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Chapter 1

Introduction

\I think Nature's imagination is so

much greater than man's, she's never

gonna let us relax!"

Richard Phillip Feynman

1.1 Active Galactic Nuclei

A rather small portion of the galaxies observed (� 10%, e.g. Capetti (2011)) appears

characterized by an outstanding luminosity in their central regions, indicating a high

level of activity which cannot be explained by star formation alone. These galaxies are

de�ned as \active" and their central regions are called Active Galactic Nuclei (AGN).

It is widely accepted that accretion of matter onto a supermassive black hole at the

center of its host galaxy lies at the heart of this phenomenon. While stars in a normal

galaxy generate radiation in the infrared (IR), optical, and ultraviolet (UV), and less

signi�cantly in the radio and X-rays, the AGN emission is spread widely across the

electromagnetic spectrum, from the radio up to gamma rays, often peaking in the UV,

but with signi�cant luminosity in the x-ray and infrared bands. The luminosity emitted

from AGNs range from about 1040 to more than 1047 erg s� 1 and can vary up to a factor

of 10 percents on timescales ranging from hours to years.

1
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The investigation of these objects began in the 1940s when Carl Seyfert found out that a

handful of spiral galaxies possessed extremely bright, starlike nuclei compared to normal

galaxies and that their optical spectra showed the presence of broad emission lines of

highly ionized species (Seyfert, 1943). These properties became the de�ning character-

istics of the class of objects we now call Seyfert galaxies, which is one of the largest

groups of active galaxies, along with quasars. Seyfert galaxies have typical luminosity

Lbol � 1042 � 1044 erg s� 1 and are observed in nearby (z� 0.1) galaxies. The relatively

low luminosity allows the host galaxy, typically spiral or lenticular galaxies (Weedman,

1977), to remain visible. Hence Seyfert galaxies appear like a normal galaxy with a

bright, central, point-like core. Since the work of Khachikian and Weedman (1974)

Seyfert galaxies are divided into two groups (see �gure 1.1):

Seyfert 1 galaxies show two sets of emission lines in their spectra: broad permitted

lines with (FWHM 1 � 1000 km s� 1) and narrower forbidden lines (FWHM < 1000 km

s� 1). Their spectra are characterised by a distinct, nonstellar optical and UV continua.

Seyfert 2 galaxies contain narrow permitted and forbidden lines, and their optical and

UV continua are dominated by the host galaxy, though through spectral polarimetry of

Seyfert 2s, broad permitted lines and nonstellar continua have been detected in polarized

light (Antonucci and Miller, 1985).

Intermediate types between Seyfert I and Seyfert II are possible, such as Type 1.5

Seyfert, which can be de�ned based on the relative strength of the broad and narrow

lines (Osterbrock, 1981). The development of radio astronomy in the 1950s revealed new

classes of strong energetic phenomena. The �rst radio maps allowed to resolve large-

scales structure, such as lobes and jets, in radio galaxies, which are types of AGNs very

luminous at radio wavelengths (� 1044 � 1045 erg s� 1 between 10 MHz and 100 GHz (Fa-

naro� and Riley, 1974)). A key discovery was the detection of quasars (Schmidt, 1963).

Their name is a contraction for the term \quasi-stellar radio source" because at that

time they could not be identi�ed with known classes of objects. Quasars show similar

characteristics of Seyfert galaxies but they are even more luminous (Lbol � 1044 � 1048

erg s� 1). Unlike Seyferts, quasars are typically found in elliptical galaxies and are so

bright that they outshine the entire galaxy. Typically, the luminosity of quasars varies

1FWHM stands for \full width at half maximum" and is a standard way of describing the broadness
of the emission lines. It is de�ned as the width of a line shape at half of its maximum amplitude.
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Figure 1.1: Optical emission lines of typical Seyfert galaxies: in the upper panel is
shown the type I Seyfert galaxy NGC 4151 with broad emission lines (HeII, H� , H� )

and narrow forbidden lines (OI, OIII and NII).

on timescales of only a week, while Seyfert on timescales of less than a month (e.g.

Gaskell and Klimek, 2003). Quasars are currently among the most powerful and distant

source observed, detected up to a redshift of z=7.54 (Ba~nados et al., 2018).

As we can already see, there is a large number of ways an AGN can manifest itself. How-

ever, one can outline some important common properties which justify the identi�cation

of these objects as AGN: extremely bright and point-like nuclei with luminosity com-

parable or greater than the host galaxy; variability on timescales ranging from minutes

upwards; highly ionized gas associated to broad emission lines (up to few thousands of

km s� 1); occasional extended radio lobes and jets. It is important to note that not all

these features are seen in all objects, either because of orientation e�ects (such as the

observer's line of sight) or intrinsic di�erences in the sources (see section 1.5).
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1.2 The central engine

The enormous luminosities observed in quasars indicated that the power source in AGN

could not be ordinary stars. In addition, short time scales variability observed in the

luminosity curves implies that the primary source of energy is a compact object, rather

than a cluster of stars2. As an alternative to nuclear fusion in stars, an even more e�cient

way to power a large luminosity is the gravitational accretion of matter, in particular onto

black holes. Accretion of matter onto a supermassive (M � 106M � ) black hole (SMBH)

can release 10% of its rest mass in radiation (Lynden-Bell, 1969), if that mass forms

a thin accretion disk around the SMBH (Shakura and Sunyaev, 1973). Calculations

of the mass-to-energy conversion e�ciency are based on the following concepts. The

luminosity of an accreting black hole is proportional to the rate at which it is gaining

mass

L = � _Mc2 (1.1)

where � denotes the e�ciency of the accretion process. The amount of energy released

if a massm of gas is allowed to drop onto the compact object, starting at in�nity, is

E =
GMm

R
: (1.2)

In terms of the luminosity

L =
dE
dt

=
GM _M

R
: (1.3)

Using equation 1.1 and 1.3 one can express the e�ciency as

� = GM=(Rc2) = Rs=2R; (1.4)

whereRs = 2GM=c2 is the Schwarzschild radius. Formally, this radius is called the event

horizon because it is the furthest distance that a photon starting insideRs can reach.

By comparison, the mass-energy conversion in the thermonuclear fusion of hydrogen to

helium operates with an e�ciency of 0.007. Thus, accretion onto a compact object with

2Causality implies that an object that varies rapidly in time � t must be smaller than the light-
crossing time of the object, i.e. Rmax � c� t (where c is the speed of light) and thus must be spatially
small; if not, the variation would appear smoothed. Hence, if a quasar's luminosity varies on timescales
of a hour, Rmax � 10 au.
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R . 70Rs is a more e�cient mechanism than nuclear fusion of H to He. The actual

e�ciency estimated for disk accretion onto a black hole is � = 0 :06 for a Schwarzschild

black hole and � = 0 :42 for a rotating (Kerr) black hole (Novikov and Thorne, 1973).

A value of � = 0 :1 is usually assumed. In this case, the mass 
ow needed to sustain a

quasar with L � 1046 erg s� 1 is _M � 2 M � yr � 1.

There is a minimum mass needed to produce the observed luminosity. Suppose that

the gas around the back consists of ionized hydrogen and the accretion is spherically

symmetric. At distance r , the outward radial force on a single electron is

Frad =
L� T

4�r 2c
; (1.5)

whereL is the luminosity of the central compact object and � T is Thomson cross section

of the electron. As each electron moves outward, it drags a proton along with it in order

to conserve charge neutrality. The inward force due to gravity on the electron - proton

pair is

Fgrav =
GMm p

r 2 : (1.6)

Setting Frad = Fgrav and soving for L gives

L Edd =
4�GMm pc

� T
= 1 :26� 1038

�
M
M �

�
erg s� 1; (1.7)

which is known as the Eddington limit. This is an upper limit of the luminosity of a black

hole of mass M, which is powered by spherical accretion of gas. Note that this is only

an estimate. The calculation assumes that the accreting material is ionized hydrogen

(good assumption) and the black hole is accreting uniformly from all directions (which

is a less good assumption). The Eddington luminosity may be exceeded, if for example

accretion has a preferential direction and the resulting radiation emerges anisotropically.

However, it remains an important reference point for describing accretion processes. The

Eddington limit is used to de�ne the so-called Eddington ratio as

� Edd =
L

L Edd
(1.8)
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which is an important parameter to describe AGN activity. One can invert the argument

in eq. 1.7 and �nd the minimum mass that is needed to balance or overcome the radiation

pressure. This gives the following lower limit of the mass

M Edd = 8 � 105
�

L
1044 erg s� 1

�
M � : (1.9)

A luminous Seyfert galaxy hasL � 1044 erg s� 1, implying that the black hole mass

must be at least � 106M � . For a typical quasar luminosity, L � 1046 erg s� 1, so that

M > M Edd � 108M � . This explains why these black holes are referred assupermassive.

Finally, the accretion is predicted to 
ow through an accretion disc, because it is he most

e�cient process to transfer angular momentum outward and track the gas inward onto

the vicinity of the black hole. If the disk pressure is not dominated by radiation, the

global disk structure can be described by the optically thick geometrically thin accretion

disk model of Shakura and Sunyaev (1973). This simpli�ed representation predicts the

following radial pro�le of the gas temperature in the disc:

T(r ) /
�

M
108 M �

� � 1=4
 

_M
_M Edd

! 1=4 �
r

Rs

� � 3=4

K; (1.10)

where _M Edd is the maximum threshold of the accretion rate, de�ned as

_M Edd =
L Edd

� c 2 � 2:2
�

M
108M �

� � �
0:1

� � 1
M � yr � 1: (1.11)

If the black hole has a mass as high as 108M � and the gas reaches the innermost last

stable circular orbit ( r ISCO = 3Rs), then T(r = 3Rs) � 105 K. Blackbody emission at

105 K peaks in the optical and UV bands. Hence, the optical and UV bump observed in

AGNs is generally interpreted as a superimposition of many di�erent black body spectra,

each corresponding to a given gas temperature.

1.3 Types of active galaxies

Seyfert galaxies, quasars and radio galaxies are just a few of the names appearing in

the literature. Since their discovery, AGNs became an intense area of research and a
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large number of classes and subclasses have been de�ned. Below I list the principal

types of AGNs, organized according to their radio-loudness and their optical spectra,

i.e., whether they show broad emission lines (Type 1), only narrow lines (Type 2), or

weak or unusual line emission. The names and characteristics are summarized below

and I am going to recall the ones I have already highlighted in the previous sections.

� Radio quiet AGNs: This class of AGNs shows very weak/no radio emission. De-

pending on other spectral properties they are further classi�ed into several types

such as the Seyfert galaxies, low ionization nuclear emission regions (LINERs)

and quasars. Seyfert galaxies are further divided into Seyfert 1 (Sy1)/Seyfert 2

(Sy2) types depending on the presence/absence of the broad emission lines. Nar-

row emission lines are ubiquitous among the spectra of both types. As the name

suggests, LINERs show only the weak nuclear emission line regions and show very

low activity of accretion. It is not clear whether all LINERs are AGNs or not.

Quasars are more distant and more luminous objects with properties similar to

Seyfert.

� Radio loud AGNs: This type of AGNs exhibit strong radio emission associated with

highly collimated bipolar jets and represents � 15-20% of AGNs (Kellermann

et al., 1986). Other spectral properties are very similar to that of the radio quiet

AGNs. This class is further divided into Blazars, Fanaro�-Riley Class I (FR-I)

and Fanaro�-Riley Class II (FR-II) galaxies. Blazars show an extremely short

variability timescale ( � a few days) and high levels of continuum polarization.

Blazars are further divided into BL Lac objects and optically violent variable

(OVV) quasars, depending on if the optical/UV component is absent (BL Lac)

or rapidly variable (OVV). FR-I galaxies have radio emission mostly coming from

the core of the jet, while FR-II galaxies are those where the radio emission comes

from large scales lobes.
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Figure 1.2: Schematic representation of the broadband continuum spectral energy
distribution seen in the di�erent types of AGNs. The radio-quiet spectrum can be
divided into three major components: the infrared bump, which is thought to arise
from reprocessing of the UV emission by dust; the big blue bump, produced by the
accretion disk; and the X-ray region, which can be interpreted as the reprocessing of

the \big blue bump" of the disk photons.

1.4 Spectral energy distribution of AGN

Figure 1.2 shows a schematic representation of an AGN SED from radio frequencies to

hard X-rays. The spectral energy distribution (SED) of AGN can be decomposed into

four main components: the primary optical/UV emission from the accretion disc, pro-

ducing the \big blue bump" in the SED; the infrared radiation, due to thermal emission

from the dust heated by the primary UV continuum; the high energy continuum, due

to scattering and reprocessing of the optical/UV disk photons by a corona of hot elec-

trons; the radio emission, due to synchrotron radiation, which can be relatively strong

(radio-loud AGN) or weak (radio-quiet AGN). Below, the main spectral properties of

AGN are described, although not all these properties are observed in all AGN.

� Radio observations: The radio band probes the jet emission. In the most powerful
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radio sources, jets can propagate& 100 kpc and interact signi�cantly with the

circumgalactic medium (e.g. Boehringer et al., 1993). Radio loudness is one of

the most common features to �nd AGNs with jets. The usual de�nition of radio-

loudness is that the radio (5 GHz) to optical (B-band) 
ux ratio & 10. The

radio spectrum takes the form of a power-law and is thought to be formed through

Synchrotron radiation (ultra-relativistic electrons in a magnetic �eld) (Jones et al.,

1974).

� Infrared observations: The SED is characterised by a broad infrared bump which

extends from � 1 � m to � 100 � m, interpreted as thermal radiation dust with

temperature in the range of 10-1800 K located from few up to hundreds of parsecs

distance from the central UV source (e.g. Barvainis, 1987a; Sanders et al., 1990;

Pier and Krolik, 1993; Asmus, 2019). The turnover at 2 � m is then naturally

explained as being due to the �nite sublimation temperature of dust graphite

grains (� 1500 K) (e.g. Rees et al., 1969). The fact that the IR continuum seems

to vary in the same manner as the optical/UV emission, but with a time delay

corresponding to the light travel-time from the UV source and IR emitting region,

provides further evidence that the dust is responsible for the infrared bump (Clavel

et al., 1989).

� Optical and UV observations: Figure 1.4 shows a typical spectrum of a type I

AGNs in the optical-UV, which was generated from the Sloan Digital Sky Survey's

quasar sample (Vanden Berk et al., 2001). As can be seen, the spectrum features

prominent emission lines, including the Hydrogen Lyman and Balmer series as

well as lines of various ionized metal species, such as MgII, CIII, CIV, OIII, etc.

Near-IR observations reveal similar lines. These spectra show two di�erent types

of optical lines: broad (FWHM > 1000 km s� 1) and narrow (FWHM < 1000 km

s� 1). It is the permitted lines (e.g., Ly � , C IV � 1549, C III � 1909, Mg II � 2798,

H� , , H� , ) which are sometimes observed to be broad, while forbidden lines (e.g.,

[O III] �� 4959, 5007; [OII]� 3727) are observed to be narrow. The line broadening

is generally interpreted as Doppler shift, and thus can give an indication of the
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Figure 1.3: Figure taken from (Vanden Berk et al., 2001). Composite quasar spec-
trum, constructed from over 2 200 quasars in the Sloan Digital Sky Survey. The dotted

line indicates the power-law �ts used to estimate the continuum spectrum.

motion of the line-emitting gas. Then, the broad lines are associated with fast-

moving gas close to the black hole, while narrow lines are produced in slower gas

at a much greater distance. These emission lines are very di�erent from what is

typically found in normal galaxies. Figure 1.4 compares the spectrum of Seyfert 1

and 2 galaxies, as well as a LINER galaxy, a BL Lac object, broad- and narrow-

line radio galaxies (BLRG and NLRG, respectively), and a normal galaxy. The

discovery that NGC1068 (Antonucci and Miller, 1985) and other Seyfert 2 galaxies

(Miller and Goodrich, 1990), when observed in polarized light, also show broad

lines, triggered the idea of Uni�ed Scheme of AGN (see below).

� X-ray AND 
 -ray observations: Figure 1.5 shows an average total X-ray spec-

trum of a type I AGN. The main component of the x-ray spectrum is a power

law with an exponential cut-o� at high energies. This component is thought to be

produced by Compton-up scattering of the accretion disc photons with relativistic

electrons of a corona located above the disc.
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Figure 1.4: Optical spectrum of several di�erent types of active galaxies as compared
to a normal elliptical. Note the strong emission lines present in all types except the BL
Lacs and LINERs, where they are either weaker or absent. Note also that narrow-line
objects completely lack the broad lines found in Seyfert 1 or BLRG-type objects (Figure

taken from Keel, http://astronomy.ua.edu/keel/agn).

Further examination reveals that considerable complexity underlies this power law.

In the soft X-ray region, many objects show a \soft X-ray excess", whose origin

is still unclear. The main absorption features observed in the soft X-ray spectrum

are thought to be imprinted by a partially ionized plasma, called \warm absorber"

(e.g., Halpern, 1984), with speeds from� 20 km s� 1 to � 700 km s� 1 (e.g., Kaastra

et al., 2000), seen in� 50% of Seyfert 1 galaxies (Reynolds, 1997). Assumed to

be isotropic, a fraction of the radiation produced in the corona is directed towards

the disc, where it is scattered generating a secondary emission called \Compton

hump" peaking around 20-40 keV (e.g. Guilbert and Rees, 1988), plus 
uorescence

lines, the prominent one being the Fe K� emission line at 6.4 keV.

1.5 Uni�ed model of AGN

Besides the large list of AGN observational properties outlined in the previous sections,

it is now accepted that most of those features can be explained through a single, uni�ed
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Figure 1.5: Average total spectrum (thick black line) and main components (thin
grey lines) in the X-ray spectrum of a type I AGN. The main primary continuum
component is a power law with a high energy cuto� at E � 100-300 keV, absorbed at
soft energies by a warm absorber. A cold re
ection component is also shown. The most
relevant narrow feature is the iron K� emission line at 6.4 keV. Finally, a \soft excess"

component is shown. (Figure taken from (Risaliti and Elvis, 2004)).

picture, which has a small number of assumptions. The basic principle of the uni�ed

model is that the underlying physical scenario of all AGNs is intrinsically similar and

AGNs diversity is just a geometric e�ect caused by the inclination angle at which they are

observed (Antonucci, 1993; Urry and Padovani, 1995, see �gure 1.6). The �rst evidence

of uni�cation came from polarisation measurements performed on the Seyfert 2 NGC

1068 (Antonucci and Miller, 1985). The scattered light in the nuclear region revealed

broad lines, like those seen ubiquitously in Seyfert 1 galaxies. The implication of this

�nding is the broad line emitting gas is present in both Type 1 and Type 2 Seyfert

galaxies, but this fast-moving gas clouds are hidden from direct view in Type 2, and are

only visible through scattering. The most plausible framework to explain this apparent

suppression of broad emission lines appeared to be given by a toroidal dusty obscuring

structure. This led to the idea which is known as AGN Uni�cation. A uni�ed structure,

made up of several components, each responsible for one or more emission features, has

the ability to explain the vast phenomenology observed. According to this model, all
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AGNs are powered by the accretion onto a central black hole with mass between 106

and 1010 M � . In the immediate surrounding, the conservation of angular momentum

forces the gas into a geometrically thin, hot accretion disk. The gas gradually feeds the

black hole by losing angular momentum via turbulent and viscous processes and part

of the gravitational potential is converted to radiation. The characteristic temperature

of its innermost regions is a few times 105 K - 106 K, so it emits mostly in the UV.

The interaction of these UV photons with a plasma of relativistic hot electrons in the

Corona, which is con�ned within tens of gravitational radii of the SMBH, is supposed to

produce the observed X-ray emission. Above and below the accretion disk, gas clouds

are rotating around the supermassive black hole. The gas is ionised by the radiation

coming from the accretion disk. Assuming Keplerian motion, the clouds which are closer

to the black hole have higher temperature and velocity which cause the observed broad

lines, hence form the so calledBroad Line Region (BLR) . Here, the gas density is at

least 109 cm� 3, as judged from the absence of strong, broad forbidden lines (Osterbrock

and Ferland, 2006)3. BLR gas has characteristic velocities of 3000-10000 km s� 1. The

size of the BLR is � 10� 3 � 10� 1 pc, as deduced from the broad line variability (e.g.

Kaspi et al., 2000; Bentz et al., 2009). Dust cannot survive in this region due to the

intense radiation. More distant clouds, located beyond the dust sublimation radius,

form the dusty torus , an optically thick molecular structure consisting of a large mass

of dust. The dust blocks and reprocess the optical and UV light coming from the

central source and re-emits in the infrared. According to the classical uni�ed model

(Antonucci, 1993; Urry and Padovani, 1995), this obscuration is assumed as having a

uniform, toroidal structure. This geometry has been inferred to explain the presence

of scattered light from the central region, visible in polarized light in Type 2 AGNs

(Antonucci and Miller, 1985). However, this toroidal con�guration is by no means

required, and in fact most recent spectropolarimetric studies indicate that a disk+wind

geometry is equally possible (e.g. Marin and Goosmann, 2013). This obscuration region

would need to be dusty and possibly molecular gas-rich, but whatever its geometry, has

gained the name of \torus" in the literature (Krolik and Begelman, 1986). The dusty

3Forbidden lines arise when downward transitions occur from metastable energy levels in neutral or
ionised atoms. In high density environments ( ne & 109 cm� 3) the collisions between atoms carry away
the energy before a downward transition can occur.
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region is thought to intercept the isotropic emission of the accretion disk along the torus

equatorial plane. The ionizing photons are therefore allowed to reach only the clouds

within an ionization cone extended along the AGN symmetry axis on� 10 pc to � 100

pc scales. These clouds have lower densities (gas electron densityne � 102 � 106 cm� 3)

and lower velocities (FWHM < 1000 km s� 1) if compared to BLR clouds and form the so

called Narrow Line Region (NLR) . In some AGNs, relativistic jets emerge from the

central region along the disc axis, emitting synchrotron radiation. These \radio galaxies"

represent roughly 10-20% of the population (Kellermann et al., 1986; Ivezi�c et al., 2002).

The torus is responsible for the di�erence between narrow-line radio galaxies and broad-

line radio galaxies in a manner directly analogous to the Seyfert Type I and Type 2

uni�cation (Urry, 2003; Tadhunter, 2008). In addiction, the beaming of the jet can

change the appearance of the radio galaxies. For example, in BL Lac objects the jet

axis is oriented at the observer's direction giving a unique radio emission spectrum.

1.6 The dusty torus

While the term \torus" implies a speci�c geometry, three decades of observations have

brought to the conclusion that this description is far too simplistic. Recent high angu-

lar resolution observations of local Seyfert galaxies in the infrared with the Very Large

Telescope Interferometer (VLTI) made it possible to show that the parsec-scale dust

distribution does not consist of a single, toroidal entity (H•onig et al., 2012, 2013; Tris-

tram et al., 2014; Lopez-Gonzaga et al., 2014, 2017; Leftley et al., 2018). Instead, a

two component model seems to be favoured with an equatorial, thin disk and a polar

dusty wind in the form of a hollow cone (H•onig and Kishimoto, 2017; Stalevski et al.,

2017, 2019) and possibly extending up to 100 pc (Asmus et al., 2016). The wind has the

ability to collimate the AGN ionizing radiation and induce the biconical shape of the

ionization cone (Tristram et al., 2014). In parallel, the Atacama Large sub-Millimeter

Array (ALMA) interferometer (Gallimore et al., 2016a; Imanishi et al., 2016; Garc��a-

Burillo et al., 2016; Alonso-Herrero et al., 2018, 2019; Combes et al., 2019; Impellizzeri

et al., 2019) imaged the molecular phase of the torus on similar scales and probed its

dynamical nature. These observations show sign of rotation, in
ows, out
ows or even
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Figure 1.6: Schematic diagram of the AGN uni�cation picture, not to scale, repro-
duced from Urry and Padovani (1995). For details, see text.

counter-rotating and misaligned disks, leaving it unclear weather or not these sb-mm

data are compatible with the elongated dust shapes seen in the infrared. The study of

X-ray emission in AGN also provides important information about the structure and

physical properties of the torus and its contribution to AGN obscuration (for a compre-

hensive review of nuclear obscuration in AGN from the X-ray and infrared point of view

see Ramos Almeida and Ricci, 2017b). While nuclear obscuration is mostly associated

with the dusty torus, important contributions also come from dust-free gas within the

BLR, suggesting that X-ray obscuration is likely produced by multiple absorbers on var-

ious spatial scales (Risaliti et al., 2007; Maiolino et al., 2010). Studies of X-ray selected

AGN have shown that the parameter that drives the evolution of the covering factor of

the obscuring material is the Eddington ratio (Ricci et al., 2017).
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In the following, I will summarize the most relevant observations in the infrared, sub-mm

and X-ray regime to �nally combine them together.

1.6.1 The infrared view: the disk+wind model

About 40 nearby AGN have been observed with IR interferometry in the near-IR or mid-

IR. The 4 objects that have been studied in most detail are NGC 1068 (Raban et al.,

2009), NGC 424 (H•onig et al., 2012), NGC 3783 (H•onig et al., 2013), and Circinus

(Tristram et al., 2014), with observations at many position angles and baseline lengths.

In all four sources, the dusty emission is always found along the polar direction and

accounts for 60-80% of the mid-IR emission (see �gure 1.7). More recently, L�opez-

Figure 1.7: Left: Position-angle dependent sizes of the near-IR (blue) and mid-IR
(red) emission in NGC 3783 as observed with VLTI/AMBER and VLTI/MIDI. The
mid-IR ellipse is elongated toward the polar region while the near-IR emission is aligned
with the plane of the AGN (H•onig et al., 2013). Right: Model image of the dusty
environment in the Circinus galaxy based on the mid-IR interferometry data from

(Tristram et al., 2014). Figure adapted by (H•onig, 2016).

Gonzaga et al. (2016) analyzed the mid-infrared interferometric data of 23 sources with

the speci�c aim of detecting elongated mid-infrared emission. This feature has been

found in other 3 Seyfert Type 2 galaxies: NGC 5506, NGC4507 and MCG-5-23-16, with

signi�cant polar elongation detected in NGC 5506. While one may argue that possible

obscuration/extinction e�ects play a role in this appearance for the two Type 2 sources,

this argument becomes less convincing for NGC 3783, which is a Type 1 AGN. This

polar feature can be detected also in single-telescope mid-IR imaging data and has been
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reported in 21 nearby AGN, with an elongation traced up to 100 pc (Asmus et al., 2016,

see �gure 1.8).

Figure 1.8: Nuclear MIR emission images of the MIR-extended Seyferts from Asmus
et al. (2016). The green line traces the system axis.

New observational evidence suggests that polar dust is indeed not only ubiquitous in

AGN but also an integral part of its structure, and its appearance is only limited by

the lack of su�cient high-quality mid-infrared data (Asmus, 2019). The interferometric

observations, combined with radiative transfer modelling, imply that the dusty environ-

ment consists of two separate entities: (1) a geometrically thin disc in the equatorial

plane of the AGN, potentially dominating the near-IR 
uxes, and (2) a cooler polar com-

ponent, contributing most of the mid-IR emission, which may originate from a dusty

wind forming a hollow cone and de�ning the edges of the narrow line region (H•onig and

Kishimoto, 2017; Stalevski et al., 2017). Qualitatively, the shape of the wind is expected

to be hyperbolic, as implied by detailed modelling of the Circinus galaxy (Stalevski

et al., 2019, see �gure 1.9). It has been suggested that the main wind driver mechanism

is represented by the radiation pressure on the dust grains close to the sublimation ra-

dius (H•onig et al., 2012). Radiation-hydrodynamical simulations demonstrate that such

radiation-pressure driven dusty winds are indeed viable in AGN (e.g. Dorodnitsyn et al.,
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2012; Wada et al., 2016; Chan and Krolik, 2016; Williamson et al., 2019), but further

work is required to support these ideas, which is the central goal of this dissertation.

Figure 1.9: Left: schematic of the model geometry for Circinus, i.e. dust density cut
through the xz plane: a geometrically thin dusty disc and a polar dusty wind in a form
of a hyperboloid shell. The schematic and the values of the parameters correspond to
the best model presented to �t the interferometric data. The dust density is constant
both in the disc and in the hyperboloid. Right: a colour composite image (in logarithmic
scale) of the best disc+hyperboloid model made by mapping the 8, 10, and 13� m 
ux
images obtained with radiative transfer simulations. Figure taken from (Stalevski et al.,

2019).

1.6.2 The molecular view

The Atacama Large Millimeter Array (ALMA) can trace the molecular component of

dust clouds in the submillimeter wavelength range with a spatial resolution of the order

of a few to 10 pc, i.e. only slightly lower than the VLT interferometer in the IR (e.g.

Combes et al., 2013, 2014; Garc��a-Burillo et al., 2014; Imanishi et al., 2016; Gallimore

et al., 2016b; Garc��a-Burillo et al., 2016; Audibert et al., 2017; Imanishi et al., 2018;

Alonso-Herrero et al., 2018; Combes et al., 2019; Alonso-Herrero et al., 2019). Most of

these observations speci�cally target various rotational bands of CO, HCN, and HCO+,

tracing gas densities of a few� 104 cm� 3 up to 106 cm� 3. Figure 1.10 is taken from

the work of Garc��a-Burillo et al. (2016) and presents the images obtained of the dust

continuum and molecular gas from the 300 pc-sized circumnuclear disk of NGC 1068,

with a spatial resolution of 4 pc. The full-scale kinematics observed in the molecular

emission can be complex. For example, NGC 1068 reveals signs of turbulent structures in
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the CO emission (Garc��a-Burillo et al., 2016) and even counter-rotating and misaligned

disks in the HCN emission (Impellizzeri et al., 2019). However, these observations do

Figure 1.10: ALMA maps of the dust continuum and molecular gas in the nucleus of
NGC 1068. (a) ALMA natural (NA)-weighted map of the dust continuum emission at
432 � m in the circumnuclear disk of NGC 1068. (b) Close-up of the dust continuum
emission shown in the left panel. (c) Overlay of the continuum emission contours
shown in panel (b) on the CO(6{5) emission from the torus. The red-�lled ellipses at
the bottom left corner of panels (b) and (c) represent the ALMA beam size at 694 GHz.
The dashed lines highlight the AGN location. Figure taken from Garc��a-Burillo et al.

(2016), adapted by (Ramos Almeida and Ricci, 2017a).

have in common that the inner 30-50 pc show clear rotation patterns for the bulk of

the CO gas4. Assuming a disk in hydrostatic equilibrium, it is possible to estimate the

scale-height of the CO emission in terms of the inferred rotational velocitiesvrot , and

gas velocity dispersion� found in the literature. As shown in H•onig (2019), the typical

scale-height of the CO line in those ALMA observations areH=R � 0:15� 0:3.

Resolution at similar scales as with ALMA has been obtained also for the near-IR H2

molecule using VLTI/SINFONI and Keck/OSIRIS. The H 2 line traces hotter gas than

the CO line (1000-2000 K compared to 20-50 K). As estimated in H•onig (2019), the H2

emission has a higher scale height than the CO lines, due to its higher observed velocity

dispersion and might be due by a combination of out
ow and rotation, which is di�cult

to disentangle. The estimated value for H2 is H=R � 1:2 � 1:4, which, converted into

covering factor5, gives a quasi-spherical distribution. Finally, H2O maser emission is

known in NGC1068 and Circinus (e.g. Greenhill and Gwinn, 1997; McCallum et al.,

4As noted in (H•onig, 2019), the various rotational bands of CO are currently the ones which provide
the best observational coverage across Seyfert galaxies. When comparing CO to other molecular lines, e.g.
HCN, in some of the publications, the kinematics properties are similar, though the spatial distribution
may vary. Hence, CO can be used as a proxy.

5The covering factor represents the fraction of sky covered by photoionized gas clouds, as seen from
the center.
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2009). These features are seen in very thin disks at much smaller, sub-pc, scales and

trace very dense gas (hydrogen density nH > 109 cm� 3).

1.6.3 The X-ray view

The level of low-ionization absorption in the X-rays is typically parametrized in terms

of the line-of-sight column density, and AGN are considered to be obscured if NH � 1022

cm� 2. While obscuration strongly depletes the X-ray 
ux at E < 10 keV, emission in the

hard X-ray band (E&10 keV) is less a�ected by obscuration (Ramos Almeida and Ricci,

2017a). Studies conducted in the hard X-ray band have shown that 70% of local AGN

are obscured (Burlon et al., 2011; Ricci et al., 2015). The columns of material implied by

X-ray absorption is comparable or larger than those inferred from infrared observations,

suggesting that dust free gas within the BLR also participates in obscuration, although

in smaller measure with respect to the dusty torus. Indeed, it is likely that X-ray

obscuration is produced by multiple absorbers located at di�erent distances from the

AGN (e.g. Risaliti et al., 2007; Maiolino et al., 2010). The evolution of the covering factor

of the obscuring material has been long debated (Elitzur and Shlosman, 2006; Merloni

et al., 2014). In the X-ray the covering factor can be estimated using a statistical

argument and studying a large sample of AGN. In fact, the probability of seeing an

AGN as obscured is proportional to the covering factor of the gas and dust. Studying

a large sample of objects within a certain column density range allows us to obtain

the corresponding average covering factor for that speci�c NH interval. Studies of a

large and complete sample of accreting black holes, with additional information on gas

column density, luminosity and mass have shown that the evolution of the covering

factor strongly depends on the Eddington ratio (Ricci et al., 2017, see �gure 1.11). In

particular, the fraction of obscured Compton thin (N H = 1022 � 1024 cm� 2) sources

decreases with Eddington ratio. On the other hand, Compton thick (NH > 1024 cm� 2)

material does not follow the same trend and remains constant. Figure 1.11 shows that

AGN can typically be dived in two types: AGN with � Edd < 10� 1:5 have obscurers with

a large covering factor (about 85%), whereas those with� Edd > 10� 1:5 have out
owing
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material and a smaller covering factor (about 40%), half of which is associated with

Compton-thick material.

Figure 1.11: a. Relation between the covering factor of the circumnuclear material
and the Eddington ratio. b Schematic representation of the material surrounding su-
permassive black holes for di�erent ranges of the Eddington ratio. Figure taken from

Ricci et al. (2017).

1.6.4 A uni�ed view of the torus in the infrared, sub-mm and X-ray

The previous sections demonstrated that di�erent structures emerge from multiwave-

lengths observations of the torus at the (sub-)parsec scales and tens of parsec scales.

Molecular lines show large, massive disks while mid-IR observations show a strong polar

component, which is interpreted as a dusty wind. On the base of general physical prin-

ciples, H•onig (2019) proposed a unifying picture putting together the observed sub-mm

and IR properties shared by AGN. Figure 1.12 has been taken from his paper and shows

a schematic of the observed phases plotted on top of each other. The arrows denote
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Figure 1.12: Schematic view of the multi-phase dusty molecular environment of an
AGN. The central picture has all empirically identi�ed components plotted on top of
each other. The top row shows those components of the multi-phase structure that
can be detected by IR continuum observations (top left: near-IR, top right: mid-IR)
and near-IR H2 emission lines (top-middle panel). The bottom row shows the view in
commonly observed sub-mm molecular lines (bottom-left) as well as by the H2O maser
emission. The arrows indicate the kinematics of the respective emission lines (without

the rotational component). Figure taken from H•onig (2019).
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the dynamics of the respective component, combining the observed kinematics and the-

oretical expectations. Two-sided arrows indicate turbulent motion, either due to cloud

scattering, thermal processes, or IR radiation pressure, while single-sided arrows mark

wind/out
ow motion primarily due to AGN radiation pressure. Including the results

obtained in the X-ray, the major conclusions about the nature of the torus from an

observational point of view can be summarized as follows:

ˆ Dusty molecular gas 
ows in from galactic scales of 100 pc to the sub-pc environ-

ment via a disk with small to moderate scale height. Higher density gas in the

radial direction is observed closer to the AGN and in the vertical direction closer

towards the mid-plane.

ˆ The hot, inner part of the disk in
ates due to IR radiation pressure and unbinds

gas with hydrogen column densities NH . 1022 -1023 cm� 2 which is in turn swept

out in a dusty wind by radiation pressure from the AGN.

ˆ The dusty wind feeds back mass into the galaxy at a rate of the order of 0.1-100

M � depending on AGN luminosity and Eddington ratio.

ˆ Angle-dependent obscuration as required by AGN uni�cation is provided by a

combination of disk, wind, and wind launching region.

ˆ The distribution of the bulk of the obscuring dust and gas is ultimately regulated

by the Eddington ratio: material with column density values N H = 1022 � 1024

cm� 2 is mostly found in form of out
ows and its covering factor decreases with

Eddington ratio, while a Compton-thick (N H > 1024 cm� 2) obscuration is always

present and associated with a small covering factor.
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1.7 Dynamical torus models

The observational evidence that dusty winds contribute to de�ning the obscuration prop-

erties of AGNs has motivated a number of radiative hydrodynamic (RHD) simulations,

with a particular focus on the role of radiation pressure (e.g. Dorodnitsyn et al., 2012;

Wada et al., 2016; Chan and Krolik, 2016; Namekata and Umemura, 2016; Chan and

Krolik, 2017; Williamson et al., 2019, 2020). The general consensus is that out
ows

naturally emerge in the dusty environment of AGN and are driven by radiation pressure

(either UV or re-radiated IR). X-ray heating and supernovae can contribute to this sim-

ulated out
ow (Wada et al., 2016). However, the approaches behind those models are

very di�erent and produce a variety of wind scenarios.

Figure 1.13: Density distributions of atomic (upper) and molecular (lower) gas in
the radiation-driven fountain model. Left and right panels correspond to face-on and

edge-on views, respectively. Figure taken from Wada et al. (2016).
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Wada et al. (2016) presented a radiation-driven fountain model at large-scales (32 pc)

(see �gure 1.13). The simulations starts with a small (2 � 106M � ) black hole surrounded

by an initially thin gas disk. The emerging structure is a combination of out
ows and

in
ows or failed wind. The wind is driven by anisotropic UV radiation and X-ray heat-

ing, while IR radiation pressure is not included in the model. Figure 1.13 shows the

distribution of atomic and molecular gas. The distribution of atomic (H 0) gas shows a

hollow cone structure surrounded by a geometrically thick disk. Dense molecular gases

are distributed near the equatorial plane, and energy feedback from supernovae enhances

their scale height. The model is large-scale and has the advantage to be directly compa-

rable with actual observations. However, it is limited in its ability to resolve the wind

generation region, because based on a coarse resolution of 0.125 pc6.

Other RHD simulations have mostly been performed in the sub-parsec regime. This

domain size contains the sublimation radius, where the e�ect of radiation pressure is

most extreme and wind generation can be resolved (Williamson et al., 2019).

Namekata and Umemura (2016) performed a 2-dimensional RHD simulation, taking into

account the e�ects of metal cooling, self-gravity, anisotropic accretion disc, X-ray heat-

ing and radiative transfer of IR. They found that metal cooling suppresses the vertical

support from IR and, contrary to Krolik (2007), the disc is almost supported by thermal

pressure. However, a wind is produced whose properties depend on the dust distribu-

tion. These simulations were performed at Eddington ratio� Edd � 0.77, higher than the

values where AGNs with polar out
ows have been observed by interferometry. Dorod-

nitsyn et al. (2016) presented a 2-dimensional radiation-driven wind model including UV

radiation, X-ray heating, dust sublimation and IR radiation, treated in the 
ux-limited

di�usion. Alongside the wind, a pu�ed-up torus is produced in these simulations, which

is not clear if it is a numeric artifact or not, as the 
ux-limited di�usion algorithm is

known to smooth out the structures surrounding the central radiation source. Chan and

Krolik (2016) performed 3-dimensional RHD simulations of an initially smooth dusty

torus in which IR and UV radiative 
uxes are not approximated using overly simplistic

6Using the simpli�ed relation Rsub = 0 :5L 1=2
45 (see e.g. H•onig and Beckert, 2007), an accreting black

hole with 106M � and � Edd = 0 :01 is expected to have a sublimation radius of Rsub � 0.015 pc, which
gives the order of magnitude of the wind generation region.
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Figure 1.14: Gas density evolution of the torus as presented in the Chan and Krolik
(2016) model. Gas density is presented on a logarithmic scale as blue intensities (see
color bar along the right edge). The dust sublimation surface is the dashed black curve
around the origin, and the red contour traces the surface on which� UV =1. Momentum
density is shown by the arrows. Top grid: Plot of the L UV =LEdd = 0 :11 simulation.
Bottom grid: Plot of the L UV =LEdd = 0 :14 simulation. Figure taken from Chan and

Krolik (2016).

prescriptions. In fact, the model is based on the variable Eddington Tensor approxima-

tion, which is one of the most advanced methods available to solve the radiative transfer

equations, allowing to model the re-radiated IR radiation pressure with great accuracy.

As shown in �gure 1.14 which is taken from their paper, the UV radiation pressure on

dust launches a strong wind, peeling o� the inner radius of the torus. The radial motion

subsequent to the initial phase depends onL UV , which determines the IR radiative 
ux

across the torus. In the bottom grid of �gure 1.13 the IR radiative 
ux is strong enough

that gas velocity is radially outward in the torus body almost all the time, and the torus

is driven outward. In contrast, in the top grid of �gure 1.13, a region develops in which

the sum of the radial components of IR and centrifugal accelerations falls slightly short
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of counteracting gravity, and thus the radial component of velocity is negative, creating

an in
ow-out
ow structure. Altough the behaviour of the IR radiation is treated in great

detail and fundamental insights are o�ered, the Chan and Krolik (2016) simulations also

present some limitations. In fact, the cost of such an advanced algorithm to describe

UV and IR radiation is the necessity of a coarser temporal resolution to complete the

simulations in a reasonable time. Some of the approximations include the use of the

reduced speed of light approximation and scale down the AGN parameters to unrealistic

values.

To summarize, these simulations all use di�erent approaches, focus on di�erent scales

and often lead to drastically di�erent conclusions about the out
ow properties. This

leaves the nature of the obscuring structure essentially unconstrained, as it depends not

only on the physical properties of the illuminated material (e.g., dust population, stellar

feedback, etc.) and the radiation pattern of the AGN accretion disk, but also on the

numerical treatment of radiative transfer and resolution issues.

1.8 Aim of this work

High-angular resolution IR, sub-mm interferometry and X-ray observations add several

important pieces of information to test the uni�cation model of AGNs. IR interfer-

ometry allows resolving the torus structure, sub-mm observations probe the molecular

phase while X-ray provides information about the Eddington ratio dependence. The pic-

ture drawn by H•onig (2019) o�ers a unifying view of the torus dynamics and structure,

derived from the similarities shared by the various AGN observations in the infrared

and sub-mm regimes but further theoretical work is required to support these �ndings.

Radiation hydrodynamics torus models agree on the emergence of out
ows driven by ra-

diation pressure but the numerical strategies adopted vary signi�cantly between models,

making it di�cult to �nd a converging picture. The goal of this Thesis is to critically

assess the origin of dusty winds detected on the parsec-scales environment around AGN,

with particular reference to the role of radiation pressure, and make progress towards

understanding the broad picture of AGN activity.
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In Chapter 2 a new dynamical model is presented, using a three-dimensional radiation

hydrodynamics algorithm. These simulations have the speci�c aim to explore the role

of radiatively-driven out
ows. The model consists of a disk of gas and particles fully

exposed to the AGN radiation �eld. The dynamical evolution of such a system is pre-

sented �rst in the small scales regime, where the wind is produced, then in a larger

scales model which allows a direct comparison to observations. A strong point of the

radiation hydrodynamics model is that it includes all the complex physics and chemistry

operating at smaller scales in a form of look-up tables, developed with the use of the

photoionization code Cloudy (Ferland et al., 2013, 2017). This chapter describes the

main features of the simulations and how theCloudy models have been designed and

properly tabulated.

In Chapter 3 a semi-analytical model is presented to investigate the role of the IR

radiation pressure in shaping the dusty environment of AGNs. The model consists of

an AGN and an infrared radiating dusty disk. It examines the trajectories of dusty gas

clumps in this environment, accounting for both gravity and the AGN radiation as well

as the re-radiation by the hot dusty gas clouds themselves. This investigation allows to

make predictions on the �nal morphology expected and o�er insights on the obscuration

properties of AGNs.

In Chapter 4 Using the results from the previous chapters, the case of a possible con-

nection between dusty winds and obscuring out
ows observed in the UV is examined,

to test whether or not these kinds of out
ows could actually represent di�erent parts of

a single, multiphase out
ow.

In Chapter 5 results and conclusions from this PhD thesis are summarized and an outlook

for future work is given.

Publications related to the individual chapters are noted and the most signi�cant con-

tributions in the framework of this PhD Thesis have been indicated at the beginning of

the chapter.



Chapter 2

Photoionisation in the Radiative

Hydrodynamics model

\He who receives an idea from me,

receives instruction himself without

lessening mine; as he who lights his

taper at mine, receives light without

darkening me."

Thomas Je�erson

This chapter is based on a work published in the papers Williamson et al. (2019) and

Williamson et al. (2020). I contributed to the photoionisation modeling which forms the

foundation of the radiation hydrodynamics simulations presented in the published papers.

The work presented in this chapter describes my own original contribution.

2.1 Overview and context

Observations of the dusty torus reveal a structure which is complex and dynamical.

Radiation hydrodynamic simulations aiming to interpret these observations are forced to

reduce the physical components involved as a compromise with computational expenses.

Some of the computational challenges include the modeling of the IR radiation pressure,

29
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the anisotropy of the AGN radiation �eld, the numerical treatment of radiative transfer

and the spatial scales considered. In particular, most of the simulations focus on the

wind-generation region, which is di�cult to link to actual observations. Hence, there

is motivation to probe the dynamics of the torus at various spatial scales adopting a

method which is coherent across di�erent domain sizes.

In the followings, our 3-dimensional RHD model is presented (published in Williamson

et al. (2019) and Williamson et al. (2020)). The problem here is approached both in the

small-scales (paper 1) and in the large-scales regime (paper 2), o�ering a comprehensive

view of the matter at hand. Among the distinguishing features of the model is the fact

that is based on a lagrangian formulation of hydrodynamics, which has the ability to

provide very high resolution in dense regions while simultaneously capturing large length

scales accurately. Another unique element is the incorporation of heating, cooling, and

radiation pressure on gas and a physically consistent composition of dust, including

di�erential sublimation, through the use of Cloudy (Ferland et al., 2013, 2017), which

is one of the most accurate radiative transfer and photoionisation codes available. This

is the aspect on which I worked most closely in this research work and represents my

main contribution to the RHD simulations.

Dissipation of energy through radiative cooling is a crucial ingredient to model the

evolution of astrophysical systems and the appearance of out
ows. These processes

depend on the properties of the gas and the radiation �eld in a potentially complex way

and their detailed treatment is impractical and too time-consuming to be performed

\on the 
y" during the simulations, so they are either ignored or other strategies or

approximations are adopted. For example, Namekata and Umemura (2016) takes into

account standard cooling processes pertaining to hydrogen, helium and dust, while the

e�ect of metals is considered in an approximate way through a cooling function. A more

realistic treatment of heating and cooling rates has been done by Wada et al. (2016).

The rates are calculated using a radiative transfer model of photo-dissociation regions

and self-consistently changed in the simulations based on the values of temperatures, H2

abundances, intensity of the radiation source and density.

In Williamson et al. (2019, 2020), we adopted a di�erent strategy. Heating and cooling

are incorporated in form of look-up table, based on a large grid ofCloudy models
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which I developed. The table also includes a number of important physical quantities,

such as the temperature of the dust, the dust to gas mass ratio, radiative acceleration,

opacities and emissivities of several lines (see section 2.4). These quantities have been

then interpolated to determine the appropriate value. This allows the simulations to

be computationally fast while providing an unprecedented level of detail in the context

of RHD modeling of dusty regions in AGN. The following sections describe the main

features and results of the simulations and how theCloudy models have been designed

and properly tabulated.

2.2 The RHD model

The dynamical simulations are based on the emerging picture that many of the ob-

served obscuration properties of AGN are a result of a disk, a wind and a pu�ed region

(see section 1.6.4), where the dynamics is dominated by radiation pressure e�ects. To

approach this problem we performed two separate sets of simulations. The �rst work

published in Williamson et al. (2019) is a small-scales model that is focused on the

wind generation region close to the sublimation radius. The second work published in

Williamson et al. (2020) extends these high resolutions to a larger scales model, so that

results can be directly compared to observations. These simulations consider the radi-

ation pressure coming from the central AGN, neglecting the re-radiation of dust in the

infrared. The e�ect of the infrared is treated separately through an analytical model in

Chapter 3. These two sets of simulations implement the same numerical methods, with

some additions and modi�cations in the large-scales runs. The dynamical evolution is

solved using smoothed particle hydrodynamics, which is a novel element with respect to

previous RHD models and has several advantages in terms of resolution, as we shall see

below.

2.2.1 RHD simulations methods

Both the small and large-scales simulations are based on the public version of the

N-body+hydrodynamics code GIZMO (Hopkins, 2015) in pressure smoothed-particle
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hydrodynamics (SPH) mode. SPH is a reliable particle-based approach to solve the

hydrodynamic equations and especially suited to resolve high-density region using a La-

grangian mesh-free formulation. The SPH method works by dividing the 
uid into a

set of discrete moving elements, referred to as particles. These particles have a spatial

distance (the \smoothing length", typically denoted by h), over which their properties

are \smoothed" through convolution with a kernel function (typically represented by

W ). Commonly used kernel functions are the gaussian function and the cubic spline (as

used in our model). For a visual representation of a kernel function, see �gure 2.1. The

Figure 2.1: Visual representation of a SPH kernel function. Figure taken from Eriks-
son (2018).

resulting convolutions are evaluated numerically by approximating the integrals with
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discrete sums according to the following expression

A(r ) =
X

j

mj

� j
A j W (jr � r j j; h); (2.1)

where the summation overj includes all particles in the simulation, Vj is the volume of

the particle j , A j is the value of the quantity A for particle j and r denotes position.

The advantage of SPH is that the smoothing distance can be adapted in the simulation.

For example, in regions where many particles are close together the smoothing distance

can be relatively short, producing high spatial resolution. Conversely, in regions with a

low number of particles the smoothing distance can be increased, saving computational

resources. SPH is a pure Lagrangian method, in contrast to Eulerian methods which

Figure 2.2: Di�erence between Eulerian and Lagrangian methods. Figure taken from
Gupte (2018).

are grid based methods. The main di�erence between the two methods is related to

time derivatives. In the Eulerian picture time derivatives are calculated at a �xed point

in the space, on the other hand in the Lagrangian description they are calculated in a

coordinate system attached to a moving 
uid element. The Lagrangian derivativeD=Dt

is related to the Eulerian derivative @=@tby

D
Dt

=
dxi

dt
@

@xi
+

@
@t

= v � r +
@
@t

; (2.2)
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where the term v � r is the term capturing the change in particles properties as they

move.

The previous simulations of the AGN torus region mentioned in Section 2.1 were per-

formed with an Eulerian formulation on a �xed grid in two or three dimensions. By

choosing a Lagrangian description, we are providing an almost orthogonal perspective

to existing studies. In fact, despite being fundamentally di�erent, SPH and grid meth-

ods have complementary strengths and weaknesses. On one hand, Eulerian methods

are limited by length resolution, and therefore resolve high density region poorly. On

the other hand, Lagrangian methods are limited by mass resolution, therefore resolve

low density 
uid poorly 1. In this particular context, the RHD model will not e�ectively

resolve low-density winds in the ionisation cone of the AGN. However, it will e�ciently

resolve the denser gas that contributes the most to the opacity and infrared luminosity

of the torus region.

The basic equations of motion to be solved are the compressible Euler equations. SPH

guarantees conservation of mass without extra computation since the particles them-

selves represent mass. The only equations that need to be solved are the momentum

and energy conservation equations:

Dv
Dt

= �
r P
�

+ g + ar ; (2.3)

Du
Dt

= �
P
�

r � v + H (2.4)

where P, � , u, and v are the pressure, density, internal energy, and velocity of the


uid, g is the acceleration from gravity, ar is the radiative acceleration, and H is the

combination of all heating and cooling e�ects.

Dust is treated in the simulations as an additional gas property, meaning that the gas

and dust components are evolved together. Simulations also include self-gravity, star

formation and supernovae. Self-gravity hydrodynamics are solved in GIZMO with a

Barnes-Hut oct-tree (Barnes and Hut, 1986), an algorithm able to reduce the total

1Although in SPH there is no spatial resolution limit for the smoothing length, there is a �xed
mass resolution limit. The variable smoothing lengths of particles are constrained to contain a roughly
constant number of particles and, hence, a certain mass (Bate and Burkert, 1997).
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number of pair interactions and hence execution time2. A raytracing technique has

been implemented for radiative transfer from the central AGN engine, which is assumed

to consist of anisotropic emission from a luminous accretion disc plus a small isotropic

contribution from a corona. As mentioned in section 2.1, the e�ects of radiation (heating,

cooling, and radiation pressure) are pretabulated usingCloudy (Ferland et al., 2013,

2017) and the work behind it represents my main contribution to the RHD model. The

followings sections will describe the characteristics of theCloudy code as well as its

implementation into the RHD simulations.

2.3 Cloudy

The physical conditions within an astronomical plasma are set by a large number of

microphysical processes. Together, all these processes set the ionisation and thermal

structure of the gas. The observed spectrum is the result of radiation propagating

through the depth-dependent physical conditions of the gas. No analytical solution is

possible, and one needs a sophisticated numerical code to study it.Cloudy (Ferland

et al., 2013, 2017) is an open-source photoionisation code which has been designed for this

purpose. It models the physical conditions of gas and predicts the observed spectrum.

Cloudy is continually being developed to improve the treatment of the microphysical

processes and the database of fundamental data that it uses. An optically thick slab of

gas is divided into a large number of zones, chosen so that conditions are fairly constant

across each.Cloudy determines the ionisation and excitation state of all constituents

self-consistently by balancing all ionisation and excitation processes. Ionisation processes

include photo, Auger and collisional ionisation and charge transfer. Recombination

processes include radiative, low-temperature dielectronic, high-temperature dielectronic,

three-body recombination, and charge transfer. The free electrons are assumed to have

Maxwellian velocity distribution with a kinetic temperature set by the balance of heating

and cooling processes. This approach has energy conservation as its foundation.

2The key idea of the Barnes-Hut algorithm is to approximate long-range forces by replacing a group
of distant points with their center of mass. Source: https://jheer.github.io/barnes-hut/.
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2.3.1 What must be speci�ed

Cloudy needs a minimum few parameters before it can predict the conditions within a

cloud. These are:

ˆ The shape and brightness of the radiation �eld striking the cloud.

ˆ The total hydrogen density.

ˆ The composition of the gas and whether grains are present.

ˆ The thickness of the cloud.

The hydrogen density is given by the total density of H in all forms (including molecular)

n(H ) = n(H 0) + n(H + ) + 2 n(H2) +
X

other

n(Hother ) cm� 3: (2.5)

Unless otherwise speci�ed the gas-phase abundances will be close to solar values and

grains will not be included. The cloud will have a plane-parallel geometry. The total

hydrogen density will be kept constant across the cloud since this is the default. One

can test di�erent models, including constant pressure, constant temperature (as in our

tables), hydrostatic equilibrium, wind models and several other geometries.

2.4 The Cloudy models in the RHD simulations

The RHD code considers a large suite ofCloudy models and it is developed in a way

that the relevant physical properties can be easily accessed during the simulations. This

procedure has the double advantage to optimise the computational load of the RHD

simulations and speed them up while o�ering a microphysical rich and complete picture

of the dust and gas mixture, which could otherwise not be accounted for, including

ionisation, charge transfer and molecular and dust chemistry.

My Cloudy models take three parameters as input: the volumetric density of the cloud,

the incident AGN radiation �eld and the temperature of the gas. Accordingly, the gas
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and dust temperatures are not necessarily in thermal equilibrium with the AGN. For

a given set of the three input parameters, we compute and tabulate several physical

quantities. Those are:

1. the heating and cooling rate

2. the temperature of the dust

3. the dust to gas mass ratio

4. the radiative acceleration due to the continuum

5. the 
ux-weighted opacities and optical depth

6. emissivities of two CO lines (CO(3-2) 866.727� m, CO(6-5) 433.438 � m), two

HCN lines (HCN(4-3) 845.428� m, HCN(8-7) 422.796� m) and three vibrational

transitions of H2 (H2 (1-0) S(1) 2.121� m, H2 (0-0) S(3) 9.66 � m, H2 (0-0) S(0)

28.18� m)

In this section, I describe the physical parameters used in the photoionisation modeling

of the emitting and absorbing gas studied in this Thesis.

2.4.1 The shape and brightness of the incident radiation �eld

The external radiation �eld is usually speci�ed in Cloudy with two di�erent commands.

One speci�es the shape of the incident radiation �eld. A second command will set the

brightness of the light. There are two ways to specify the brightness of the external

radiation �eld, either using the intensity or luminosity. In this Thesis I used the intensity

case as described below.

2.4.1.1 Intensity

In the intensity case the energy 
ux (erg cm� 2s� 1) striking a unit area of the cloud is

set. The intensity is de�ned by the expression

I =
F
�

; (2.6)
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where F is the 
ux which is related to the total luminosity L by

F =
L

4�R 2 ; (2.7)

with R being the inner radius of the cloud. The inner radius does not need to be speci�ed

in Cloudy , although it is possible to do so. The predicted emission-line spectrum is

then given in intensity units. In my models I do not �x the inner radius, because the

intensity itself gives information about the distance of the cloud if a dusty model is

assumed. In fact, the presence of dust grains, mixed with the gas, is determined by the


ux of incident radiation: below a given value, dust grains can survive. This location

actually depends on dust composition and grain size, which is �xed in my case. In

my model I tabulate a total of 19 intensity values, starting from the intensity at the

sublimation radius. This has been determined by running severalCloudy models with

�xed luminosity (I used L AGN = 2.2 � 1043 erg s� 1) and including di�erential dust

sublimation in the calculation. Then I looked for the distance of the cloud for which

the illuminated face is at Tsub � 1750 K, the maximum temperature at which large

graphite grains can survive before being sublimated. I double-checked that all grain

types were missing in the �rst cell of the computation. The value obtained for the

incident sublimation intensity is I 0 = 5 :6 � 107 erg cm� 2 s� 1,

2.4.1.2 SED

One of the most important parameters in any photoionisation computations of an irradi-

ated medium is the broad band spectral energy distribution (SED) of the source. It has

been shown that the shape of the SED a�ects the ionisation and thermal structure of the

photoionised gas, and hence the properties of AGN winds (e.g. Dyda et al., 2017), but I

focus on a single SED in this work.Cloudy has a built-in AGN continuum command,

which is meant to reproduce the SED similar to typical radio quiet active galaxies. How-

ever, the shape given is very simplistic and the authors ofCloudy themselves suggest

adopting a di�erent shape. Then, we generate a custom AGN SED having a Big Blue

Bump modeled by a black body and two broken power laws. The black body has a tem-

perature of T = 105:5 K and an X-ray to UV 
ux ratio -1.40. The slope of the Big Bump
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and the slope of the X-Ray component are left at theCloudy default values of � 0:5

and � 1:0. This produces less strong inverse Compton scattering of the X-ray photons

to radio wavelengths with respect to the Cloudy built-in AGN continuum command.

I also include the cosmic ray background and a stellar background, the latter with an

integrated intensity of 1000 Habing units3, which accounts for the nuclear clusters found

in the centers of galaxies.

2.4.2 Gas density, column density and temperature

The gas density, denoted bynH , is another important parameter in the simulations of

the photoionised gas. In this Thesis I assume constant density values, which means it

remains the same across the depth of the cloud. The total thickness of the cloud is

set by assigning the column densityNH in such a way that dNH = nH dz, where dz

is the geometrical thickness of an individual layer. In my models I �x the maximum

column density to NH=1026 cm� 2. I note that some models do not converge up to such

a high value, therefore I need to interpolate those results. Since the temperature is an

input parameter for my tables, the models are all constant gas temperature, allowing

the dust temperature to reach equilibrium with the radiation �eld. In some models the

temperature can go down to very low temperatures (10 K), and hence cannot converge

because beyond theCloudy default stopping criterion (4000 K). Then, all my models

include the Cloudy command \stop temperature o�" to switch o� this limit and force

a converging solution even in the extremely low temperatures regime.

2.4.3 Gas-phase abundances

In any photoionisation computations, chemical abundances are very essential for the

correct modeling of the interactions of photons with individual ions. Unless otherwise

speci�ed, Cloudy assumes solar abundances. In this Thesis, I use the ISM gas abun-

dances sets stored in the code, as shown in �gure 2.3. Abundances are always speci�ed

relative to hydrogen.

31 Habing unit corresponds to the integrated 
ux in the wavelength range from 91.2 to 111.0 nm of
1:6 � 10� 3 erg cm� 2 s� 1 .
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