1 Radiation pressure

Specific (radiative) intensity is a quantity used in physics that describes electromagnetic radiation. It

is a term used in much of the older scientific literature. The present-day SI term is spectral radiance,

which can be expressed in base SI units as W m−2 sr−1 Hz−1.

In terms of the spectral radiance, Iν , the energy flowing across an area element of dA, located at r

in time dt, in the solid angle dΩ about the direction n̂ in the frequency interval ν to ν + dν is

dEν = Iν(r, n̂, t) cos(α) dν dA dΩ dt (2.1)

where α is the angle that the unit direction vector n̂ makes with a normal to the area element n̂A.

It can alternatively expressed in terms of wavelength as

dEλ = Iλ (r, n̂, t) cos(α) dλ dA dΩ dt (2.2)

The solid angle defines as

Ω =
∫

B

n̂B · n̂
s2 dB =

∫
B

cos(β ) dB
s2 (2.3)

Figure 2.1: The geometry for the definition of specific (radiative) intensity.
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Figure 2.2: Components of radiative force.

So one can write

dEλ = Iλ (r, n̂, t)
cos(α) cos(β )

s2 dλ dA dB dt (2.4)

Then the differential amount of radiation flux from the solid angle dΩ is

dFλ =
dEλ

dλ dA dt
= Iλ (r, n̂, t) cos(α) dΩ (2.5)

so the monochromatic radiation flux reads

Fλ =
∫

Iλ cos(α) dΩ (2.6)

or, equivalently, the total flux as

F =
∫

I cos(α) dΩ (2.7)

To get the flux of radiation momentum (momentum per unit time per unit area = radiation

pressure), using the definition of photon’s momentum in Relativity, i.e. p = E/c, we have

Prad = flux of momentum =
flux of energy

c
(2.8)

or

Prad =
1
c

∫
Iλ cos(α) dΩ dλ (2.9)

According to the figure 2.2, the radiation pressure can be expressed in two ways depending on

whether the light is reflected from or absorbed by the surface.

1) If the light is completely absorbed, then the force due to radiation pressure is in the direction

of the light’s propagation and the equation 2.9 remains unchanged.

2) If the light is instead completely reflected, then the radiation pressure force must act in a

direction perpendicular to the surface which requires one more factor of cos(α), that is the component

of radiation pressure parallel to the surface cannot exert a force. A factor of 2 is also needed due to

conservation of momentum. Therefore the radiation pressure takes the form

Prad =
2
c

∫
Iλ cos2(α) dΩ dλ (2.10)

If the effective cross section of the irradiated object is always perpendicular to n̂, the radiation
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pressure is then given as

Prad =
1
c

∫
Iλ dΩ dλ (full absorption) (2.11)

Prad =
2
c

∫
Iλ dΩ dλ (full reflection) (2.12)

Radiation pressure is something intrinsic to the radiation source and independent of the optical

properties of the irradiated object. The radiative force due to the radiation pressure, however, is a

function of the optical properties of the irradiated object, that is its scattering and absorption cross-

sections. It means that a given object might be fully transparent to the radiation, so that it feels no

radiative force acting upon it, regardless of the radiation pressure of the radiation source.

2.2 Radiative force of an anisotropic disk at an arbitrary point P

Figure 2.3: A particle at P under radiation pressure from an emitting extended disk.

Following equations 2.11 and 2.12, the absorption- and scattering-driven radiative force exerted

on an infinitesimal object (dA) by an infinitesimal emitter (dB) shown in figure 2.1 can be obtained if

simply multiplied by a corresponding cross-section. Therefore one can find the radiative accelerations

as

aabs =
1

Mc

∫ ∫
Iλ σ

abs
λ

ŝ dΩ dλ (2.13)

asca =
2

Mc

∫ ∫
Iλ σ

sca
λ

ŝ dΩ dλ (2.14)

where M the mass of irradiated object (particle at P), and σλ is the cross section of the irradiated

object for absorption or scattering which in general is wavelength-dependent. It should be noted that

we have put σλ rather than dA which means that not only the gradient of radiation pressure across

the irradiated object is negligible, but also σλ includes the information of reflectivity and absorption

efficiency of the irradiated object. It implies that the object is small, for example dust grains with
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CHAPTER 2. FRADO IN 2.5D: CALCULATIONS & SETUP

small values of cross-sections, so the total radiative acceleration of the object is

arad
grain =

1
Mgrain

1
c

∫ ∫
Iλ σ

rad
λ

ŝ dΩ dλ (2.15)

where σ rad
λ

= σ abs
λ

+ 2σ sca
λ

.

Using the definition of solid angle, we consider an extended disk-like radiating surface shown in

figure 2.1 in grey where red spot is the area element in polar coordinate, dB, shown in the figure 2.3

and n̂B is the unit vector normal to dB. So we have

dΩ =
cosβ

s2 R dR dϕ (2.16)

where cosβ = z/s, and ŝ = s/s. So we have

arad
grain =

1
Mgrain

z
c

∫ ∫ ∫
Iλ σ

rad
λ

s

s4 R dR dϕ dλ (2.17)

Knowing that (s = r−R), using the below definitions{
r = ρ ρ̂ + z ẑ

R = R cosϕ ρ̂ + R sinϕ ρ̂⊥
(2.18)

we can obtain the vector s and its length as

s = (ρ −R cosϕ) ρ̂ −R sinϕ ρ̂⊥ + z ẑ (2.19)

s2 = r2 + R2 −2 ρ R cosϕ (2.20)

Due to azimuthal symmetry, the summation over the second term of s would give zero, so we have

arad
grain =

1
Mgrain

z
c

∫ ∫ ∫
Iλ σ

rad
λ

(ρ −R cosϕ) ρ̂ + z ẑ

(r2 + R2 −2 ρ R cosϕ)2 R dR dϕ dλ (2.21)

for which one can have the components in Cartesian coordinates just using ρ̂ = (x x̂ + y ŷ)/ρ.

This gives the net radiative acceleration for a single grain of a specific size and certain type of

material. But for a dusty clump, i.e. a distribution of dust particles (with different material and

different size) embedded in and strongly coupled with a volume of gas, the radiative acceleration can

be obtained by summation over the type and size of dust particles as below

arad
clump =

1
Mclump

z
c

∫ ∫ ∫
Iλ σ

tot(rad)
λ

(ρ −R cosϕ) ρ̂ + z ẑ

(r2 + R2 −2 ρ R cosϕ)2 R dR dϕ dλ (2.22)

where Mclump = Mdust + Mgas.

21



CHAPTER 2. FRADO IN 2.5D: CALCULATIONS & SETUP

2.3 Dust modelling

In order to find σ
tot(rad)
λ

, assuming a dust model with a population of dust types with a given grain

size distribution, we proceed with a general relation valid for grains with radius a− ≤ a ≤ a+ as below

dni(a) = n fi(a) da = ni(a) da (2.23)

where ni(a) is the number-density of grains of the chemical composition i, n is the number-density

of H nuclei (n = nH + 2nH2), and fi is a modular function. Now one can write for example the total

absorption cross-section (the same applies to total scattering cross-section) for a given dust sort as

σ
tot(abs)
λ ,i = Vclump

∫ ai
+

ai
−

ni(a) [σ(a)]abs
λ ,i da (2.24)

where [σ(a)]abs
λ ,i is the absorption cross-section of a single grain of a certain sort of size a (radius) at

wavelength λ , and Vclump is the volume of the clump. Summation over sorts of dust gives

σ
tot(abs)
λ

=
NDS

∑
i=1

σ
tot(abs)
λ ,i = Vclump

NDS

∑
i=1

∫ ai
+

ai
−

ni(a) [σ(a)]abs
λ ,i da (2.25)

where NDS is the number of dust sorts in the dust model. Likewise we can find σ
tot(sca)
λ

and consequently

σ
tot(rad)
λ

.

When calculating the radiative acceleration, it would be easier to work with general densities,

ratios, and mean values rather than certain masses or volumes. Looking at the equation 2.22 we can

write
σ

tot(rad)
λ

Mclump
=

Mdust

Mclump

σ
tot(rad)
λ

Mdust
=

Ψ

1 + Ψ
Krad

λ
(2.26)

where Krad
λ

is the total opacity of the clump given by

Krad
λ

= Kabs
λ

+ 2Ksca
λ

(2.27)

where

Kj
λ

=
1
Ψ

NDS

∑
i=1

Kj
λ ,iΨi (2.28)

where

Kj
λ ,i =

σ
tot(j)
λ ,i

Mdust,i
=

1
ρdust,i

∫ ai
+

ai
−

ni(a) [σ(a)]
j
λ ,i da (2.29)

where j stands for (rad), (abs), or (sca); and Ψ is dust-to-gas mass ratio given by

Ψ =
Mdust

Mgas
=

ρdust

ρgas
=

NDS

∑
i=1

Ψi =
∑

NDS
i=1

∫ ai
+

ai
−

ni(a) 4/3πa3ρb,i da

nmH
=

∑
NDS
i=1

∫ ai
+

ai
−

fi(a) 4/3πa3ρb,i da

mH
(2.30)

where ρb,i is the bulk dust density of sort i, and mH is the mass of H nuclei.
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2.4 Radiative acceleration of a dusty clump under the effect of SS disk

Now, following the equation 2.15, the total radiative acceleration of the dusty clump can then be

written as

arad
clump =

Ψ

1 + Ψ

z
c

∫
λ f

λi

∫
ϕmax

ϕmin

∫ Rmax

Rmin

Iλ Krad
λ

(ρ −R cosϕ) ρ̂ + z ẑ

(r2 + R2 −2 ρ R cosϕ)2 R dR dϕ dλ (2.31)

where Ψ is the clump dust-to-gas ratio, and Krad
λ

is the mean total cross-section per dust mass which

resembles the definition of opacity

As the SS disk emits thermal radiation that follows a blackbody spectrum, we take Iλ = Bλ ,

Bλ (T ) =
2hc2

λ 5
1

exp
(

hc
λ kB T

)
−1

(2.32)

we have

arad
clump =

Ψ

1 + Ψ
2hc z

∫∫∫ Ksca(λ )

λ 5
1

exp
(

hc
λkB Teff(R)

)
−1

(ρ −R cosϕ) ρ̂ + z ẑ

(r2 + R2 −2 ρ R cosϕ)2 R dR dϕ dλ (2.33)

For a radiatively efficient disk, the outcoming flux of energy is given by the corresponding formulae

of Shakura & Sunyaev (1973) and Novikov & Thorne (1973), which can be used to obtain the radial

profile of the effective temperature. For the non-relativistic SS disk it is given as

F(R) = σSB T 4
eff(R) =

3GMṀ
8πR3

(
1−
√

Rin

R

)
(2.34)

where Rin is the inner radius of the disk defined as

Rin = 6 rg =
6GM

c2 (2.35)

The final form of the radiative acceleration is then given by plugging Teff(R) from 2.34 into equation

2.33.

2.5 Dust sublimation

Assuming instantaneous re-emission of the absorbed radiation by dust in the form of an isotropic

blackbody radiation, if the amount of heat absorbed by dusty content of the clump increases its

temperature to that of sublimation, the radiative engine of motion of the clump switches off. So the

criterion for sublimation of dusty content is

Eabs = Eemit(Ts) (2.36)

The total radiative energy by definition is

E =
∫

Iλ (r, n̂) cos(α) dλ dA dΩ dt (2.37)
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So the radiative energy absorbed by dust is

Eabs =
∫

Iλ σ
tot(abs)
λ

dλ dΩ dt (2.38)

and the energy re-emitted by dust at the sublimation temperature (Ts) is

Eemit(Ts) = 4π

∫
Bλ (Ts) σ

tot(abs)
λ

dλ dt (2.39)

Dividing both sides of the equation 2.36 by dt and Mdust we can introduce Q (the total power per

dust mass) so we have

Qabs = Qemit(Ts) (2.40)

as the dust sublimation condition where

Qemit(Ts) = 4π

∫
Bλ (Ts) Kabs

λ
dλ (2.41)

Qabs =
∫

Iλ Kabs
λ

dλ dΩ (2.42)

so we have

Qabs = z
∫

λ f

λi

∫
ϕmax

ϕmin

∫ Rmax

Rmin

Iλ Kabs
λ

(r2 + R2 −2 ρ R cosϕ)3/2 R dR dϕ dλ (2.43)

2.6 Shielding effect

According to radiatively-driven wind models, launching an efficient outflow in not possible if the

launching region is not shielded from irradiation by the central source, as firstly modelled by Murray

et al. (1995). This issue is discussed in detail in Paper I and Paper II. In our model, we treat

the shielding effect through a geometrical proxy. We consider that the cloud is exposed only to the

radiation from the small part (a polar patch) of the disk, and the size of the patch is always proportional

to the actual height of the cloud. Thus the position and the size of the patch varies as the cloud moves.

A cloud very high above the disk is exposed to a large fraction of the disk. This geometry is illustrated

in figure 2.4.

In order to include the geometrical treatment of the shielding effect into our computations, equa-

tions 2.44 below should be introduced in equations 2.33, and 2.43 as the upper/lower limits of integrals.

The ratio of the cloud height to the patch size is determined by a parameter, α, which is fixed during

the cloud motion.

Rmin = ρ −αz

Rmax = ρ + αz

ϕmin = −π

(
αz

ρ−Rin

)
ϕmax = π

(
αz

ρ−Rin

) (2.44)

.
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Figure 2.4: Geometrical proxy for shielding effect.

2.7 General Setup

There are eventually two main forces, i.e. gravity of central black hole and disk radiation pressure

acting on a dusty clump.

a net = a gravity +a radiation (2.45)

where

a gravity = −GMBH r

r3 (2.46)

and a radiation is given by the equation 2.33.

In the 2.5D FRADO model that I developed, the code is fed by the main global parameters of a

given source (the black hole mass, accretion rate, and dust-to-gas mass ratio), and it basically solves

the equation of motion while the angular momentum at a given cloud orbit is conserved.

The advanced values of wavelength-dependent dust opacities are taken from the code by Szczerba

et al. (1997); Röllig et al. (2013). Throughout this thesis the sublimation temperature of dust is kept

at 1500 K as in Baskin & Laor (2018). More details on the dust modelling is available in Paper I.

A given cloud in Keplerian motion around the black hole starts its vertical motion under the

effect of disk radiation pressure from the disk surface at a given radius which is calculated from the

code developed by Różańska (1999); The code gives the one-dimensional shape of accretion disk as

a function of radius. At any given step, the condition of dust sublimation, as in equation 2.40, is

checked, and if met, the radiative force is switched off, hence there will be only a ballistic motion

under the gravity of central black hole.

General relativistic effects are also neglected due large distance of the dust-dominated region of

accretion disk from the central black hole.

The dimensions of disk in our computations is as below

Rin = 6 rg (inner radius of disk)

Rout = 106 rg (outer radius of disk)

where rg is the gravitational radius. However, due to shielding effect, only a small polar patch of the

disk is eventually considered, the size of which is a function of the location of a lifted cloud.
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Paper I: The picture of BLR in 2.5D

FRADO: Dynamics and Geometry
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Abstract

The dynamics of the broad line region (BLR) in active galaxies is an open question; direct observational constraints
suggest a predominantly Keplerian motion, with possible traces of inflow or outflow. In this paper we study in
detail the physically motivated BLR model of Czerny & Hryniewicz based on the radiation pressure acting on dust
at the surface layers of the accretion disk (AD). We consider here a nonhydrodynamical approach to the dynamics
of the dusty cloud under the influence of radiation coming from the entire AD. We use here a realistic description
of the dust opacity, and we introduce two simple geometrical models of the local shielding of the dusty cloud. We
show that the radiation pressure acting on dusty clouds is strong enough to lead to dynamical outflow from the AD
surface, so the BLR has a dynamical character of a (mostly failed) outflow. The dynamics strongly depends on the
Eddington ratio of the source. Large Eddington ratio sources show a complex velocity field and large vertical
velocities with respect to the AD surface, while for lower Eddington ratio sources vertical velocities are small and
most of the emission originates close to the AD surface. Cloud dynamics thus determines the 3D geometry of
the BLR.

Unified Astronomy Thesaurus concepts: Galaxy accretion disks (562); Radiative processes (2055); Broad-
absorption line quasar (183); Quasars (1319); Astrophysical dust processes (99); Gas-to-dust ratio (638); Active
galactic nuclei (16); Active galaxies (17); Reverberation mapping (2019); Supermassive black holes (1663);
Galaxy winds (626); Dust continuum emission (412)

1. Introduction

Broad emission lines are the most characteristic features of the
optical/UV spectra of most active galaxies. They were the
motivation of the study by Seyfert (1943), and they provided the
clue to the puzzle of the quasar phenomenon (Schmidt 1963).
The intense emission of broad line regions (BLRs) from the
X-ray to optical to infrared has been studied for years (Boroson
& Green 1992; Lawrence et al. 1997; Reeves & Turner 2000;
Sulentic et al. 2000; Gaskell 2009; Le & Woo 2019; Raimundo
et al. 2020). These studies rely on the analysis of the spectra and
their time dependence because the region is messy, turbulent,
and not yet easily spatially resolvable. Line shapes and the
photoionization conditions of their formation imply that BLR
emission consists of two line categories: high-ionization lines
(HIL) and low ionization lines (LIL; Collin-Souffrin et al. 1988).
Further research brought a wealth of information on the spatial
distribution of the medium, its motion, and the thermal and
ionization state of the material (for a detailed review, see
Netzer 2013), but did not bring a definite answer to the question
of the origin of the material located in the BLR.

The reverberation mapping (RM) approach based on the
delayed response of BLR material to variations of the active
galactic nucleus (AGN) continuum (Blandford & McKee 1982;
Peterson 1993) enabled us to precisely measure the spectral-
dependent radius of BLRs (Wandel et al. 1999). It also brought
us an insight into the motion of the BLR (Peterson et al. 1998),
showing that its dynamics is a composition of a Keplerian
motion around the black hole (BH), and a turbulent motion that
gives overall a complex velocity field (Shapovalova et al. 2010;
Grier et al. 2013).

That said, the presence of observational signatures of inflow/
outflow (e.g., Brotherton et al. 1994; Done & Krolik 1996)
makes the origin of this material puzzling. Reasonable possible

origins of the material are the accretion disk (AD) and the
interstellar medium. The recently confirmed flattened geometry
of the BLR, resolved observationally for the first time in two
sources (Gravity Collaboration et al. 2018, 2021), may favor the
first possibility, i.e., the material originates from the AD; and
also recent observation-based studies (Leftley et al. 2019; Mas-
Ribas 2019; Mas-Ribas & Mauland 2019) show that radiation
pressure, likely on the multiphase medium, is the prevalent
mechanism responsible for the outflows in quasars.
There have been many attempts by different researchers to

explain the formation and dynamics of BLR clouds in a
theoretical context over last 50 years. The first attempt was to
simply model the emission line formation by studying the
photoionization equilibrium (Osterbrock 1978), which did not
explain the BLR formation mechanism and dynamics (Capriotti
et al. 1980). The idea of magnetically driven winds was
then initiated by Blandford & Payne (1982), in which the
magnetocentrifugal force was responsible for driving the
outflow to explain the BLR formation. Although the mech-
anism requiring a strong large-scale poloidal component of the
magnetic field was not self-consistent (Balbus & Hawley 1991),
dusty molecular torus and X-ray absorption features could be
explained (Elitzur & Shlosman 2006; Fukumura et al. 2015;
Huang et al. 2020). It was then proposed by Begelman et al.
(1983) that the outer disk that is irradiated by central source to
the Inverse Compton temperature can give rise to the formation
of thermally driven winds that could be the origin of BLR. This
also required additional elements to be assumed, such as a hot
corona above the disk or an inner hot flow (Witt et al. 1997;
Blandford & Begelman 1999). Radiatively line-driven winds as
a mechanism for BLR formation, first studied by Murray et al.
(1995), was the next theoretically based attempt that was
particularly/exceptionally successful at predicting the line
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profile shapes. This model most likely explains the HIL part of
BLR emission, where line profiles show signatures of outflow.
However, even a line-driven wind does not always escape, and
a failed wind may form at some range of radii (Risaliti &
Elvis 2010), thus complicating the line profile predictions.
Inflow models (Done & Krolik 1996, followed by others, e.g.,
Hu et al. 2008 and Wang et al. 2017), in which the flow of
material from large radii was considered to be responsible for
BLR formation, also came under attention, but they lack
predictive power. BLR formation due to disk instabilities, also
known as formation in situ, has also been given attention for
years (Collin & Zahn 1999, 2008; Wang et al. 2011, 2012b).

Radiatively dust-driven models are the newest models for
BLR formation focusing on the radiation pressure of the AD,
and also the presence of dust at large radii. The latter is hinted
at in a number of papers (Rees et al. 1969; Rieke 1978;
Barvainis 1987; Dong et al. 2008). This dust is usually
considered to constitute the dusty/molecular torus, but dust can
exist also closer in, if shielded, and may play a role in BLR
formation. The models in this category are the Failed
Radiatively Accelerated Dusty Outflow (FRADO) model
(Czerny & Hryniewicz 2011), and a model by Baskin & Laor
(2018) in which the static disk is inflated due to irradiation in
the dusty part (hereafter BL18). In this work, we intend to
study the dynamics of the BLR based on the FRADO model.
Here, we concentrate on the semi-analytical description of the
cloud motion that will later allow one to calculate the BLR
transfer function and line shapes, and to compare these
predictions to parametric models assuming an arbitrary cloud
distribution. In this way we aim to test whether FRADO is a
viable model of the LIL part of the BLR.

Due to various motivations such as estimating the central BH
mass, simulating the dynamics of BLR material due to
radiation pressure, either in lines or on dust, has been of high
interest for researchers (e.g., Marconi et al. 2008; Netzer &
Marziani 2010; Wang et al. 2012a; Plewa et al. 2013;
Shadmehri 2015; Khajenabi 2016). Different geometries, and
even the time-dependent case of the radiation field have been
investigated in the existing literature (e.g., Saslaw 1978; Mioc
& Radu 1992; Krause et al. 2011; Liu & Zhang 2011). Some
studies based on radiation pressure including hydrodynamical
(HD) ones do not use a realistic prescription for the radiation
field of the AD. Either the disk has been initially considered
as a point-like source with a luminosity (e.g., Donea &
Protheroe 2002; Mosallanezhad et al. 2019), or it is treated as
an extended object with only the radial component of the force
(in spherical coordinates) used in the computations (e.g.,
Risaliti & Elvis 2010). Both cases result in the radiation field
being proportional to the inverse square of the distance, so the
radiation field ultimately has the form of a repelling central
force and never produces a strong vertical component close to
the disk surface to lift the material sufficiently before being
repelled outward. This can be applicable if the BLR extends far
beyond the outer radius of the AD, e.g., in BLR models based
on cloud inflow from larger radii (Wang et al. 2017), but this
scenario is not firmly established. Instead, there are arguments
that the BLR instead overlaps with the AD (e.g., Czerny et al.
2004b). There are also a number of studies (e.g., Proga et al.
1998, 2000; Proga & Kallman 2004; Nomura et al. 2020;
Mizumoto et al. 2021) that address the full disk radiation field
but focus on the line-driving force in which the element of dust
is missing.

Intuitively, the radiation force acting on clouds in the
vicinity of the AD is not radial but almost plane-parallel. This
case has been investigated in the FRADO model analytically,
but only in one dimension and for a very local flux (Czerny
et al. 2015, 2017). This 1D model roughly reproduces the
overall BLR position without including the arbitrary para-
meters, but the line shapes based on this local model always
showed traces of the double-peaked structure, the vertical
acceleration was not as efficient as required, and they did not
show the characteristic Lorentzian wings observed in high
Eddington ratio sources. The line shapes improved when a
much higher wavelength-averaged dust opacity was used
instead of the standard κ= 8 (cm2 g−1), but it was not clear
that such opacity requirements were realistic. Thus, the issue of
the radiation field of an extended disk must be addressed for
which the net radiation force is a complex function of cloud
position. Reaching a realistic prescription for the radiation of an
AGN and the resulting outflow will be of high importance, not
only particularly in the physics of the BLR, but also generally
in AGN feedback and in star formation in host galaxies (Croton
et al. 2006; Raouf et al. 2019).
The radiation field of an extended luminous disk was first

calculated by Icke (1980) in a wavelength-averaged form. The
method was only then followed in some papers (Pereyra et al.
1997; Proga et al. 1998, 1999; Feldmeier & Shlosman 1999;
Watarai & Fukue 1999; Proga et al. 2000; Hirai & Fukue 2001;
Proga & Kallman 2004; Nomura et al. 2020). We present a
detailed note on the calculation of radiation field of an extended
disk in the Appendix of this paper and in a very generic form
capable of being folded with wavelength-dependent dust
opacities.
Although the proposed theoretical attempts mentioned above

could somehow explain the formation of the BLR along with
some features of an AGN’s spectrum, they have not been able
to self-consistently explain the dynamical behavior of the BLR
and its geometry altogether, which we have from observational
data, especially RM-based data. Hence, approaching a unified
self-consistent theoretically based model that can explain the
formation, geometry, and dynamics of the BLR is highly
required. The 3D FRADO model is expected to recover
observationally known features of a BLR, i.e., the radius or
equivalently the time-delay, the complex velocity field, and line
profiles, all self-consistently without the need of any arbitrary
parameter(s). In this work we especially focus on the dynamics
and geometry of the BLR as the first step.
We therefore introduce our 3D FRADO model in detail in

Section 2. The model does not go through HD calculations, so
the effects of the pressure gradients are neglected. However,
based on our results provided in Section 3, most of the time
clouds (assumed to be pressure confined) move at supersonic
velocities (likely along with the surrounding medium due to
dynamical coupling), so we preferably limit ourselves to the
relatively simple and computationally efficient non-HD version
of our model. We will then test in the next paper how much the
model successfully catches the overall dynamical properties
and explains the observational properties of the BLR, such as
line shapes, average time delays and transfer functions for LIL
lines such as Hβ and Mg II. The results are then followed by a
discussion in the last Section 4, where the advantages of our
approach over other available BLR models including para-
metric models and hydro models are also addressed.
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2. 3D FRADO Model With Wavelength-dependent Opacity

The basic FRADO model (Czerny & Hryniewicz 2011;
Czerny et al. 2015, 2016, 2017) described the failed dusty wind
motion in a 1D approximation; i.e., the motion vertical to the
disk plane was included, apart from the rotational velocity. In
addition, the wavelength-averaged dust opacity was used. The
radiation from the central region was only included in
computations of the dust evaporation and neglected in the
dynamics, which was determined only by the local flux of the
AD. This approximation was necessary to formulate a semi-
analytical model of the dynamics. However, the radiation
pressure from the entire disk in this model is not properly
represented, and the proper description of the dust interaction
with the radiation field is also critical for the model.

In this paper we formulate the full 3D model describing the
motion of the initially dusty clouds under the radiation pressure
coming from the entire AD and the gravity of a central
supermassive black hole. We assume that the mass of the AD is
much smaller than the BH mass and its gravitational field is
negligible. The net radiation force is neither radial nor vertical,
but instead a complex combination of both, and the clouds
before being accelerated have a circular motion along a local
Keplerian orbit at the disk surface layers, so the resulting
motion of a cloud forms a complex 3D trajectory. The net
acceleration is

= + <a a a T 1net gra rad
s( ) ( )

where agra stands for the gravitational field of the central BH,
and arad is the acceleration due to radiation pressure of the AD
given in its general form (find the detailed version in the
Appendix: Equation (A15)) by

ò ò lY
l

l
l l l r Sf I K K d d, , , , , 2
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i
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where Iλ is the radiation intensity of the AD specified in
Section 2.1; Ψ, lK abs, and lK sca are the dust-to-gas ratio, total
absorption opacity, and total scattering opacity of the clump,
respectively (see (A22)–(A25)), and λi and λf define the range
of effective wavelengths for an adopted dust model, all
addressed in Section 2.2; r is the position vector of the clump;
(<Ts) implies that the radiative acceleration is available as long
as the dust temperature calculated in the cloud along the
trajectory is less than that of the dust sublimation temperature
Ts, otherwise dust evaporates and the cloud performs later just
a ballistic motion in the gravitational field of the BH
(Section 2.3); and S is the surface of the AD or part of it, as
discussed in Section 2.4 on the shielding effect.

2.1. Properties of Underlying AD−BH System

We assume the source of the radiation field is represented by
an extended optically thick, geometrically thin disk, described
by the Shakura & Sunyaev (1973) standard model (SS73). The
inner disk radius is set at Rin= 6Rg, and the outer radius is
located at Rout= 106Rg in all models, where Rg is the
gravitational radius of the BH defined as Rg=GMBH/c

2. The
flux density is locally described as in SS73, including the

no-torque inner boundary conditions

p
= - R

GM M m

R

R

R

3

8
1 , 3edd BH

3
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and the locally emitted flux is represented as blackbody
emission; i.e., the intensity is given by the Planck function

j=l lI B T R, . 4( ( )) ( )
The AD flux is thus described by the central BH mass, set as

MBH= 108Me, corresponding to the mean value in the quasars
catalog of Shen et al. (2011), for which

= ´ =-R 4.7867 10 pc 0.0057 lt day 5g
6 ( ) ( ‐ ) ( )

and the dimensionless accretion rate, m , is normalized to the
Eddington value for the adopted MBH

= ´ -M 1.399 10 g s . 6edd
26 1( ) ( )

In this paper, we stick to three values of the dimensionless
accretion rate: =m 0.01 and 0.1 (low Eddington ratios), and

=m 1 (high Eddington ratio).
The description of SS73 for the flux of a nonrelativistic

radiatively efficient AD provides us with an azimuthally
symmetric profile for the effective temperature of the AD as a
function of radius R, since

s= T R , 7SB eff
4 ( ) ( )

where σSB is the Stefan−Boltzmann constant; so

j =T R T R, . 8eff( ) ( ) ( )

2.2. Dust Opacity

In general, the radiation pressure acting on a BLR cloud
should be a combination of absorption in lines and absorption/
scattering on dust. In the FRADO model, aimed at modeling
the LIL part of the BLR, we assume that the dust processes
dominate. In this case, in contrast to the line-driven winds in
which the Doppler effect is important, the absorption efficiency
does not depend on the cloud velocity, and the equations given
in the Appendix include this assumption. However, the effect
depends on the assumption of the dust chemical composition,
grain sizes, and the dust-to-gas mass ratio.
The value of Kλ can be obtained using prescriptions from

Röllig et al. (2013) and Szczerba et al. (1997) for different dust
models with a given distribution of dust types and grain sizes.
See Equation (A24) for details on how to find Kλ assuming a
given dust model with a certain distribution. We further assume
the classical MRN dust model appropriate for the interstellar
medium (Mathis et al. 1977), as also used in the BL18 model.
This simple model consists of silicate and graphite grains.
Signatures of silicate in AGNs are seen (Netzer et al. 2007),
and the equilibrium temperature of the grains implies the
presence of graphite (Clavel et al. 1989). However, amorphous
carbon grains rather than graphite are most likely expected
based on UV spectra (Czerny et al. 2004a), and/or the grain
size range is not typical (Gaskell et al. 2004), as the overall
extinction curve is more similar to an SMC curve than to the
typical graphite-dominated Milky Way curve (e.g., Richards
et al. 2003; Hopkins et al. 2004; Zafar et al. 2015). The actual
content of the AGN dust is still under vigorous study (Chau
Giang & Hoang 2020), but we adopt here the classical
approach. The grain size distribution in the MRN model is

3
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identical and given by

m= -  dn a n A a da a, 0.005 0.25 m 9i i
3.5( ) ( ) ( )

where a is the grain size (radius), i stands for the dust type, and
Ai is the normalization constant that determines the overall
abundances of the grain type, which directly leads to a unique
value for the dust-to-gas mass ratio Ψ (see Equation (A25)). For
example, setting Asilicate= 10−25.10 and Agraphite= 10−25.13

(Weingartner & Draine 2001) in the MRN dust model, one
can obtain Ψ= 0.00955 (Röllig et al. 2013). We set Ψ= 0.005,
thus adopting the mean value of the Milky Way (Mathis et al.
1977). The dust-to-gas ratio in quasars has not been yet
sufficiently studied, so a firm value or range of values in this
context is not yet available. However, a value of almost 0.008
is estimated for an AGN sample (Shangguan et al. 2018), and
also a recent study by Jun et al. (2021) has addressed the dust-
to-gas ratio in obscured quasars. Kλ is independent of dust type
and abundances. The MRN dust model is taken for simplicity
and realistic modeling of AGN dust content must be addressed
in future studies.

Here, we assume that the coupling between the dust and the
gas is strong. The friction thus prevents dust from moving
faster than the gas and momentum is transferred to the gas, so
the dusty/gaseous cloud moves as a single entity. The coupling
is generally quite effective in dense media, for example, in star-
forming molecular clouds (e.g., Hosseinirad et al. 2018; Reissl
et al. 2018). The local gas number density (nH) of the BLR
clouds is rather high, with most recent estimates for the LIL
BLR of order 1012 cm−3 (e.g., Adhikari et al. 2016; Panda et al.
2018, 2019a, 2019b, 2020a, 2020b; Panda 2020), so this
assumption should be satisfied.

2.2.1. The Possibility of Outflow Launching in FRADO

We first test if the AD surface can be a source of the wind
outflow under the effect of radiation pressure. Czerny et al.
(2015, 2017) argued that in the upper part of the AD
atmosphere the Planck mean opacity is much larger than the
Rosseland mean opacity used in the disk interior, so the disk is
not considerably puffed up, and this larger Planck value,
appropriate for wind driving, will lead to an outflow.
However, BL18 postulated that the AD atmosphere, with dust
included, will remain static. So, first we check whether indeed
the condition postulated by the FRADO model is satisfied if the
realistic description of the opacity is included.

For this purpose, we calculated the value of the Planck mean
opacity as a function of the AD radius (or, equivalently, as a
function of the AD effective temperature) for the typical values
of the model global parameters: =m 0.1 and MBH= 108Me, as
shown in the Figure 1. We integrated the wavelength-
dependent dust opacity in the whole wavelength range, from
λi= 6.1995 (nm) to λf= 1.2399 (mm). The aim was to
compare it with the Rosseland mean, which was used to
determine the AD vertical structure needed to get the AD
height.

The Rosseland mean was calculated for the same range of
radii, at the position of the bottom of the AD photosphere,
τ= 2/3. This Rosseland mean, depending on density and
temperature, comes from the tables that include dust,
molecules, atomic opacities, and Thomson scattering (for
details, see Różańska et al. 1999).

In our calculation of the Planck mean, we multiply the result
by Ψ because, due to gas−dust coupling, the gas content of the
clump hitchhikes with the dust. However, as the gas
contribution to the opacity is not included, the Planck mean
formally shows a sudden drop to zero at the dust sublimation
temperature. We see that the Planck mean is always higher than
the Rosseland mean, which provides an argument in favor of
the scenario in which the dusty wind launches from the AD
surface.
Since our opacities are not the most accurate, we check this

result using the code4 described in Semenov et al. (2003) and
calculating the Planck and Rosseland mean for the dust and gas
material. We used the gas number density profile (nH) from
the AD atmosphere, which varied from 1.37× 1014 cm−3 to
3.88× 109 cm−3 at the outer radius. These computations also
imply that the Planck mean is higher than the Rosseland mean,
and the idea of the dynamical character of the BLR is well
supported.

Figure 1. The upper panel shows the radial dependence of the Planck mean
(blue solid line) and the Rosseland mean (red solid line) for =m 0.1 and
MBH = 108Me as used in the paper. The viscosity for the calculation of the
Rosseland mean is set to be 0.02. The Planck (blue dashed line) and Rosseland
(red dashed line) mean from the code of Semenov et al. (2003) for the density
profile from the disk atmosphere are compared to our values. The lower panel
displays the values in terms of the equivalent effective temperature of the AD.
The black solid lines in both panels show the ratio of the Thompson cross
section to the mass of a proton. The regions shaded in yellow show where the
temperature is above that of dust sublimation.

4 https://www2.mpia-hd.mpg.de/~semenov/Opacities/opacities.html
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We have to stress, however, that the use of Planck mean values
of the opacity does not fully represent the driving force due to
radiation pressure, as given by Equation (A15). In the actual
computations we use the wavelength-dependent opacity, and the
force acting on the particle is calculated by folding this opacity
with the radius-dependent and spectral-dependent radiation flux.

2.3. Dust Temperature

If the dust in the cloud is overheated, it evaporates rapidly.
Therefore, at each cloud position we calculate the dust mean
temperature by integrating the heat absorbed by the grains
embedded in the cloud and comparing it to the total cooling of
all of the grains, independent of their size.

Dust cools down by instantaneous re-emission of the
absorbed radiation in the form of isotropic blackbody radiation,
as long as the dust temperature is below that of sublimation, so

= <Q Q T . 10abs emit s( ) ( )
Once Qabs=Qemit(Ts) the dust content of the clump

evaporates and the clump follows a subsequent ballistic motion
falling back to the disk surface. See the Appendix (A.3) for
details. This is a certain simplification, since the carefully
calculated dust temperature depends on the grain type and grain
size. However, as we have to perform the temperature
computations for each point of each cloud trajectory, this
much less time-consuming approximation is justified.

We later assume the fixed specific value of the dust
evaporation temperature of 1500 K (e.g., Barvainis 1987;
Li 2007; Figaredo et al. 2020; Huang et al. 2020), for all
species and sizes, and we assume that the process happens
instantaneously. The evaporation is indeed fast, of order 1 day
(see BL18). Although the temperature of 1500 K is a sort of
mean value for all grain sizes and species, the assumption of a
single temperature is much less justified (BL18, Tazaki et al.
2020; Temple et al. 2020) and has to be treated as a first
approximation. However, in our dynamical model, computa-
tions of the selective evaporation would be too time
consuming, though it could have been done in the BL18 model.

2.4. Shielding Effect

According to radiatively driven wind models, launching an
efficient outflow is not possible if the launching region is not
shielded from irradiation by the central source (see, e.g., Gallagher
& Everett 2007; Proga 2007; Higginbottom et al. 2014). This
protection from intense central radiation, the so-called shielding
effect, was first generally postulated by Shlosman et al. (1985) and
later by Voit (1992) to justify the presence of polycyclic aromatic
hydrocarbons (PAHs) in AGNs. It was first modeled by Murray
et al. (1995), who assumed a bulk of dense gas at the inner edge of
the line-wind launching region to block soft X-rays.

The shielding can be naturally caused by other phenomena:
other clouds (Kartje et al. 1999); the wind itself because of the
high-ionization parameter and high column density at the inner
edge of the wind known as a “warm absorber” (Murray &
Chiang 1995); a magnetocentrifugal wind (Everett 2005); the
innermost failed winds first found in hydrodynamical simula-
tions by Proga et al. (2000); or the disk itself (Wang et al. 2014).
Thus the apparently necessary shielding, particularly close to the
disk surface, protects the wind medium from becoming over-
ionized and likely prevents the radiation from the central parts to
reach the distant disk regions (Miniutti et al. 2013).

There are many studies that hint at the importance of the
shielding effect and model it (see, e.g., Proga & Kallman 2004;
Risaliti & Elvis 2010; Sim et al. 2010; Higginbottom et al.
2013; Nomura et al. 2013; Hagino et al. 2015; Mizumoto et al.
2019).
In order to incorporate the shielding effect into our model, or

indeed to mimic the physical action of the complex multiphase
surroundings, we introduce two simple geometries. In our
preliminary study of the shielding effect (Naddaf et al. 2020),
we found that these two models conveniently catch the required
properties. However, in this paper we reintroduce them with
some changes to their names and geometrical properties to
make them mathematically and intuitively more intelligible.

2.4.1. The α-patch Model

As the simplest form of shielding, we consider the
contribution from a small polar patch to the radiation pressure
acting on the clump. We assume here that the cloud is exposed
only to the radiation from the small part of the disk, centered
below the cloud position, and the size of the patch is always
proportional to the actual height of the cloud. Thus the position
and the size of the patch varies as the cloud moves. A cloud
very high above the disk is exposed to a large fraction of the
disk. This approach mimics the fact that a given cloud is
actually embedded in the rising clumpy wind, and this clumpy
wind is much denser close to the disk surface, so the radiation
cannot easily penetrate the medium in the direction roughly
horizontal to the disk plane. This geometry is illustrated in
Figure 2(a). As a model parameter, α, we introduce the ratio of
the cloud height to the patch size, which is fixed during the
cloud motion.
In order to incorporate this model into our computations, we

apply the below upper and lower limits in the calculation of the
integral of the radiative force:
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Figure 2. Geometry of (a) the α-patch and (b) the β-patch shielding models.
The cloud is exposed to a part of the disk radiation marked in blue. The size
and location of these blue regions change as the cloud moves. The integral of
the radiation pressure to calculate the radiative force is integrated over the area
of the disk shaded in blue, depending on the shielding model adopted.
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2.4.2. The β-patch Model

In this shielding model, the contribution of radiation pressure
from a wider field of view is considered, compared to that in the
α-patch model. Although we still have a polar patch acting on the
clump, we examine how the consideration of a wider azimuthal
angle and also of the outer part of the AD affects the motion of
clumps and the overall shape of the BLR. We intend with this
model to mimic the possible asymmetry of the shielding; i.e., the
fact that the outer part of the disk and the azimuthally extended
region excluding the central disk may be visible to the cloud. In
this model, the outer radius of the patch is always Rout of the AD,
the inner radius is proportional to the actual height of the cloud,
and the patch is azimuthally extended by π/2. This geometry is
shown in Figure 2(b). The geometrical properties of the patch
varies as the cloud moves. So, in this model, again the increasing
cloud height implies an increasing exposure to the disk radiation.

Therefore, the upper and lower limits for the integral of
radiative force are:
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The computation of the radiative force acting on the cloud
presented in the Appendix (Equation (A15)) is general. If the
shielding effect is assumed, the integration is performed only
for a fraction of the disk surface as set in Equations (11) and
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2.5. Cloud Dynamics

In the present model we neglect the effects of general
relativity and use just Newtonian dynamics because, at the
distance of the BLR, these effects are usually relatively
unimportant.

The clouds are not allowed to cross the disk surface, so we
also calculate the AD shape as a function of radius. We do that
using the code from Różańska et al. (1999), neglecting the
effects of self-gravity on the disk structure (see, e.g., Czerny
et al. 2016, and the references therein). The disk thickness
depends on the viscosity parameter, which we set as visc.= 0.02
in our computations, motivated by the variability studies of
AGNs (Grzedzielski et al. 2017, and the references therein).

Clouds can be practically launched either from the disk
surface or above it; the second approach illustrates the possible
effects of cloud collisions. We only focus on launching from
the disk surface (with zero vertical velocity). Clouds can be
launched at an arbitrarily large radius, but basically we set
the launching radius to be lower than the outer disk radius so that
the clouds see the radiation field of the whole extended disk, and
the radiation force—its direction and value—has to be calculated
by integration over the disk surface. We consider models in
which the clouds see all of the disk emission, but also we

formulate models with the shielding effect included. The inner
radius for launching the clouds from the disk surface is actually
the site of the onset of the BLR, shown in Figure 3 as BLRin, or
in other words, the inner radius of the BLR for specified values of
MBH and m is set by the condition that a cloud can be launched.

3. Results

We formulated the 3D version of the FRADO model of the
BLR. Our model does not (almost) have arbitrary parameters,
apart from the values of the BH mass, MBH, and the accretion
rate, m in Eddington units. The basic remaining free parameter is
the dust sublimation temperature, Ts. These three values ofMBH,
m , and Ts determine the geometrical properties of the BLR and
the 3D motion of the clouds. The disk height value needed for
the vertical position of cloud launching depends on the viscosity
parameter in the SS73 model, and if shielding is considered, one
more parameter characterizes its geometry. In the present paper,
we have concentrated on the tests of the dynamical aspects of the
model and the resulting geometry of the BLR.
For this purpose, we have set the model parameters as below:
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3.1. Sublimation Location

Calculating the geometrical location at which the relation
Qabs=Qemit(Ts) holds, called the sublimation location and
denoted by S(R), we divide the space above the disk into two
regions of dust sublimation and dust surviving, as shown in
Figure 3. The crossing radius of the S(R) and disk surface yields
the radius at which dust gets sublimated at the disk surface,
known as BLRin. It sets the inner radius for the launching of the
clouds, as shown in Figure 3. Theoretically, BLR material can be
present up to a radius known as BLRout, which is shown in
Figure 3 and defined by the condition that dust can survive
irradiation by the entire disk if the radiation field is spherical.
Without inclusion of the shielding effect, the function S(R)

has a bowl-like form (when viewed in 3D; e.g., Kawaguchi &
Mori 2010, 2011; Czerny & Hryniewicz 2011; Goad et al.
2012; Oknyansky et al. 2015; Figaredo et al. 2020), while
including shielding results in a more funnel-like shape.
These two values of BLRin and BLRout set the radial domain

of our computations of the motion and trajectories of clouds.
We have previously computed them and the function of S(R),
as available in Naddaf et al. (2020) for different values of α (or
β) and also for the case with no shielding. Note that due to our
change in the mathematical illustration of shielding models, the
previous β behaves like 1/β.

3.2. Examples of 3D Motion of a Cloud

When the clouds are initially located at the disk surface,
dusty wind is not launched without a shielding effect, as the
disk surface, without any protection, becomes overheated.
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However, if shielding is postulated, the initial outflow is
easily launched. In Figure 4 we show several examples of
individual cloud trajectories. The path covered by a dusty cloud

is marked in blue, and in cases where the cloud was exposed
enough to cause dust sublimation, the corresponding part of the
trajectory is plotted in red. This part of the motion is just a

Figure 3. Schematic illustration of the 3D FRADO mechanism. The inner and outer radius of the AD are denoted by Rin and Rout, respectively. The curved line in
orange represents the sublimation location, S(R); above this, marked by (T > Ts), is the region where dust disappears due to intense radiation from the central parts of
the AD and is called the dust sublimation region. The region restricted between the disk surface and S(R) marked by (T < Ts) is called the dust surviving region, where
the temperature of the dust is below that of sublimation. The onset of the BLR, BLRin, is an innermost radius from which a cloud can be launched. BLRout sets the
inner radius of the conceptual torus and the outer radius of the BLR. A dusty clump being launched from the AD surface remains dusty (trajectory in blue) unless it
reaches to S(R), where it then loses the dust content and follows a ballistic motion (trajectory in red). Due to azimuthal symmetry, the position of the clump is
described in the cylindrical coordinates. The radial position of the clump is denoted by ρ to make it distinguishable from the integrand component of R of the AD in the
calculation of the radiation pressure (see the Appendix: Figure 10(b), and Equation (A15)). However, ρ and R are the same in nature, so for simplicity, we use R or
Radius in all plots. The vertical position of the clump denoted by z is measured from the equatorial plane, to which we refer by z or Height in all plots.

Figure 4. Examples of motion for the α-patch model with α = 3. The results are shown for m=0.01 (upper panels), 0.1 (middle panels), and 1 (lower panels). The
disk surface is not depicted. The motion of the dusty cloud is shown in blue. Once the dust content of the cloud is sublimated, the subsequent ballistic motion is shown
in red. Variables x and y are coordinates in the equatorial plane of the AD, so that R2 = x2 + y2. The actual radial and vertical position and velocity of the model cloud
in cylindrical coordinates are denoted by R, z, vR, and vz, respectively. The temporal axis is denoted by t in units of local Keplerian orbital time (TOrbit). The middle
column of panels shows the angle between the velocity vector of the cloud and the normal vector of equatorial plane in the frame locally co-moving with the disk. For
these exemplary motions, an arbitrary launching radius of R = 1100Rg, 2500Rg, and 5200Rg are chosen for m = 0.01, 0.1, and 1, respectively.
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ballistic motion in the gravitational field of the central BH,
without a radiation pressure force. In the dustless falling
clouds, the dust cannot form again during ballistic motion until
it hits the disk surface, due to the short timescale and low
pressure (Elvis et al. 2002). Clouds also perform an orbital
motion, and they preserve the original angular momentum they
had at the launching radius. We show different perspectives of
their trajectories, where the z-axis is perpendicular to the disk
plane and the axes x and y are in the plane. We see already from
this plot that the character of the motion strongly depends on
the Eddington ratio.

3.2.1. Characteristics of Motion at the High Eddington Rate

To show the character of the cloud motion in more
representative way, we plot the global parameters of the cloud
motion for =m 1 (high Eddington ratio), as displayed in
Figure 5. As before, we code with the red color the clouds that
end their evolution without dust. Those subplots show whether
the clump is dusty or dustless at the time it hits the disk surface
or reaches the peak height. The red color does not mean a cloud
was dustless at the time of launching. The majority of clouds
complete the motion in less than the local Keplerian timescale
and return to the disk, although at a different radius than the
launching radius.

As can be seen from Figure 5(a), clouds launched in the
outer part of the disk (more than 7× 103Rg) do not rise very
high above the disk, and they fall back at the radius not much
larger than their starting position. The maximum height is a
strong decreasing function of the initial radius in the outer disk.
The impact velocity in this region is below 300 (km s−1), but
nevertheless it is not negligible. The impact of the failed wind
clouds creates additional mechanical heating at the disk
surface, which was postulated by many authors unable to
model the LIL part of the BLR by just radiative heating (e.g.,
Joly 1987; Baldwin et al. 2004; Panda et al. 2018, 2020a).
Clouds launched at intermediate radii (roughly within

6–7× 103 Rg) complete very extended trajectories; they
achieve a considerable height and large radii, but finally they
return to much smaller radii again after performing a quasi-
elliptic motion because their motion is limited by the
conservation of angular momentum set at the launching
radius. The impact velocity of these clouds lies within 300
–450 km s−1.
Clouds launched from the inner region (roughly within

5–6× 103 Rg) are soon exposed to irradiation strong enough to
cause dust sublimation. Although their ballistic motion still
brings them to relatively large heights, the radial extension of
those orbits is not as large as those of the orbits of the clouds

Figure 5. Global parameters of the cloud motion for =m 1 in the α-patch model with α = 3. Escaping clouds are represented by asterisks. (a) The full trajectories of
model clouds. Those trajectories in the inner radii starting in blue and followed by red represent those clouds that reach the sublimation location, where they lose their
dust content, and subsequently follow a ballistic motion. The trajectories fully in blue are the clouds that remain dusty throughout their time-of-flight. The blue dashed
line represents the trajectory of a dusty escaping cloud. (b) The radii at which a launched cloud from a certain radius impacts the disk surface. As can be seen, there is a
narrow range of launching radii from which the launched clouds can travel radially very long distances to finally impact the disk surface or even escape. (c) The
maximum height a launched cloud from a certain radius can attain. For the same narrow radial range as in the previous subplot, clouds can reach to very high heights
or even escape. (d) This can be considered as the shape of the BLR if all clouds are at their highest vertical position. The Peak Radius means the radius at which the
cloud is at the maximum height. (e) The time-of-flight of clouds in units of a hundred years, which shows the timescale for the lifetime of BLR clouds. (g) The time-of-
flight of BLR clouds in units of local Keplerian orbital time (TOrbit). (k) The velocity at which the clouds impact the disk surface. It shows that the clouds launched
from inner radii can severely disturb the disk when they hit it. (p) The impact velocity of clouds in terms of where they hit the disk surface. Obviously, the whole radial
range from which a cloud can be effectively launched is hit by the falling-back clouds with impact velocities ranging almost from 300 km s−1 to 1000 km s−1. (q) The
aspect ratio (Peak Height/Peak Radius) as a proxy for the opening angle of the location of the BLR clouds in terms of a point of view from outside. The larger the
aspect ratio and the smaller the Peak Radius, the easier the clouds are to be detected from outside. Note that in all subplots from (b) to (q), the actual situation of clouds
are color-coded by blue and red for dusty and dustless, respectively.
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launched at intermediate radii. The impact velocity of these
clouds is the highest, of order 1000 km s−1.

The most interesting orbits are those of clouds launched
within a narrow range between the innermost region and the
quasi-elliptic motion region, the so-called escaping zone. For
more details, see Section 3.2.3.

3.2.2. Comparison to Low Eddington Rates

We see from Figure 5 that the character of the motion for the
high Eddington ratio depends critically on the launching radius,
unlike for the low Eddington ratios, which qualitatively show a
simple up and down motion (see Figures 6 and 7). Due to the
simplicity of the motion for low Eddington ratios, the results
are provided in this paper only for the shielding parameters of
α (or β) equal to 3. The Figure 4 shows that sublimation
happens mostly at the high Eddington ratio. This also can be
seen in Figures 6–9.

As can be seen from Figures 4, 6, and 7, in the case of the
low Eddington ratios, the departure of the clouds from the disk
surface and the radial extensions of their orbits are not
considerable. However, from Figures 4 and 5, for the high
Eddington ratio, the height reached and radial range covered by
an individual cloud are a significant fraction of the launching
radius, and the motion is far more complex. Unlike the cases of
low Eddington ratios that show a very simple motion, the case
of the high Eddington ratio shows two interesting features due
to the complex pattern of motion. They are the formation of a
stream of escaping material and also the enhancement of the
accretion process at the disk surface due to the complex profile
of the landing/launching radius, as described in the following.

The apparently simple motion of the outer dusty clouds at
the high Eddington ratio, or all dusty clouds at low Eddington
rates, in general have an interesting aspect. Although these
clouds do not show a considerable radial motion, their impact
onto the disk surface happens at a relatively high angle with
respect to the disk (see the third column of Figure 4). This is
related to the fact that the vertical velocity before the impact is

slowed down by the radiation pressure (see the second column
of the same plot), the angular momentum of the cloud is
conserved, and the clouds complete almost one local Keplerian
orbit, so the cloud takes a trajectory that brings it close to the
starting radius. Thus, the impact of the clouds in all cases (not
only for innermost clouds in the high Eddington solution)
happens at some grazing angle. This could contribute
considerably to the development of turbulence in the disk
outer layers. It is not clear if such details are resolved in
numerical HD simulations because the scale height of this part
of the trajectory is quite small.

3.2.3. Stream of Escaping Clouds

The clouds launched within the escaping zone escape the
radial domain of the computations, set as BLRout, or the inner
radius of the dusty torus by definition. More precisely, they do
not return to the disk and directly go to torus. This stream of
escaping material is relatively narrow, for the model with α= 3
the width of the escaping zone is ΔR= 51 Rg, and the zone
starts at the distance of Rstream= 5650 Rg. It shows a surprising
similarity to the stream postulated purely empirically based
on direct observational arguments by Elvis (2000; hereafter
EL00). This is also similar to the fast escaping streams in non-
HD models (Risaliti & Elvis 2010; Nomura et al. 2013) and
HD ones (Proga et al. 1998, 1999, 2000; Proga & Kall-
man 2004; Sim et al. 2010; Nomura et al. 2020).
Our ratio of the stream width to the distance is indeed very

small, ∼0.01 for the adopted parameters, but if the funnel-like
structure is densely filled with the BLR clouds, and the cloud’s
gas number density is ∼1012 cm−3, as argued in the BL18
model and a number of studies (e.g., Adhikari et al. 2016;
Panda et al. 2018; Adhikari 2019), the total column density
NH= nH×ΔR across the stream measured close to the disk
surface could be as high as 7.5× 1026 cm−2. Of course, this is
only the firm upper limit, as the stream content depends on the
details of the outflow launching (see Section 4 for more
discussion). Importantly, however, it seems this can be

Figure 6. The trajectories of BLR clouds (left panels) and the shape of the BLR in the form of a time snapshot (right panels) calculated from the FRADO model for
=m 0.01 . Upper panels: α-patch model of α = 3. Lower panels: β-patch model of β = 3. The black dotted line represents the disk surface.
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evidence that, in the failed wind scenario, the local radiation
pressure of the AD can support dusty clumps with very large
column densities (Netzer 2015). The asymptotic shape of the
stream can be roughly described as a straight line in a 2D
perspective in Figures 8 and 9. The inclination angle predicted
by the model are around∼ 74° and∼ 79° for α (or β) equal 3
and 5, respectively. These are not much higher than that
in EL00 with∼ 60°. The line-driven wind models also
frequently predict wind that is more focused toward the disk
plane (e.g., Higginbottom et al. 2014). The lower part of the

stream of material may not ultimately escape, as it shows a
decrease in vertical velocity at the outer radius of the
computational grid, i.e., BLRout, where we stop the computa-
tions. But the upper part of the stream totally escapes because
the vertical velocity of material close to BLRout remains
constant and its vertical position monotonically increases. This
happens due to the fact that we define the torus to be a wall in
the outer disk. So if the clouds with highly radially extended
trajectories hit the wall (or, equivalently, cross BLRout), they
are considered to be the escaping stream. In other words, the

Figure 7. The trajectories of BLR clouds (left panels) and the shape of the BLR in the form of a time snapshot (right panels) calculated from the FRADO model for
=m 0.1 . Upper panels: α-patch model of α = 3. Lower panels: β-patch model of β = 3. The black dotted line represents the disk surface.

Figure 8. The shape of the BLR calculated from the FRADO model for =m 1 in the form of a time snapshot. Upper panels: α-patch model of α = 3. Lower panels:
β-patch model of β = 3. Right panels are the zoom-out version of the left panels in order to show the extension of the stream up to the torus. The black dotted line
represents the disk surface. Escaping clouds are represented by asterisks, and the area covered by escaping clouds is confined within the two blue dashed lines.
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condition is based on the location of torus, not on the escape
velocity of clouds. As can be seen from Figures 8 and 9, the
inclination angle of the stream slightly increases with α (or β).

3.2.4. Landing versus Launching Radius

We notice that, due to part of the radiation pressure coming
from the innermost region, the clouds are systematically pushed
outwards. This effect is particularly strong in the case of the
high accretion rate.

We show the ratio of the landing to starting radius for an
exemplary model in Figure 5(b). This systematic return of the
clouds to the disk, but at a larger radius, has considerable
consequences. First, the cloud motion is calculated assuming a
conservation of angular momentum, so the cloud returning to
the disk has lower angular momentum than the Keplerian
angular momentum at the landing point. This newly arrived
lower angular momentum material does not immediately
accrete because it gets mixed up with the disk material at the
impact, but the net angular momentum at the disk surface (the
clumps do not likely enter deeply into the disk) is lower than
Keplerian, so the accretion at the disk surface can get enhanced.

3.3. The Shape of the BLR

In parametric models, the BLR is usually represented as a
cone filled with the clumps, and the radial and azimuthal cloud
densities are assumed to follow a power law and exponential
law, respectively (Netzer & Laor 1993; Ward et al. 2014;
Adhikari et al. 2016, 2018; Gravity Collaboration et al. 2018).

In our model the shape is determined by the kinematics, and
in particular by the maximum height achieved by any cloud for
a given initial radius. This shape does not resemble a cone; it
rises up relatively fast just after the onset of the BLR, and then
the height becomes shallower. The net effect strongly depends
on the accretion rate as well as the free parameters of the
shielding models.

In order to show the distribution of BLR clouds, we have
taken a time snapshot. For this purpose, a flat random number
generator is used to choose a random position of a cloud during
its flight. Each dot in the Figures 6–9 correspond to a moving
cloud in the BLR.
When the accretion rate is low, the height of the BLR is not

high, so the clouds remain close to the disk surface, the
Keplerian motion remains dominant, and the role of the vertical
velocity is small (see Figures 6, 7). We see that for low
accretion rates the BLR is close to the disk surface, and in
practise such a model cannot be easily distinguished from the
irradiated disk surface. Such a model is practically equivalent
to the BL18 model. In the present paper we do not yet perform
the computations of the shapes of emission lines, but the simple
consequence of a small vertical height and small vertical
velocity is the expected disk-like line profile. It is interesting to
note that this trend is consistent with observational data: low
accretion rate sources show frequently double-peak emission
lines.
However, when the accretion rate is high, the vertical motion

of the clouds is important. The aspect ratio (i.e., the ratio of the
local BLR height to that radius) shown in Figure 5(q) reaches
0.27 for dustless clouds and 0.22 for dusty clouds. This
maximum aspect ratio is not at the outer radius, but relatively
close to the inner radius. We see from Figures 8 and 9 that the
overall shape, particularly for the high accretion rate, is very
complex. It does not resemble the simple shapes adopted in
many numerical BLR models like disks, rings, or shells
(Pancoast et al. 2011), or even more complicated but still
regular patterns (e.g., Pancoast et al. 2014). It clearly does not
support the previously mentioned conical geometry. Instead,
for the high accretion rate, a shallowing tail can be seen in
Figures 8 and 9 in the shape of the BLR at the outer disk where
the Keplerian motion is dominant. This again resembles the
results of BL18.

Figure 9. The shape of the BLR calculated from the FRADO model for =m 1 in the form of a time snapshot. Upper panels: α-patch model of α = 5. Lower panels:
β-patch model of β = 5. Right panels are the zoom-out version of the left panels in order to show the extension of the stream up to the torus. The black dotted line
represents the disk surface. Escaping clouds are represented by asterisks, and the area covered by escaping clouds is confined within the two blue dashed lines.
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Overall, the calculated BLR shape in our model is similar to
that of BL18. However, the FRADO model can also predict the
part of the BLR shape missing in BL18 due to the loss of a
static solution. Moreover, for the high accretion rate, the model
also predicts the stream of escaping material proposed
by EL00.

4. Discussion

In this work aimed at developing a dynamical model based
on the dust-driven outflow, we followed a non-HD semi-
analytical approach to the physics of the BLR. Compared to
that in HD models, the description of the dynamics is simplified
through approximations described in Section 4.1. Our motiv-
ation for this non-HD method is that it allows us to perform a
reasonably fast test of the model for a wide range of initial
parameters. This advantageous flexibility of our model versus
HD models helps later to provide a large dense table grid that
can be used for data fitting. Combining the results with a line
formation prescription in the next paper, we will be able to
compare it to the observational data (mean time delays, line
shapes, and transfer functions) for the low ionization part of
the BLR.

Our model, though simplified for the purpose of this test,
relies on the relatively accurate description of dust-driven
dynamics, and later, when combined with outflow rates and
line production efficiency, can provide us with a better insight
into the BLR and distribution of material than purely
parametric models with the density distribution of BLR clouds
predetermined as an arbitrary function of the radius and
distance from the equatorial plane (e.g., Pancoast et al. 2014;
Gravity Collaboration et al. 2020), although some of these
models are quite complex (e.g., Matthews et al. 2020),
involving a conical outflow and a simple description of
clumpiness. Such purely parametric models do not easily test
the driving mechanisms. Our model does not have all of the
properties of the fully hydrodynamical studies; however, those
studies are computationally very expensive. Moreover, before
being implemented in an HD context, any model should be
tested in an analytical/semi-analytical form. In the following
subsections, we will discuss different aspects of the model,
compare our results with other BLR studies including HD ones,
and address the supporting observational facts.

In this work we calculated the 3D structure of the BLR
model within the frame of the FRADO model scenario. This
dynamical model of the BLR is based on careful computations
of the radiation pressure force acting on clouds launched from
the disk surface. We included only the radiation pressure acting
on dust and so far have neglected line driving; but, aimed at
modeling the LIL part of BLR, this approach may be a good
approximation. However, we included the radiation force
coming from the extended disk (not the frequently used
assumption of a point-like source), and we included a
description of the shielding necessary to launch the wind.

Our predicted shape of the BLR depends most significantly
on the Eddington ratio. For the high Eddington rate, the
launched clouds are accelerated to high velocities at small
launch radii, and some of them form a stream of material that is
outflowing. At larger radii, a simple failed wind is formed. This
outflowing stream shows a striking similarity to the geometrical
model of EL00, which is based on observational constraints. At
low Eddington ratios, only a failed wind forms in the entire
radial range, and vertical velocities and clouds maximum

heights are smaller. Despite the presence of turbulence due
to the clouds’ impact velocity (which is approximately a
monotonically decreasing function of radius starting around
110 km s−1 (9 km s−1) for =m 0.1 ( =m 0.01 ) in the inner
BLR down to less than 1 km s−1 for the last possible trajectory
corresponding to the last lifting radius), the BLR resembles
somehow a static disk surface. Therefore it shows a consider-
able similarity to the static BL18 model, in which clouds
perform only an orbital motion, while here clouds also have
vertical velocities.
The 3D dynamical model is time consuming, so currently

some processes are described in a simplified way. This can be
improved later on, and here also we do not yet perform a
detailed comparison to observational constraints.

4.1. Approximations in the 3D Model

According to the column density of a BLR single cloud
(Bianchi et al. 2012), which is of order 1023 cm−2, the clouds
are moderately optically thick. This is also an assumption of
our model, since we use a single-scattering approximation (see
the Appendix). If the clouds are optically thick, radiative
transfer calculations should be incorporated into our computa-
tions, which is beyond the scope of this work. Notably, despite
considering the single-scattering approximation, the model
produces a powerful and fast outflow, contradicting the results
by Costa et al. (2018), who argue an extreme or unrealistic
luminosity is required to launch an outflow if single scattering
is assumed. It is due to the fact that Costa et al. (2018) consider
only the infrared part of the AD spectrum, while in the 3D
FRADO model, a broad range of frequencies from the X-ray to
UV to infrared contribute to the radiation pressure acting on
dust, depending on the actual position of the dusty cloud.
Moreover, the clouds in our model are considered to be very

compact, i.e., almost point-like (see the Appendix), while they
are loose, extended objects (Bianchi et al. 2012). We do not
address the possible collisions between clouds, however, later
in Section 4.8 we show it can be a reasonable assumption. The
friction with the ambient medium and the instability of clouds
due to HD processes are also neglected. However, we discuss
our method of treatment of clouds and interactions with the
intercloud medium in Section 4.4.
Moreover, our description of the opacity is simpler than the

one used in the BL18 model. We assume a fixed single dust
sublimation temperature, independent from the grain size and
chemical composition. In reality, as in the BL18 model, this
temperature depends on the grain size, so the dust evaporation
should proceed more slowly as the cloud moves, with smaller
grains disappearing first and large grains still providing some
radiation force support to the cloud against gravity. This is not
yet incorporated in our model.

4.2. Shielding Parameters

We adopted arbitrary values for the two free parameters of α
and β in our shielding models. That was due to the fact that we
only wanted to test and perceive an overall view of the
dynamics of the BLR material and its geometry in the 3D
FRADO model with a rough shielding effect included.
Obviously, from Figures 6–9, the shape of the BLR depends
on the value of the α (or β) parameter, although this
dependence is very weak for low Eddington ratios. But the
adoptions of the two presented shielding models, either the
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α-patch or β-patch, are not clearly distinguishable in terms of
the resultant BLR shape. Taking a close look at these figures, it
can be seen that, by adopting the β-patch model, the overall
shape of the BLR shifts a bit outwards compared to that for the
α-patch model. This implies that the wider azimuthal angle in
the β-patch model contributes to the total radiative force
significantly, while the presence of the outer radii of the disk in
the β-patch model is not significant in terms of radiation
pressure. So the contribution from large radii can be neglected
in the β-patch model as it is in the α-patch model. Thus the α-
patch and β-patch models are slightly different only due to the
different ranges of azimuthal angles they cover. The α model,
however, has an advantage over the β model because it clearly
shows that the locally limited radiation pressure of the AD
alone is able to lift the material. The α model is consistent with
the fact that the field of view of a cloud above the AD is limited
due to presence of the ambient medium. The β model takes into
account the density gradient in the ambient medium and may
be an attractive alternative to the α model when a detailed
quantitative comparison with some observational data is done.
The results of these models presented in this paper can help us
to approach a realistic prescription for the shielding effect in a
more physically motivated way, which we aim at in the next
papers.

4.3. Static versus Dynamical BLR Model

We stressed in the previous sections that our dynamical
model for low Eddington ratios gives qualitatively similar
results to BL18. However, some similarities with BL18 exist
also for the high Eddington ratio, so only the basic approaches
of BL18 and FRADO are different. For the high Eddington
ratio, apart from the similar shallowing tail at the outer
BLR, BL18 also notice a loss of hydrostatic equilibrium at
small radii, and they expect the formation of a wind where their
static model does not fully work. The difference is that we
follow the dynamical character of the BLR under radiation
pressure, while BL18 only report the inability to obtain the
static solution. Qualitatively, the loss of the static solution
in BL18 happens at a similar location to the location of the
escaping zone in our model, at about 0.03 pc (see Figure 9
of BL18 and Figures 5, 8, and 9 in this paper). A quantitative
comparison is not possible since BL18 use in their Figure 9 a
super-solar metallicity (Z/Ze= 5), while we perform computa-
tions assuming a dust-to-gas ratio roughly corresponding to
solar metallicity. The important comparison could be done in
the future, when line profiles are calculated, and then the
difference between the static model and the dynamic model
would be likely quite clear.

4.4. Cloud Formation and Stability

The dynamical picture of the clumpy BLR model requires a
physical justification of the assumed clumpiness of the medium.
This is, however, a complex issue. Wind outflow from the disk is
formally launched as a continuous medium, although in the case
of a failed wind some level of clumpiness may appear already
close to the disk surface. Stellar winds (escaping winds) develop
clumpiness at some distance from the star (e.g., Muijres et al.
2011), most likely due to the development of a thermal
instability in the irradiated medium. Expectations of the
clumpiness were broadly discussed in various contexts (see,
e.g., McCourt et al. 2018; Gronke & Oh 2020, and the references

therein), and hydrodynamical simulations of this effect are
difficult. In the context of AGNs, spontaneous cloud
formation from the wind in numerical simulations was
reported by Proga & Waters (2015), Waters & Proga
(2016, 2019), and Waters et al. (2021), but the cold clumps
falling down were found only in the last paper, which studies
much larger radii of accretion flow (well within the dusty
torus), but still excludes the dust content. So, the situation in
the context of the BLR clouds at the expected distances is not
clear.
As for the stability, the simple evaluation of the destruction

(due to ablation or evaporation) of the clouds, taking into
account the electron conduction and irradiation (A. L. Müller
et al. 2021, in preparation), gives timescales of order 100 yr,
which is comparable to the orbital timescales. That said, some
very short episodes of X-ray absorption have been identified
in individual BLR clouds (Risaliti et al. 2011; Torricelli-
Ciamponi et al. 2014), most likely those exceptionally high
above the disk surface so they were still along the line of sight
toward the observer. The observational constraints for the
clouds from eclipse (Pietrini et al. 2019) imply cloud sizes of
1013 cm for a 108Me BH mass. Other reports of the AGN
clumpy medium such as that by Markowitz et al. (2014)
contain a mixture of shorter events caused by the BLR clouds
and longer events related to the dusty/molecular torus clouds,
which prevents one from drawing a firm observational
conclusion. Most of the clouds located very close to the disk
are never seen in absorption since their presence (potentially
visible in highly inclined sources) is hidden from the observer
by a dusty torus.
Clouds are also unstable due to the Kelvin–Helmholtz (KH)

process, for which a characteristic timescale can be estimated
(see, e.g., Peißker et al. 2020). The timescale for the growth of
KH instabilities (for clouds of the size as in our model) is of
order a few days (A. L. Müller et al. 2021, in preparation). This
is much shorter than the flight time of clouds, implying the
likely complete destruction of clouds before landing; however,
magnetized clouds can cope with KH instabilities (McCourt
et al. 2015) and survive longer (Shin et al. 2008). In addition,
there are also a number of HD simulations that show an
efficient acceleration of dusty material and a longer survival
time despite the destructive role of such instabilities (see, e.g.,
Davis et al. 2014; Tsang & Milosavljević 2015; Zhang &
Davis 2017; Zhang et al. 2018).

4.5. The Effects of Cloud−disk Collisions

Failed wind clouds returning to the disk bring several
additional aspects that are not deeply discussed in the current
paper. We briefly discussed in Section 3.2.4 the landing issue
in our model, in terms of angular momentum. The impact
radius of the cloud is always larger than the formation radius,
which is due to the larger radiation flux from smaller disk radii.
Since clouds preserve angular momentum, in this way we have
a systematic departure from the strictly Keplerian angular
momentum at the disk surface due to the cloud impact. This
may enhance the surface layer accretion, since the effective
angular momentum there becomes sub-Keplerian.
The next effect is due to the mechanical impact, which is

considerable in the case of clouds on elongated orbits, so called
nonlocal clouds, present in the =m 1 solution and less
important for clouds with landing radii close to the starting
radius. We can estimate the depth at which the cloud material is
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deposited inside the disk by a simple comparison of the ram
pressure with the gas pressure inside the disk, knowing the disk
vertical structure including the density, temperature, and
pressure profile. For models discussed in this paper and an
Eddington ratio of 0.01, the clouds are stopped at a height of
order 10–20% lower than the total disk height, while for
nonlocal clouds and an Eddington ratio of 1.0 clouds graze at
up to ∼50% of the total disk height. The impact leads to shock
formation and nonthermal emission from particles accelerated
in these shocks (A. L. Müller et al. 2021, in preparation).

The impact will lead to the destruction of the dust in the
inner part of the BLR region, where the surface temperature of
the unperturbed disk is below the dust sublimation temperature,
but clouds penetrating the disk reach layers where the
temperature is higher. High velocity clouds impacting
occasionally at larger radii can do that as well. The dust there
is destroyed by the mechanical heating at the impact. However,
the medium at the impact is rather dense, with the local number
density nimpact of the plasma above 1015 cm−3, so it cools
efficiently. If we use the cooling function Λ(T) provided by
Gnat & Ferland (2012), we can see that the kinetic energy of
impact, of order n m vcl p impact

2 per unit mass, can be re-emitted in
a timescale of order seconds

=
L

~t
n m v

T n
1 s 15

cl p
cool

impact
2

impact
2( ) ( ) ( )

assuming the gas temperature T is of order 104 K and assuming
that the cooling medium is still optically thin, as is the whole
cloud. The key issue is then the origin of the dust. If the dust
must arrive from larger radii (e.g., from the outer dusty/
molecular torus), then of course the accretion process would be
very long. However, as was argued by Elvis et al. (2002) and
used in the proposed FRADO model of Czerny & Hryniewicz
(2011), the conditions in the outer layers of the disk are perfect
for the dust formation in situ. Efficient dust formation requires
well-defined pressure and temperature conditions, and high
densities in the disk allow for these conditions to be satisfied.
The conditions of dust formation are best studied in the case of
stars; the details of the early stage of the dust formation are still
unclear (the issue of dust seeds—see, e.g., Ventura et al. 2012),
but dust formation actually happens in the stellar wind, at
distances of up to a few stellar radii, so the timescales must
correspond to the wind outflow timescales, set by the wind
velocity, of order a few tens of km s−1 (e.g., Goldman et al.
2017), which is of order days up to a year. Such a timescale is
much shorter than the time separation between the two cloud
impacts at a given location, since the cloud impact events are
separated by the timescale of order fraction of the local orbital
(Keplerian) timescale, which is about 100 yr. Therefore, the
dust destruction is only temporary, and the dust content in the
disk atmosphere is recovered between impacts.

4.6. The Fast Outflow Stream

High velocities of escaping material, which can extend to
very large distances triggered by disk radiation pressure, have
been addressed in a number of papers (Hopkins & Elvis 2010;
Harrison et al. 2014; Ishibashi & Fabian 2015; Thompson et al.
2015; Ishibashi et al. 2017; Costa et al. 2020).

The stream-like feature of the outflow predicted empirically
by El00 was previously shown in HD simulations by Proga
et al. (1998, 1999, 2000). More studies later also showed the
development of such a feature in an HD context (see, e.g.,
Proga & Kallman 2004; Sim et al. 2010; Nomura et al. 2020)
and even in non-HD models (Risaliti & Elvis 2010; Nomura
et al. 2013).
While the models mentioned above focus on line-force on

the BLR gas, which most likely corresponds to the HIL of the
BLR, this work is the first study to hint at the development of
such a feature also at larger distances, in the LIL BLR (not the
torus), as a result of radiation pressure acting on dust. The
stream is highly inclined and focused more toward the AD with
an inclination of ∼70–80°, consistent with observations
(Gravity Collaboration et al. 2018) and sophisticated HD
models (e.g., Proga et al. 2000; Proga & Kallman 2004;
Nomura et al. 2020). However, it initiates at larger radii of few
103Rg responsible for the LIL BLR, compared to a few 102Rg

in HD studies (also see Sim et al. 2010; Higginbottom et al.
2014) where the HIL BLR develops. The feature in our model
is seen only for the case of the high Eddington rate, but an
enhancement of the metallicity and the dust-to-gas ratio to
more typical super-solar values in AGNs can give rise to the
same feature even in lower accretion rate sources. Thus, we
would expect two separate streams of material, at two different
distances from the BHs.

4.7. FRADO Predictions versus Observations

As discussed above, our reasonably justified model is also
fast enough compared to HD models to produce results for a
large grid of initial physical parameters. We believe that the
negligence of hydro effects is not very important. As argued by
Risaliti & Elvis (2010), the motion in the radiative acceleration
phase and later the motion of the clump in the medium are
highly supersonic, so the effect of the pressure gradient to
change the density and the internal pressure of the clouds can
be neglected. The fact that our simple description recovers the
motion complexity seems to support this view. Thus, an
approximate description may be good enough for testing if
indeed the radiation pressure acting on dust drives the motion
of the BLR clouds.

4.7.1. RL Relation

The FRADO model well predicts the basic location of the
LIL BLR (Czerny & Hryniewicz 2011; Czerny et al. 2017), and
the estimates using shielding allowed us to recover the radius
−luminosity (RL) relation, including the dispersion (Naddaf
et al. 2020). The earlier studies indicated a rather tight relation,
but new reverberation mapping results indicate considerable
dispersion in the RL relation (Czerny et al. 2019; Du &
Wang 2019; Fonseca Alvarez et al. 2020; Martínez-Aldama
et al. 2020). This dispersion, which is apparently different
depending on the broad line that is adopted as the indicator
(Zhang et al. 2021), is most likely related to a spread in the
Eddington ratio (e.g., Du et al. 2016; Naddaf et al. 2020;
Zajaček et al. 2020, 2021), which reflects the spread in the
optical/UV spectral energy distribution and the available
ionizing flux (Fonseca Alvarez et al. 2020).
A preliminary test of our results with observations can be

done as follows. For the high Eddington rate, we consider the
radius most densely impacted with falling clouds, covering a
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broad range of aspect ratios, i.e., 8000Rg, as shown in
Figures 5(p) and (q), to be the location of the BLR. As for
the low Eddington rates, the location of the BLR is taken to be
where the highest peak is attained by clouds, most likely to be
visible to the observer, which is around 2400Rg and 1100Rg as
shown in Figures 6 and 7 for rates of 0.1 and 0.01, respectively.
We calculate the time delays for the viewing angle of i= 39.2°
(Lawrence & Elvis 2010) and for both the clouds located in the
[closer—farther] side of the AD relative to the observer using

t = +  -
R

c
q i q i1 sin cos 16BLR 2( ) ( )

where q is the aspect ratio, as in Figure 5(q). The value of q is
negligible for low Eddington rates, while for the high rate we
take the median value of q= 0.15. It gives [4.57–20.42],
[10–44.67], and [23.44–138] days for the Eddington rates of
0.01, 0.1, and 1, respectively. We can compare these limits
with the transfer function for the Hβ line determined
observationally. For example, the transfer function in Mrk
817, with a BH mass of (4.9± 0.8)× 107 (Peterson &
Horne 2004) and an Eddington ratio of 0.14 (Li et al. 2016),
mostly peaks in the range of 10–30 days (Li et al. 2016), which
seems to be consistent with our predictions given above for
these accretion parameters. It must be stressed here again that
in our model the location of the BLR depends only on the
assumption of the dust sublimation temperature, and gives the
location of the LIL part of the BLR. A detailed study of the RL
relation and the transfer function measurements based on the
model will be addressed in the next paper.

4.7.2. Line Shapes and Ratios

In the current paper we do not address the issue of the line
shapes and ratios, since this requires a complex approach, such
as those in typical parametric models (e.g., Pancoast et al.
2014). Our model predicts the radiation flux seen by the clouds,
but indeed the cloud density will have to be parameterized. We
can start from the assumption of a constant cloud density, since
its quite universal value is supported by the line ratio fitting in
the LIL BLR (e.g., Adhikari et al. 2016; Panda et al. 2018;
Adhikari 2019). Later we can limit the freedom by assuming
the power-law radial distribution of the density of the hot
intercloud medium, and then determine the cloud density as a
function of the radius from the pressure balance or pressure
confinement (Różańska et al. 2006; Baskin & Laor 2018). We
expect that our more complex dynamics will give single-peak
Lorentzian profiles not only for extremely low viewing angles
(e.g., Goad et al. 2012), but also for moderate inclinations in
the case of high Eddington ratio objects.

4.7.3. BLR and Torus

It has been matter of debate, due to many studies based on
interferometry (e.g., Clavel et al. 1989; Swain et al. 2003;
Kishimoto et al. 2009, 2011; Pott et al. 2010; Gravity
Collaboration et al. 2020) and RM (e.g., Suganuma et al.
2006; Koshida et al. 2014; Schnülle et al. 2015; Minezaki et al.
2019), whether dust is located within the BLR radii or it only
sets the outer radius of the BLR, defining the dusty torus. Our
new sophisticated 3D FRADO model predicts the launch of
dusty material from the disk due to AD radiation pressure as
the mechanism of formation of the BLR whose trajectories can

extend to large radii and high altitudes that can be responsible
for the formation of torus. The results of complex flying
material above the disk surface are consistent with the findings
of studies by Goad et al. (2012) and Figaredo et al. (2020). It
also shows that the emission of the BLR and dusty region are
interrelated, as confirmed by Wang et al. (2013).
The dusty torus has been introduced for masking the central

disk from observation at high inclinations due to presence of a
large amount of dust of high column densities extending from
the equatorial plane to high altitudes (Antonucci &
Miller 1985). The structure is not likely to be static, but a
possible scenario involves the interaction between the outflows
and inflows to form a geometrically thick torus (Wada 2012).
Lawrence & Elvis (2010) suggested distorted/misaligned disks
as the obscurer.
In most scenarios proposed so far for the formation of dusty

torus, a sublimation radius is defined based on the condition of
surviving dust from the spherical AD radiation field. The radius
sets the onset of the dusty torus, the first radius from which dust
survives the intense radiation of the whole AD at any altitude
above the disk. However, the question is what brings the dusty
material to those high altitudes. Therefore, a dynamical model
of the wind was proposed for the torus itself (e.g., Konigl &
Kartje 1994; Elitzur & Shlosman 2006; Gallagher et al. 2015),
but this was not a failed wind. The dust location is constrained
in an interesting observational study by Markowitz et al. (2014)
covering mostly high Eddington rate sources. It gives a radial
domain spanning 0.3–140× 104 Rg for the location of BLR
clouds. This implies that clouds are partially in the outer dusty
torus, but partially in the BLR. However, the outflow of BLR
clouds toward the torus, as in our results for the high Eddington
rate, and in other studies (e.g., Kawaguchi & Mori 2010, 2011;
Goad et al. 2012; Hönig 2019; Figaredo et al. 2020), can
provide some momentum to the claim that the dusty torus is a
posterior to the BLR and is indeed part of it; however, this view
is far from being widely and firmly accepted.

4.7.4. The Mass Outflow Rate

In order to estimate the ejected mass from the AD due to
radiation pressure within the escaping zone, we assume that the
clouds are optically thin at the time of launching. So the optical
depth of the cloud, τ, in the vertical direction can be of order
one. The Planck mean at sublimation radius is almost 50 times
the Thompson value (see Figure 1). One can obtain the column
density of = ´N 3 10H

vert 22 cm−2 in the vertical direction,
according to t s= ´NH

vert
Pl where σPl is the Planck mean

opacity. It is much higher than the column density in the
horizontal direction, as discussed in Section 3.2. We are thus
able to approximate the total flow of the vertically ejected mass
as

p
=

D
= ´ -M

R R N

t

2
1.1152 10 g s 17outflow

l H

exit

23 1 ( )

where Rl= 5680 Rg is a launching radius within the escaping
zone, ΔR= 51 Rg is the width of the escaping zone, and
texit= 1.79× 108 s is the time it takes for the ejected material at
Rl to leave the escaping zone. Compared to the whole accretion
rate of = ´ -M 1.399 10 g sedd

26 1 for accretion rate of =m 1
and the adopted MBH= 108Me, the value is small. Although it
does not perturb the whole accretion process, it is not
negligible, either. However, this implies the modeled stream
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of material does not explain the BAL QSO flow (Borguet et al.
2013) where the outflow is massive. So the huge amount of
material must come from somewhere else, most probably from
some circumnuclear rings, etc.

4.8. Number of Clouds and Probable Collisions

Taking an upper limit for the mass-loss rate of the entire disk
at the high Eddington rate, i.e., 1024 g s−1, one can simply
estimate the total number of BLR clouds at any given moment,
and also the mean flight time between two successive direct
collisions of clouds. The mass of BLR clouds of typical size
1012–1013 cm and typical density 1012 up to 1013 cm−3 lies in
the range of 1024–1028 g, which corresponds to the launching
of 10−4 up to 1 cloud per second. Combining with the flight
time of clouds of around several tens of years (as implied by
Figure 5), we obtain a total number of 105–109 clouds building
the BLR.

A simple formula from thermodynamics yields the collision
timescale of clouds as

t
l

s
= =

v n v

1

2
18coll

cl

( )

where v is the average velocity of clouds, which in this case is
of order 1000 km s−1, and λ is the mean free path where ncl is
the volume number density of clouds, and σ is their collision
cross section. It can be rewritten as

t
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for a very geometrically flattened, shallow BLR, with a height
of order 0.1 times its radial size. Recasting it for a BLR of
typical radial size 1017 cm, we have
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This is almost the minimum value for the collision timescale,
since the flight times of clouds are mostly less than 100 yr (see
Figure 5(e)), and also a minimum value for nH or Rcloud and an
upper limit for the disk mass-loss rate are adopted. It therefore
implies that direct encounters are not highly probable, such that
the clouds may experience one collision during a full orbit. So
neglect of the adjustment of a given cloud trajectory due to
adjacent trajectories is a relatively safe assumption in our
calculation.

4.9. Dusty BLR Studies in an HD Context

Our description of the dynamics relying on the presence of
dust and the important role of dust driving in the BLR, although
simplified, shows good potential to address observational
features, as discussed in Section 4.7. However, the results for
the dynamics from our model cannot be compared yet with HD
simulations, since these simulations did not aim to address the
dusty BLR. Instead, there is a long list of HD studies and/or
advanced physically based studies aimed to model the dusty torus
(e.g., Konigl & Kartje 1994; Dorodnitsyn et al. 2012; Wada 2012;
Chan & Krolik 2016, 2017; Hönig 2019; Williamson et al. 2019;
Huang et al. 2020) or assuming the line-driven mechanism (e.g.,
Murray et al. 1995; Proga et al. 2000; Higginbottom et al. 2014;
Waters et al. 2016, 2021; Waters & Proga 2016). Torus-modeling

papers assume the inner radius of their structure at the location
with dust sublimation temperature calculated from the total
bolometric flux, so the temperature of the medium is lower than
in the BLR. We know from observations that this region is a
factor of ∼5 larger than the BLR radius measured from the Hβ
line delay (Koshida et al. 2014). Papers based on line-driven
winds predict a BLR radius that is too small for LIL such as Hβ.
For example, in Proga et al. (2000), the outflowing stream starts
at 7 light days (for a BH mass of 108 Me and an Eddington ratio
of 0.5), which is rather more appropriate for HIL lines (also see
Waters & Proga 2016), while our dust-based model gives 27
days, as expected for Hβ. We therefore have to look forward to
future HD models that incorporate dust-related mechanisms in
BLR dynamics.
The future development of realistic HD models for the dusty

BLR will be certainly difficult, as hinted at by rather advanced
dust/gas dynamics modeling done in the context of proto-
planetary disks (see, e.g., Vinković & Čemeljić 2021). Another
important issue in HD simulations is that the clumps in current
simulations, either dusty or gaseous, are of very low density,
very large size, and/or very far from the center (e.g., Waters
et al. 2021) compared to dense small BLR clouds of size 1012

up to 1013 cm (e.g., Risaliti et al. 2011; Pietrini et al. 2019)
located closer to the central irradiating source. Regarding the
typical size of a BLR of order 1017 cm, one needs to have a
spatial resolution of∼ 10−4 or better in order to resolve a single
BLR cloud, which has not yet been reached by highly time- and
computational-expensive 2D or 3D HD simulations. Alterna-
tively, we can just rely on the observational facts to test the
model, and this is the path we plan to take in the near future.

5. Summary

We tested the dynamics of the BLR under the 2.5D non-HD
prescription of the FRADO model. In this test we incorporated
into the model wavelength-dependent dust opacities and two
proposed configurations for the shielding effect.
As the results imply, the model is similar to the BL18 model

of a static puffed-up disk, although the FRADO model catches
the whole dynamical shape of the BLR, most importantly for
the high accretion rate, where BL18 noticed the loss of the
static solution. The FRADO model also predicts the thin-
funnel-like stream of escaping material proposed in the EL00
model for the high accretion rate.
The shape of the BLR for the high accretion rate seems to be

very complicated and does not show any resemblance to the
usually adopted shapes for the BLR including disks, rings,
shells, or cones. It is intuitively expected to produce single-
peak emission profiles for the high accretion rate. However, we
expect to have disk-like line profiles (double-peak emission
lines) for low accretion rates due to simple up/down motions
of clouds with small vertical heights and velocities. We will
calculate the shape of line profiles and examine their
dependence on accretion rates and other parameters in the
next paper.
The model shows that it may account for the LIL part of the

BLR. We previously performed a preliminary test of the model
with the radius−luminosity (RL) relation. It was successful in
explaining the observed dispersion in the Hβ RL relation based
on the Eddington ratio. In our next paper, we will consider
time-delay measurements resulting from the 3D FRADO model
in full detail.
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Appendix
Physical Calculations

A.1. Radiation Pressure from an Extended Luminous Disk
Acting on a Single Cloud

The computations of the dusty cloud motion are based on the
determination of the radiation pressure from the extended
accretion disk. Our approach is basically similar to the
computations done by Icke (1980), but the medium opacity
there was described by a wavelength-independent Thomson
cross section for electron scattering, which reduces the problem
considerably. Here, we use a complex description of the
opacity, and the computation of the force from a given disk part
depends not only on the relative geometrical position of the
disk/cloud system, but also on the disk local temperature.
Computations of the radiative force from the line-driven wind
in a number of papers (e.g., Pereyra et al. 1997; Proga et al.
1998; Feldmeier & Shlosman 1999) were also done by
integrating the force over the extended disk, but in these
papers no integration is performed over the wavelength for a
specific contribution from the disk, and only the local disk flux
is important, not the spectral shape. Moreover, the line-driven
force indeed depends on the velocity gradient, which
complicates considerably the dynamical computations. In the
case of dust radiation pressure, no coupling with velocity is
present, but the wavelength integration, grain size distribution,
and chemical composition are important, as it allows
automatically for the inclusion of the UV and infrared force
component. We also take care of the effects of scattering and
absorption separately. Since this integration over wavelength is
an important aspect of the computations, we present the details
of the method below.

The time-independent radiation pressure due to absorption
and scattering by definition (Mihalas 1978) are

ò ò a l= Wl r sP
c

I d d
1

, cos A1abs ( ˆ) ( )

ò ò a l= Wl r sP
c

I d d
2

, cos A2sca 2( ˆ) ( )
where I is the intensity of the radiating object, c the speed of
light, and α is the angle between the unit vector ŝ and the
normal to the area element nAˆ shown in Figure 10(a). Therefore
the absorption- and scattering-driven radiative acceleration of
an infinitesimal object (dA) irradiated by an infinitesimal
emitter (dB) shown in Figure 10(a) are

ò ò s a l= Wl la s
Mc

I d d
1

cos A3abs abs ˆ ( )

ò ò s a l= - Wl la n
Mc

I d d
2

cos A4A
sca sca 2( ˆ ) ( )

whereM is the mass of irradiated object (the receiver), and σν is
the cross section of the irradiated object for absorption or
scattering, which in general is frequency dependent. It should
be noted that we have used σν rather than dA, which is
applicable provided that the gradient of radiation pressure
across the irradiated object (receiver) is negligible. It implies a
small receiver (or, equivalently, grains with small values of
cross sections).
Assuming the effective cross section of the receiver to be

always perpendicular to ŝ, so α= 0, and we have

ò ò s l= Wl la s
M c

I d d
1 1

A5grain
abs

grain

abs ˆ ( )
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1 2
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sca

grain
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so the total radiative acceleration of the object is

ò ò s l= Wl la s
M c

I d d
1 1

A7grain
rad

grain

rad ˆ ( )

where s s s= +l l l2rad abs sca.

Figure 10. (a) Geometry of the emitter−receiver system, which resembles the disk−cloud system for a differential (infinitesimal) segment of the disk. (b) Geometry of
the disk−cloud system.
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Using the definition of solid angle, we consider an extended
disk-like radiating surface shown in Figure 10(a) in gray, where
the red spot is the area element in polar coordinates, dB, shown
in the Figure 10(b), and nBˆ is the unit vector normal to dB. So
we have

b
jW =d

s
R dR d

cos
A8

2
( )

where b = z scos , and =s s sˆ . So we have

ò ò ò s j l= l la
M

z

c
I

s
R dR d d

s1
. A9grain

rad

grain

rad
4

( )

Knowing that s= r− R, using the below definitions

r r
j r j r

= +
= + ^

r z
R

z
R Rcos sin

A10⎧⎨⎩ ˆ ˆ
ˆ ˆ ( )

we can obtain the vector s and its length as

r j r j r= - - +^s zR R zcos sin A11( ) ˆ ˆ ˆ ( )
r j= + -s r R R2 cos . A122 2 2 ( )

Due to azimuthal symmetry, the summation over the second
term of s would give zero, so we have

ò ò ò s

r j r
r j

j l

=

´
- +
+ -

l la

z

M

z

c
I

R z

r R R
R dR d d

1

cos

2 cos

A13
grain
rad

grain

rad

2 2 2

^ ^( )
( )

( )

for which one can have the components in Cartesian
coordinates just using r r= +x x y yˆ ( ˆ ˆ) .

This is different from the approach of Icke (1980) in terms of
the denominator. In the definition of =s s sˆ , we can remove
the second term of ŝ due to azimuthal symmetry, but it can not
be removed from s (the magnitude of ŝ). However, this mistake
did not propagate in the literature.

This gives the net radiative acceleration for a single grain of
a specific size and certain type of material. But for a dusty
clump, i.e., a distribution of dust particles (with different
materials and different sizes) embedded in and strongly
coupled with a volume of gas, the radiative acceleration can
be obtained by summation over the type and size of dust
particles as below

ò ò ò s

r j r
r j

j l

=

´
- +
+ -

l la

z

M

z

c
I

R z

r R R
R dR d d

1

cos

2 cos

A14
clump
rad

clump

tot rad

2 2 2

^ ^( )
( )

( )
( )

where Mclump=Mdust+Mgas.
The final form of radiative acceleration for the dusty clump

is

ò ò

ò
r j r

r j
j l

=
Y
+ Y

´
- +
+ -

l

l

j

j

l l

a

z

z

c

I K
R z

r R R
R dR d d

1

cos

2 cos

A15

R

R

clump
rad

rad
2 2 2

i

f

min

max

min

max ( ) ˆ ˆ
( )

( )
where Ψ is the clump dust-to-gas ratio, and lK rad is the mean
total cross section per dust mass, which resembles the
definition of opacity (see Appendix A.2 for details).

Incorporating the radiation pressure on w-percent ionized
gas, one can generally write

s s= +a
M

F

c

1
A16clump

rad

clump
dust
tot

T
tot( ) ( )

which can be rewritten as

s

s

=
Y
+ Y

+
+ Y

» Y +





a
c

K
w

M

c
K w

m

1 1

A17

clump
rad

dust
rad T

tot

ion.gas

dust
rad T

p

⎜ ⎟
⎜ ⎟

⎛⎝ ⎞⎠⎛⎝ ⎞⎠ ( )

so if the first term dominates the second term, the radiation
pressure due to Thompson electron scattering can be neglected
(see Figure 1).
It should be noted that we have considered the strong-

coupling approximation. So the clump is a unified rigid body
within which the embedded spherical dust particles and the
volume of gas are spatially fixed as if wired or connected to
each other. Also the clump is not of a large size, or the dust
particles are mostly concentrated around its center. Otherwise,
randomly oriented acceleration vectors of dust particles located
at random positions within a large volume of gas will result in a
different net acceleration vector. This becomes worse if there is
no dust−gas strong coupling, which results in deformation,
disintegration, and fragmentation of the clump.

A.2. Dust Opacity and Dust-to-gas Ratio

In order to find sl
tot rad( ), assuming a dust model with a

population of dust types with a given grain size distribution, we
proceed with a general relation valid for grains with radius
a−� a� a+ as below

= =dn a n f a da n a da A18i i i( ) ( ) ( ) ( )
where ni(a) is the number density of grains and n is the number
density of H nuclei ( = +n n n2 HH 2), i stands for the dust type,
and fi is a modular function. Now one can write, for example,
the total absorption cross section (the same applies to the total
scattering cross section) for a given dust type as

òs s=l l
-

+
V n a a da A19i

a

a

i i,
tot abs

clump ,
abs

i

i

( ) [ ( )] ( )( )

where s la i,
abs[ ( )] is the absorption cross section of a single grain

of a certain sort of size a (radius) at wavelength λ, and Vclump is
the volume of the clump. Summation over types of dust gives

ò

s s

s

= å

= å

l l

l

=

=
-

+
V n a a da A20

i i

i
a

a

i i

tot abs
1

NDS
,

tot abs

clump 1
NDS

,
abs

i

i

( ) [ ( )] ( )

( ) ( )

where NDS is the number of dust types in the dust model.
Likewise we can find sl

tot sca( ) and consequently sl
tot rad( ).

When calculating the radiative acceleration, it would be easier
to work with general densities, ratios, and mean values rather
than certain masses or volumes. Looking at Equation (A14) we
can write

s s
= =

Y
+ Y

l l
l

M

M

M M
K

1
A21

tot rad

clump

dust

clump

tot rad

dust

rad ( )
( ) ( )
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where lK rad is the total opacity of the clump given by

= +l l lK K K2 A22rad abs sca ( )
where

å=
Y

Yl l
=

K K
1

A23j

i
i

j
i

1

NDS

, ( )

where

ò

s
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s
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,i
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( )

where j stands for (rad), (abs), or (sca); and Ψ is dust-to-gas
mass ratio given by

ò
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where ρb,i is the bulk dust density of type i, and mH is the mass
of H nuclei.

A.3. Dust Sublimation

Assuming instantaneous re-emission of the absorbed radia-
tion by dust in the form of isotropic blackbody radiation, if the
amount of heat absorbed by the dusty content of the clump
increases its temperature to that of sublimation, the radiative
engine of motion of the clump switches off. So the criterion for
the sublimation of dusty content is

=E E T . A26abs emit s( ) ( )
The total radiative energy by definition (Mihalas 1978) is

ò a l= Wl r nE I d dA d dt, cos . A27( ˆ) ( ) ( )
So the radiative energy absorbed by dust is

ò s l= Wl lE I d d dt A28abs
tot abs ( )( )

and the energy re-emitted by dust (Loska et al. 1993) at the
sublimation temperature (Ts) is

òp s l= l lE T B T d dt4 . A29emit s s
tot abs( ) ( ) ( )( )

Dividing both sides of Equation (A26) by dt and Mdust we
can introduce Q (the total power per dust mass), so we have
Qabs=Qemit(Ts) for the sublimation criterion where

òp l= l lQ T B T K d4 A30emit s s
abs( ) ( ) ( )

ò l= Wl lQ I K d d A31abs
abs ( )

so we have
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Ethiopian Space Science and

Technology Institute (ESSTI), Ethiopia

Paola Severgnini,

Brera Astronomical Observatory, Italy

*Correspondence:

Mohammad-Hassan Naddaf

naddaf@cft.edu.pl

Specialty section:

This article was submitted to

Extragalactic Astronomy,

a section of the journal

Frontiers in Astronomy and Space

Sciences

Received: 18 December 2019

Accepted: 03 April 2020

Published: 28 April 2020

Citation:

Naddaf M-H, Czerny B and

Szczerba R (2020) BLR Size in

Realistic FRADO Model: The Role of

Shielding Effect.

Front. Astron. Space Sci. 7:15.

doi: 10.3389/fspas.2020.00015

BLR Size in Realistic FRADO Model:
The Role of Shielding Effect
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The effective size of broad line region (BLR), so-called the BLR radius, in galaxies with

active galactic nuclei (AGN) scales with the source luminosity. Therefore, by determining

this location either observationally through reverberation mapping or theoretically, one

can use AGNs as an interesting laboratory to test cosmological models. In this article

we focus on the theoretical side of BLR based on the Failed Radiatively Accelerated

Dusty Outflow (FRADO) model. By simulating the dynamics of matter in BLR through a

realistic model of radiation of accretion disk (AD) including the shielding effect, as well as

incorporating the proper values of dust opacities, we investigate how the radial extension

and geometrical height of the BLR depends on the Eddington ratio [and blackhole mass],

and modeling of shielding effect. We show that assuming a range of Eddington ratios and

shielding we are able to explain the time-delays in a sample of reverberation-measured

AGNs.

Keywords: active galaxies, broad line region, FRADO model, shielding effect, dust opacity

1. INTRODUCTION

The delayed response of BLR to the variation of AGNs continuum is a probe to study the structure
of BLR (Peterson et al., 1998). The main discovery is a linear log− log scaling law between the size
of BLR and the AGN monochromatic luminosity, so-called the radius-luminosity (RL) relation. It
has been observationally discovered (Kaspi et al., 2000; Peterson et al., 2004; Bentz et al., 2009,
2013), and theoretically explained by Czerny and Hryniewicz (2011) who proposed that failed
dust-driven wind (FRADO) is responsible for the formation of BLR. However, the departures
from the law seen for some sources with high Eddington ratios (Du et al., 2015, 2016, 2018;
Grier et al., 2017), obviously requires the structure and extension of BLR to be studied in more
detail, not only in observational side via reverberation-mapping (e.g., Panda et al., 2019), but also
through theoretically-motivated models. Provided that the RL relation is concretely justified for all
already-observed sources (Martínez-Aldama et al., 2019; Rakshit et al., 2019), AGNs can be treated
as astronomical candles to be used in cosmology (Haas et al., 2011; Watson et al., 2011).

In this article, we briefly report our pilot numerical study on the size of BLR based on the
FRADO model. A concise background on the existing BLR models is addressed in section 2. In
section 3 an introduction to FRADO model is provided, followed by section 4 on shielding effect.
After a short description of our numerical setup in section 5, themethodwe adopted to find the BLR
size is specified in section 6. We discuss our results and conclude the article in the last two sections.
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2. BLR MODELS

Broad Emission Lines are the most characteristic property of
the AGN spectra known since many years (for a review, see
Netzer, 2015). However, the formation of BLR is not clear and
still under debate. Different scenarios about the origin of the
BLR material have been discussed during years. The proposed
mechanisms can be divided into: Inflow Models (Hu et al.,
2008; Wang et al., 2017), Disk Instabilities (Collin and Zahn,
1999, 2008; Wang et al., 2011, 2012), or Disk Winds/Outflows.
The latter class of models includes Magnetically-Driven winds
(Blandford and Payne, 1982; Emmering et al., 1992; Elitzur et al.,
2014), Thermally-Driven winds (Begelman et al., 1983; Czerny
and King, 1989;Witt et al., 1997; Blandford and Begelman, 1999),
and Radiatively-Driven winds consisting of Line-Driven winds
(Murray et al., 1995; Risaliti and Elvis, 2010), and newly-born
models of Dust-Driven winds.

The first model in the category of Dust-driven Winds is
FRADO model (Czerny and Hryniewicz, 2011; Czerny et al.,
2015, 2017). There is only another existing model in this category
for the formation of BLR in which the static atmosphere of disk is
puffed up by irradiation in the dust-dominated region (Baskin
and Laor, 2018). Differently from this static model, FRADO
gives a dynamic view of the BLR. The advantage of the FRADO
model is that the underlying physics is known, the approximate
compensation of the inflow/outflow leads to approximately
symmetric lines, and the model is likely to produce also single
component line instead of disky profiles if the vertical motion
is strong, as expected at higher Eddington ratios. However, the
model applies only to Low Ionization Lines (LIL), and for High
Ionization Lines (HIL) a line-driven outflow is likely favored.

3. FRADO MODEL

FRADO model is one of the interesting theoretically-based
models explaining the formation mechanism of the BLR in
AGNs. It is based on the existence of dust at large radii where
the AD atmosphere is cold enough (Dong et al., 2008). The
dusty material, i.e., clumps composed of dust and gas, is lifted
up by the AD local radiation flux. Once reaching considerably
high altitudes above the disk surface, dust content of clump gets
evaporated by the strong radiation coming from the central parts
of an AGN and then follows a subsequent ballistic motion and
forms a failed wind.

In the basic 1-D analytical form of FRADO model, only the
vertical component of local flux of accretion disk at a given
radius was considered. It directly gives the inner/outer radius
of BLR. Asymmetry in line profiles can be seen due to the dust
evaporation; line shape parameter FWHM/σ is consistent with
data; and also the model predicts the dependence of virial factor
on blackhole mass (Czerny et al., 2015, 2016, 2017). However, the
analytical local flux of Shakura-Sunyaev (S-S) disk (Shakura and
Sunyaev, 1973) that is used in this model is constant with height;
radiation from other radii and also the radial motion of material
are neglected, as well as the inner boundary condition in S-S AD.

In this paper, for the first time we calculate the realistic 3-D
radiation pressure of AD in which the radiation coming from
other radii is also contributing. The real dust opacities are also

taken into account, and the inner boundary condition of S-S AD
is included. The general form of the 3-D equation of motion,
considering the forces acting on the clump to be the gravity of
central blackhole and radiative force of AD, is thus given as below

d2r

dt2
= −

GMBH r

r3
+

∫ λf

λi

∫
visible area

f (r,ψ ,MBH, ṁ, κext(λ),

Tsub, ρ,ϕ, λ,C) da dλ (1)

where G is the gravitational constant, MBH the blackhole mass,
ψ the dust-to-gas mass ratio, κext the dust opacity as a function
of wavelength, ṁ the dimensionless accretion rate, Tsub the dust
sublimation temperature, and r = RR̂+Hẑ is the vector showing
the position of the clump in cylindrical coordinates in which
the blackhole is at the origin as shown in Figure 1A. The AD
for simplicity is mapped onto the equatorial plane (z = 0)
from which the clump’s height is measured. The parameters of
ρ and ϕ show the coordinates of infinitesimal surface areas of
AD in polar coordinates, and C stands for some fixed factors
and physical constants. The vector radiative force acting on a
clump is calculated through a double integral evaluation over AD
surface (visible area due to shielding effect) and an integral over
the effective range of wavelengths for the adopted dust model of
the clump.

The effect of the dust evaporation is also included; assuming
dust instantly emits the absorbed energy in the form of
blackbody radiation, we numerically calculate the irradiated
energy absorbed by dust Qabs at each integration step. Once
the Qabs for a dusty clump reaching a certain altitude above
AD exceeds the level of energy emission corresponding to
sublimation temperature of dust Qemit(Tsub), the clump loses its
dust content. The radiation pressure force is then immediately
switched off and the dustless cloud follows a ballistic motion,
finally falling back onto the AD surface. The subsequent motion
of ionized dustless gas driven by Thompson electron scattering
is neglected.

4. SHIELDING EFFECT

It is well-known from all radiatively-driven wind models that
efficient alleviation of the material above the disk is not possible
if the wind launching region is irradiated (see e.g., Proga,
2007). Some shielding is necessary, and it can be due to either
inner failed Compton-driven wind or cold material forming at
the edge between the inner hot ADAF (Advection Dominated
Accretion Flow) and a cold disk. This shielding effect protects
dusty material from too intense radiation from the central parts
of AD, including X-rays. Therefore, it would make the local
radiation pressure from the disk to be effective in launching
the material upward avoiding too early dust evaporation in the
cloud. In order to mimic this effect we model it in the following
two configurations:

• Patch Model
In this model it is assumed that the radiation only comes

from a small patch of the disk as shown in Figure 1A. The
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FIGURE 1 | Illustration of shielding models. The disk is shown in light gray in both models, while the visible area of the disk (not shielded) to the clump is recolored to

dark gray. In Patch Model (A), the radius (rp) of the patch which is not drawn in scale is linearly proportional to the height (H) of the clump from the AD surface. In Wall

Model (B), the radius (rw ) of the cylindrical shell is linearly proportional to the height (hw ) of the wall while β = tan(θ ) is constant. The visible area of the disk to the

clump varies due to the changes in the size of patch and wall while the clump is moving. In order to keep the figures neat and clean, the conceptual location of BLRin,

and also the torus [BLRout to Rout] are not drawn.

radius of patch is proportional to the height of the clump from
the disk surface. Mathematically speaking, this dynamically
variable radius can be expressed as a function of clump’s
height as rp = αH where α is a free constant parameter
of the model. The location of patch moves passively with
the clump and increases/decreases in size as the cloud goes
up/comes down.

• Wall Model
In this model as shown in Figure 1B, as long as the clump

is at rest on the AD surface, the radiation due to inner region
of AD extending from inner radius of AD (Rin) up to half of
the radial position of the clump (R/2) is shielded. The model
can be illustrated as a circular wall barrier (cylindrical shell)
surrounding the inner region of the AD whose radius and
height are rw and hw = β rw, respectively; where the model
constant parameter β = tan(θ). The range of variation for rw
is min(rw) = Rin and max(rw) = Rout/2. Moreover, until the
clump to be launched, the wall also obscures the radiation of
almost half of the AD located behind the wall (viewed from
the clump). As the clump flies up, due to an anti-correlation
between the wall’s radius and the clump’s height, the wall shifts
inwards while β is constant. As a result the clump sees a larger
portion of AD irradiating. The moments when the clump is
flying in an altitude H > βR above AD, it can be irradiated by
the whole AD as if there is no shielding effect.

Obviously, the proposed models of shielding are geometrically
different. The results from these models can provide us with
useful information about how shielding effect really looks like,
and how effective it is in the physics of BLR and its dynamics.
We incorporate these shielding models into our computations
by imposing proper dynamic upper-lower integral limits while
evaluating the radiative force produced by AD.

5. NUMERICAL SETUP

In order to perform the simulation, we consider the following
setup. The blackhole mass is set to be of 108M⊙ (Panda et al.,

2018) which is almost the mean value of the blackhole mass
in quasar catalog of Shen et al. (2011). The underlying disk is
the S-S disk model which radiates locally as a blackbody. We
consider a range of AD radii from Rin = 6Rg to Rout = 106Rg
where Rg is the gravitational radius of the blackhole defined
as Rg = GMBH/c

2. The adopted dimensionless accretion rates
(ṁ = Ṁ/ṀEdd where ṀEdd is the Eddington accretion rate)
are 0.01, 0.1, and 1. Actual values of wavelength-dependent dust
opacity are incorporated into our computation. These values are
computed using MCDRT (Szczerba et al., 1997) and KOSMA–τ
PDR (Röllig et al., 2013) codes which give the mean extinction
cross-section per dust mass (equivalent to opacity) for different
dust models with a given distribution of dust grain size and
different materials. We employ the MRN dust model (Mathis
et al., 1977) which consists of silicate and graphite and has
an identical grain size distribution for both dust populations.
Silicate features are seen in the AGN spectra (e.g., Netzer et al.,
2007); graphite is more problematic, we would rather expect
amorphous grains at the basis of the UV spectra (see e.g., Czerny
et al., 2004), but we use MRN for simplicity. Moreover, having
assumed the gas and dust within the clump being strongly
coupled we set the parameter ψ equal to 0.005 which is the
mean value for Milky Way (Mathis et al., 1977). However, an
estimate mean ratio of 0.008 is also adopted by others for a
sample of AGNs (Shangguan et al., 2018). It is also assumed
that the dust content of clumps sublimates at a temperature of
1500 K which represents approximately the mean value for the
different grain species and sizes (see Baskin and Laor, 2018). The
clumps in our model are launched with an azimuthal Keplerian
velocity and zero vertical velocity from the surface of AD which
has a thickness, D(R). The latter, which is function of radius,
was computed separately for different initial values of AD size,
accretion rate, black hole mass, and viscosity based on Rosseland
mean opacity (Różańska et al., 1999; Czerny et al., 2016) without
the effect of AD self-gravity being included. This implicitly also
means that the height of the clump (H) never vanishes since
our mathematically thin disk is at z = 0. The Runge-Kutta
method is then applied in order to integrate the equations
of motion.
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TABLE 1 | Output data for the size of BLR for blackhole mass of 108M⊙.

i = 39.2

Shielding model ṁ BLRin BLRout Ppeak R(Ppeak) log(L5100) log(τ in) log(τ peak)

0.01 4.95 112.53 0.027 4.96 43.81 0.9067 > 0.9027

α = 1.0 0.10 9.45 356.71 0.105 9.64 44.52 1.1867 > 1.1761

1.00 18.00 1126.75 0.358 27.42 45.21 1.4639 < 1.5894

0.01 5.19 112.53 0.031 5.21 43.81 0.9273 > 0.9233

α = 1.5 0.10 9.92 356.71 0.117 10.25 44.52 1.2078 > 1.2005

1.00 18.89 1126.75 0.351 46.97 45.21 1.4853 < 1.8241

0.01 5.31 112.53 0.032 5.32 43.81 0.9372 > 0.9321

α = 2.0 0.10 10.13 356.71 0.122 10.61 44.52 1.2169 > 1.2146

1.00 19.29 1126.75 0.346 a31.72 45.21 1.4944 < 1.6543

α = 2.0 (107M⊙) 0.10 2.06 − 0.045 2.07 43.21 0.5256 > 0.5196

α = 2.0 (109M⊙) 0.10 49.76 − 0.270 75.25 45.81 1.9067 < 2.0228

0.01 5.49 112.53 0.034 5.63 43.81 0.9517 < 0.9563

β = 0.3 0.10 10.48 356.71 0.115 12.71 44.52 1.2319 < 1.2943

1.00 20.03 1126.75 0.245 a39.84 45.21 1.5111 < 1.7682

0.01 5.49 112.53 0.033 5.64 43.81 0.9517 < 0.9573

β = 0.2 0.10 10.48 356.71 0.106 13.40 44.52 1.2319 < 1.3190

1.00 20.03 1126.75 0.199 a33.80 45.21 1.5111 < 1.7043

0.01 5.49 112.53 0.033 5.70 43.81 0.9517 < 0.9619

β = 0.1 0.10 10.48 356.71 0.079 a14.58 44.52 1.2319 < 1.3607

1.00 20.03 1126.75 0.144 a28.02 45.21 1.5111 < 1.6324

0.01 9.72 112.53 0.007 16.04 43.81 1.2000 < 1.4165

No shielding 0.10 37.90 356.71 ... b... ... ... ...

1.00 155.27 1126.75 ... b... ... ... ...

0.01 7.63 72.08 − − − − −

cAnalytical FRADO 0.10 16.44 227.93 − − − − −

1.00 35.42 720.79 − − − − −

Values of L5100 are in ergs/s. Other data are in light-days except ṁ and Ppeak being dimensionless. Patch model and Wall model are specified by their characteristic parameters of α

and β, respectively.
aReaching the peak with dust-content sublimated: dust-less failed wind.
b It never forms a failed wind neither dust-less nor dusty. All clumps just escape to torus.
cThis row is just added for the purpose of comparison.

6. BLR SHAPE IN FRADO

In order to find the distribution of material above AD we need to
determine the radial extension and height of BLR as follows.

The radial extension of BLR is by definition the range confined
within BLRin to BLRout. Theoretically, BLRin is the onset of BLR
where the dust is instantly sublimated upon departure from AD.
The outer radius of BLR, i.e., BLRout, is where the dust survives
irradiation by the whole disk even in spherically symmetric
approximation of the radiation field. We determine this outer
radius by finding the position where the sublimation height for a
given radius is equal to the radius itself. Obviously, the shielding
effect does not play a role at this large height. In order to find
these two radial ends of BLR, for each different initial conditions

we introduce a dense grid of (R, H) pairs ranging as R :[Rin
to Rout], and H :[D(R) to Rout]. We then numerically compute
Qabs at each grid point. The geometrical location where Qabs =

Qemit(Tsub) is a curved line called sublimation location, S(R),
dividing the region above AD into two parts, above which dust
can not survive irradiation. The crossing radius of S(R) and D(R)
yields the BLRin; and BLRout can be found by setting S(R) = R.

As for the geometrical height of BLR, we observe the trajectory
of clumps being launched from a set of logarithmically spaced
initial launching radii (Rinit) ranging from BLRin to BLRout.
Neglecting the relaxation due to probable encounters between
clumps and loss/gain of momentum, we find the maximum
heights (Hpeak) the clump can attain per each initial launching
radius within the set. However, in order to stress on the
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importance of the opening angle of the BLR clouds distribution,
introducing the variable (P = Hpeak/Rpeak) where Rpeak is the
maximum height’s corresponding radius, we find the maximum
of P, i.e., Ppeak.

Therefore, the shape of BLR is specified by [BLRin − BLRout],
and [D(R)−Hpeak(R)]. The R(Ppeak) andH(Ppeak) corresponding
to the unique value of Ppeak represents the effective location of
BLR clouds. This is based on the assumption that the parameter
R(Ppeak) marks the region effectively exposed to the irradiation
by the central parts of AD.

7. RESULTS AND DISCUSSION

Having performed numerical computations for different initial
conditions and for both models of shielding, we have obtained
values for the size of BLR as collected in Table 1. Numerically
computed values of the monochromatic luminosity of AD at
5100 Å in erg/s depend only on the accretion rate and blackhole
mass; the effects of the shielding and AD self-irradiation are not
included (Czerny et al., 2003). Other columns of data listed in
Table 1 are expressed in light-days, except ṁ and Ppeak being
dimensionless. The viewing angle for calculating the time-delay τ
(equivalent to BLR radius assuming the light speed c propagation
of the signals) is set to be i = 39.2 (Lawrence and Elvis, 2010).

The sublimation surface, S(R), obtained for all initial
conditions and parameters of shielding models in Table 1 is
shown in Figure 2. Upper and lower panels show the same plots
but in linear and log scale, respectively; in the log plots the onset
of BLR and disk thickness is clearly visible while the linear plots

better illustrate the radial extension of BLR for different values of
the accretion rate. Obviously, the Patchmodel provides a stronger
shielding than Wall model, and the table is also sorted down
based on the strength of shielding. However, it seems that the
presented shielding models can behave similarly if certain values
of α and β are chosen. For example, based on Figure 2 one can
expect the two shielding models to show very similar patterns
for α = 1/β . The profiles of S(R) in Figure 2 for all values of α
and β show a convergence to the case of no-shielding at BLRout.
This is related to the definition of the BLRout, with the requested
condition set at large height of the cloud above the disk where
the shielding becomes unimportant. In addition the wall model
interestingly shows a privilege of unique prediction of BLRin for
all values of β that implies the Wall shielding does not work
efficiently when the cloud height is small as it happens close to
BLRin. However, testing with other values of β is required to
firmly determine the model properties.

The two considered shielding models have significantly
different geometrical properties, as shown in Figure 1. In the
Wall model a cloud is exposed to the radiation from a broad range
of radii of AD while in the Patch model it is affected only by a
local radiation. This may affect the cloud dynamics, and likely
will be reflected in the emission-lines shape which is beyond the
scope of the current work. However, further studies including the
cases with α = 1/β are required to highlight the differences
between these shielding models properly, and to enable us to
make a choice between these two.

As can be seen in Figure 2, the ratio of (BLRout/BLRin)
increases with Eddington ratio for both analytical and numerical

FIGURE 2 | Representation of the sublimation location above AD equatorial plane for Eddington rates of 0.01 (left panels), 0.1 (middle panels), 1 (right panels) in linear

(upper panels) and logarithmic (lower panels) scales. Axes are normalized to BLRin from analytical FRADO model for the corresponding Eddington rate to be easily

comparable. The area shaded in light-green covers the radial extension of BLR predicted by analytical FRADO model. Yellowish strip shows the inner part of torus.

The onset of BLR and the thickness of AD are clearly visible in logarithmic panels, while in the linear ones the BLR radial extension for different accretion rates is easily

comparable.
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FRADO. However, the BLR size in numerical models with
shielding is radially more extended than that of analytical ones
which implies longer time-delays from the entire BLR.

According to Table 1, in case of no-shielding for accretion
rates of 0.1 and 1, all launched clumps only escape to the torus
and do not form a failed wind. These cases were omitted due
to being out of interest in the current preliminary study. There
are cases for accretion rates of 0.01 and 0.1 in Patch model in
Table 1 with Rpeak ∼ BLRin yielding time-delays for BLRin,
log(τ in), being larger than that of Rpeak, log(τ peak). They imply
the presence of a very sharp cut-off in dynamics of material past
the BLRin. These cases can not be considered as reliable. It is
while for the accretion rate of 1, all shielding cases give a larger
value for log(τ peak). This means that for high accretion rate the
presence of shielding is necessary. In other words, the higher the
accretion rate is, the stronger shielding is required. A denser set
of bins in the range of values of α and β in future studies will be
more indicative.

As explained in section 6, since larger values of opening angle
are of our interest, we chose the model showing the maximum
Ppeak among the obtained values for all shielding models per

the arbitrary accretion rate of 0.1 to perform a test with other
blackhole masses. The maximum Ppeak corresponds to α = 2.0,
however it does not necessarily mean the preference of Patch
model over Wall model, or appropriateness of this α. We then
repeated the simulation for this model for two other blackhole
masses of 107, and 109M⊙. Interestingly, while the Patch model
with the adopted values of α, was too strong as mentioned above
to be considered as reliable for accretion rates of 0.01 and 0.1, the
consistent time-delay obtained for the blackhole mass of 109M⊙

and accretion rate of 0.1 with α = 2.0 indicates the dependence of
shielding on blackhole mass as well; i.e., the higher the blackhole
mass is, the stronger shielding is required.

As for plotting the RL relation, since we only have the data for
the blackholemass of 108M⊙ (except the case of α = 2.0), we take
use of the slope of Bentz et al. (2013) relation. The RL relation
based on reliable results for all adopted values of accretion rates
are then shown in Figure 3, and compared to observational data
and analytical FRADO model (see also Naddaf et al., 2019 for
RL relation based on τ in). Time-delays are computed assuming
the effective reflection of reprocessed radiation of continuum
happens for the clouds located in farther side of AD, as in Czerny

FIGURE 3 | RL relation (considering the Bentz et al., 2013 relation’s slope) based on all reliable time-delays obtained from numerical FRADO for all shielding cases

and Eddington rates of 0.01 (A), 0.1 (B), 1 (C), blackhole mass of 108M⊙, and viewing angle of 39.2 degree. (D) Shows the overlap of all Eddington rates. The

shaded areas cover the range between the minimum and maximum reliable time-delays obtained per each Eddington rate. Points in cyan show a sample of

observational data from Martínez-Aldama et al. (2019). The blue dashed line represents the RL relation predicted by analytical FRADO. The black dashed line shows

the RL relation calibrated for sources with low Eddington ratios by Bentz et al. (2013). Three specific solutions for α = 2.0 and accretion rate of 0.1 are shown as

points in panel (B) with the blue, black, and red points corresponding to blackhole mass of 107, 108, 109M⊙, respectively.
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and Hryniewicz (2011), while the clouds in the closer side are
almost self-obscured. As the whole material in the range between
the onset of BLR and the maximum height can be irradiated
by the continuum, the area between minimum/maximum time-
delays corresponding to the minimum BLRin/maximum R(Ppeak)
obtained out of all reliable data in Table 1 for a given accretion
rate are shown as shaded patterns in Figure 3. While the
analytical FRADO only gives a single line, the realistic 3-D
approach covers almost the whole sample of observational data.
The points corresponding to three blackhole masses for the test
case of α = 2.0 with accretion rate of 0.1 are also depicted in
Figure 3B which are located within the yellow strip, and follow
the RL trend apparently. However, testing with a wider-denser set
of blackhole masses is also required in future studies to provide
us with a full insight into the models.

8. CONCLUSIONS

In this preliminary work we theoretically studied the dynamics
of matter in the BLR based on a realistic 3-D approach to
FRADO model. We introduced two geometrical configurations
for shielding effect, and based on the dynamics, we tried to
predict the BLR size (radial extension and geometrical height)
and its dependence on different Eddington ratios [and blackhole
mass] to compare with observational data. The main findings can
be concluded as below

• FRADO model can account for the range of measured time-
delays of Hβ line in AGNs. The model is expected to work
for all LILs like Hbeta and Mg-II (Czerny et al., 2019; Zajaček
et al., 2019) but not for HILs which form closer in and come
from line-driven wind part.

• The shielding must be included in the model, although low
Eddington sources do not require it.

• The role of shielding must increase with the Eddington ratio
of the source, as well as with blackhole mass.

• BLR size is predicted to be radially more extended compared
to analytical FRADO which implies longer time-delays from
the entire BLR.

• Future modeling of the emission line shapes based on
the cloud dynamics will bring further constraints to the
shielding geometry.
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ABSTRACT

Context. Broad emission lines are the most characteristic features in the spectra of galaxies with an active galactic nucleus (AGN).
They mostly show either single-peaked or double-peaked profiles and originate from a complex dynamics of the likely discrete clouds
moving in a spatially extended region known as the broad line region (BLR).
Aims. In this paper, we present a large grid of results, which is used to test the model based on calculations of the spectral line generic
profiles.
Methods. We followed a non-hydrodynamical single-cloud approach to BLR dynamics based on a radiatively dust-driven model. We
previously showed in detail that the 2.5D version of the model could provide us with the 3D geometry of the BLR.
Results. We show that the shape of profiles not only depends on the accretion rate of the source, the black hole mass, and the viewing
angle, but it is most significantly affected by the adopted dust-to-gas mass ratio regulating the strength of the radiation pressure. We
also show that the model can aptly explain the low ionized broad emission lines of the mean spectrum of quasars, such as MgII and
Hβ.
Conclusions. The radiatively dust-driving mechanism can appropriately account for the low-ionized part of BLR of AGNs.

Key words. accretion, accretion disks – radiation: dynamics – line: profiles – radiative transfer – galaxies: active –
quasars: emission lines

1. Introduction

The broad line region (BLR) in active galaxies is a turbulent
and spatially extended region (Wandel et al. 1999; Kaspi et al.
2000; Netzer 2020) that has not yet been fully resolved, except
for a few cases of magnified BLR due to gravitational lens-
ing (Sluse et al. 2012; Guerras et al. 2013) as well as the VLR
GRAVITY observations in the IR (GRAVITY Collaboration
2018, 2020a, 2021). Hence, studies of broad emission lines
stemming from this region have been based on the analysis of
the spectra and their time dependence (Boroson & Green 1992;
Lawrence et al. 1997; Sulentic et al. 2000; Reeves & Turner
2000; Gaskell 2009; Le & Woo 2019; Raimundo et al. 2020).
However, the broad emission lines (BELs) from a BLR are a
unique probe that can be used to improve our understanding of
the physics of AGNs and, eventually, they can help to measure
the mass of the central supermassive black hole. These emis-
sion lines are divided into two categories of high ionization
lines (HIL) and low ionization lines (LIL) (Collin-Souffrin et al.
1988; Netzer 2013), and they are frequently observed in the form
of single-peaked or double-peaked profiles (Osterbrock 1977,
1981; Gezari et al. 2007; Shen et al. 2011; Negrete et al. 2018;
Zhang et al. 2019; Lu et al. 2021; Li et al. 2021). The shape of
BELs depends on the distribution and dynamics of material
within the BLR. There have been two mainstream studies that
have been ongoing for years on the theoretical side to recover
the observed shape of emission lines: one based on proposing

theoretically motivated mechanisms for the formation of BLR
and the other one on the basis of assuming a certain distribution
of material in a BLR (i.e., parametric models).

The BLR in parametric models can have different geome-
tries of interest depending on the purpose, for example a
ring, a disk, a shell, or a cone filled with clouds in which
the density of clouds is assumed to follow a certain function
(Netzer & Laor 1993; Ward et al. 2014; Adhikari et al. 2016,
2018; GRAVITY Collaboration 2018). As the name of these
models implies, the distribution, density, and other physical
properties of clouds in the BLR are parameterized in order
to optimize the shape of emission lines and time-delays map
(Pancoast et al. 2011, 2014; Li et al. 2013). In order to fit the
data, they either infer the transfer function (Blandford & McKee
1982; Horne et al. 1991; Krolik & Done 1995; Li et al. 2016) or
provide a quantitative constraints on the dynamics and geom-
etry of BLR (Li et al. 2013; Pancoast et al. 2014). Although
these models are useful, providing insights into the connec-
tion between the BLR geometry and line shape, while fiting the
observational data, they are not intended to provide the theoreti-
cally motivated scenario behind the picture.

On the other hand, we previously showed that the
failed radiatively accelerated dusty outflow (FRADO) model
(Czerny & Hryniewicz 2011), among all other already proposed
theoretical mechanisms, may effectively account for the for-
mation and the dynamics of the LIL part of BLR such as Hβ
and MgII (Naddaf et al. 2021). A preliminary test of the model
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Fig. 1. Schematic illustration of BLR shape and its com-
ponents in FRADO. The components of BLR are repre-
sented as (a) an outer tail consisting of dusty failed winds
(simple up-and-down motions), (b) an inner region with
slightly-to-broadly elongated elliptical orbits, and (c) a
funnel-shaped outflow stream of clouds. The red and blue
solid lines show the peak height of the trajectories of
dustless and dusty clouds, respectively. The BLRin and
BLRout set the two ends of a radial region of the accre-
tion disk within which the material can be lifted due to
disk radiation pressure. The black solid line represents
the sublimation location. Region I marks the hot region
above the sublimation location where dust cannot sur-
vive; the central disk UV radiation reaches the clouds via
scattering by the hot gas in this region. Region II under-
neath of the sublimation location and cold enough for
dust survival is obscured by the outflow stream; it pre-
vents the BLR material from receiving the scattered ion-
izing radiation.

also showed that it reproduces the reverberation-known location
of the LIL BLR (Peterson et al. 2004; Bentz et al. 2009, 2013)
without including any arbitrary parameter; it can also success-
fully explain the observed dispersion in Hβ radius–luminosity
(RL) relation based on the accretion rate (Naddaf et al. 2020).
On the other hand, the high ionization lines such as CIV and
HeII are located much closer to the center (e.g., Wandel et al.
1999; Grier et al. 2013) where dust cannot form and dust-driving
mechanism is not available; thus, they are most likely to be
related to line-driven winds (Proga et al. 2000; Dyda & Proga
2018) or thermally driven winds (e.g., Ganguly et al. 2021).

In this paper, we aim to test the model by calculating the line
profiles. We begin by introducing a relatively large grid table of
results for a range of black hole masses, accretion rates, and dust-
to-gas mass ratio of clumps. We briefly explain the physics of
BLR dynamics in 2.5D FRADO in Sect. 2. The numerical setup
is introduced in Sect. 3. The physics of LIL BLR emission lines
and the method behind the line profile calculation is addressed
in the Sect. 4. We then present our results in Sect. 5, followed by
a discussion in Sect. 6.

2. BLR Dynamics in 2.5D FRADO

The 2.5D FRADO model (see Naddaf et al. 2021, for full
details) is a nonhydrodynamical single-cloud approach to LIL
BLR dynamics. It is the enhanced version of the basic 1D model
of Czerny & Hryniewicz (2011), a model based on the presence
of dust in the atmosphere of an accretion disk at large radii,
where it is cold enough (Rees et al. 1969; Dong et al. 2008). The
FRADO model works on the basis of radiatively dust-driving
mechanism, so the disk radiation pressure acting on the initially
dusty material (clumps) at the surface layers of the accretion
disk leads to a (mostly failed) outflow from the accretion disk.
We should stress here that only dust processes do the job in this
model, and the line-driving or electron scattering forces are neg-
ligible at these radii – rendering this model appropriate for stud-
ies of the LIL BLR. General relativistic effect are also negligible
at these large radii, so they were neglected.

In the 2.5D FRADO, the model is enhanced with the
realistic description of the dust opacities interacting with
the radiation field. Geometrical configurations as proxies for the

shielding effect are necessary for launching an efficient outflow,
as suggested previously by numerous authors (Shlosman et al.
1985; Voit 1992; Murray et al. 1995; Proga & Kallman 2004;
Risaliti & Elvis 2010; Mizumoto et al. 2019). These are incorpo-
rated into the model in order to protect the dusty clumps from the
intense central disk radiation, avoiding, hence, an overly rapid
sublimation of the dust content of the clouds. Most AGNs do
not show the double-peaked line profiles expected from the illu-
minated disk surface, so in order to produce single-peaked line
profiles, the material has to reach a high vertical velocity under
the continuous radiative force from below. The timescale of the
process depend very much on the black hole mass, as the strong
radiative force must act for a period being a noticeable fraction
of the local Keplerian period. A similar requirement is neces-
sary for line-driving winds responsible for the HIL part of the
BLR, where shielding is needed in order to prevent an overion-
ization of the medium and loss of the driving power. Clumps
at initially circular local Keplerian orbits are launched (with a
zero vertical velocity) from the disk surface by the disk radia-
tion pressure and move under the radiative force from the accre-
tion disk and gravitational field of the central black hole. The
radial dependent height of the disk (disk surface) for the grid of
initial conditions in our model was calculated using a separate
code (Różańska et al. 1999; Czerny et al. 2016). Upon attaining
high altitudes, depending on the launching radius, clumps may
lose their dust content due to strong radiation from inner radii of
the disk and continue their motion in the form of a free-fall in
the black hole gravitational field; otherwise, they would remain
dusty during the motion. Moreover, depending on the launching
location clumps may escape into infinity or return to the disk
surface, however, they cannot cross the disk.

The whole pattern of the trajectories of clouds depends on
the initial physical parameters, and the geometry of LIL BLR
in our model was determined by the kinematics of the clouds.
As previously studied (Naddaf et al. 2021), it does not resemble
the simple (or complicated) shapes in parametric models. We
showed that the overall picture of LIL BLR can be either very
complex or just as simple as an up-and-down motion, depend-
ing on the accretion rate. The general pattern of motion in
FRADO consists of three components, as indicated in Fig. 1:
(a) an outer tail consisting of dusty failed winds (simple up-
and-down motions) that resembles the static puffed-up irradiated
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disk model of Baskin & Laor (2018) – this component is always
present regardless of the adopted values of the initial parame-
ters and for the very low values the full BLR is in this form;
(b) an inner region with slightly to largely elongated elliptical
orbits; and (c) a funnel-shaped stream of escaping clouds similar
to empirical picture of AGNs (Elvis 2000). The last two com-
ponents may develop (or not) depending on the initial parame-
ters, namely, the black hole mass, accretion rate, and metallicity.
As previously discussed but not calculated, it can be expected
that the first component may give rise to a double-peaked (disky
shape) line profile consistent with observational data for low
Eddington sources, however, single-peaked profiles are likely
expected from the two latter components (see Naddaf et al. 2021,
for more details).

In the previous work, aimed at testing the model, the black
hole mass was fixed to 108 M� and we studied the cases with
dust-to-gas ratio equivalent to solar metalicity for a range of
accretion rates. We did not investigate how changing the black
hole mass and other parameters can affect the overall picture. In
this paper, we present a large table of results for a relatively wide
range of physical parameters of AGNs (introduced in Sect. 3)
which we use to test the 2.5D FRADO model, based on calcula-
tions of line shapes.

3. Numerical setup

In order to have a relatively broad and comprehensive table
of results, the following numerical setup was considered. The
main initial physical parameters in this setup, namely, the black
hole mass, MBH, dimensionless accretion rate, ṁ, and dust-to-gas
mass ratio Ψ are:

– MBH of 106, 107, 108, and 109 M�.
– ṁ of 0.01, 0.1 and 1 in Eddington units defined as:

Ṁedd =
4πGMBHmp

µ σT c
, (1)

where µ is the accretion efficiency fixed to 0.1. For a refer-
ence, the Eddington value for the black hole mass of 106 M�
is taken as:

Ṁedd(6) = 1.399 × 1024 [g s−1]. (2)

– Ψ of 0.005 and 0.025, equivalent to one and five times the
solar metalicity, respectively.

The first two almost cover the observed range of black
hole mass and Eddington rate of AGNs (Shen et al. 2011;
Panda et al. 2018). On the other hand, many studies indi-
cate that the metallicity in AGNs can super-solar (see e.g.,
Hamann & Ferland 1992; Artymowicz et al. 1993; Artymowicz
1993; Matteucci & Padovani 1993; Ferland et al. 1996;
Hamann 1997; Warner et al. 2002; Dietrich et al. 2003;
Castro et al. 2017; Xu et al. 2018; Shangguan et al. 2018;
S̀niegowska et al. 2021), even though an observational study by
Esparza-Arredondo et al. (2021) has shown that the value of the
dust-to-gas ratio for the torus can range from 0.01 to 1 times
that of the interstellar medium. Studies also show that there
is no correlation between the metallicity in AGNs with either
the Eddington rate, black hole mass, or total luminosity (see
Du et al. 2014, and references therein). Therefore, in this paper,
in addition to the solar value adopted in our previous work,
we present our results for five times the solar metallicity, as in
Baskin & Laor (2018).

The sublimation temperature of dust is kept at 1500 K
(Baskin & Laor 2018) as in Naddaf et al. (2021). The values of

wavelength-dependent dust opacities (as before) are based on the
prescriptions of Röllig et al. (2013) and Szczerba et al. (1997)
for the classical Mathis–Rumpl–Nordsieck (MRN) dust model
(Mathis et al. 1977) consisting of silicate and graphite grains.
The standard extended optically thick, geometrically thin disk
model of Shakura & Sunyaev (1973) is the source of radiation
in our model. As our two previously proposed geometrical con-
figurations for the shielding effect did not show any significant
difference, we arbitrarily choose the α-patch model, with an α
parameter equal to 3 (as before) for the purposes of consistency
(Naddaf et al. 2021).

4. LIL BLR line profiles

The observed line profiles reflect the distribution of the BLR
material, velocity field, and local emissivity. In our model, the
velocity field is determined, but we still need to provide the
amount of material along the trajectories and the efficiency of
the line formation at each location. In particular, this last aspect
is not simple despite many years of study. Reverberation map-
ping shows that the lines do respond to the irradiation by the
central source, and the formation of LIL lines such as Hβ, MgII,
or FeII requires incident hard continuum (far UV). However, the
response of the medium to irradiation is complex. The dust radi-
ation pressure alleviating the clouds does not guarantee any line
formation in a cloud as long as the cloud does not receive some
UV radiation from the central parts. Particularly in the case of
LIL lines, the density of the medium is high and, in principle,
the collisional excitation, self-shielding, dust content, complex
coupling between the continuum and line transfer, and local tur-
bulence should be considered (see e.g., Baldwin 1997; Ilić et al.
2012). Such a comprehensive 3D model is still beyond the scope
of the current work.

4.1. Calculation of line profile

Given a distribution of position and velocity of clouds within
BLR, we can find the overall shape of line emission by the
clouds. On the one hand, the emission wavelengths of clouds are
shifted from the rest-frame wavelength depending on their veloc-
ity component toward or against the observer due to the relativis-
tic Doppler shift. On the other hand, the position of clouds can
provide some weight to the amount of central flux they receive,
as well as to their transparency to the observer, namely, the
amount of flux re-emitted by each cloud in the form of LIL. The
emission from the clouds, depending on their location, might be
subject to gravitational redshift as well.

The Doppler shift and gravitational redshift together cause
the emitted wavelength λemit of the cloud line emission to shift
toward the observed wavelength λobs. However, as the radial dis-
tance of the onset of LIL BLR from the center is large, of order
of several 102 (in case of the largest black hole mass and the
smallest accretion rate) to a few 104 rg (in case of the smallest
black hole mass and the largest accretion rate), the gravitational
redshift is negligible; hence, we only address the Doppler shift
here.

In the current paper, we assume a uniform constant cloud
density within the entire LIL BLR as the line fitting in LIL
BLR (e.g., Adhikari et al. 2016; Panda et al. 2018) supports
the universal value for the cloud density. It can be further
enhanced in the future by assuming a certain density function
for the hot surrounding medium, thus, the pressure balance can
yield the density of clouds as a function of the cloud position
(Różańska et al. 2006; Baskin & Laor 2018). We do not address
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the radiative transfer in our non-hydrodynamic simplified model
either.

The most important effect here is that of shielding. In the
dynamics, the shielding effect is included which leads to efficient
acceleration of the cloud. However, fully shielded clouds do not
produce emission lines. When we carry out a posteriori check of
clouds that are ultimately well exposed to the central flux, we
see that only a small fraction of levitated dust-sublimated clouds
in the inner LIL BLR would be directly affected by the central
UV radiation. An example of a cloud directly illuminated by the
central flux is given and discussed in the section results.

We thus assume that the illumination must be predominantly
indirect. This is in agreement with other arguments stating that
LIL part of the BLR does not see the full emission from the disk
central parts. First argument comes from shorter than expected
time delays in higher Eddington ratio sources and it introduces
the geometrical concept of two BLR regions – one is closer to
the symmetry axis and exposed to irradiation, while the sec-
ond one is hiding behind the geometrically thick accretion disk
(Wang et al. 2014). The other argument comes directly from esti-
mates of the line equivalent width which imply that only a small
fraction, namely, on the order of one percent of the nuclear emis-
sion, is reprocessed to give the LIL lines such as Hβ, FeII, and
the CaII triplet (Panda 2021). We thus assume that this emission
must come from the scattering of the central UV radiation.

The presence of highly or fully ionized medium is well sup-
ported by observations as well as by the theory. The general pic-
ture is nicely illustrated by Ramos Almeida & Ricci (2017), who
show the smooth outflow of low density material filling the space
between clouds. This medium extends from direct vicinity of a
black hole to the narrow line region (NLR) and beyond. In the
case of Seyfert 2 galaxies, we see the scattering taking place in
the NLR, since the region closer in is still shielded from us, and
the reflection reveals the presence of the BLR lines that are oth-
erwise hidden from the observer (Antonucci & Miller 1985). In
the case of type 1 sources, we have a clear view down to the
nucleus and we see the scatterers all the way down. Closer-in
scattering medium consists of hot plasma only. In studies of the
polarized light of Seyfert 1 galaxies, these scatterers have been
phenomenologically divided into polar and equatorial scatterers
(Smith et al. 2004, 2005). However, it well may be a continuous
medium, mostly consisting of the innermost fully ionized wind
plus intercloud BLR (and further away, also NLR) medium. The
amount of such outflows is difficult to estimate, but it has been
argued that energy and momentum lead to massive outflows that
can be even optically thick for electron scattering (King 2010).
The polarization level is rather low, from a fraction of a per-
cent to a few percent (see e.g., Capetti et al. 2021; Popović et al.
2022, for most recent extensive measurements). Such a polariza-
tion level is consistent with the optical depth of scatterers on the
order of 1, as it largely depends on the viewing angle (Lira et al.
2020). From theoretical point of view, the hot plasma together
with the radiation pressure provide the confinement to the clouds
(Krolik et al. 1981; Baskin & Laor 2018).

Therefore, the hot medium extending from the black hole
vicinity up to BLR distances can scatter a fraction of the nuclear
emission towards BLR clouds. Since the temperature of the
medium is likely set at a Compton temperature value, ∼107 K
(Rybicki & Lightman 1986), only Thomson elastic scattering
is important. This radiation scattered by the surrounding hot
medium reaches to the clouds as illustrated in Fig. 1.

Our previous calculation of column density (Naddaf et al.
2021) indicates that the clouds at higher altitudes are more trans-
parent to the scattered central flux and also to the observer. This

motivates us to give some weight to the otherwise uniform intrin-
sic emissivity of clouds as a function of their vertical position,
namely:

ε tot = z × ε int, (3)

where z is the vertical position of clouds relative to the equatorial
plane, and εint is the intrinsic constant emissivity of clouds which
we assumed to be uniform throughout the LIL BLR.

As shown in Fig. 1, we assume that in case of formation of
stream it may block the ionizing scattered central radiation to
reach to outer BLR, so no efficient line emission is expected from
that part. In the absence of the stream, lines can be produced by
the whole BLR.

It should be noted that in our model, no line emission is
expected from the disk itself due to shielding effect. In addition,
we do not include any “moon effect” in the line calculations.
This moon effect can be the important if the individual clouds
are optically thick, so that the illuminated side of the clouds are
brighter than the dark side, thus emitting more radiation, (see
e.g., Goad et al. 2012; Czerny et al. 2017). Since we have not
assumed optically thick clouds in our model, all clouds isotropi-
cally emit all the energy they receive (absorb), in the form of line
emission. Although the model is symmetric with respect to the
equatorial plane, only the clouds above the disk can contribute in
the line production as the clouds on the other side are obscured
by the disk itself.

4.2. Location of clouds in FRADO

In order to find the distribution of clouds in 2.5D FRADO,
we first need to know the number of clouds to be launched at
any given radius within the LIL BLR, or equivalently, the disk
mass loss rate as a function of radius. The total mass loss rate
results directly from our dynamical model (Naddaf et al. 2021),
however, in order to have it serve as a function of radius, we
adopted a method based on the optically thin approximation in
stellar winds. Applying this approach to accretion disk, as in
Czerny et al. (2017), yields the following mass loss rate:

Ṁz ∝ r−
5
2 . (4)

Assuming a constant cloud density, we can then calculate the
total number of clouds that we have to launch per given radius
in our model. We set the cloud density, arbitrarily and case-
specifically, with the aim of obtaining a total number of around
two million clouds building the LIL BLR. With the knowledge
of the theoretical number of clouds launched at a given radius,
a uniform random number generator (URNG) is then used in
the following way to provide a non-biased random distribution
of clouds. For each cloud launched at a radius, a URNG is
used to randomly determine the azimuthal angle at which the
cloud should be launched. This is due to that while we do have
azimuthal symmetry in our model, we ultimately need a 3D dis-
tribution of clouds since the inclined observer breaks the sym-
metry. We use URNG again for the same launched cloud to find
its random position along its trajectory, taking into account the
velocity profile along the trajectory.

5. Results

5.1. Trajectories of BLR clouds

Figure 2 displays the trajectories of clouds launched at differ-
ent radii within LIL BLR for the range of our three main ini-
tial physical parameters, namely, black hole mass, accretion rate,
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Fig. 2. Trajectories of clouds within BLR in FRADO. The three numbers from left to right in brackets atop of each panel stand for log of black
hole mass in solar units, accretion rate in Eddington units, and the metallicity in solar units, respectively. The blue and red solid (or dashed) lines
show the path of motion of dusty and dustless failed (or escaping) clouds, respectively. The black dotted line represents the disk surface.

and metallicity. The computation of trajectories are done for a
very dense equally spaced set of initial radii within the region but
only a small fraction of them are plotted for the matter of better
visibility. The three blank panels in Fig. 2 indicate that radiation
pressure was not efficient enough in those cases to launch any
material from the disk.

The results are expressed in terms of black hole mass corre-
sponding gravitational radius defined as:

rg =
GMBH

c2 , (5)

which is the minimum for the smallest black hole mass of
106 M� in our sample, that is,

rg(6) = 4.78 × 10−8 [pc] = 5.7 × 10−5 [lt-day]. (6)

As can be seen, the funnel-shaped stream of material can form
and get broader with an increase of not only black hole mass and
accretion rate, but also with the increase in the dust-to-gas ratio
parameter. The stream shows the smallest inclination (relative to
the symmetry axis) for the largest values of initial parameters in
our model grid, as visible in the bottom-right panel of Fig. 2. The
radial extension of BLR, namely, the whole radial range within
which a cloud can be lifted from the disk surface also becomes
larger with the increase of the values of initial parameters. In
our previous study, carried out for the fixed black hole mass of
108 M�, we showed that the character of motion in 2.5D FRADO
strongly depends on the accretion rate. Now, for the large grid of

A77, page 5 of 11



A&A 663, A77 (2022)

Fig. 3. Illustration of the shielding effect in our model. Here, we show the radial extension of the disk area seen by the selected flying cloud at three
different exemplary positions along its trajectory, for the case of escaping cloud launched at 1540 rg with black hole mass of 109 M�, Eddington
rate of 0.1, and five times solar metallicity. The cloud located at vertical position of around 1100, 4500, and 5800 rg along its trajectory, sees the
radial range of [0–6700], [500–26 800], and [1000–35 600] rg, respectively. The model assumes the radial visibility as three times higher than
the local cloud height (α = 3, see Naddaf et al. 2021), so the area at the starting point is very small and we cannot show the early stages in this
graphical scale, but the cloud is well exposed to the whole disk irradiation after reaching the height of 1000 rg. Other clouds may never achieve
such exposure to the disk central parts.

initial parameters, we can already see that it strongly depends
not only on the Eddington rate of the source, but also strongly
on the black hole mass and dust-to-gas ratio.

As seen from the results plotted in Fig. 2, there are eight
cases in our model grid, each corresponding to a different set of
initial parameters, for which the component c (i.e., the outflow
stream) is formed. As a result, the component a (i.e., the outer
tail) is not expected to contribute in line production as it does
not receive the ionizing scattered radiation.

We also provide a scaled illustration of the action of shield-
ing effect in detail in Fig. 3 for the case of an escaping trajectory
for a model with black hole mass of 109 M�, accretion rate of
0.1 in Eddington units, and five times solar metalicity. We illus-
trate the increasing fraction of the disk visible to the cloud as it
moves along the trajectory. This cloud, when reaching a height of
around 103 rg, is illuminated by the central disk flux. Generally
in our model, the clouds for high mass, high accretion rate, and
high metallicity can or may be fully directly irradiated when they
reach relatively large distances from the center. However, low
mass, low Eddington ratio, and low metallicity solutions never
predict strong direct exposure of the clouds to full irradiation.
In such cases, from the observational point of view, LIL lines
do form as well and show the double-peaked profiles, suggest-
ing the line origin to be close to the disk surface, whereas direct
irradiation in this case is highly inefficient (see e.g., Loska et al.
2004). This is consistent with the findings from our model.

5.2. Line profiles

Figure 4 shows the full grid of predicted line profiles for the dis-
tribution of clumps building the LIL BLR seen at different view-
ing angles. The line shapes shown in this figure were smoothed
with spline technique for better appearance. We set the values
of 15, 30, and 45 deg as the representative values for the view-
ing angle for type 1 AGNs. For these sources, the viewing angle
is never very large as the BLR is then obscured by the torus
(Antonucci 1993; Netzer 2015).

Consistently with the observations, the lines get narrower
with the Eddington ratio (Pounds et al. 1995; Du et al. 2016)
of the source and become broader along the black hole mass.
Except for the high Eddington rate and high black hole masses,
the predicted lines at solar metallicity are dominated by the disk-
like shape. However, the higher value of metallicity changes the
picture as it allows the efficient rise of material above the disk
with vertical velocities comparable to those of the rotational
Keplerian one. Generally, an overall view shows that all cases in
which the component c of BLR (as shown in Fig. 1) is developed,
a single-peaked profile can be expected; other cases without this
component give rise to double-peaked line profiles. Comparing
the line shapes by eye in terms of the metallicity, we can feasi-
bly argue that the increase of the metallicity by a factor of five
corresponds to the increase of the Eddington ratio of the source
by a factor of ten. Likewise, we can expect single-peaked pro-
files for all super-Eddington sources regardless of the black hole
mass and metallicity.

There are two important features in the single-peaked pre-
dicted profiles: asymmetry and blue-shift. The asymmetry can-
not be due to the difference between the time duration of rise
and fall of the clouds since in all cases only a very small frac-
tion of failed clouds pass the sublimation location and lose their
dust content and continue their motion as a ballistic motion. It
means that most clouds complete their full orbit while keeping
their dust content so that their motion are not expected to cause
line asymmetry. As can be implied from both Figs. 2 and 4, the
more intense and broad the outflow stream, the more asymmetric
and blue-shifted the line shapes appear. Thus, these two features
are interrelated implying that the outflow is dominant compared
to the failed part of BLR.

6. Discussion

6.1. Comparison with 1D FRADO

The line shapes predicted by the 2.5D FRADO model show
considerable improvement, even approaching characteristic
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Fig. 4. Predicted dependence of line Profiles (normalized flux to one) on the accretion rate, black hole mass, and dust-to-gas ratio. The numbers in
brackets are as in Fig. 2. Lines are color coded with red, green, and blue for the corresponding viewing angles of 15, 30, and 45, respectively.

Lorentzian profiles for high Eddington high black hole mass
sources as compared to 1D FRADO, where the double-peaked
structure was always obtained (Czerny et al. 2017).

In comparison with the 1D model with constant wavelength-
averaged opacities, the 2.5D model is enhanced with the
advanced realistic wavelength-dependent values of dust opac-
ities where the dust-to-gas ratio regulates the strength of the
radiative force. Increasing the dust-to-gas ratio from a solar value
to five times solar (appropriate for quasars as discussed before)
leads to a major improvement of the line shape toward single-
peaked profiles characteristic for high accretors; whereas this
could be obtained in 1D model if the wavelength-averaged dust
opacity was greatly increased by a (not entirely realistic) factor
of 1000 (Czerny et al. 2017).

6.2. Composite spectrum (mean quasar)

The mean composite quasar spectrum (Vanden Berk et al. 2001)
from the Sloan Digital Sky Survey (SDSS) shows that a single-
peaked line profile is expected for the LIL BLR. Such a spec-
trum represents quasars in SDSS data well (Shen et al. 2011),
where the mean value of the black hole mass is 109 M�
(Swayamtrupta Panda, priv. comm.), and the mean Eddington
ratio is 0.1 (Panda et al. 2018). We thus compared the model,
taking the parameters as appropriate for the mean quasar to the
MgII and Hβ line shape (shown in Fig. 5). With this aim, we
locally subtracted the underlying power-law and then overplot-
ted the theoretical shape of the line assuming arbitrary normal-
ization. In the case of the Hβ line, prior removal of the narrow
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Fig. 5. Right panels: comparison of the fully corrected MgII and Hβ lines in the mean composite quasar spectrum from SDSS data to the line
profile predicted by 2.5D FRADO for cases corresponding to the mean quasar physical parameters (black hole mass of 109 M�, Eddington rate of
0.1) with metallicity of five times solar, viewed at 30 deg. Left panels: power-law-subtracted MgII and Hβ lines from SDSS data are decomposed
into different components, as indicated in the plot legends.

Hβ component as well as [OIII] lines coming from the NLR was
necessary, and for that we fixed the width of these components
at 205 km s−1 and 220 km s−1 for Hβ and OIII, respectively. As
for the MgII line, we used the semi-empirical UV FeII template1

(Kovačević-Dojčinović & Popović 2015; Popović et al. 2019) to
remove the FeII pseudo-continuum in the required spectral band.
We see that the results show a nice fit with the data for the LIL
part of BLR.

6.3. FWHM vs. σline

The ratio of the FWHM to the line dispersion, σline, is an impor-
tant parameter (Collin et al. 2006) characterizing the line profile,
although it does not differentiate between a single and double-
peaked profiles. We calculated this ratio for the grid of our
initial physical parameters (with Fig. 6 displaying the results).
Most models are roughly consistent with the ratio expected for a
Gaussian, but for high-mass, high-Eddington ratio models, this
ratio dropped considerably, indicating that we are approaching
Lorentzian profiles. Therefore, although the Lorentzian profiles
might simply be expected for extremely low viewing angles
(e.g., Goad et al. 2012), our results show that sources with
high mass high Eddington ratio can generally lead to relatively
Lorentzian shapes, regardless of the viewing angle. Moreover,
the larger the black hole mass and accretion rate are, the more
asymmetry and blue-shift in the line shape we have, as shown in
Fig. 4.

This trend is overall consistent with the data (see e.g.,
Marziani et al. 2003). The strong trend with the change of the
viewing angle is visible for high Eddington sources, whereas
for the remaining sources, the effect is weak when FWHM/σline

1 http://servo.aob.rs/FeII_AGN/link7.html

is used. What is somewhat surprising is the very strong trend
related to the black hole mass, which is also visible in Fig. 4.

6.4. Model assumptions

In our model, we used a non-hydrodynamical approach based on
assumptions of the motion of separate clouds under gravity and
the action of radiation pressure acting on dust. This has consid-
erable limitations but they are justified as the first approxima-
tion for modeling the LIL part of the BLR. As discussed in the
classical paper of line-driven wind model (for HIL part of BLR)
by Murray et al. (1995), the optical depth of the emitting region
must be moderate (column density of order of 1023 cm−2) and
the local density is high (for LIL part it is higher than that of
HIL, many authors argue for a local density about 1012 cm−3, for
instance, Adhikari et al. 2016; Baskin & Laor 2018; Panda et al.
2018), while the BLR is extended. There are two possibilities
to support a consistent picture: it is either to assume a very
narrow stream of material flowing out, with the cross-section
on the order of 1012 cm, as in Murray et al. (1995), where they
assume lower density so the size is actually larger 1014 cm; or to
assume considerable clumpiness of the medium. We followed
the second approach since there are natural thermal instabili-
ties in the plasma, such as instability caused by X-ray irradia-
tion (Krolik et al. 1981). In this case, the plasma spontaneously
forms colder clumps (at a temperature of ∼104 K, cooled through
atomic processes) embedded in a hotter medium (at temperature
∼107 K, set at an inverse Compton temperature value). The pres-
ence of highly or fully ionized medium is aptly supported by
the observations as well as by the theory. Then the two media
of density contrast of order of 103 provide the rough pressure
balance. Blandford et al. (1990) discussed the typical values for
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Fig. 6. Dependence of the ratio of FWHM/σline on the initial physical
parameters for the solar (upper panel) and five times solar metallicity
(lower panel). The red, green, and blue solid lines represents the view-
ing angles of 15, 30, and 45 deg, respectively. The diamonds, circles,
and squares stand for the Eddington rates of 0.01, 0.1, and 1, respec-
tively. The values of 2.3548 and zero expected for a Gaussian and
Lorentzian profile are depicted by black solid and black dashed lines,
respectively, for a reference.

ionization parameter in AGN clouds covering the range from
10−3 to 1, that is, up to four orders of magnitudes. The pre-
cise description of the structure of the clumpy medium is very
difficult. Even in the case of a single cloud exposed to irradia-
tion, in plane-parallel approximation requires a radiative trans-
fer to be performed, which would then show the gradual change
in the density, temperature, and ionization parameters (see e.g.,
Baskin & Laor 2018; Adhikari et al. 2018), with the low density
first and the temperature roughly at inverse Compton tempera-
ture (depending on the shape of the incident spectrum), and then
a relatively rapid decrease at the subsequent ionization fronts.
A proper description of this transition, calculated under con-
stant pressure, actually requires inclusion of the electron con-
duction (e.g., Begelman & McKee 1990; Różańska & Czerny
2000). Deep within the cloud, there is a further drop in tem-
perature and a rise in density due to a decrease in the local
flux as a result of absorption. As emphasized by Baskin & Laor
(2018), radiation pressure also plays a dynamical role in this pro-

cess. The picture is further complicated if plane-parallel approx-
imation is abandoned. The presence of the numerous clouds of
complex shapes can be fully consistent with simple estimates
of the cloud number based on line shape properties as done by
Arav et al. (1998). Of course, there are also certain processes that
can lead to cloud destruction, such as the action of tidal forces
(Müller et al. 2022), Kelvin–Helmholtz instabilities, and cloud
ablation), however, the destruction rate can be strongly affected
by the magnetic field (e.g., McCourt et al. 2015). The relative
importance between the condensation rate and destruction rate
depends on the cloud size, as it is set roughly by the field length
(Field 1965). Cloud formation in AGN has been seen in the
numerical simulations from Waters et al. (2021), but at distances
much greater than the BLR distance which was likely related to
the numerical setup and the requested spatial resolution of the
computations. The issue is thus extremely complex, and sim-
ple order-of-magnitude estimates based on a single density and
single temperature of the cloud and intercloud medium are not
fully adequate and cannot reproduce the full ionization parame-
ter range. However, addressing this point in detail is beyond the
scope of the current paper.

Our model contains one more important simplification. We
assumed only the action of the radiation pressure acting on
the dust, and we neglect the line driving effect. Close to the
launching point, the local flux comes from the disk, without any
considerable UV component, but when the clouds is alleviated
high above the disk, the line-driving effect should set in. There
have been numerous papers addressing the line-driven winds
(Murray et al. 1995; Proga et al. 2000; Risaliti & Elvis 2010; see
Giustini et al. 2020 for a recent review) but none of the stud-
ies have combined dust radiation pressure and line pressure in
this context since the way of determining the radiative force is
very different in these two scenarios. Our negligence of the line
driving is most likely appropriate for description of launching
clouds at the LIL BLR, but it underestimated the cloud veloc-
ities when the outflowing stream of the material forms. This
effect should be incorporated in the future studies; specifically,
we should combine our code with the QWIND (Risaliti & Elvis
2010; Quera-Bofarull et al. 2021) but this is not easy even in the
case of non-hydrodynamical simulations.

The expected higher velocities of the clouds due to line
driving will partially be slowed down by the interaction of the
clouds with the ambient medium, which is also neglected in
our model. The freshly launched clouds and inter-cloud medium
are co-moving since clouds form through thermal instability.
However, accelerating clouds detach from their surrounding and,
thereby, some drag force is expected, although clouds are much
denser than the ambient medium (roughly in pressure equilib-
rium) and the relative velocities between the hot medium and
the clouds are not very high. This is because clouds and the inter-
cloud medium likely share the Keplerian motion component of
the velocity and follow the same initial vertical velocity gained
before the fragmentation of the medium into clouds occurred.

Wind models having elements of the radiative transfer show
single-peaked lines (Murray et al. 1995; Waters et al. 2016). In
our work, with a simplified non-hydrodynamic approach to the
dynamics of material in LIL BLR, the single-peaked profiles are
obtained without incorporating the process of radiative transfer
into the emissivity of clouds.

In a future work, it will be necessary to address the issue
of cloud emissivity in more detail, including line formation
in the dusty medium. However, this effect is strongly depen-
dent not only on cloud irradiation but also on cloud local den-
sities. At low densities, the presence of dust suppresses line
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emission (Netzer & Laor 1993), while at high densities (above
1011.5 cm−3), emission lines do form efficiently even in the pres-
ence of the dust. This explains the absence of a gap between
the NLR and BLR region in narrow-line Seyfert 1 galaxies
(Adhikari et al. 2016).

The assumption of the dust sublimation temperature fixed
in the at 1500 K is simple to relax, and higher (or lower)
temperature will predominantly shift the position of the BLR
outward (or inward). This will be important for precise com-
parison of the radius–luminosity relation to the observational
data, but we do not yet focus on this goal here. Indeed, a
higher average temperature of ∼1700 K is quite likely, but
1500 K is still frequently assumed even in data analysis (e.g.,
GRAVITY Collaboration 2020b) and broadband spectral fitting
of the dust emission in AGN gives the values in individual
sources in the range of 1000–1750 K (Hernán-Caballero et al.
2016). The more advanced approach, taking into account the
specific dust species, like silicates, amorphous carbon, and so
on, and the dependence of the sublimation temperature not only
on the chemical composition, but also on specific grain size is
far more complicated since the loss of the driving pressure force
would be gradual, and the dust composition would have to be
recalculated at each integration step for each cloud trajectory.
This should be done at some stage, but a number of simplifica-
tions still used to recover the dynamics and the line emissivity
do not yet require such an advanced approach.

7. Summary

Following our previous work on the dynamical character and
shape of LIL BLR based on the non-hydrodynamic single-cloud
2.5D FRADO model (Naddaf et al. 2021), we here tested the
model by calculation of line profiles for the model-concluded
distribution of clouds along their trajectories within LIL BLR,
for a relatively large grid of initial conditions. We adopted a sim-
ple approach, assuming a constant cloud density and without the
element of radiative transfer included.

The predicted trend in the line shape seems consistent with
observations, as the model implies narrower (or broader) line
shape for sources with larger Eddington ratio (or smaller black
hole mass). All solutions with a developed outflow stream of
material show up single-peaked profiles, and the line shape
approaches a Lorentzian shape for a high-mass high Edding-
ton ratio. In other cases, a double-peaked disk-like line shape
dominates.

Two features, namely: asymmetry and blue-shifting, seen in
the line shapes developed in the cases with outflow streams show
that the outflow is dominant compared to failed trajectories.
These features were more visibly intense for the sources with
high black hole mass and high Eddington ratios. Most impor-
tantly, we showed that the line profile predicted by our model for
the case with initial physical parameters corresponding to those
of the mean quasar is consistent with observed mean spectrum
seen in the SDSS composite.
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Krolik, J. H., & Done, C. 1995, ApJ, 440, 166
Krolik, J. H., McKee, C. F., & Tarter, C. B. 1981, ApJ, 249, 422
Lawrence, A., Elvis, M., Wilkes, B. J., McHardy, I., & Brandt, N. 1997,

MNRAS, 285, 879
Le, H. A. N., & Woo, J.-H. 2019, ApJ, 887, 236
Li, Y.-R., Wang, J.-M., Ho, L. C., Du, P., & Bai, J.-M. 2013, ApJ, 779, 110
Li, Y.-R., Wang, J.-M., & Bai, J.-M. 2016, ApJ, 831, 206
Li, S.-S., Yang, S., Yang, Z.-X., et al. 2021, ApJ, 920, 9
Lira, P., Goosmann, R. W., Kishimoto, M., & Cartier, R. 2020, MNRAS, 491, 1
Loska, Z., Czerny, B., & Szczerba, R. 2004, MNRAS, 355, 1080
Lu, K.-X., Wang, J.-G., Zhang, Z.-X., et al. 2021, ApJ, 918, 50
Marziani, P., Sulentic, J. W., Zamanov, R., et al. 2003, ApJS, 145, 199
Mathis, J. S., Rumpl, W., & Nordsieck, K. H. 1977, ApJ, 217, 425
Matteucci, F., & Padovani, P. 1993, ApJ, 419, 485
McCourt, M., O’Leary, R. M., Madigan, A.-M., & Quataert, E. 2015, MNRAS,

449, 2
Mizumoto, M., Done, C., Tomaru, R., & Edwards, I. 2019, MNRAS, 489, 1152
Müller, A.L., Naddaf, M.H., Zajaček, M., et al. 2022, ApJ, 931, 39
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Chapter 6

Summary & perspects

6.1 Summary

The active supermassive black holes in the center of galaxies play a key, but yet poorly understood,

role in the evolution of galaxies. The inflowing, and/or outflowing gas associated with black hole

accretion may either trigger or quench star formation, modifying profoundly galaxy appearance over

cosmic time. The understanding of this phenomenon requires a better knowledge of the physical

processes taking place at the closest vicinity of the central black hole, a region spatially unresolved

with our telescopes, and where broad emission lines are formed. Broad strong emission lines are the

most characteristic features in the optical/UV spectra of most unobscured galaxies with active nuclei

(AGN). The exact geometry and kinematics of the emitting gas is still subject to debate as a variety

of profiles are observed. These lines manifesting in either single-peaked or double-peaked profiles

initiate from clouds orbiting the black hole at a few hundred (Wandel et al., 1999) up to few thousand

gravitational radii (Markowitz et al., 2014). Coexistence of broad lines with the cold disk strongly

points to the link between the cloud formation and the cold standard disk itself (e.g., Czerny et al.,

2004). These broad lines are further divided into High Ionization Lines (HIL) emitted by hotter and

lower-density clouds, and Low Ionization Lines (LIL) originating from cooler, denser clouds located

further away from the central black hole than HIL medium (Collin-Souffrin et al., 1988). The measured

time delays are shorter for HIL lines like HeII and CIV, while LIL represented by Balmer lines and

the MgII emission show longer delays, indicating a stratification of the emission with the ionisation

degree (Peterson & Wandel, 1999; Zajaček et al., 2021).

To explain the stratification of the BLR, Murray et al. (1995) proposed an efficient model of

line-driven wind from the accretion disk as a natural source of HIL, which gained momentum with

numerical studies supporting the wind launching (Proga et al., 2000; Waters et al., 2022). On the

other hand, the most successful non-adhoc theoretically-motivated models proposed by Czerny &

Hryniewicz (2011), known as FRADO (Failed Radiatively Accelerated Dusty Outflow), explains LIL

in AGN through the dust-driving mechanism. It addresses the radiative acceleration of theoretically

existing dusty material at the surface layers of the disk at radii where the effective temperature drops

below the dust sublimation temperature of order of 1000 K. This sets the onset radius from which

outwards the low ionized material is located. It is different from the onset of dusty torus which is

determined based on the spherically approximated radiation from the central disk. As the model
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describes, the dusty material in the form of clumps (clouds) ejected from the disk moves in the field of

disk radiative force and gravitational potential of blackhole. In case of reaching high altitudes above

the disk, it loses dust content due to being irradiated by the intense central disk radiation, so later

it follows a ballistic motion falling back onto the disk. The basic one dimensional analytical form of

the model (Czerny et al., 2017) successfully predicted the inner/outer radius of LIL-BLR, asymmetry

in line profiles (due to dust evaporation), observationally consistent line shape parameter FWHM/σ ,

dependence of virial factor on black hole mass, and most interestingly the radius-luminosity (RL)

relation which is a relation between the absolute luminosity of the source and distance of its broad

line region (BLR) from the central black hole. The latter, if fully calibrated, allows the utilization

of AGNs, or more specifically, highly luminous ones known as quasars, in cosmology to measure the

cosmological distances hence the expansion rate of the universe.

I developed the 2.5D numerical non-hydrodynamical FRADO code to simulate the dynamics of

material in low ionized BLR. The code incorporates the realistic prescription of extended disk radiation

field, advanced values of wavelength-dependent dust opacities (Szczerba et al., 1997; Röllig et al., 2013),

dynamical dust sublimation process and shielding effect (Murray et al., 1995).

The results from 2.5D FRADO model presented in my publications can be then summerzied as

follows:

• Paper I: The cloud motion is rather complex and strongly depends on the parameters like black

hole mass, accretion rate, viewing angle towards the nucleus, and the metallicity of the material.

It successfully explains many observational dynamical features of LIL-BLR, for example the

escaping wind structure similar to empirical picture of Elvis (2000).

• Paper II: The model can explain the most recent sample of reverberation measured Hβ time-

delays including the spread of data with respect the Eddington ratio of sources. Successful test

of the model with the observationally-established radius-luminosity relation in AGNs confirms

the predictive power of the model.

• Paper III: Test of the model with calculations of the spectral line generic profiles shows that it

can appropriately explain the low-ionized broad emission lines, such as MgII and Hβ , observed

in mean spectrum of quasars. Various parameters, including accretion rate, black hole mass,

viewing angle, and stronger than other the dust-to-gas mass ratio can affect the shape of the

spectral line profiles.

I have also published a spin-off paper (as the 2nd author) based on the results from 2.5D FRADO

which is about the production of non-thermal emission due to collision of BLR clouds with the under-

lying disk (Müller et al., 2022).

6.2 Forthcoming work

There is another work in which I have employed the 2.5D FRADO to test the implications of the dusty

wind model for broad line absorption quasars (Naddaf et al., 2022, under the first and very minor

revision)
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Dust-driven wind as a model of Broad Absorption Line quasars

The signatures of massive, energetic outflows in Broad Absorption Line Quasars (BAL QSOs) serves

as a hallmark of their impact on the feedback process within Active Galactic Nuclei (AGN), ultimately

shaping the evolution of the central black hole and galactic bulge. We examined the mechanism of

dust-driven winds based on the failed radiatively accelerated dusty outflow (FRADO) model proposed

by Czerny & Hryniewicz, letting it be responsible for the formation of massive outflow. We modeled

BAL QSOs as sources viewed along the cone of energetic outflows and calculated the probabilities of

observing the BAL phenomenon as a function of main global parameters such as black hole masses,

Eddington ratios, and metallicities. Our findings were then compared to observational data from

SDSS DR7, taking into account the presence or absence of an obscuring torus. Our results indicate

that BAL QSOs are typically characterized by black hole masses larger than 108 solar masses, and the

BAL effect grows stronger with increasing accretion rate. High metallicities also enhance the likelihood

of observing BAL features in the presence of a torus. The consistency of our model with the data

supports the interpretation of the BAL phenomenon as a result of source orientation, rather than a

transitory stage in AGN evolution.

6.3 Prospecs

It is much more there to develop the 2.5D FRADO model further and to test with the observational

data, for example:

(i) to include even more realistic properties of dust in AGNs from observational point of view

including the dependence of the sublimation temperature on grain size and chemical composition,

and including additional grain types like amorphous carbon grains, olivine grains etc. into the

code as the input;

(ii) to use radiative transfer codes in combination with the cloud distribution from 2.5D FRADO

code to get the line emissivity, including the presence or absence of dust in the cloud;

(iii) to incorporate the line-driving mechanism into the code to see whether or not the HIL, LIL, and

torus outflows really form separated nested structures, in order to examine the holistic geometry

of AGNs from the theoretical point of view versus observational;

(iv) to further test the more realistic non-parametric geometry of BLR based on 2.5D FRADO model

in other contexts such as microlensing;

(v) and ultimately to perform detailed case studies with the code on the results of distribution

of clouds and geometry of BLR shaping partially the geometry of AGNs, and subsequently

calculation of corresponding time-delay histograms to examine the coherency of theory and

observation, thus calibrating the radius-luminosity relation as the basis of quasars in cosmology.

Precise determination of the mean (effective) radius of the BLR from the model will allow to

attempt to measure the Hubble constant with FRADO model.
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