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Chapter 1

Introduction

“I think Nature’s imagination is so
much greater than man’s, she’s never

'77

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
defined 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
significantly 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 significant luminosity in the x-ray and infrared bands. The luminosity emitted
from AGNs range from about 10%° to more than 10%” erg s~! and can vary up to a factor

of 10 percents on timescales ranging from hours to years.



2 Chapter 1 Introduction

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 defining 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
Lpos ~ 10%2 — 10* erg s7! 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 figure 1.1):

Seyfert 1 galaxies show two sets of emission lines in their spectra: broad permitted
lines with (FWHM! > 1000 km s~!) 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 defined 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 first 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 (~ 104 —10% erg s~! between 10 MHz and 100 GHz (Fa-
naroff 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 identified with known classes of objects. Quasars show similar
characteristics of Seyfert galaxies but they are even more luminous (Lpy ~ 10%** — 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

'FWHM stands for “full width at half maximum” and is a standard way of describing the broadness
of the emission lines. It is defined 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 (Hell, Ha, Hp)
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 (Banados 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 identification
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~!); 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 effects (such as the

observer’s line of sight) or intrinsic differences 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 stars?. As an alternative to nuclear fusion in stars, an even more efficient
way to power a large luminosity is the gravitational accretion of matter, in particular onto
black holes. Accretion of matter onto a supermassive (M > 105M,) 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 efficiency 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=nMcd (1.1)

where 1 denotes the efficiency of the accretion process. The amount of energy released

if a mass m of gas is allowed to drop onto the compact object, starting at infinity, is

GMm

EFE=—. 1.2
- (12
In terms of the luminosity
dE.  GMM
L="= 1.3
dt R (1.3)
Using equation 1.1 and 1.3 one can express the efficiency as
n=GM/(R¢*) = R,/2R, (1.4)

where Ry = 2G M /c? is the Schwarzschild radius. Formally, this radius is called the event
horizon because it is the furthest distance that a photon starting inside Rs can reach.
By comparison, the mass-energy conversion in the thermonuclear fusion of hydrogen to

helium operates with an efficiency of 0.007. Thus, accretion onto a compact object with

2Causality implies that an object that varies rapidly in time At must be smaller than the light-
crossing time of the object, i.e. Rmaz ~ cAt (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, Rmaz ~ 10 au.
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R < T0R; is a more efficient mechanism than nuclear fusion of H to He. The actual
efficiency estimated for disk accretion onto a black hole is n = 0.06 for a Schwarzschild
black hole and 1 = 0.42 for a rotating (Kerr) black hole (Novikov and Thorne, 1973).
A value of n = 0.1 is usually assumed. In this case, the mass flow needed to sustain a
quasar with L ~ 10%6 erg s™! is M ~ 2 Mg, yr—h

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 7, the outward radial force on a single electron is

Lop

Flg= 22T
re Amr2c’

(1.5)

where L is the luminosity of the central compact object and o 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
GMm
Fgrav = Tp (16)
Setting F.qq = Fyrqv and soving for L gives
4rGM M
Lpag = ——="C _ 1,96 % 103 <> erg s, (1.7)
or M@

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 define the so-called Eddington ratio as

L
LEgq

AEdd = (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 find the minimum mass that is needed to balance or overcome the radiation

pressure. This gives the following lower limit of the mass

L
Mpgqq = 10° ( ——— | Mo. 1.
pdd =8 10 (1044 erg s1> © (1.9)
A luminous Seyfert galaxy has L ~ 10* erg s~!, implying that the black hole mass

must be at least ~ 105M. For a typical quasar luminosity, L ~ 10%6 erg s7!, so that
M > Mggq ~ 108M@. This explains why these black holes are referred as supermassive.
Finally, the accretion is predicted to flow through an accretion disc, because it is he most
efficient 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 simplified representation predicts the

following radial profile of the gas temperature in the disc:

_ . /4 _
M ARy 1 .\ 3/

where Mpgq is the maximum threshold of the accretion rate, defined as

. Lgdq M n\ ! 1
Mpgg = 22— (—) M . 1.11
Bdd = e <108M@> 0.1 oyt (1.11)

If the black hole has a mass as high as 1080, and the gas reaches the innermost last
stable circular orbit (r7sco = 3Rs), then T'(r = 3Rs) ~ 10° K. Blackbody emission at
10° 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 different 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 defined. 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 classified into several types
such as the Seyfert galaxies, low ionization nuclear emission regions (LINERs)
and quasars. Seyfert galaxies are further divided into Seyfert 1 (Syl)/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.

e 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, Fanaroff-Riley Class I (FR-I)
and Fanaroff-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 different 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.

e Radio observations: The radio band probes the jet emission. In the most powerful



Chapter 1 Introduction 9

radio sources, jets can propagate = 100 kpc and interact significantly with the
circumgalactic medium (e.g. Boehringer et al., 1993). Radio loudness is one of
the most common features to find AGNs with jets. The usual definition of radio-
loudness is that the radio (5 GHz) to optical (B-band) flux ratio 2 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 field) (Jones et al.,

1974).

e Infrared observations: The SED is characterised by a broad infrared bump which
extends from ~ 1 ym to ~ 100 pm, 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 pm is then naturally
explained as being due to the finite 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).

e 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 Mgll, CIII, CIV, OIII, etc.
Near-IR observations reveal similar lines. These spectra show two different types
of optical lines: broad (FWHM > 1000 km s~!) and narrow (FWHM < 1000 km
s71). It is the permitted lines (e.g., Lya, C IV X 1549, C III A 1909, Mg II X 2798,
Ha, , HS, ) which are sometimes observed to be broad, while forbidden lines (e.g.,
[O III] AX 4959, 5007; [OII] A 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 fits 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 different 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 Unified Scheme of AGN (see below).

e 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-off 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 different 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~ to ~ 700 km s~ ! (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 fluorescence

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

1.5 Unified 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, unified
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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 cutoff at E ~ 100-300 keV, absorbed at

soft energies by a warm absorber. A cold reflection component is also shown. The most

relevant narrow feature is the iron Ko 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 unified
model is that the underlying physical scenario of all AGNs is intrinsically similar and
AGNs diversity is just a geometric effect caused by the inclination angle at which they are
observed (Antonucci, 1993; Urry and Padovani, 1995, see figure 1.6). The first evidence
of unification 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
finding 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 Unification. A unified 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 10°
and 10'° 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 10° K - 10° 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 confined 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 called Broad Line Region (BLR). Here, the gas density is at

3 as judged from the absence of strong, broad forbidden lines (Osterbrock

least 10° cm™
and Ferland, 2006)3. BLR gas has characteristic velocities of 3000-10000 km s~!. The
size of the BLR is ~ 1072 — 107! 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 unified 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 configuration 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 (n. 2 10° cm73) 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 density n, ~ 10?2 — 105 cm™3)
and lower velocities (FWHM < 1000 km s~!) 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¢ et al., 2002).
The torus is responsible for the difference between narrow-line radio galaxies and broad-
line radio galaxies in a manner directly analogous to the Seyfert Type I and Type 2
unification (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 specific 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 (Honig 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 (Honig 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; Garcia-
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, inflows, outflows or even
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FIGURE 1.6: Schematic diagram of the AGN unification 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 finally 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 (Honig et al., 2012), NGC 3783 (Honig 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 figure 1.7). More recently, Lépez-
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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 (Honig 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 (Honig, 2016).
Gonzaga et al. (2016) analyzed the mid-infrared interferometric data of 23 sources with
the specific 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
significant polar elongation detected in NGC 5506. While one may argue that possible
obscuration/extinction effects 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 figure 1.8).
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F1GURE 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 sufficient 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 fluxes, 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 defining the edges of the narrow line region (Honig 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 figure 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 (Honig 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.
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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 fit 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 pym flux
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; Garcia-Burillo et al., 2014; Imanishi et al., 2016; Gallimore
et al., 2016b; Garcia-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 specifically target various rotational bands of CO, HCN, and HCO+,

tracing gas densities of a few x10* cm™ up to 10% cm™3.

Figure 1.10 is taken from
the work of Garcia-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 (Garcia-Burillo et al., 2016) and even counter-rotating and misaligned

disks in the HCN emission (Impellizzeri et al., 2019). However, these observations do
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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 pm 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-filled 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 Garcia-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 gas*. Assuming a disk in hydrostatic equilibrium, it is possible to estimate the
scale-height of the CO emission in terms of the inferred rotational velocities v.o, and
gas velocity dispersion o found in the literature. As shown in Honig (2019), the typical
scale-height of the CO line in those ALMA observations are H/R ~ 0.15 — 0.3.

Resolution at similar scales as with ALMA has been obtained also for the near-IR Hs
molecule using VLTI/SINFONI and Keck/OSIRIS. The Hs line traces hotter gas than
the CO line (1000-2000 K compared to 20-50 K). As estimated in Honig (2019), the Ho
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 outflow and rotation, which is difficult
to disentangle. The estimated value for Hg is H/R ~ 1.2 — 1.4, which, converted into
covering factor®, gives a quasi-spherical distribution. Finally, HoO maser emission is

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

4As noted in (Honig, 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 ny >10° 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 Ny > 10%2
cm~2. While obscuration strongly depletes the X-ray flux at E<10 keV, emission in the
hard X-ray band (E210 keV) is less affected 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 different 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 specific Ny 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 figure 1.11). In
particular, the fraction of obscured Compton thin (Ny = 10%? — 10?4 cm~2) sources
decreases with Eddington ratio. On the other hand, Compton thick (Nyg > 104 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 Aggq < 10715 have obscurers with

a large covering factor (about 85%), whereas those with Aggq > 1071 have outflowing
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material and a smaller covering factor (about 40%), half of which is associated with

Compton-thick material.
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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 different ranges of the Eddington ratio. Figure taken from
Ricci et al. (2017).

1.6.4 A unified view of the torus in the infrared, sub-mm and X-ray

The previous sections demonstrated that different 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, Honig (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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infrared emission

near-IR continuum H> emission line mid-IR continuum

sub-mm emission lines

" COMCNHCO+ * H20 masers

FIGURE 1.12: Schematic view of the multi-phase dusty molecular environment of an
AGN. The central picture has all empirically identified 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 HoO maser
emission. The arrows indicate the kinematics of the respective emission lines (without
the rotational component). Figure taken from Honig (2019).
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the dynamics of the respective component, combining the observed kinematics and the-
oretical expectations. T'wo-sided arrows indicate turbulent motion, either due to cloud
scattering, thermal processes, or IR radiation pressure, while single-sided arrows mark
wind/outflow 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:

e Dusty molecular gas flows 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.

e The hot, inner part of the disk inflates due to IR radiation pressure and unbinds
gas with hydrogen column densities Ny < 10%? -1023 cm™~2 which is in turn swept

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

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

Mg depending on AGN luminosity and Eddington ratio.

e Angle-dependent obscuration as required by AGN unification is provided by a

combination of disk, wind, and wind launching region.

e The distribution of the bulk of the obscuring dust and gas is ultimately regulated
by the Eddington ratio: material with column density values Ny = 10?2 — 10%
cm~? is mostly found in form of outflows and its covering factor decreases with

Eddington ratio, while a Compton-thick (Ny > 10?* 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 defining 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 outflows
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 outflow (Wada et al., 2016). However, the approaches behind those models are

very different 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 figure 1.13). The simulations starts with a small (2 x 1050 black hole surrounded
by an initially thin gas disk. The emerging structure is a combination of outflows and
inflows 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°) 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 pcS.

Other RHD simulations have mostly been performed in the sub-parsec regime. This
domain size contains the sublimation radius, where the effect 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 effects 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 Aggq ~ 0.77, higher than the
values where AGNs with polar outflows 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 flux-limited
diffusion. Alongside the wind, a puffed-up torus is produced in these simulations, which
is not clear if it is a numeric artifact or not, as the flux-limited diffusion 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 fluxes are not approximated using overly simplistic

5Using the simplified relation Rgus = 0.5L411é2 (see e.g. Honig and Beckert, 2007), an accreting black
hole with 106M@ and Agaa = 0.01 is expected to have a sublimation radius of Rsu» ~0.015 pc, which
gives the order of magnitude of the wind generation region.



26 Chapter 1 Introduction

0.5

axial eoordinate
s = =2 =
o0 [-] ]

e £
o

5 £

0.2

ol

=
=

=
e

; . ? i : Ngsasgasazasaiiii L H 4 i ; 1
06 08 10 1.2 14 16 18 20 06 08 10 1.2 14 16 18 20 06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20
radial coordinate

e
=)

nak
=
=

axial coordinate
&

i . 3 . 0.
08 10 1.2 14 16 18 20 2210 1.2 14 1.6 1.8 20 22 2412 14 16 1.8 20 22 24 26 2816 18 20 22 24 26 28 30

5 e 17

e
o

axial coordinate
=]
o

= 8
=

)
~

5

18 20 22 24 26 28 30 3220 22 24 26 28 3.0 32 3422 24 26 28 3.0 32 34 36 3826 28 30 32 34 36 38 40
radial coordinate

g

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 7yy=1. Momentum
density is shown by the arrows. Top grid: Plot of the Lyv/Lgaq = 0.11 simulation.
Bottom grid: Plot of the Lyy/Lgag = 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 figure 1.14 which is taken from their paper, the UV radiation pressure on
dust launches a strong wind, peeling off the inner radius of the torus. The radial motion
subsequent to the initial phase depends on Ly, which determines the IR radiative flux
across the torus. In the bottom grid of figure 1.13 the IR radiative flux 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 figure 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 inflow-outflow structure. Altough the behaviour of the IR radiation is treated in great
detail and fundamental insights are offered, 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 different approaches, focus on different scales
and often lead to drastically different conclusions about the outflow 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 unification 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 Honig (2019) offers 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 findings.
Radiation hydrodynamics torus models agree on the emergence of outflows driven by ra-
diation pressure but the numerical strategies adopted vary significantly between models,
making it difficult to find 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 specific aim to explore the role
of radiatively-driven outflows. The model consists of a disk of gas and particles fully
exposed to the AGN radiation field. The dynamical evolution of such a system is pre-
sented first 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 the CLOUDY 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 final morphology expected and offer 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 outflows observed in the UV is examined,
to test whether or not these kinds of outflows could actually represent different parts of

a single, multiphase outflow.

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 significant 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 Jefferson

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 field, 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 difficult 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 different 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), offering 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
differential 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 outflows. These processes
depend on the properties of the gas and the radiation field in a potentially complex way
and their detailed treatment is impractical and too time-consuming to be performed
“on the fly” 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
effect 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, Ho
abundances, intensity of the radiation source and density.

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

are incorporated in form of look-up table, based on a large grid of CLOUDY 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 the CLOUDY 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 puffed region
(see section 1.6.4), where the dynamics is dominated by radiation pressure effects. To
approach this problem we performed two separate sets of simulations. The first 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 effect 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 modifications 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 fluid 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 figure 2.1. The

@ Fluid particle inside kernel

w(lrg —r|, h)

O Fluid particle outside kernel

FI1GURE 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) = 3" W (=), ), (2.1)
i P

where the summation over j includes all particles in the simulation, Vj is the volume of
the particle j, A; 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 Fulerian methods which

Lagrangian SPH movement  mesh-based Eulerian movement
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O neighbourhood zone \_/trajectory of a particle

FIGURE 2.2: Difference between Eulerian and Lagrangian methods. Figure taken from
Gupte (2018).
are grid based methods. The main difference between the two methods is related to
time derivatives. In the Eulerian picture time derivatives are calculated at a fixed point
in the space, on the other hand in the Lagrangian description they are calculated in a
coordinate system attached to a moving fluid element. The Lagrangian derivative D /Dt

is related to the Eulerian derivative 9/9t by

D dzt O 0 0
Di-@ar TV Ve (2.2)
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where the term v - V 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 fixed 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 different, 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 fluid poorly!. In this particular context, the RHD model will not effectively
resolve low-density winds in the ionisation cone of the AGN. However, it will efficiently
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 VP

N el 2.3
Du P

- __ V. H 2.4
D1 pV v+ (2.4)

where P, p, u, and v are the pressure, density, internal energy, and velocity of the
fluid, g is the acceleration from gravity, a, is the radiative acceleration, and H is the

combination of all heating and cooling effects.

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

! Although in SPH there is no spatial resolution limit for the smoothing length, there is a fixed
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 time?. 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 effects of radiation (heating,
cooling, and radiation pressure) are pretabulated using CLOUDY (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 the CLOUDY 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 specified

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

cloud. These are:

The shape and brightness of the radiation field striking the cloud.

The total hydrogen density.

The composition of the gas and whether grains are present.

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®) + n(H") + 2n(Hy) + Y _ n(Hotper) cm > (2.5)

other

Unless otherwise specified 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 different 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 of CLOUDY 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 offering 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 field 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 flux-weighted opacities and optical depth

6. emissivities of two CO lines (CO(3-2) 866.727 pum, CO(6-5) 433.438 pm), two
HCN lines (HCN(4-3) 845.428 pm, HCN(8-7) 422.796 pm) and three vibrational
transitions of He (Ho (1-0) S(1) 2.121 pm, Hy (0-0) S(3) 9.66 pm, Hs (0-0) S(0)
28.18 pm)

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 field

The external radiation field is usually specified in CLOUDY with two different commands.
One specifies the shape of the incident radiation field. A second command will set the
brightness of the light. There are two ways to specify the brightness of the external
radiation field, 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 flux (erg cm~2s7!) striking a unit area of the cloud is

set. The intensity is defined by the expression

: (2.6)
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where F is the flux which is related to the total luminosity L by

L

with R being the inner radius of the cloud. The inner radius does not need to be specified
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 fix 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
flux of incident radiation: below a given value, dust grains can survive. This location
actually depends on dust composition and grain size, which is fixed in my case. In
my model T tabulate a total of 19 intensity values, starting from the intensity at the
sublimation radius. This has been determined by running several CLOUDY models with
fixed luminosity (I used Lagny = 2.2 x 10*® erg s7') and including differential dust
sublimation in the calculation. Then I looked for the distance of the cloud for which
the illuminated face is at Ty, ~ 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 first cell of the computation. The value obtained for the

incident sublimation intensity is Iy = 5.6 x 107 erg cm™2 s,

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 affects 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 of CLOUDY themselves suggest
adopting a different 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' = 10°° K and an X-ray to UV flux ratio -1.40. The slope of the Big Bump
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and the slope of the X-Ray component are left at the CLOUDY 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 units®, 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 by nyg, 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 density Ny in such a way that dNg = nyg dz, where dz
is the geometrical thickness of an individual layer. In my models I fix the maximum
column density to Ny=10?% 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 field. In some models the
temperature can go down to very low temperatures (10 K), and hence cannot converge
because beyond the CLOUDY default stopping criterion (4000 K). Then, all my models
include the CLOUDY command “stop temperature off” to switch off 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
specified, CLOUDY assumes solar abundances. In this Thesis, I use the ISM gas abun-
dances sets stored in the code, as shown in figure 2.3. Abundances are always specified

relative to hydrogen.

31 Habing unit corresponds to the integrated flux in the wavelength range from 91.2 to 111.0 nm of

1.6 x 1073 erg cm™ 2 5™ 1.
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FIGURE 2.3: The chemical abundances of the first 30 gas elements used in the pho-
toionisation computations.

Atomic number Element ISM abundances
1 Hydrogen H 1.00E+00
2 Helium He 9.80E-2
3 Lithium Li 540E-11
4 Beryllium Be 2.63E-11
5 Boron B 890E-11
6 Carbon C 251E-04
7 Nitrogen N 794E-05
8 Oxygen O 3.19E-04
9 Fluorine F 2.00E-08
10 Neon Ne 1.23E-04
11 Sodium Na 3.16E-07
12 Magnesium Mg 1.26E-05
13 Almunium Al 7.94E-08
14 Silicon Si 3.16E-06
15 Phosphorus P 1.60E-07
16 Sulphur S 324E-05
17 Chlorine Cl 1.00E-07
18 Argon Ar 2.82E-06
19 Potassium K 1.10E-08

20 Calcium Ca 4.10E-10
21 Scandium Sc 1.00E-20
22 Titanium Ti 580E-10
23 VanadiumV 100E-10
24 Chromium Cr 1.00E-08
25 Manganese Mn 2.30E-08
26 Iron Fe 6.31E-07
27 Cobalt Co 590E-09
28 Nickel Ni 1.82E-08
29 Copper Cu 1.50E-09

[}
o

Zinc Zn 200E-08
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2.4.4 Dust properties

I adopt the built-in interstellar medium dust grain model in CLOUDY including differ-
ential sublimation, added using the command “function sublimation”. The grain model
includes graphites and silicates covering a broad range of sizes, whose distribution is
described by the so-called M RN distribution derived by Mathis, Rumpl and Nord-
sieck on the basis of the observed interstellar extinction from ultraviolet to infrared
wavelengths (Mathis et al., 1977). The resulting distribution has a power-law trend

35 where n(a) is the number density of grains with radius a be-

following n(a) o a~
tween 0.005 < a < 0.25 pm. This broad size range is represented in CLOUDY by 10
log-equally spaced bins da of length 0.167 dex, meaning that it separately models 10
different optical properties for each graphite and silicates components, for a total of 20
grain species. Since the temperatures of the dust and mass ratio strongly depend on the
size, these two properties are calculated and saved by CLOUDY or each species and not
as a mean quantity. My goal is to have a single value of the dust properties as a function
of column density, so it can be tabulated. I have adopted two different procedures for
the dust temperature and the dust to gas mass ratio. For the dust to gas mass ratio, I
have simply computed the arithmetic mean. For the dust temperature, instead, I have

taken an area-weighted average over the entire dust population. Then I describe the

temperature for all the dust population by considering a single grain of average size

o [ma*a3%da | [ a%a=35da
T<a >—W = <a>= W (28)

This calculation gives < a >= 0.010 pm which falls in the second bin of the CLOUDY

grain species size array.

2.4.5 Cloudy tables

For our RHD simulations, I have produced three tables: a ‘dusty’ table, a ‘sputtered’
table, and a ‘high density’ table. The ‘dusty’ and ‘high density’ tables include grain
molecules, while the ‘sputtered’ table does not. The sputtered table is used for parti-

cles with temperatures 10° — 108 K, the ‘high density’ table is used for particles with
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temperatures 10! — 10 K and densities 10® — 10° cm™3, and the ‘dusty’ table is used
otherwise. I interpolate between the tables where appropriate. The high-density table
only contains cool-warm gas. Hot dense gas does not exist in the RHD simulations, and

it was difficult for the CLOUDY runs to converge at these high densities.

The main ‘dusty’ table includes 8 densities from 10° — 107 cm ™3, equally spaced in log
space. The temperature from 10' — 10° is tabulated in 20 log-spaced steps, with a
step size of 0.25 dex for logT < 5, and a larger step of 1 dex at higher T. Radiation

2571 in 17 equally log-spaced steps.

intensity is tabulated from 1025 — 1092% ergcm™
Each CLOUDY run outputs a large number of cells at different column density which we

interpolate to 256 log-spaced steps up to Ny = 10?6 cm=2.

In total I carried out and interpolated for tabulation ~ 4000 CLOUDY simulations,

covering each combination of intensities, temperatures and densities.

2.5 Cooling and Heating

In this section I will briefly outline the main heating and cooling processes included in
CLOUDY, with particular reference to the ones relevant to RHD simulations of the dusty
environment of AGN.

The balance between heating and cooling processes determines the temperature of the
interstellar gas. The temperature used to describe the gas is normally the kinetic tem-
perature of free electrons, which very quickly thermalize through collisions and setup a
Maxwellian velocity distribution. Heating is any process that gives energy to the gas,
increasing the temperature. Cooling is any process that removes energy from the gas,
lowering the temperature. This usually happens by radiative cooling. That is, photons
having an excess in energy will escape from the medium, therefore cooling it. Depend-
ing on the temperature, density, and ionisation state of a portion of the ISM, different

heating and cooling mechanisms determine the temperature of the gas.
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2.5.1 Heating mechanisms

In practice, the major heating mechanism in the ISM is any process that involves trans-
ferring kinetic energy to free electrons. These electrons quickly thermalize with other gas
particles through collisions, redistributing energy in excess and thus inducing heating.
Fast free electrons can be ejected from particles by a large variety of mechanisms. We

will outline the most relevant ones in the context of my cloudy models.

e Photoionisation: in this process, the absorption of a photon (typically UV) gives
rise to an electron with energy ' = Ephoton — Fionisation- Photons having energy
11.26< hv <13.6 eV are likely to ionise a carbon atom. More energetic photons
with hv > 13.6 eV will end up ionising the more abundant hydrogen atoms. This

method of heating dominates ionised regions having T ~ 10* K.

e Photoelectric heating by grains: this mechanism dominates the dusty ISM.
Similar to ionisation, the UV radiation can remove electrons from dust grains. This

method of heating is dominated by the smallest dust grains, since the distribution

2 1.5

of the grain areas a“n(a) o< a=°, and is typical in the cold neutral medium (cold
dense gas with T ~ 100 K) and the warm neutral medium (diffuse gas with T
~ 10* K). The photon is absorbed by the dust grain, and some of its energy is
used to overcome the potential energy barrier (the work function) and remove the
electron from the grain. The work function for a small dust grain is w ~ 5 eV.
Thus, photons having energy > 5 eV can eject photoelectrons from small dust

grains. The remainder of the photon’s energy gives the ejected electron kinetic

energy, which heats the gas through collisions with other particles.

2.5.2 Cooling mechanisms

e Cooling by interstellar dust grains: As well as a heat source, dust is also
an important coolant in the interstellar medium. Dust absorbs optical and UV

photons and re-emits in the infrared, contributing thereby to cooling.

e Cooling by electron-ion collisional excitation: Collisionally excited emission

lines is the dominant cooling mechanism in most regions of the Interstellar Medium,
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except regions of hot gas and regions deep in molecular clouds. It involves collisions
between one free electron and an ion to form a highly excited state. The excited
state can decay via recombination, emitting radiation which may escape the region
and thus cooling it. Some of the most important ions are O II, O III, N IT and N
I11.

Cooling by electron-hydrogen excitation: For high temperatures T > 10% K
loss by energy by excitation of neutral hydrogen is an important cooling mecha-
nism, especially the n = 2 level due to collisions of thermal electrons. The excited

atom decays, emitting a Lyman « photon.

Thermal Bremsstrahlung: this can be a significant coolant mechanism in an
ionised gas at T > 10 K. Free electrons are accelerated by charged particles,

emitting “braking radiation”.

Cooling by molecules: Collisional excitation and de-excitation of vibrational
and rotational states of molecules is an important cooling mechanism. The most
important molecules are Hy, HoO and CO. Molecular hydrogen is the most abun-
dant molecule and a dominant coolant for temperatures 10* to 10 K. Additionally,
Hs plays an important active role in fuelling a chemistry that provides molecular
coolants that are capable of cooling to the lowest temperatures, like HoO and OH.
It worth mentioning that Hs is a symmetric molecule and thus the vibrational or
rotational transitions are very weak and hard to observe. CO is the next most
abundant molecule after Ho, and an important coolant at temperatures T < 100

K.

2.6 Radiative acceleration and opacities calculations

The radiative acceleration and opacities are an essential ingredient to determine the

amount of energy deposited into the illuminated gas, and thus characterise its dynamical

evolution. One issue I encountered using CLOUDY is that code does not isolate the

AGN radiation from the re-radiation of the hot gas, while the RHD model requires the

contribution to the acceleration and opacities of the central radiation source only. In
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addition, opacities are saved as a function of frequency for the last computed zone, while
the RHD model needs a frequency integrated value as a function of column density or
depth into the cloud. Nevertheless, I worked out an effective solution to tackle these
problems. There is a command in CLOUDY that saves the continuum volume emissivity,
as well as the local absorption and scattering opacity (in cm™!), as a function of depth
into the cloud (in cm). The opacities printed out are the total gas and dust opacities,
which incorporate anisotropic scattering factors for dust. However, this works for a
specific frequency only, out of the total 5277 frequencies values in CLOUDY (version
c17). Therefore, the only way to generate tabulated opacity data for each zone is to call
this command 5277 times, i.e. for every single frequency. To do so, it was necessary to
modify the source code in order to extend the code capabilities and save more than the
default limit of 100 outputs at once. Once all the CLOUDY and system extensions have
been properly set, it is possible to extract all the properties of the incoming AGN flux

explicitly.

First, I generate an optical depth table as follows

T(v,r=7) = / Eaps(V, 1) + kscat (v, 1) dr (2.9)
0

where 7 is the specific zone at which the optical depth 7 is evaluated and kyps and kscqt
are respectively the absorption and scattering opacities as printed from CLouDY. The

result is a two-dimensional matrix of the form

Trovo " Trovn

Try =

T”’m vo e T”’m Un

where the subscript m represents the number of zones, which is actually dependent on
the CLOUDY model, and v, are the number of frequencies. Table 2.1 shows the resulting
m X n optical depth matrix. The result is an array showing the opacities for each zone
into the cloud and for each frequency. For simplicity, I define kior = kaps + Kscat- Notice
that the first zone has always 7,,, = 0 since the integral f;;o dr = 0. This is also

consistent with the fact that the first zone corresponds to the illuminated face of the
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cloud, so the continuum must correspond to the incident continuum.

Try
140] %1 - UN
To 0 0 PN 0
r1 f;;l kot (vo, 7)dr f;;l kot (v1,m)dr ... f;;l kot (vn, 7)dr
Tm f;;m kot (vo, r)dr fr " kot (1, 7)dr ... f " Kot (U, 7)dr

TABLE 2.1: Array created to compute the optical depth as a function of frequency and
distance from the AGN.

Using the matrix 2.6, we calculate the attenuation of the incident continuum I, (rg) as

I, =1,(ro) e . (2.10)

)

The expression above corresponds to multiply two-dimensional matrices for each fre-

quency and radius as follows

T
IT‘(),V()
G_TT'OVO . e_TT'OV’Vl
I7'07V1
Ir,l/ = : . : (211)
eiTTmVO e eiTTmVn
IrOvVn

This allows to extract the emergent continuum for each zone and each frequency. I note
that what CLOUDY indicates as intensity is actually I, croupy = V1, so all the values

need to be scaled by the frequencies.

The RHD model needs a flux weighted average for both absorption and scattering opaci-

ties, as well as for the optical depth. Hence, using the intensity matrix 2.10, we tabulate



Chapter 2 Photoionisation in the Radiative Hydrodynamics model 47
both absorption and scattering opacities as
f kry 1y, dv
< kp >="—F7—""1— 2.12
" [ I.,dv (2.12)
and the flux weighted optical depth as
< T >=< kgpsr > + < kscaty > . (2.13)
Then, I tabulate the radiative acceleration as follows
1
a(r)rad = p / (ktot (v, 1) + kscat (v, 7)) Tl (r,v)dy . (2.14)

The radiative acceleration, the intensity mean opacities, the total optical depth and the

intensity of the AGN radiation for each zone of the cloud have been interpolated and

added to the gas and dust properties tables that form the basis of the RHD simulations.

2

Dust temperature (K}

.7 Interpolation method

Interpolation by radiation intensity
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FIGURE 2.4: Example of interpolation using the radiation intensity trends for non-

converged CLOUDY results at high density and low gas temperatures. Here it is shown

the dust temperature profile at different radiation intensity for the case ng = 106 cm=3
and Tgq,=10 K.

logql (ergem=2s71)
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Each CLouDY simulation produces a different number of zones, depending on the specific
model. Thus, the quantities relevant to the RHD simulations need to be interpolated
to a fixed column density grid. This grid has been chosen by looking at the typical
number of zones and spacing that most CLOUDY calculations produce. Specifically, 1
took the column density grid of a model having density 10?> cm™2, radiation intensity

2 571 and temperature 10 K. This corresponds to 594 number of zones

1077 erg cm™
up to column density 1026 cm~=2. The interpolation has been performed with a spline
function and subsequently smoothed using a Savitzky-Golay filter. The Savitzky-Golay

filter is a commonly used smoothing method performed by approximating sub-sets of

adjacent data points by a low-order local polynomial, using a moving window technique.

I noticed that CLOUDY not always produces converged results at high densities, low
temperatures and low radiation intensity regime. For a few of these non-converging
models, I have used version ¢13 of CLoUDY. This version includes less chemical reactions
with respect to the latest CLOUDY version c17, allowing to complete the simulations in a
reasonable time. However, the most common problem characterising the high densities,
low radiation intensity, and low temperatures regime in the CLOUDY simulations is the
fact that the simulation stops at very low column density values. In this case, I have
extrapolated the results by interpolating back from either the high temperatures or the
high radiation intensity results. An example of the interpolation method adopted is

shown in figure 2.4.

2.8 Key foundations of the RHD model - Summary

The previous sections have covered in detail all the assumptions forming the basis of
the RHD model. Before moving to the actual simulations results, it useful provide a

summary of the key foundations of the model:

e The RHD code implements SPH, a particle-based Lagrangian formulation of hy-
drodynamics, and uses the Barnes-Hut algorithm to group nearby particles and
approximate them as a single body, hence reducing the number of pair interactions

and speeding up the simulations.
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e Self-gravity is included, which can produce gravitational instabilities. The simu-

lations also implement a supernova feedback model.

e The central AGN engine is assumed to be the only (non-background) source of
radiation, neglecting the contribution from the IR radiation pressure. The AGN

flux is assumed to be anisotropic.

e The model implements a raytracing algorithm that calculates the optical depth
between the central AGN and each gas particle. The internal properties of the gas
particles and most of the details of radiative transfer are pre-calculated using a

suite of CLOUDY models.

e The CLOUDY models include an AGN SED, a constant stellar background of
1000 Habing units, ISM gas-phases abundances, a dust grain model that includes
graphites and silicates with sizes following the MRN distribution, and extinction

from dust and gas (including molecules).

2.9 Small-scales RHD simulations

This set of hydrodynamic simulations have the specific aim to model the parsec-scales
dynamics of the dusty disk, to ensure maximum resolution of the wind generation and
its properties. For its computational cost, only the radiation pressure coming from the

AGN is considered.

The AGN flux is assumed to be anisotropic, following

L
472

F(r,0) = £ (2.15)

where L is the luminosity of the AGN, r is the distance from the AGN, @ is the angle

from the polar axis of the AGN, and the asymmetry function f(6) is defined to be

1+ acosf + 2a cos? 0
f(0) =
1+ 2a/3

(2.16)
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where a = (1, —1)/3, introducing the parameter 7, as the “asymmetry factor”, equal to
the ratio between the polar flux and the equatorial flux. This is an arbitrary generalisa-
tion of the “classic” angle-dependence of Netzer (1987a), to account for deviations from
perfect limb-darkening of a geometrically thin disk. This chosen generalisation produces
only a small variation in polar flux with 7,, despite a large variation in equatorial flux.
The asymmetry factor 7, is not well constrained by observations, and strongly depends
on the model assumed for the accretion disk and corona. It is likely to vary by wave-
length, as emission from the corona should be more isotropic than emission from the
accretion disk. In the RHD model, 7, is assumed for simplicity to be independent of
wavelength, as this allows to assume a constant SED before extinction is included. 7,

is a free parameter and varies between the simulations.

2.9.1 Results

All of the runs follow a similar evolution, and so here I present as an example the
properties and evolution of a model where A = 0.01, 1, = 10% which is shown in figure 2.5.
The gas disk remains thin and cool, because the heating from the AGN is deposited only
in a thin skin at the inner edge of the disk, and is not re-radiated inwards. Gravitational
instabilities are visible as ring and spiral patterns, but these do not significantly thicken
the disk. Instead, my cooling function causes these overdensities to cool further, and

sometimes to collapse and form stars.

The thin skin region on the inner edge of the disk receives strong radiation pressure in
addition to heating, causing the inner gas to be pushed outwards as a warm wind. The
thermal pressure of the gas pushes it vertically, thickening the outflow. Although the
gas of this wind reaches temperatures of 10% —10* K, the dust component is significantly
cooler, and is not destroyed by sublimation or sputtering. The opacity of the gas there-
fore remains large, and the gas continues to be pushed outwards. Overall, the outflow
produced is more radial rather than polar. It is likely that the inclusion of re-radiation
of infrared radiation between gas particles would provide an additional vertical force

through radiation pressure (see the next chapter).
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FIGURE 2.5: Figure taken from Williamson et al. (2019): Evolution for 1, = 10? and
Agdaq=0.1. Left: face-on and edge-on mass weighted mean densities. Right: face-on
and edge-on mass-weighted mean temperatures.

The inner radius of the disk slowly expands throughout the simulation. This is partially a
result of the inner edge of the disk being ablated through heating and radiation pressure,

but is also a result of the net momentum deposition on the disk as a whole from radiation

pressure. Most of the deposited momentum is carried off in the wind, but some is

transferred to the bulk of the disk, pushing the disk outwards.
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FIGURE 2.6: Figure taken from Williamson et al. (2019). Outflow rate varying the
anisotropy factor 7, and the Eddington ratio, denoted here as ygqq4.

2.9.1.1 Effect of anisotropy

A number of simulation parameters are varied between the runs. In figure 2.6 is shown
the dependency of the mass outflow rate on the anisotropy factor and the Eddington
ratio at t = 2 kyr. The mass outflow rate is defined as the rate at which gas particles join
the wind, i.e. reach a velocity greater than the escape velocity from the gravitational po-
tential within 5 pc. This cut-off radius is used so that particles that join the wind earlier
in the simulations do not affect the results. Considering the runs varying the Eddington
ratio it is shown that a greater Agqq produces a higher mass outflow rate, following a
power-law trend with index ~ 0.8. More critically, it is found a strong dependence of
the mass outflow rate on the anisotropy, showing a power-law trend with index ~ 0.4.
Here, the more isotropic the radiation field the more flux enters the equatorial plane
of the disk, blowing out the wind more rapidly. This demonstrates that the anisotropy
factor should not be neglected when studying the wind evolution, as the sensitivity of
the outflow rate is of similar strength to the sensitivity of the Eddington factor, within
a factor of 2. Additionally, in Williamson et al. (2019) it is shown how both anisotropy
and Eddington factor are equally important in shaping the wind. As expected, at lower
anisotropies the wind is pushed outwards more radially, because the radiation pressure
increases while the gas maintains a similar thermal pressure. Similarly, at higher Ed-
dington ratio the gravitational potential remains the same, while the radiation pressure
is higher and the outflow becomes more radial. This again emphasizes the importance

of the anisotropy factor, which can have a dramatic effect on the outflow properties as
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much as the Eddington ratio.

2.9.1.2 Obscuration properties

- a2_e01
It : a2_e01_SN100
\ —— a2_e01_SN1000

t= 9.78 kyr

¢ ()

FIGURE 2.7: Figure taken from Williamson et al. (2019). Mean column densities at t
= 9.78 kyr as a function of inclination from the disk plane ¢.

One question that might arise is whether or not the wind produced by the simulations
respects the toroidal obscuration properties required by AGN unification theories. The
column density for each angle can be calculated by tracing rays from the center of
the simulation outwards, and summing the contribution to column density across all
particles that intersect the ray. The mean, maximum, and minimum of each set of rays
for all runs at t = 9.78 kyr are plotted in Figure 2.7. The runs including supernovae
feedback are labeled using SN in the naming scheme. Supernovae do have an effect
at more polar angles, propelling small amounts of gas and dust to large heights about
the disk. However this effect does not greatly change at lower inclination. Overall, the
simulations all have remarkably similar column density profiles, with differences between
runs appearing for a very small amount of the gas. It is noticed that the obscuration
produced is not enough to represent the thicker ‘torus’ we expect from the high covering
fractions found in observations. This provides additional support to the idea that the
infrared radiation, not included in the RHD model, could be a necessary ingredient to

puff up the torus and get the extinction required by AGN unification.
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2.9.1.3 Kinematics
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FIGURE 2.8: Figure taken from Williamson et al. (2019). Mass-weighted mean ve-

locities of dust and gas temperature above and below threshold temperatures, for run

having 7, = 102 and Aggq = 0.01 at t = 1.96 kyr. Left column: face-on view. Right-

column: azimuthally wrapped view. The color-map gives the magnitude of the velocity,
and the streamlines give the direction.

With the aid of phase plot diagrams, it has been shown that the disk phase can be isolated
by applying cuts using either gas or dust temperature. Ty = 100 K and T, = 1000 K
have been selected as threshold temperatures. The plot the velocity of gas above and

below these thresholds is shown in figure 2.8. Both the gas and dust temperature cuts
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select qualitatively similar velocities, which is expected as there is a correlation between
dust and gas temperature, at low gas temperature. Material with temperature below
either cut shows strong rotation, while material above either cut is strongly outflowing.
This suggests that observational tracers of hot/cold gas will respectively trace hot/cold
dust and vice versa, and that tracers of hot material should observe outflowing gas, and

of cold material should observe indicators of rotation.

2.10 Large-scales RHD simulations

The large-scale simulations are presented in Williamson et al. (2020). It is a comple-
mentary work of Williamson et al. (2019), extending the parsec scales model to a larger
physical domain, 1-100 pc, so that results can be directly compared to observations,
specifically to the large-scale images obtained with ALMA (see section 1.6.2). This ap-
proach can furthermore provide insights into whether or not the diversity of small-scale
simulations leads to a diversity of large-scale outflows scenarios. At the same time,
it tests the outflows geometries invoked by radiative transfer to explain the observed

spectra.

Like the first small-scale model, the basic dynamical picture is a dusty gas disk, impacted
by the radiation pressure of an AGN that emits anisotropically. In this set of simulations,
the scales at which winds are produced are now unresolved and the wind is artificially
injected in the inner regions. The dynamical evolution of the dusty disk is modeled using
the SPH method described in section 2.2.1 and the set of CLOUDY models described in
section 2.4. The main difference with respect to the small-scale model is the wind
injection model and the inclusion of sub-grid physics. The generation of the wind is
based on a number of parameters. These are the mass generation rate, the initial
radial velocity, the radius where winds are injected, the inclination of the center of
the generation region and the (unresolved) wind launching radius. The sub-grid model
corresponds to the unresolved “inner torus” region where internal radiative transfer

effects (such as vertical support from infrared radiation pressure) are more significant.
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Sub-grid extinction is assumed to be axisymmetric. The optical depth follows a split

linear function. This is given by:

0 — ¢/aE ¢ < or
- (2.17)

0 — ¢r/ag — (¢ —ér)/Be ¢ > o1

where 79 is the optical depth along the inner torus plane, ag is the optical depth slope
for the dense equatorial part of the inner torus, Sg is the optical depth slope for the
higher inclination region of the inner torus, and ¢r is the inclination of the transition
between these two regimes. This type of profile is produced in the small-scale simulations
(see figure 2.5). The parameters are adjusted to represent the thicker ‘torus’ we expect
from infrared radiation pressure, using a larger ¢ and a lower ag than predicted by

the small-scale model where infrared radiation pressure is not included.

2.10.1 Results

The simulations are performed varying a number of parameters between runs, specifically
the anisotropy of the input radiation field, the sub-grid extinction profile, the wind mass
input rate, the initial velocity of the input wind, and the range of inclinations of wind

particles.

The ensemble of runs which has been performed shows that the polar extended infrared
emission is almost ubiquitous, as inferred by observations (Asmus, 2019). Figure 2.9,
2.10 and 2.11 show the typical evolution of the wind. An outflow can evolve into a
polar wind after being accelerated by the anisotropic radiation of the AGN accretion
disk. Provided the initial outflow speed does not vastly exceed the escape velocity, the
equatorial component of the wind tends to ‘fail’, as it receives less radiation pressure
from the accretion disk. The gas flows can penetrate each other as the wind falls back
down to the disk, forming clumps. The vertical component always persists, even with
near-zero initial outflow speeds. Vertical winds therefore do not strongly depend on the
initial wind launching mechanism, and polar extensions of dusty gas should be expected

to be common. The wind evolves into a hollow-cone structure, consistent with the
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FIGURE 2.9: Evolution of azimuthally averaged velocity fields of four sample full-scale
runs. Figure taken from Williamson et al. (2020).
assumptions made from RT models of observations, providing justification for the use
of disk+wind geometries invoked to explain the observed IR emission. The cone has a
parabolic shape, while some RT models imply a hyperbolic structure (Stalevski et al.,

2019), which may require the inclusion of infrared radiation pressure from the AGN’s
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dusty disk to be produced. The velocity maps of the simulations are complex, even
when the simulation geometry is fairly simple. From the plot of the mean line-of-sight-

velocities (figure 2.12) it is possible to note apparent ‘counter-rotating’ features, as found
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in observations. However, it is noted that there is no a real counter-rotating component,

as this results from inflows superimposed on outflows through the line-of-sight.
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FIGURE 2.12: Mean los velocities at t = 2 Myr. Figure taken from Williamson et al.
(2020).

2.11 Coolants in the small-scales simulations

The goal of this section is to highlight one powerful application of the CLOUDY tables
I produced for the RHD model, in a context non exclusively relevant to hydrodynamics
simulations. In the following, I use the CLOUDY tables to predict the dominant coolants
emerging in the dusty environment of AGN.

The calculations use the small-scales RHD to select the range of physical conditions
relevant to the disk and wind phase. Specifically, they consider the typical density,
temperature and column density characterising SPH particles at a given radial distance
from the AGN. This set of parameters allows finding the corresponding CLOUDY run
and search for the dominant coolants in the output file.

Figure 2.13 summarises the result of this study with a schematic diagram on the top to
facilitate the reading. Note that the labels in the legend are generated by the CLOUDY
code, and hence it follows its naming convention scheme as specified in the caption.

To perform the calculation, I adopt a polar coordinates system and the cooling contri-
butions in the radial direction are averaged in thin angular slices. It worth noticing that
the cooling contribution is not necessarily associated with a strong line emission, as the
number of particles used to compute the mean varies in each point, with a higher concen-
tration in the innermost regions. I use the run ‘a2_e01’ of the RHD model and focus the
analysis on the central pc. The domain of the polar coordinate 0 is 0° < 6 < 12° where

f = 12° is the maximum angle reached by SPH particles for this particular simulation.
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FIGURE 2.13: Dominant coolants in the wind launching regions with a schematic di-

agram at the top showing the calculation setup. Here, the labels in the legend are

generated by reading the output from CLOUDY and hence following its naming conven-

tion scheme. This means that names such as “S2”, “O2”, etc. denote single-ionised
species (S II, O 11, etc.), while “C17, “O1”, etc. denote neutral species.
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Each row in the figure shows the average contribution of different coolants, and each
colored area corresponds to a different cooling agent. The bigger the area, the bigger
the contribution. The total of the stacked areas is always 100%. Contributors fainter

than 0.05 of the total are grouped under the label “other”.

2.11.1 Dominant coolants in the disk and fallback region

The bottom chart of figure 2.13 shows the major coolants in the disk and fall-back region
- i.e. the gas which has been blown out of the system is falling back inward, forming
a fountain or failed wind (see also Honig, 2019). Their separation is highlighted by a
dashed black line. Dust represents the major coolant in the inner sublimation region
1-5 rgup (r<0.3 pc). There is also a significant contribution from free-free emission at
the inner edge together with OH, OH™ and S II. This is the densest region and there
is some contribution from molecular species, Hy and HoO. Molecular hydrogen becomes
dominant in the outer part of the disk r 2 0.3 pc (r 2 5 rgup) where the density is slightly
lower density and the temperature hotter. Significant coolants in the outermost region
of the disk are hydrogen (labelled under “ISclinHH”), S 1T and C 1. Hydrogen becomes
the dominant coolant in the hotter and less dense fallback region, although there is a
persisting important contribution from S 1I. Additional contribution to the cooling is

provided by S IIT and other low-ionisation species such as O 11, N 1T and Mg 1I.

2.11.2 Dominant coolants in the wind and disk-wind transition region

Although there are some key trends, separating the outflow from the disk component
is not straight-forward. The transitional region is most likely to lie in the region 3° <
f < 6°. This region presents a coherent significant contribution from S 1T and S TII.
Cooling from dust is confined to the innermost region, while hydrogen becomes the
most important coolant at larger distances. Minor contributions come from O I, O II
and N II. The wind layer 6° < 0 < 9° keeps featuring a strong contribution from the
sulphur lines, S 1T and S III. In contrast with the transitional region, O IT and N II become
now the dominant coolants and the dust contribution is not confined to the innermost

region, but remains significant throughout the outflow. Line cooling from hydrogen in
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this region is still very prominent. This trend does not significantly change in the last

layer of the wind, except for the hydrogen contribution which decreases drastically.

2.11.3 Discussion

The inner part of the dusty molecular disk has a strong contribution from dust. This
region is also characterised by the largest number of particles so it is likely associated
with a strong infrared emission and hence radiation pressure. Even if the infrared re-
radiation is not included in the RHD simulations, this will tilt the wind more in the
vertical direction, as shown in the next chapter. At r~5 rq,, the dominant coolant is
represented by Hs. The hotter temperature and lower density will possibly provide a
higher scale-height for Hy, as observed in (Honig, 2019). The properties of the fall-back
region are still not very well known, so it is interesting to discuss these as well. The
density and temperature of this region are similar to the ones found in the wind, except
that the column density is higher. As a consequence, the coolants in this region are
also present in the wind, most noticeably S 11, S 111, O 1I and N II The only difference
from the wind is the contribution to the cooling from Mg IT which is coherently present

throughout the fall-back region.

2.12 Summary and conclusions

I presented a new three-dimensional radiation hydrodynamics model of a dusty gas disk
fully exposed to an AGN source, giving detail of how I contributed to the research work.
The model considers only the radiation coming from the central AGN, neglecting the
IR re-radiation. The dynamical evolution has been presented first in the small-scales
regime (~ 1 pc), where the wind is produced, then in a larger scales model (~ 1-100 pc)
where results have been compared to observations. The RHD code implements SPH,
a particles-based Lagrangian formulation of hydrodynamics, used for the first time in
simulations of AGN dusty tori. This numerical method has the ability to provide very
high resolution in dense regions while simultaneously capturing large length scales accu-

rately. In the RHD code, a number of physical properties such as radiative accelerations,
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flux-weighted opacities, and radiative heating and cooling rates are calculated with a
series of CLOUDY models, which I designed and tabulated for interpolation in the sim-
ulation. This represents my main contribution to the RHD model. It has involved
learning to work with the CLOUDY software, finding strategies when a physical property
requested by the RHD code is not explicitly printed out (as in the case of the radiative
accelerations and opacities) and working out the best interpolation method to deal with
non-converging solutions.

Here I summarize some of the key findings from both the small and large-scales RHD

model.

e The small-scales RHD model produces a two-phase structure consisting of a hot
outflowing component and a cool rotating component. The hot/cold gas compo-
nent corresponds to the hot/cold dust component, although the gas temperature
is hotter than the dust temperature. This suggests that observational tracers of
one species (gas or dust) in a certain temperature range (hot/cold) will also trace

the other species (dust or gas).

e At constant luminosity, the anisotropy of radiation field is the key factor in gov-
erning the dynamics of the outflow and the disk is the flux in the plane of the
disk. This emphasizes the importance of constraining the anisotropy of the radi-
ation field of the central engine of the AGN - the outflow rate is sensitive to the

anisotropy factor almost as much as it is sensitive to the Eddington factor.

e In the small-scale model, supernovae only have a modest effect in increasing the

covering fraction of the wind.

e In the large-scale model, polar extended infrared emission results to be almost
ubiquitous. An outflow can evolve into a polar wind after being accelerated by
the anisotropic radiation of the AGN accretion disk. Provided the initial outflow
speed does not vastly exceed the escape velocity, the equatorial component of the
wind tends to ‘fail’, as it receives less radiation pressure from the accretion disk.
The vertical component always persists, even with near-zero initial outflow speeds.
Vertical winds therefore do not strongly depend on the initial wind launching

mechanism, and polar extensions of dusty gas should be expected to be common.
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e The large-scale model produces a hollow-cone structure, consistent with the results
from RT models of observations. Overall, the large-scale 3D RHD simulations
provide the physical justification for the use of disk+wind RT models that show a
universally better match to the observed SEDs and interferometry than classical

torus models (Honig and Kishimoto, 2017; Stalevski et al., 2017, 2019).

e The velocity maps of the simulations are complex and simulations reproduce

‘counter-rotating’ features, as found in observations (Impellizzeri et al., 2019).

Both small and large-scale simulations results emphasise the importance of IR the radi-
ation pressure in shaping the appearance of the outflows to match observations. I will

address this topic in the next Chapter.

Finally, I demonstrated how the use of my CLOUDY can be extended beyond the RHD
simulations. In particular, I determined the dominant coolants emerging in the dusty
environment of AGN and discussed properties of regions that are still not very well

known, as the wind fall-back region.






Chapter 3

The role of infrared radiation

pressure in shaping dusty winds

in AGN

“Most of the fundamental ideas of
science are essentially simple, and
may, as a rule, be expressed in a
language comprehensible to

everyone.”

Albert Einstein

This chapter is based on my first author paper Venanzi et al. (2020) I conceived, carried

out, and wrote up all the work myself.

3.1 Overview and Context

The RHD simulations only consider the central AGN engine as source of radiation and
neglect the effect of the IR emission by dust. The reason behind this choice is the
noticeable computational cost that the inclusion of the IR re-radiation involves. Only
very few groups have attempted to include an approximate form of the IR re-radiation

67
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(Dorodnitsyn et al., 2016; Chan and Krolik, 2016). In this section I lay out a simplified
semi-analytical framework to calculate the effect of infrared radiation pressure on dusty
gas. [ assume the gas to be clumpy and treat the clumps as “test particles” with
physical properties obtained by photoionisation simulations. This approximation allows
to characterise the role of IR radiation pressure on the distribution of material around
the AGN. The simulations include a treatment of gravity, radiation pressure from the
AGN and the re-radiation from the hot dust itself using an ad-hoc geometric setup.
The goal is to reproduce qualitative and quantitative properties of the dusty region and

compare them to observations

3.2 The model

In this section I lay out my analytical framework to quantitatively assess the spatial
distribution of the forces acting in the parsec-scale dusty environment of an AGN. The
basic setup of the model is shown in figure 3.1. In the following, I consider a geometrically
thin disk consisting of dense clumps of gas and dust. The physical properties of these
clumps are inspired by Namekata et al. (2014), who performed RHD simulations of
gas clouds exposed to AGN radiation. It has been shown that dust clumps or clump
fragments can survive under such extreme conditions if they have hydrogen density
values in the range 10%° - 10® cm™3. Throughout this work, I assume a hydrogen
number density of ng = 107 cm™3.

I consider column densities from 10%? to 10?4 cm™2. The lower limit of 10?2 cm™2
corresponds to the regime where 7n7p ~ 1, which is a condition required in order
to have effective infrared radiation driving (Krolik, 2007, and references therein). 1
stop at N = 10?4 ecm~2 because any larger column density value cannot be efficiently
accelerated by the radiation pressure and would exhibit similar behaviour to Ny = 10%*
cm 2, as we shall see below. Under these assumptions, I then consider the radiation
and gravity force terms acting on individual clouds that sit at a certain distance from

the AGN and the disk. Each of these clouds is approximated as a dusty test particle,

and so I will use the terms “cloud” and “dusty particle” interchangeably.
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FIGURE 3.1: Schematic setup of the model. The main two components are the AGN
and the dusty disk, both generating a radiation pressure on a dusty cloud and acting
against the gravity force of the AGN.

3.2.1 AGN radiation field

The most dynamically important component of radiation transfer in a dusty environment

is the absorption of strong optical/UV radiation from the accretion disk by dust.

A radiation field with a given monochromatic flux F,, at frequency v exerts an accelera-
tion k, F) /c, where k, is the opacity with dimensions of area per unit mass. For a cloud
sitting at a certain distance d, the monochromatic flux has the form

LacNyw
F, = .
47 d?

(3.1)

where Lagy is the bolometric luminosity of the AGN. Then, the net acceleration expe-

rienced by the cloud is
fOUV kyLAGN;VdV
4med?

AACQN = (3.2)

where OUV denotes the optical/UV frequencies range of interest here. In a dense cloud
dust and gas are tightly coupled via collisions, so that the radiation pressure force on
the dust will be transferred to the cloud as whole. Accordingly, I treat the cloud as
a single entity and further approximate the frequency-dependent opacity as the entire
opacity of the cloud. If the cloud has radius R, and mass m¢, then the opacity of the

cloud k¢ can be expressed as
WR?I

mel

ko = (3.3)

i.e. the cloud geometrical area divided by its mass. Therefore, Eq. (3.2) reduces to

Lacn

tred? (3.4)

arcN =k
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allowing a direct proportionality between the radiative acceleration from the central
AGN and its total luminosity. The cloud mass m. can be written as m¢ = man%WRg’l,
with ng being the hydrogen number density of the cloud. At the same time the radius

of the cloud R can be estimated as R¢ = Ny/2ny. Then,

31
= 2mp Ny

(3.5)

3.2.2 Gravity

The gravitational acceleration has the same d~2-dependence as the AGN radiation pres-
sure, but pointing in the opposite direction, i.e. towards the central black hole. There-
fore, it is convenient to express these two kinds of central forces in terms of their strength

ratio.

In doing so, I recall some important classical definitions I defined in section 1.2. One
is the Eddington limit, defined as the luminosity capable of balancing the gravity of a
mass M

1

LEdd == 47('CGME . (36)

For a fully ionised gas, the opacity k can be expressed as k = or/mp, where o is the
Thomson cross section. Also, I assume that gravity is dominated by the black hole mass

so that M = Mpgy. Then, one can introduce the Eddington ratio

Laan
Lgaq

)\Edd = (3.7)

allowing to express the ratio between the AGN radiative acceleration and gravity as

GAGN _ 3 ARdd
ag 2 orNg

(3.8)

This relatively simple equation highlights one fundamental point: clouds in the force field
of an AGN are accelerated in a way that depends only on the ratio )‘Jf}% (for optically
thick clouds that are only partially ionised). In particular, the more powerful the AGN

(i.e. the higher Agqq), the more likely it is to drive a wind. Second, the more material
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sits in the cloud (i.e. the higher Ny), the less prone is the cloud to be uplifted, being

more subjected to gravity.

With the use of Eq. (3.4) and Eq. (3.8) we can start to visualize the field of the AGN.
Figure 3.2 shows the resulting distribution in a 2D grid in the plane above the disk.
The disk is traced by the grey area and each point in the grid represents a dusty cloud.

2

The acceleration in cm s™* experienced by this cloud is displayed by varying its column

density Ny and the Eddington ratio Agqq of the AGN system.

Using the fact that the flux at the sublimation radius rg,p is constant (Ivezic and Elitzur,
1997), all the distances are scaled with respect to 74y, allowing us to make my model

actually independent of the luminosity.
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FIGURE 3.2: Spatial distribution of the optical/UV radiative + gravity acceleration
field in the plane perpendicular to the disk, traced by the grey region.
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3.2.3 The disk model

I assume that the AGN is surrounded by a geometrically thick dusty disk, as suggested
by the disk+wind model (Honig and Kishimoto, 2017). The disk absorbs the OUV
radiation from the central AGN and re-emits in the IR. I will focus my treatment on the
immediate environment close to the sublimation temperature as this is the region where
the dust is hottest and has the greatest flux. Lower local temperatures and obscuration

will significantly reduce the effect of the infrared radiation pressure at larger scales.

3.2.3.1 Temperature profile

Following Honig and Kishimoto (2011), the luminosity absorbed by a dust grain at a

distance r from a source of radiation is

Laps = 16WT2QabS;P(T)O'SBT4 (39)

where the Qaps:p(T) is the plank mean absorption efficiency. For astronomical dust,
the latter has a temperature power-law in the infrared of the type Qabs;p(T) o T,
For clouds directly exposed to the AGN radiation pressure, I can solve for the grain

temperature and obtain

T(r) = Tsub ( : >_2/5.6 (3.10)

T'sub
3.2.4 Opacities

In order to derive the infrared emission from the disk, it is necessary to know the opacities
of the dusty clouds. For this, I used again the photoionisation code CLOUDY. For the
input spectra I adopted a modified version of the AGN CLOUDY’s built-in command, as
in Williamson et al. (2019). The intensity assumed is the intensity at the sublimation
radius. This has been determined in the same way I did in section 2.4, i.e. by running
several CLOUDY simulations with fixed luminosity (I used Lagn = 2.2 x 10*3 erg s71)
and finding the distance of the cloud for which the illuminated face is at Ty,;, = 1750 K,

characteristic of large graphite grains. The value obtained for the incident sublimation
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intensity is Iy = 5.6 x 107 erg cm™2 s~!, corresponding to a sublimation radius of

Tsub = 0.03 pc. Once the shape and intensity of the incident radiation field has been set,
I vary the column density of the illuminated medium and obtain the corresponding set

of opacities.

3.2.5 Obscuration

Assuming that the disk is clumpy, I can use the formalism of Nenkova et al. (2002) to

address obscuration affecting its re-emission.

For simplicity, I assume that all clouds are identical with constant hydrogen density

3 varying only the column density for each model. My disk extends from

ng = 107 cm™
Tsub tO the outer radius roy; (in units of rg,p). The number of clouds per unit length
Nc(r, z) can be expressed in a cylindrical coordinate system with separable functions of

the vertical height z and the radial distance r. The resulting distribution has the form
Ne(r, z) = Cn(z) Nor ™1 (3.11)

where C = 1/Inrqy is a normalization constant, Ny is the number of clouds along the
equatorial plane of the disk, and 7(z) represents the vertical distribution of the clouds.

The latter is assumed to have a smooth boundary in a form of a Gaussian as
n(z) = e = /20 (3.12)

mimicking an isothermal disk. To minimize the number of free parameters, I have
explicitly fixed the radial power-law exponent to —1, Ng = 7, rout = 30 rqup and H =
0.3 7sup - This choice will not affect the general conclusion I am driving. If I define
N (s,, s) = fssl Ncds, the probability that a photon travelling from s’ to s is absorbed
through his path will be then Py =~ exp(—AN'1,) for an optical depth 7, < 1 (such
as infrared photons) and P ~ exp(—A) in the opposite limit 7, > 1 (UV photons).
It means that the radiative acceleration acting on a cloud will be modeled differently

depending on wavelength.
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On the scales I am considering, I will assume that most of the emission and obscura-
tion originates from large grains as implied by observations and modeling of the dust
sublimation region (e.g. Kishimoto et al., 2007, 2011a,b; Honig and Kishimoto, 2017;
Garcia-Gonzélez et al., 2017). Thus, within the clumpy disk, the radiation is absorbed

according to

arcN — aacy eV

(3.13)

Qir — Qi 6—0.1/\/

The factor of 0.1 for a; accounts for the fact that the opacities of large grains (about
lpm in size) in the near-IR are typically about a factor of 10 lower than in the op-

tical/UV regime. Accordingly, the temperatures profile will be modified as T'(r) =

7gub ( -

Tsub

-2/5.6
) e~ N/56_ The resulting curve is displayed in figure 3.3. It presents a

sharp drop after 5 rqyp and is nearly constant throughout the rest of the disk.

1750

1400

1050

T IK)

700

350

0 5 It 5 P 5 n
% Tsun

FI1GURE 3.3: Temperature variation inside the disk accounting for self-shielding.

3.2.6 The infrared radiation field

Given the disk geometry of the emitting medium, one expects to break the radial sym-
metry of AGN radiation and gravity. To investigate this behavior, I model the dusty
disk as a sequence of infinitesimally small annuli of width dr radiating as a black body,
with the temperature vary radially according to eq. (3.10). The calculations have a

similar setup as in Tajima and Fukue (1998). The cloud is assumed to be a point P
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P(x2,0,2)

FIGURE 3.4: Geometry for the infrared emitting disk.

with corresponding (Cartesian) coordinates (x,0, z) as shown in figure 3.4. Consider an
infinitesimal element of the dusty disk with polar coordinates (r, p,0). The distance D

from the element to the point P is

D=+\/r2+a22+22—-2xrcosp . (3.14)

Then, the force component per unit frequency and for a single annulus of size dedr are

dair,x = dreD? D (315)
_ kymB,(T)r (y —rsiny) dvdedr

dagy,y 1meD? 5 (3.16)

das. . — kynB,(T)r zdvdedr (3.17)

2 4reD? D

I numerically integrate expressions (3.15),(3.16),(3.17) for fixed points and visualize
them in figure 3.5. It stands clear now that the radial symmetry is broken, with the
disk geometry causing a vertical component at the inner radius. Additionally, this is
the strongest component because the thermal emission at the sublimation radius is the
strongest. At larger distances, obscuration effects significantly reduce the disk emission

strength. I then add the disk contribution to the gravity + AGN radiation field derived
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FIGURE 3.5: Spatial distribution and strength in cm s=2 of the radiative acceleration
due to the infrared emission of the dusty disk.

in section 3.2.1 and discuss the consequences in the next section.

3.2.7 The prevalence of polar dusty winds

Combining gravity, AGN radiation pressure, and IR radiation pressure leads to a force
field as shown in figure 3.6. This needs to be compared to figure 3.2 without the IR

radiation pressure to appreciate the influence of the IR radiation field.

Overall, it is noted that dusty particles with Ny = 10?2 cm ™2

are strongly accelerated by
the AGN radiation with its characteristic radial profile, and that the infrared contribu-
tion is not significantly affecting this scenario. At Ny = 10?3 cm™2 and for Aggq = 0.05
we observe the emergence of a wind from particles at the base of the disk that are driven
more vertically instead of radially, indicating that the infrared radiation is initiating the
wind, rather than the AGN. Furthermore, a wind starts to weakly emerge for column
densities of N = 10** cm~2 and Aggq = 0.15 where we do not observe any outflow
without the dust re-radiation.

I investigate more quantitatively the observed change in configuration, favouring the

disk contribution, for the regions [Agqq = 0.05, Ny = 10?3 cm~2?] and [Aggq = 0.15,
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FIGURE 3.6: Acceleration field accounting for the total gravity + AGN and IR radi-
ation.
Ny = 10** em~2]. In fact, one can show these values are close to the limit where the
radiative acceleration from the AGN balances gravity, so that only the infrared domi-
nates. To highlight the parameter space for which this balance happens, I can use Eq.

(3.8) and equate it to unity, obtaining a linear relationship between Agqq and Ny

a 2
ZGN =1 —  Agaa (Np) = gUTNH (3.18)
g

Results are displayed in figure 3.7 and are coherent with my hypothesis. I only show the
column densities range to corresponding Eddington ratios falling in the Seyfert regime.
The reader has to keep in mind that, while these sets of values might represent an

infrared initiated dusty wind, one has to perform numerical simulations to capture the
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final structure, which is the subject of the next session.

Appearance of polar outflows in Seyfert AGN
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Fi1GURE 3.7: Critical values of Eddington ratios and column densities for which aagn
ag and the disk component dominates as the only net resultant force. Here Ny23
N /10% em—2.

3.3 3D radiation-dynamical simulations

With the full 3D component of the total acceleration derived in the previous sections,
I can take a step further investigate how the dusty gas clouds moves in the dusty en-
vironment of AGN. The equations of motions for a cloud at distances d from the AGN

are

. G Mgpu Lagn 1 ~
i=-—0 + kel T + p k,E)dv. (3.19)

where F is the net infrared flux due to the disk, as derived in section 3.2.6.

The dynamics equations have been integrated using the standard leapfrog algorithm. I
tested its accuracy in reproducing stable orbits against higher order integration meth-
ods and found it was performing equally well. I used an adaptive time step dt =

n %’r ma}‘(i(ai), for ¢ running over all the three acceleration: gravity, AGN, infrared. This

is just a generalisation of the commonly used time step for systems interacting with d—2
forces. The assumption is that dt = nt. = n/v/G p = n(4nd/3a)'/?, where t. is the
characteristic timescale of interaction, 7 is a scaling factor, p is the mass density, G the

gravitational constant, d is the distance to the mass and a is the acceleration, which
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refers to gravity in this case. In my case, I consider the smallest interaction scaled out

of gravity and radiative forces and I fix n = 0.003.

3.3.1 Radiation pressure induced sub-Keplerian rotation

I balance the initial velocity profile for the dusty particles by including the contribution

of both AGN and IR radiation pressure. The azimuthal velocity as a function of the

cylindrical coordinate r = \/x2 + 32 is

GM
Vgp = \/ BH — T Qrad;r (320)

,
where araq;, includes both AGN and infrared radiative acceleration.

Note that there are no stable orbits when radiative acceleration exceeds gravitational
acceleration. Particle trajectories in this case are more likely to be driven outward in a
way that depends on the combined influence of the disk and the AGN contribution for
moderately to very high column density, and fully radial for the specific light obscuration
case Ng = 10?2 cm~2 where the AGN force strongly dominates. If I define the rotation
curve as vg o< =P, 1 can find an analytical expression for the velocity exponent j3

= ~Olnvy 1 [1 Oln <1 B aradw)] (3.21)

olnr 2| odlr Qg;r

which reduces to the Keplerian exponent 0.5 when a,,qg = 0 and has no solution when

Qrad:r > Gg:r- Trajectories in this case are are discarded from the simulations.

In figure 3.8 I plot the resultant curve for a column density Ny = 10?4 cm™2. A general
property met at this column density value is that velocities are very small going closer
to rgup and this behaviour is further emphasized at higher Agqq. This trend is inverted
at 1.6 rg,p, where there is a remarkable departure from the Keplerian motion, in a way
that again is strongly enhanced with the Eddington ratio. The value approached for

ARdd = 0.15 at large distances is 8 = 0.39.
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FIGURE 3.8: Velocity exponent [ at the equatorial plane for column density log N = 24
cm~2 and different values of Agqq. The grey dashed line traces the Keplerian value
B = 0.5. All the curves intersect and turns into sub-Keplerian at a distance 1.6 reyp.

3.4 Results

3.4.1 Impact of infrared radiation pressure

The inclusion of the IR emitting disk has two major effects. It introduces a more
geometrically complex force term, featuring a strong vertical component which breaks
the radial symmetry. This is due to both the disk geometry itself and the strong local
temperature variation, with the hottest contribution being at the sublimation radius. It
also boosts the outflow acceleration, making a wind emerge even for high column density

material.

In figure 3.9 I run a set of simulations considering one of the “typical” parameters for
which the vertical accelerations dominate over the radial accelerations, taking as example
ABad = 0.09 and Ny = 2 x 10?3 cm™2 (see section 3.2.7). I also show how changes in
the parameter values lead to different structures. The aim is to provide a feeling of
the diversity of the possible dynamical configurations and it will be helpful to create a

relationship between the model and observations.

At lower Eddington ratios, Agqq = 0.04 and Ny = 2x 10%% cm ™2, material is driven away

radially, being more prominently subjected to radiation pressure from the AGN. The
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FiGURE 3.9: Example of dust and gas configuration for different values of Eddington
ratio and column density.
uplift is suppressed at higher column density Ny = 10?4 cm ™2, where gravity strongly

dominates and all orbits are confined in a compact thick structure.

The typical scenario giving an infrared dominated wind appears when Aggq = 0.09 and
Nu = 2 x 10?3 cm™2, but the final configuration is true for any values coinciding or
close to the parameter space derived in section 3.2.7. The cone assumes a funnel like
shape, rising vertically from the inner edge of the disk. At the same time, the dust
re-radiation puffs up the disk in the region 1 — 5 rgy. At higher column densities

Np = 10** cm™2, most of the orbits are bound but the higher Eddington ratio (and
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hence radiation pressure) causes them to accelerate to higher scale-heights or eventually

to escape radially after 1-2 orbits.

3.4.2 Sub-Keplerian motion on parsec scales

I employed an initially sub-Keplerian velocity profile that takes into account radiation
pressure corrections to the gravitational potential. My logic is similar to Chan and
Krolik (2016, 2017) who showed that sub-Keplerian rotation is necessary for maintaining
a long-living torus in the presence of strong radiation pressure. In the present work I
systematize this idea by establishing a prescription for the velocity profile based on the

relative strength of the total infrared4+AGN radiation pressure with respect to gravity.

A consequence of my approach is that some trajectories are naturally ruled out, as the
initial velocity in Eq. (3.20) is defined by a square-root whose argument cannot be
negative. This occurs every time the radiative acceleration experienced by the clouds
is stronger than gravity, i.e for material with very light column density or very high

accretion state. Orbits in this case are unstable, likely turning into a wind.

In figure 3.8 I have shown the resultant profile for Ng = 10?* cm™2 as the high gravita-
tional force allows the orbits to remain bound within the disk for a large range of Ed-
dington ratios. At this column density value, my simulations show that orbits maintain
a sub-Keplerian rotation in the region 1.6-5 74,1, and they get even more sub-Keplerian
as Agqq increases. The velocity exponent at large distances is 8 ~ 0.39 for Aggq = 0.15,
consistent with the rotation curve of maser spots observed at the sub parsec scales in
NGC 1068 (Greenhill et al., 1996). The inner part r < 1.6 rg,p is characterized by
very small velocities so that the actual force field will initiate an outflowing or inflowing
motion. Specifically for this example and based on my previous analysis, Agqq = 0.15 is

then required to observe an outflow for clouds with Ng = 10%* cm 2.

3.4.3 Effects of anisotropic accretion disk

In the previous sections, the model assumed isotropic radiation from the central AGN. In

more realistic situations, the flattened geometry of the central radiation source causes the
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FiGUure 3.10: Comparison of the isotropic and anisotropic radiation field with n, =

102. On the left panel it is shown the AGN radiation field for Ng = 3 x 10%? cm—2

for the istropic (top) and anisotropic case (bottom). In the right panel I show the
corresponding simulations taking as example Agqq = 0.13.

emission to emerge anisotropically (e.g Netzer, 1987b). The radiation hydrodynamical
simulations we have presented in chapter 2 suggest that the anisotropy of the AGN can be
equally important as the Eddington ratio in determining the dynamics of the outflow and
disk, emphasizing the importance of evaluating the effects of the anisotropy. Recently,
Ishibashi (2020) used a static, analytic scheme to link the geometry of nuclear outflows
to the anisotropy as determined by the black hole spin. Using my radiation-dynamical
simulations, I can investigate the impact of anisotropic AGN radiation on the emergence

of dusty winds.
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Similarly to what has been done in section 2.9, I modify the AGN acceleration

aaGN = aaGN f(0) (3.22)

where f(0) is the anisotropy function, defined as

1+ acosf + 2a cos? 6
f(0) =
1+ 2a/3

(3.23)

with @ = (1, — 1)/3, introducing the parameter 7, as the “anisotropy factor”, equal to
the ratio between the polar flux and the equatorial flux. In the left panel of figure 3.10 I
show how the radial profile of the AGN radiation pressure is modified when 7, = 102 for
Nu = 3 x 10?2 cm ™2, while in the right panel I show the corresponding full simulations,

i.e. infrared+AGN radiation pressure and gravity, for Aggq = 0.13.

The introduction of the anisotropic AGN radiation field produces a change in the outflow
opening angle, featuring a wider cone with respect to the isotropic case. This is caused
by two effects: first, as the AGN radiation is reduced in the plane of the dusty disk, the
sublimation radius moves closer to the AGN and the AGN radiation pressure at this
inner radius remains the same. As the dusty disk retains its temperature profile (the
inner radius is still equivalent to the sublimation temperature), the IR radiation field also
remains the same. Second, when a particle is swept upwards, the AGN radiation pressure
starts to increase because of the #-dependence of the radiation profile, introducing a
stronger radial component at the same scaled position as compared to the isotropic
case. Therefore, the radial radiation pressure component from the AGN will be stronger
than the more vertical component of the infrared radiation pressure, resulting in a wider

cone.

The disk configuration is not significantly modified, as the AGN radiation pressure does
not penetrate deeply. Therefore, even though the gravitational force at the sublimation
radius is larger in the anisotropic than in the isotropic case, the disk dynamics remain

similar.
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FIGURE 3.11: Simulations for Ny = 3 x 10?2 em™2 and Aggq = 0.13 for test runs of
different dust properties.

3.4.4 Effect of different dust properties

The infrared emission, and hence the infrared radiation pressure strength, is determined
by the physical properties of the dust. Throughout this work, I adopted the standard
interstellar medium (ISM) dust grain model as set in CLOUDY. It consists of graphites
and silicates with sizes following the MRN distribution (Mathis et al., 1977). The grain
model also accounts for dust sublimation. In the following, I will examine how my
assumptions on the dust composition influence the properties of the dusty wind. For

that, I set Ny = 3 x 10?3 cm™2 and Agqq = 0.13.

As a first test, I perform a simulation where I turn off the dust sublimation. In this
“no sublimation” run, I allow dust to overheat and exist beyond its critical sublimation
temperature. In figure 3.11, I compare the standard ISM simulation (left) with the
case of no dust sublimation (middle panel). As dust can heat to higher temperatures
as before, the emitted infrared flux (and hence the infrared radiation pressure) will
dramatically increase, since pyaq o< T4+ (with + being the power-law index of the drop
of dust absorption efficiency in the near-IR as defined by Barvainis, 1987b). With respect
to the “ISM dust” run where dust sublimation is included, the disk appears much thicker
as the orbits of particles are puffed up to larger scale heights. At the same time, the
wind cone becomes wider as particles at further distance from the sublimation radius

are (mostly radially) driven into the wind.

Second, I consider a dust model that accounts for sublimation but includes large graphite

grains only. This is motivated by near-infrared observations of nearby AGN that find
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high dust emissivities (e.g. Kishimoto et al., 2011b; Gravity Collaboration et al., 2020).
Results are shown in figure 3.11 (right panel). Since graphites have on average larger
opacities than the corresponding ISM dust composition, this will result in an enhanced
infrared radiation pressure in both the disk and wind as more radiation is re-emitted for
the same temperature. This causes a stronger radial pressure and a wider cone, similarly
to the run without dust sublimation, as the launching region becomes larger in the same
manner. The disk is also thicker than the standard ISM case, but the dynamics are less

affected than in the “no sublimation” case.

3.5 Discussion

3.5.1 Comparison to radiation-regulated obscuration models of AGN

A recent X-ray study of a large sample of local AGN found that the obscuration covering
factor strongly depends on the Eddington ratio (Ricci et al., 2017). They conclude
that radiation pressure on dusty gas is the main mechanism driving the distribution of
the circumnuclear material, favouring a unifying radiation-regulated obscuration model
(see also Honig, 2019). In particular, a constant Compton thick obscuration (Nyg >
10%* em~2) is found with a small covering factor and a Compton thin obscuration varying
with the Eddington ratio. The latter has a large covering factor when Agqq < 10~ and

then drops at larger Agqq, with most of the material found in the form of an outflow.

In the framework of Seyfert-like Eddington ratios, the elements emerging from my sim-
ulations strongly favours the obscuration structure proposed by Ricci et al. (2017) and

can be examined using figure 3.9 as a reference.

My choice to have a velocity profile dependent on radiation affects low column density
material the most. Indeed, it is not possible to have bound orbits within the disk for

2 since those particles are strongly subjected to the

r <5 Tgup, when Ny ~ 1022 cm™
AGN radiation pressure and the square-root term in Eq. (3.20) would become negative.

In such a strong AGN radiation field, particles are likely to be driven radially outward
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and so giving a larger covering factor of low column density material as observed in Ricci

et al. (2017).

At moderate column density Ny ~ 10?3 cm ™2 the infrared radiation pressure becomes
effective and polar outflows start to emerge. At the same time, higher column density
material experiences a stronger gravitational pull, which keeps material bound within

the disk, rotating according to the previously discussed sub-Keplerian profile.

At larger Ny, the uplift is effectively suppressed in cases where the Eddington is in the
Seyfert regime or below. Matter with Ny ~ 10?4 cm™2 will generally settle in the disk
plane, forming a low covering factor of very Compton thick material, as observed by

Ricci et al. (2017).

The idea that radiation pressure regulates the AGN obscuration properties has been
further investigated (Ricci et al., 2017) by analysing how the observational data populate
the “Np-Agqq” plane, defined by the column density versus the Eddington ratio (e.g
Fabian et al., 2008). AGN seem to avoid a wedge-like region starting at Agqq ~ 10~?
and Ny ~ 10?2 cm~2. Ishibashi et al. (2018) used an analytic model of AGN and
infrared radiation pressure based on a spherical wind (and an approximation for the
effect on clouds) and found that the forbidden region is dominated by strong radiation
pressure, probably clearing out the material from around the AGN. I can test these
analytic results with my dynamical model. Indeed, as shown in the previous sections,
the parameter range of the “forbidden region” agrees with the parameters for which I

found infrared-induced outflows to emerge.

3.5.2 Comparison to observations and models of Circinus

The idea that radiative feedback is driving the obscuration in AGN also affects the
emitting dusty outflow structure, not just the obscuration properties. The clear detection
of polar emission in Circinus (Tristram et al., 2014) and other sources served as key
motivation for the presented study. The latest radiative transfer model of the high
angular resolution data of Ciricinus is based on a compact dusty disc with a dusty,

hyperbolic cone (Stalevski et al., 2017, 2019).
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I tested the hyperboloid wind scenario of Circinus using the Agqq and Ny inferred in
Stalevski et al. (2019). The authors assume a line-of-sight column density of Ny 2>
1024 cm™2. 1 consider single clumps with Ny = 5 x 10?3 ecm ™2, with a number of clouds
along the equatorial plane being Ny = 7. This provides a value consistent with the one
estimated in Stalevski et al. (2019). The Eddington ratio reported is Agqq = 0.2. Based
on the arguments given in section 3.2.7, my simulation will specifically consider Agqq =
0.22 as this illustrates the domain where the infrared radiation pressure dominates for

clouds with Ny = 5 x 1023 cm—2.

Results of my simulations are shown in figure 3.12 with different inclination with respect
to the disk plane. Overall, the structure achieved agrees well with the disk + hyper-
boloid polar wind scenario as depicted in Stalevski et al. (2019). The half opening angle

I found is 26° and the disk flaring angle is ~ 4°, both consistent with observations. The

hyp

out 1S located in my simulations at 1.27 rg,, which

outer wall of the hyperboloid wind
corresponds to 0.05 pc.! The latter is roughly 10 times lower than the value found in
Stalevski et al. (2017). I argue that the wind boundary I found can be pushed further
away to at least 0.2 pc as I do observe an unstable wind region up to 5 rq,, where the
trajectories receive a significant puff up from radiation pressure or escape outward. This
argument links back to the temperature profile assumed for the disk (sec. 3.3). The
distance 5 rq,p, corresponds to a typical temperature ~ 700 K which, as per Wien law,
corresponds in turns to an emission peaking at 5 pm. This traces exactly a key obser-
vational features in AGN, namely the 3-5 pm bump. Beyond 5-7 rqy, the temperature
drops, which causes the infrared radiation pressure to drop as a consequence so that any
uplift is suppressed.

Finally, Circinus is well known for its maser disk emission seen at ~ 0.1 — 0.4 pc (Green-
hill et al., 2003) with the disk rotation marginally sub-Keplerian. The observationally
derived velocity exponent is roughly 8 ~ 0.45. Interestingly, the distance at which these
masers are found corresponds approximately to the region where I start to find bound

orbits, i.e. 5 rgup, which can be considered a first consistency with observations. The

"Knowing that the inferred luminosity for Circinus is Lcire = 3.9 x 10* erg s™! (Tristram et al.,
2014) I can estimate the sublimation radius for Circinus to be 0.04 pc.
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FIGURE 3.12: Three-dimensional views of the proposed configuration for the Circinus-
like structure, for the edge-on case (T'op) and an inclination above the disk plane of 15°
(Bottom). T used Agqq = 0.22 and a column density of Ng = 5 x 10?3 cm~2.
value for the velocity exponent § I find at 5 rg,p, radius is 8 ~ 0.33 and gradually ap-

proaches the Keplerian value at larger distances, producing approximately the observed

mean velocity for the distances where most of the masers are located. These findings



90  Chapter 3 The role of infrared radiation pressure in shaping dusty winds in AGN

suggest that radiation pressure may affect the dynamics of the maser disks, which might

explain the observed sub-keplerian rotation velocities.

3.5.3 Relation to outflows emerging from dust-free regions

The presented dusty wind configuration might also create a link to the structure of

outflows observed in AGN at much smaller, dust-free, scales.

Interestingly, a very similar Circinus-like geometry of a funnel-shaped wind has been
derived empirically by Elvis (2000) to explain the structure of outflows inside the sub-
limation radius. Additionally, it has been noted that the structure is subjected to
luminosity-dependent changes, reducing the cylindrical part of the outflow or modifying
its half opening angle. As suggested in Honig (2019), both the high opacity and mass
content of the dust characterising the outflow at parsec-scales are likely to define the

boundary of the material closer to the accretion disk.

If this is the case, the wind geometry reproduced by my simulations might as well
provide insights into the observed outflows emerging from dusty free regions, making

them dependent on the Eddington ratio, rather than the luminosity.

3.6 Summary and conclusions

I have presented the results of 3D numerical simulations of dusty gas clouds moving
around an AGN and considering the infrared re-radiation of the hot dust itself. The aim
of this work is to offer insights on the obscuration properties of AGN, with particular
reference to the emergence of radiatively driven dusty winds. I first proposed a semi-
analytical model based on a dense clumpy disk circumnuclear to a central AGN. Then
I consider the radiation pressure from the AGN in the optical/UV, gravity from the
central black hole and the radiation pressure in the infrared coming from the dusty disk.

From my investigation, I have found several results:

e Infrared radiation pressure from a hot disk is sufficient to produce a polar wind in

the hot inner regions of AGN and an overall puff-up along the entire disk surface.
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e The IR radiation pressure is most effective at launching a wind around a critical
limit where the AGN radiation pressure approximately balances gravity from the
central black hole, so that the IR pressure from the disk is the dominant component

of the effective force.

e Radiation-dynamical simulations show that it is possible to have a stable rotating
structure if initial sub-Keplerian velocities are assumed. Those sub-Keplerian disk

velocities are a consequence of both optical and infrared radiation pressure.

e My model favors radiation-regulated obscuration scenarios: the amount of material
observed and the covering factor are shaped by the combination of the Eddington

ratio and column density of dusty clouds in the AGN vicinity.

e [ have been able to qualitatively reproduce high-angular infrared observations and
radiative transfer modeling of the AGN in the Circinus Galaxy. Specifically, 1

replicate the hyperboloid shape of the wind proposed by Stalevski et al. (2019).

e [ discussed the impact of anisotropic radiation field. This mainly affects the outflow

configuration, resulting in a wider cone, while the disk remains unchanged.

e The dust model assumed is a fundamental factor to determine the disk and wind

configuration, as this affects the local infrared radiation field strength.

The model presented here has deliberately been kept simple in order to highlight the
role of infrared radiation pressure in shaping the AGN environment. An account of
fragmentation processes of optically thick clouds under radiation pressure is a separate
issue which is beyond the scope of this work. It is likely that dust clumps with the
physical properties adopted in this work can survive in the strong radiation field of an
AGN, as implied by Namekata et al. (2014). Hence, the basic characteristics of the

resulting outflow should not significantly change by more elaborate considerations.






Chapter 4

Unifying UV and IR outflows

“We build too many walls, and not

enough bridges”

Isaac Newton

4.1 Overview and context

AGN activity is believed to be accompanied by outflows in a variety of forms and in
a widespread range of distances. The discovery of dusty winds at parsec scales is only
one example of the various outflow manifestations. Outflows are considered the major
agents in the feedback processes that regulate the observed co-evolution of the SMBHs
and their environment, connecting the small scales of the central black hole to the
large scales of the host galaxy. The AGN outflows can in fact have a strong impact
on the AGN host galaxy, as they drive gas out of the galaxies and significantly affect
star formation, chemical enrichment of the intergalactic medium, and cooling flows in
galaxy clusters (e.g. review by Fabian, 2012). One possible outcome of these feedback
mechanisms is the observed correlation between the mass of the SMBH and the velocity
dispersion of stars in the galaxy bulge (Magorrian et al., 1998; Ferrarese and Merritt,
2000; Gebhardt et al., 2000; Kormendy and Ho, 2013). Feedback from outflows may

also regulate the overall mass and size of the host galaxy (e.g. Silk and Rees, 1998;

93
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King, 2003; Ostriker et al., 2010). Hence, outflows are widely invoked in analytical
models and large-scale cosmological simulations to reproduce the observed black hole-
host galaxy correlations. Outflows morphology spans from narrowly collimated radio jets
to wide-angle winds. These winds are often identified through their broad, blue-shifted
absorption features in the X-ray and ultraviolet spectra. According to these observations,
AGN-driven outflows have a variety of properties, suggesting that several mechanisms
may be involved. Examples include the warm X-ray absorbing gas (known as “warm
absorbers”), studied simultaneously with the ultraviolet resonance absorption lines, and
ultra-fast outflows (UFO) which are thought to originate in the inner accretion disk and
are detected via their broad, highly blue-shifted Fe K features. Recent additions to the
list of known AGN wind manifestations are the newly discovered obscuring outflows,
which will be the focus of this Chapter. This kind of outflows show strong soft X-ray
absorption associated with broad, fast, blue-shifted UV absorption lines. Sources with
detected obscuring outflows are NGC 5548 (Kaastra et al., 2014), Mrk 335 (Longinotti
et al., 2013), NGC 985 (Ebrero et al., 2016), and most recently, NGC 3783 (Mehdipour
et al., 2017; Kriss et al., 2019). In the case of X-ray obscuring outflows, the gas appears
to be mildly ionised and has high column density values (10*2— 10% ¢cm~2). Continuum
absorption by the obscurer is too strong to produce detectable X-ray absorption lines
that allow diagnostics of the kinematics or ionisation state of the gas. The crucial element
in all cases cited above is the availability of contemporaneous UV spectra. The UV
absorption lines that appear in these events provide the necessary diagnostics that show
gas outflowing (blue-shifted) with velocities (few thousand km s~!) and ionisation states
consistent with an origin in, or interior to the broad-line region (BLR). To gain a better
understanding of obscuring outflows, Mehdipour et al. (2017) undertook a monitoring
campaign using Swift (Gehrels et al., 2004) to find potential X-Ray obscuring events
that can then be studied trough simultaneous multiwavelength observations using XMM-
Newton (Jansen et al., 2001), NuSTAR (Harrison et al., 2013) and the Hubble Space
Telescope (HST). One successful monitored source as part of the program is NGC 3783.
They found that the obscuring gas is located in the outer of the broad line region of the
AGN. Detailed modeling of the UV and optical spectra has been performed by Kriss

et al. (2019). They found blue-shifted UV lines absorption associated with Lya, N v, Si
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IV and C IV.

The goal of this chapter is to test the possible connections of obscuring outflows with
dusty winds, using the C IV emission line profile in NGC 3783. As already discussed in
section 3.5.3, the similarity between the wind geometries of dusty winds and outflows
originating from dust-free regions, suggests that the dusty winds are likely to define the
boundary of the outflows closer to the accretion. Then, inevitably the question arises
whether or not the obscuring outflows in NGC 3783 trace the skin of its well-known
dusty wind. In the following sections I will describe the obscuring outflows observations
in NGC 3783, referring to the work of Mehdipour et al. (2017) and Kriss et al. (2019). I
will then focus on the C IV emission line profile and construct a photoionisation model
to reproduce the absorption observed. Results show very significant correlations to the
dusty winds in NGC 3783, giving support to the suggestion of a global, stratified wind

scenario.

4.2 Obscuring outflows observation in NGC 3783

Obscuring winds can be detected with Swift by studying the X-ray spectral hardness
ratio, and subsequent joint observations with XMM-Newton, NuSTAR, and HST. The
hardness ratio (HR) is defined as (H — S)/(H + S), where H and S are the Swift’s
X-Ray Telescope (XRT) counts in the hard (1.5-10 KeV) and soft (0.3-1.5 KeV) bands,
respectively. X-ray absorption by obscuring events increases H R. While most AGN show
stable H R throughout the year, NGC 3783 showed significant X-ray spectral hardening
in 2016 lasting 32 days (see figure 4.1). During this period, multiwalenghts observations
with XM M — Newton, NuSTAR and HST have been executed by a large team of
astronomers, including the authors in Mehdipour et al. (2017).

Figure 4.2 compares the unobscured and obscured spectrum of NGC 3783. Heavy X-ray
absorption is evident in the 2016 data, with the 0.3—2 KeV flux dropping by a factor
of 8.0 (11 Dec 2016) and 4.5 (21 Dec 2016). This X-ray absorption coincides with an
increase in the UV flux (see figure 4.1, upper panel). This interplay between the two
phenomena has been observed also in Mrk 335 (Longinotti et al., 2013) and NGC 985

(Ebrero et al., 2016) and has been interpreted as produced by a disk wind (Ebrero et al.,
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FIGURE 4.1: Swift lithtcurve of NGC 3783 from 17 May 2016 to 21 January 2017.
The horizonatal dotted lines in the two upper panels show the all-time average Swift
flux levels. The dashed black line in the bottom panel indicates the average quiescent
hardness ratio (H R) for unobscured data. The dashed red line is H R limit for triggering
obscurations event. Figure taken from Mehdipour et al. (2017).
2016). As can be seen in figure 4.3, strong line absorption affects the blue side of the
C 1V line, with a maximum depth at —3000 km ~! and highest velocities at —6200 km
s~!, which suggests that the obscuring wind has origin in or near the BLR. From the
analysis from Mehdipour et al. (2017), the obscurer in NGC 3783 partially covers the
central source with a column density on the order of 10?* cm~2 and is outflowing with a
range of velocities up to 6000 km s~!. The obscuration is produced by an inhomogeneous

and clumpy medium, and, as inferred in their paper, it is probably a disk wind at the

outer broad-line region of the AGN.
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continuum subtracted and then offset vertically by 2.5 x 107!* erg cm™2 57! A7 for
each epoch so that the weaker changes in the absorption are more visible.
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4.3 Connection to dusty outflows

As we have seen, the spectra of the C IV line is characterised by a wide range of velocities.
The part that caught my attention and motivated this work is the lowest end of the range,

1 as velocity of a few hundreds km s~! typically observed in dusty

where v ~ 1072 km s~
winds. In this section I am going to model the intrinsic properties of the UV obscurer
using the unobscured C 1V line. I then analyse the depth of the absorption features and

generate a series of CLOUDY photoionisation models to derive the corresponding column

density values.

4.3.1 Modeling the unobscured C 1V profile

To model the emission line of C IV in the unobscured state, I use the data extracted
by Kriss et al. (2019) who fitted in detail the C 1V profile. The best fit consists of 4

1 a medium-broad component

Gaussians: a narrow component with FWHM ~ 900 km s~
(FWHM ~ 2500 km s '), a broad component (FWHM ~ 4500 km s~!) and a very
broad component (FWHM ~ 10 000 km s~'). Apart from the very broad emission
contribution which is represented by one single component, any additional Gaussian
is in turn decomposed into a blue and red component, giving a total of 7 Gaussians.
It worth noting that the single components do not necessarily correspond to distinct
portion of the line-emitting region and are only included to fit the unobscured C 1V line
profile. I report for convenience in table 4.1 the best fit emission-line parameters given in
Kiriss et al. (2019) which I will be using to reconstruct and analyse the fiducial C 1V line
profile in the absence of the absorbing material. These properties are the vacuum rest
wavelength of the spectral feature )y (in A), the integrated flux Fy in units of 107 erg
cm~2 571, the systematic velocity Vgys (in km s™1) relative to a redshift of z = 0.00973

(a value determined in Theureau et al. (1998)), the full-width at half-maximum (km

s~1). The total flux can be expressed as

2
_ ()‘7/\0175, 7,>

F= ZAie 201'2 (4'1)
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TABLE 4.1: Emission line parameters extracted by Kriss et al. (2019) to model the
unobscured C IV line profile.

X Fo Vis FWHM
C1V blue 154819 40 -60 940
C1vred 1550.77 40 -60 940
C1V blue 154819 80 140 2840
C1vred 1550.77 80 140 2840
C1V blue 154819 84 -950 4580
C1vred 1550.77 84 -950 4580

Civ 1549.48 310 60 10030

with
)\0 >\obs 7 Fo,
Nobs § = ——————. o= FWHM 221 = 4.2
obs, ! Vsys,i/c+ 1 ’ c?2 \/21H2 ’ O'Z'\/27T ( )

Figure 4.4 shows the resulting profile, as well as the Gaussian components.

4.3.2 Modeling the properties of the absorbing material

To analyse the properties of the absorbing material, I manually measure the depth and
width of the absorption features as they appear in the unobscured line profile of C
1v. I take figure 4.3 as a reference and model the 5 most prominent absorption lines.
In the following, I will be using the superscript * to denote the quantities that have
been measured “by hand” from the image. These quantities are the full-width at half-
maximum FWHM*, the flux of the continuum, the flux of the minimum value of the
feature, the velocity shift v3 ., and the observed wavelength of the absorption feature
A

*ps- These are first in pixels from the image and then converted to flux units using the

binning in the image. I model the shape of the absorption line as a normal function of
the type

(A=25)2

FO) = Fys e 2 o2 (4.3)
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FIGURE 4.4: Reconstruction from a Gaussian decomposition of the fiducial C IV using
the data from Kriss et al. (2019).

where Fyps is the depth of the line. o* is related to the FWHM by

o* = FWHM*/2.35 (4.4)

I then fix the line centers at their rest wavelength value with

*

M= —lobs (4.5)
O Viag/c+1

The amount of flux absorbed Fgps can be calculated as Fyps = (F/Fy) Fo, where
Fy denotes here the flux of the continuum at the specific wavelength of the absorption
feature. Figure 4.5 shows the resulting line model that will be using in the following

section.
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FIGURE 4.5: Emission line model reproducing the shape of the C IV profile.

4.3.3 Cloudy model of the absorbing medium

The ratio of the flux absorbed to the continuum allows extracting the optical depth of
the line as

T = —ln(Fabs/F()). (46)

Knowing the optical depth of the material causing the absorption allows in turn to set
up a CLOUDY model and derive the corresponding column density. I denote by A; each
of the absorbing features and show in figure 4.6 the corresponding optical depth and
velocities. Note that, as per equation (4.6), when the ratio of the flux absorbed to the
continuum < 1, 7 increases. By contrast, when Fgps/Fy — 1, then 7 becomes smaller.

In formulas,

Fabs/FO <l : 7o (47)

Fus/Fo—1 : 7—0 (4.8)

This explains why, i.e., T4, > 7a,. Next, I construct several CLOUDY photoionisation

models with the following assumptions. First, I adopt the same custom AGN SED used
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FIGURE 4.6: Naming scheme adopted to model the absorbing features in the C IV line
profile and corresponding velocity and optical depth.
as base of the CLOUDY calculations of the RHD model presented in Chapter 2 (see
section 2.4.1.2). Then, I assume that the obscurer originates near or interior to the BLR
and spatially extends into the “torus region”. Therefore, I arbitrary choose as inner
radius 0.2 rg,, and outer radius 20 rg,, and turn on the sublimation function. Following
Dehghanian et al. (2019), the density at the base of the obscurer is likely to be higher

than at larger distances, so I consider a density power-law profile of the type

r

nu(r) = no ()a (4.9)

70
where the initial density is fixed to ng = 10 (as typical in the BLR) and o = —1.

Finally, I run 5 CLOUDY simulations for each of the absorbing features and stop the
calculation at the corresponding continuum absorption optical depth set by the measured
depth. Then, I extracted the column density at the end of the run as shown in table
4.2. The typical column density is found to be ~ 4 x10%%. From the model constructed
in Chapter 3, this is typically associated with the emergence of a dusty wind for AGN

in the Seyfert regime. This initial consistency encourages further investigation into the
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TABLE 4.2: Column density extracted by CLOUDY photoionisation models of the ab-
sorbing material.

name 7 v (kms™!) Ny (cm ~2)

Al 0.30 -2915 3.64x10%3
A2 0.44 -2426 3.76x10%
A3 1.31 -1468 4.33x10%3
A4 0.97 -915 4.12x10%
A5 1.48 -340 4.43x10%

idea of a unified wind scenario. Now, considering that the absorption feature A5 is
also found having velocities consistent with those observed in dusty winds, I decided to
analyse more in detail this feature and use the work presented in Chapter 3 to simulate
how dusty particles having this particular column density behaves in NGC 3783.

Figure 4.7 shows the configuration found when Ny =4.43x10%3 and taking Agqq =
0.07, as found in NGC 3783 (Summons et al., 2007). The velocities are a combination

of rotation and outflows and range from ~200 to ~ 500 km s~!.

For this particular
simulation, the mean velocity value is 339 km s~!, which is surprisingly close to the

observed velocity value of the low-velocity UV absorber.

Since CLOUDY predicts the continuum emerging from the material causing the absorp-
tion, the last test I wish to perform is to check whether or not the X-ray absorber could
be associated with a local infrared emission peak as this is typically observed in dusty
winds. Figure 4.8 shows the spectrum for the two low-velocity features with labels denot-
ing several of the various absorption lines. From the figure we can see that the spectrum
is characterised by a distinct emission bump. This suggests that, at least qualitatively,
the spectral features of these two kinds of outflows also appear to be shared, although

further analysis would be necessary to reproduce in detail the infrared bump observed

in NGC 3783.
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FIGURE 4.7: 3D radiation dynamical simulations for particles having Ng = 4.43 x 10?3
cm ~2 and Aggq = 0.07.
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FIGURE 4.8: Infrared spectra for each of the absorbing features in the C IV line profile.



Chapter 4 Unifying UV and IR outflows 105

4.4 Summary and conclusions

In this work, I investigate the properties of the UV outflows observed in NGC 3783 and
study their potential relationship to dusty winds. These UV outflows produce strong
absorption of the X-ray continuum, in addition to the appearance of blue-shifted and
broad UV absorption lines that allow diagnostics of the kinematics or ionisation state
of the gas. A detailed analysis of the UV spectrum has been performed in Mehdipour
et al. (2017) and Kriss et al. (2019). I have used their data as a starting point to
explore the possible correlations between these UV and dusty outflows. In particular,
I reconstructed the fiducial C 1V line profile and measured the depth of the absorption
features. These features have a range of velocities, from ~ 350 to ~3000 km s~
The ones that triggered this work were the low velocities absorption lines. I set up a
CLouDY model for an absorbing material located interior to the BLR and extending
up to the dusty winds regions. I stopped the calculation at the observed optical depth
and calculated the corresponding column density. In particular, for the absorption
features having v = —340 km s~! and optical depth 7 = 1.48 I found a photoionisation
solution with Ny = 4.43x10%% cm—2. Consistent velocities are found in the 3D radiation
dynamical simulation for dusty particles having Ng = 4.43x10%3 cm ™2 and exposed to
the radiation field of an AGN with the accretion state of NGC 3783. In addition, these
absorption features might also be associated with an infrared emitting structure, as
seen from the qualitative analysis of the infrared spectrum. To summarize, the very
significant correlations of this set of parameters, such as ionisation, column density,
velocity, distance and spectral properties between dusty winds and the low-velocity part
of the UV outflows strongly suggest that these two phenomena could actually represent
layers of a single, multiphase structure observed at different locations along the line of

sight.






Chapter 5

Summary of the Thesis and

Outlook

“I should have liked to have closed
these lectures by leading up to some
great climax. But perhaps it is more
in accordance with the true
conditions of scientific progress that
they should fizzle out with a glimpse
of the obscurity which marks the
frontiers of present knowledge. I do
not apologize for the lameness of the
conclusion, for it is not a conclusion.
I wish I could feel confident that it is

even a beginning.”

Lectures, Arthur Eddington

The aim of this Thesis was to gain further insights into the physical state and dynamics
of the torus, with particular reference to the role and origin of dusty winds. I addressed

this problem from several points of views.

In chapter 2 a new 3-dimensional radiation hydrodynamics model has been presented

107
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to explore the role of radiatively-driven winds. The model consists of a dusty disk fully
exposed to the AGN radiation pressure and neglect the re-radiation of IR photons from
dust. The dynamical evolution has been presented first in the small scales regime (~ 1
pc), where the wind is produced, then in a larger scales model (~ 1-100 pc) where re-
sults can be compared to observations. The RHD simulations are based on a Lagrangian
formulation of hydrodynamics, able to provide a unique angle of view with respect to
previous simulations of AGN dusty tori and particularly efficient in capturing the pro-
duction and evolution of the wind. I used the photoionisation code CLOUDY to generate
a very large number of cloud models, spanning over a wide range of volumetric density
of the cloud, the incident AGN radiation field and the temperature of the gas. This grid
of models has been stored in form of lookup tables, so that the relevant properties can be
easily accessed during the simulations. This has involved working out the best solution
when the physical quantity requested by the RHD simulations is not directly printed
out by CLOUDY or the regime explored is too extreme to produce converging solutions.
The physical quantities which have been tabulated are the heating and cooling rate, the
temperature of the dust, the dust to gas mass ratio, the radiative acceleration due to
the continuum, the flux-weighted opacities and optical depth, emissivities for two CO
lines, two HCN lines and three vibrational transitions of Hs.

Having the CLOUDY tables as its foundation, the RHD model produced a number of in-
teresting results. In particular, the small scale model revealed a two-components struc-
ture, a cool rotating disk and a hot wind, although the outflow is radial rather than
polar, likely due to the lack of radiation pressure from hot dust. An important finding
of this first model is that the anisotropy of the radiation field is as important as the
Eddington ratio in governing the dynamics of the disk and outflow. Finally, supernovae
do not appear to be efficient at launching material high above the disk, emphasizing
again the importance of the infrared radiation to reproduce the obscuration properties
observed in AGN.

The large scale model uses additional sub-grid physics to inject the wind, as its pro-
duction is now unresolved. Results from the large scales 3D RHD simulations agree
with the ubiquity of polar extended mid-IR emission, and the general hollow-cone wind

geometry predicted by radiative transfer models, although the wind has a parabolic
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structure, rather than the hyperbolic configuration predicted by observations, and this
again might be due to the lack of the IR radiation pressure. Finally, the velocity maps
of the large scale RHD model can reproduce many features of observations, including
apparent “counter-rotation”.

The chapter concluded by demonstrating how the CLOUDY tables I constructed can be
used to determine the dominant coolants emerging in the dusty regions of AGN. In
particular, it has been possible to predict the coolants emerging in the wind fall-back
region, whose physical properties are still unconstrained.

In a future work, the RHD can be improved by implementing a form of infrared ra-
diation pressure, whose importance has been emphasized in both the small and large
scale model. This can involve producing an algorithm that repetitively reads as input
the radiation field predicted from a previous CLOUDY calculation to form a much larger
table. However, the high number of possible interactions between particles makes this
type of calculation extremely complex to implement. One solution might be to limit
this approach only to the regions where the infrared radiation has major contributions,

such as close to the sublimation radius.

In chapter 3 the role of the infrared radiation pressure in launching and shaping dusty
winds in AGN has been studied through a semi-analytical model and 3D simulations.
The model consists of an AGN and an infrared radiating dusty disk, the latter being the
primary mass reservoir for the outflow. I calculate 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. It is shown that infrared radiation
pressure from the disk is sufficient to produce a polar wind and an overall puff-up along
the entire disk surface. The IR radiation is most effective at launching a wind around
the critical limit where the AGN radiation pressure approximately balances the gravity
from the central black hole. The morphology in this case consists of a disk of material
that orbits with sub-Keplerian velocities and a hyperboloid polar wind launched at the
inner edge of the dusty disk, and I have been able to replicate the structure observed
in the local Circinus galaxy (Stalevski et al., 2019). The strength of the wind and its

orientation depend on the Eddington ratio and the column density of the dusty clumps,
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which is in agreement with proposed radiation regulated obscuration models developed
for the X-ray obscuring material around AGN.

In future work, this model can be tailored to the needs of the RHD model to under-
stand which regions have a major contribution from the IR radiation pressure and which
behaviour to expect, so that the computational cost of the inclusion of this secondary

source of radiation can be significantly reduced.

In Chapter 4 I examine the possibility of a unifying scenario that connects dusty winds
and UV outflows observed in NGC 3783. These UV outflows produce strong X-ray ab-
sorption associated with broad, fast, blue-shifted UV absorption lines. Using the data
from Mehdipour et al. (2017) and Kriss et al. (2019), I analysed the properties of the C
IV emission line profile and construct a CLOUDY photoionisation model to reproduce the
absorption observed. Using the 3D dynamical model derived in chapter 3, my analysis
finds significant correlations between the properties of dusty winds and the low-velocity
part of the UV absorption lines. In particular, I found that the ionisation, column den-
sity, velocity, distance and spectral properties are consistent with the suggestion of a
unified wind scenario. These pieces of evidence give motivation to further investigate
the idea of a single, stratified outflow, which is left for future work. In particular, the
next step could be to reproduce in detail the infrared bump observed in NGC 3783 with
a grid of CLOUDY models, to better constrain the properties of the absorber and its

relationship with dusty winds.
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