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A qui donc parles-tu [Nébuleuse], flocon lointain qui passes ?
A peine entendons-nous ta voir dans les espaces.

Nous ne te distinguons que comme un nimbe obscur,

Au coin le plus perdu du plus nocturne azur.

Victor Hugo
La légende des siécles

Mon fils, tu comprendras comment fonctionne le soleil
avant de comprendre comment fonctionnent les femmes ...

Mon pere
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Résumé

Lorsque I'on veut sonder les structures internes de sources astronomiques non résolues par nos
instruments modernes, la technique de la spectropolarimétrie a démontré etre une méthode a la fois
indépendante et complémentaire des analyses spectrales et temporelles. Dans cette thése, jexplore
de facon théorique le signal de polarisation résultant des Noyaux Actifs de Galaxies (NAG en
francais, AGN en anglais), dans lesquels on suppose que I'énergie radiative principale est crée par
accrétion autour d’'un trou noir super-massif et qu'une partie importante des échappements de
matére se fait sous la forme de vents d’éjection. Selon le Schéma Unifié des NAG, I'émission
radiative résultante est fortement anisotrope, due au confinement des photons par un corps de
poussére obscurcissant situé au niveau du plan équatorial. Les radiations sont donc forcées de
s’échapper dans les directions polaires, photo-ionisant au passage les vents d’éjection conigues.
Cette configuration asymétrigue permet de justifier la dichotomie observationnelle des NAG en
fonction de leur inclinaison spatiale; cependant, leurs propriétés diferent aussi en fonction de la
bande énergétique d’observation. Donc, afin de vérifier la stabilité du moéle unifié, il est nécessaire
de le tester sur de multiples échelles de longueur d’'onde afin d’en déduire de fortes contraintes
morphologiques.

Mots-clefs : transfert du rayonnement — polarisation — Noyaux Actifs de Galaxie — optique /
ultraviolet / rayons X

Résumeé en anglais

When probing the inner structures of unresolved astrophysical sources, spectropolarimetry has
proven to be a solid tool, both independent and complementary to spectral and timing anal- yses. In
this thesis, | theoretically explore the polarization of Active Galactic Nuclei (AGN), which are powered
by accretion onto supermassive black holes and often reveal significant mass outflows. Their
emission is strongly anisotropic and the standard model of AGN postulates that the anisotropy is
caused by a confinement of the radiation in the funnel of an obscuring body of circumnuclear dust;
the radiation is thus forced to escape along the funnel where it photo-ionizes conically shaped
outflows. The asymmetrical configuration explains an observational dichotomy where AGN properties
are characterized according to the observer’s line-of-sight. However, AGN observations differ
significantly from one waveband to another and the broadband validity of the unified model has to be
tested by a method that gives strong constraints on the AGN morphology. In this thesis, |
subsequently investigate how morphological and composition constraints on the different sub-
structures in thermal, radio-quiet Active Galactic Nuclei can be deduced from optical, UV and X-ray
polarization properties.

Keywords : radiative transfer — polarization — Active Galactic Nuclei — optical / ultraviolet / X-rays
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Chapter 1

Introduction

All the stars seen at night belong to the Milky Way galaxy. The attractive gravity forces,
preventing them to scatter in space, originate from the potential produced by the stars, the action
of the so-called dark matter and, in the very center of the galaxy, by a compact and massive object,
a supermassive black hole. Around the potential well created by a black hole, matter can spiral
down to the compact object in the form of an accretion disk. The Milky Way’s accretion rate being
fairly low, accretion happens through a hot flow, but when the accretion rate approaches a large
enough fraction of the so-called Eddington limit, a disk can form. If it does, the viscous matter
bound by gravity starts to radiate colossal amounts of energy ranging from the infrared to the
X-ray bands, and the galaxy is said to be active. As most of the subsequent bolometric luminosity
is emitted in the few inner parsecs of such a galaxy, studies usually focus on the bright core of what
is called Active Galactic Nucleus (AGN).

Discovered in the beginning of the twentieth century, AGN are still intriguing. Over a broad
spectral range, they exhibit numerous spectroscopic signatures from neutral to highly ionized atomic
features, broad and/or narrow emission/absorption lines, outflowing and/or inflowing gases, general
relativistic broadening, strong variability and even superluminal jet motions. Describing AGN
using a unique picture is a rather challenging task, but unification theories slowly emerged. A so
far very successful theory predicts that most of the differences can be explained by an orientation
effect: AGN properties differ if the system is seen from a polar, an intermediate or an equatorial
inclination, the difference being attributed to circumnuclear obscuration. If it is true, AGN are
strongly anisotropic.

Based on this unified model, broadband observations started to disentangle the complex
morphology of AGN. The most widely accepted picture of the inner core of an AGN assumes that
the supermassive black hole and its accretion disk power the system by emitting ultraviolet to
infrared radiation. Some of the radiation is up-scattered in an assumed hot corona situated above
the disk and released in the form of X-ray radiation. The accretion disk irradiates an equatorial
distribution of rapidly moving ionized clouds, responsible for the broad emission lines seen at pole-
on (type-1) AGN. At larger distances from the radiation source, an optically thick, obscuring dusty
medium surrounds the equatorial plane and blocks the optical/UV flux towards an observer at an
edge-on position of the object (type-2). According to the Unified Scheme, this circumnuclear gas,
also called the “dusty torus”, is responsible for the spectroscopic dichotomy between type-1 and
type-2 AGN and was confirmed by recent mid-IR observations. While the opaque torus prevents
radiation to escape along the equator, it supposedly also collimates massive winds towards polar
directions. The outflowing gas decelerates while progressing in the interstellar medium surrounding



the AGN, mixing with the dusty environment and producing narrow absorption lines. A few tens
of percent of all AGN may exhibit strongly collimated jets detected in the radio band and made
off matter that is boosted to relativistic speeds. Such AGN are called “radio loud” in comparison
with jet-free, “radio quiet” objects. The jets extend out to the scale of the galaxy bulge or the
intergalactic medium.

While such a global picture emerges from the numerous observational AGN properties, much
remains to be explored: what is the morphology of the AGN constituents? Are the general rela-
tivistic effects really responsible for the distorted iron lines seen in peculiar type-1 objects? Is the
torus a final extension of a fragmented distribution of inner gas clouds? Where do the outflows and
the jets originate? Does the unified model solve everything? To answer this non-exhaustive list of
(mainly morphological) questions, spectroscopic, imaging and timing observations are undertaken
since the middle of the twentieth century. Unfortunately, due to their distance, AGN are hardly
resolved.

Another independent technic may be considered to disentangle the inner AGN geometry.
This method focuses on the most important aspect of the unified theory: AGN are anisotropic
objects. When radiation propagates through the multiple reprocessing regions surrounding the
central black hole, its electromagnetic properties are modified by scattering, affecting its polarization
state. Polarization is highly sensitive to the geometry of the scattering material and is enhanced
by the asymmetry of the system. When considering the complex geometry of AGN, polarimetry
has proven to be a solid tool that lead among other things to the discovery of hidden type-1 nuclei
in type-2 objects, a pioneering discovery laying the foundations of the unified theory.

In order to support observational spectropolarimetric campaigns, the need for numerical pre-
dictions grew proportionally. Monte Carlo simulations are the most suitable technique to simulate
the propagation of randomly emitted photons and to compute the polarization vector resulting
from Thomson, Mie or Compton scattering. As polarization is sensitive to both the morphology
and the composition of the reprocessing materials, numerical tests are able to (in)validate spec-
tropolarimetric predictions about the true nature of AGN inner regions and can help to investigate
the physical processes occurring behind the eventually obscured equatorial plane.

Using the Monte Carlo code STOKES, that simulates the radiative transfer equations between
radiatively coupled emitting and reprocessing media, computes the polarization vector and operates
from the near-infrared to the hard X-ray band, we undertook the examination of the complex
morphology of thermal AGN. We focused on radio quiet objects as 1) they are more numerous
than radio loud AGN and 2) synchrotron emission produced by the ballistic jet can reach the
wavelengths of interest and “pollute” the polarization signal.

In the first chapters of this thesis, we give a broad overview on AGN, from their historical
discovery to the actual models describing step by step their inner regions (Chap. 2). In Chap. 3, de-
tails on the polarization mechanisms that one can encounter from the optical to the X-ray band are
reviewed. We leave aside polarization induced by magnetic interactions, as well as bremsstrahlung
emission, as magnetic fields and the motion of free electrons are not included in STOKES. We present
our results about the polarization signatures induced by multiple scattering in complex AGN mod-
els in Chap. 4 and derive numerical constraints on the morphology and opacity of the dusty torus,
the polar outflows and the hot inner flow. We move from the general to the particular case by
targeting the archetypal NGC 1068 galaxy. Taking into account the peculiar (tilted) geometry
of the ionized outflows in NGC 1068, we successfully reproduce the observational levels of linear
polarization and discriminate between several dust grain models (Chap. 5). As a few measurements



of circular polarization in NGC 1068 were obtained in past observations, we also investigate the
circular polarization induced by Mie scattering in a dusty torus in Chap. 6. It happens that we
are able to reproduce similar circular polarization levels only when considering the input spectrum
to be already linearly polarized with a + 45° orientation of the Stokes vector. Dichroic extinction
is thus thought to be a more adequate mechanism to reach those levels of circular polarization.
Motivated by observational and theoretical hints stating that persistent AGN scattering regions
should have a fragmented structure, we enhance the complexity of our models by using clumpy
reprocessing media in Chap. 7. Disruption of the equatorial regions is found to profoundly alter
the polarization results while polar cloud distributions only have a small impact on our previous
results. A complex, clumpy model of AGN is presented and is found to be closer to the obser-
vations than models based upon continuous media. In Chap. 8, we explore an empirical model
of AGN where most of the spectroscopic signatures are explained by a disk-born wind. We test
this model using spectropolarimetric data and find it its default parameterization not to be apt to
reproduce the observed polarization signatures. We investigate different realizations of this model
and find a new set of morphological and composition parameters to meet observational constraints
in the optical and UV band. Pushing STOKES to the X-ray band in Chap. 9, we highlight the
complementarity in multi-waveband investigations and present the current state in the technology
of X-ray polarimetry. We explore the debated question of the apparent broadening of the iron K,
line in NGC 1365 and MCG-6-30-15 and show that even a small pathfinder X-ray mission equipped
with the latest version of the Gas Pixel Detector would be able to shed new light on the topic.
Encouraging the development of a future X-ray observatory dedicated to polarimetry, we draw our
conclusions and final remarks in Chap. 10.






Chapter 2

A broad overview of Active Galactic Nuclei

The topic of AGN is wide, complex and pluritechnical. While it started a hundred years
ago with the discovery of quasi-stellar objects (Fath 1909a,b), it took more than fifty years for the
community to realize that AGN can be fantastic laboratories for matter under extreme conditions.
From their inner core where general and special relativity are ruling the accretion and emission
mechanisms, to their external boundaries where classical physics and dusty mixtures prevail, AGN
can be used as a test ground for astrophysical mechanisms. As their intrinsic composition remains
a major challenge to explain due to the variety of their spectroscopic, timing and polarimetric
signatures, numerical simulations commonly isolate and examine each component separately. From
there, reconstructing the quasar morphology may be a little bit more straightforward.

This is the path the first chapter of this manuscript follows. Departing from the supermassive
black hole lying in the center of a quasi-stellar object, each individual AGN component are presented
according to their theoretical and observational properties. We sum up the different components to
finally present the most widely accepted unified picture of AGN (Antonucci 1993; Urry & Padovani
1995). For completeness, the history of quasar discovery is presented at the very beginning of this
chapter, in order to honor the main actors that lead the community to unveil part of the mysteries
hidden behind the extreme luminosity of active galactic nuclei.

2.1 Historical discovery

In the beginning of the twentieth century, many different nebulae were well known to as-
tronomers but their nature was not yet entirely understood. One specific type of object in the first
Messier and NGC catalogs, called spiral nebula, was generating a lot of debate. In particular, the
scientific community was wondering whether spiral nebulae were relatively close, galactic gaseous
objects similar to the Orion nebula, implying that the Milky Way was identical with large part of
the entire universe (Shapley 1921), or very distant, extra-galactic collections of unresolved stars,
extending the known boundaries of the Universe much farther than previously estimated (Curtis
1921).

In order to clarify the true nature of the spiral nebulae, Fath (1909a,b) undertook a series
of photographic spectroscopic observations at the Lick Observatory. Pointing at six faint objects
(NGC 224, NGC 1023, NGC 1068, NGC 3031, NGC 4736 and NGC 7331), he found that NGC 224
had a continuous spectrum with stellar absorption lines, indicating an unresolved system of solar
type stars. On the other hand, the composite spectrum of NGC 1068 showed, in addition to the
usual absorption lines, five bright! lines that were similar to the ones already observed in the spectra

! To be understood: bright emission lines, but the notion of emission lines was not established yet in astronomy.



of gaseous nebulae. The other four objects having spectra lying between those two extremes. The
bright lines of NGC 1068 were later implicitly confirmed by the spectral velocity measurements of
Slipher (1917), who discussed a possible disk origin for the line broadening. Systematic observations
of additional sources started with the discovery of galaxies showing nuclear emission lines by Seyfert
(1943). From the spectrograms he obtained, Seyfert showed that spiral nebulae were similar to
galaxies with nearly stellar nuclei showing emission lines superimposed on a normal, solar-type
spectrum. Despite this discovery, and due to observational limitations, the subject of the spiral
nebulae remained of a low interest.

In the mean time, the development of radio astronomy took a big step with the work of
Jansky (1932, 1933, 1935) in the radio communication domain. Conducting a A ~ 14.6 m study of
the sources of static affecting trans-Atlantic communications, he recorded a steady hiss type static
of unknown origin. While he first associated this static noise with the Sun, a deeper study of the
data finally proved that the radiation was coming from the entire disk of the Milky Way, with a
maximum located in the direction of the galactic center (Jansky 1933, 1935). There were multiple
attempts to explain the origin of the galactic radio background detected by Jansky (1932): thermal
emission by interstellar dust (Whipple & Greenstein 1937), bremsstrahlung emission by ionized gas
in the interstellar medium (Reber 1940) ... But it was Alfvén & Herlofson (1950)’s theory involving
cosmic rays trapped in a magnetic field, emitting by synchrotron processes, that led Kiepenheuer
(1950) and Ginzburg (1951) to explain the radio background. The first identification of a radio
galaxy with an optically known object goes back to Bolton et al. (1949) who associated Virgo A with
M 87, the central galaxy in the Virgo cluster, and Centaurus A with NGC 5128, a bright nearby
elliptical galaxy encircled by an optically thick dust lane. Further observers tried to calculate the
amount of energy stocked in double-lobed radio galaxies and the results fascinated the community:
10% ergs (Burbidge 1959).

Such a discovery enhanced the number of radio surveys in the 1950s and 1960s in order to
determine the true nature of those objects. Coupled to optical identifications of sources in order to
determine their position, the two famous catalogs of Cambridge 3C (159 MHz, Edge et al. 1959)
and 3C revised (178 MHz, Bennett 1962) were the base material to a major breakthrough in 1963.
Looking at the optical broad emission line spectrum of 3C 273, in comparison with 3C 48 (Fig 2.1),
Schmidt (1963) pointed out that the lines were emitted at unusual wavelengths and were clearly not
related to any stellar type spectrum. In particular, he noticed the presence of four emission lines
of decreasing amplitude in the blue part of the spectrum, similar to the Balmer series of Hydrogen
spectral lines shifted in energies. The presence of the Ha and Mg II lines in both 3C 273 and
3C 48 spectra but at different wavelengths was the second hint for a present red-shift leading to
the evaluation of the cosmological distances of the two sources, z = 0.16 and z = 0.37 for 3C 273
(Schmidt 1963; Hazard et al. 1963; Oke 1963) and 3C 48 respectively (Greenstein 1963). Those
objects were first considered as galactic stars with a very high density, giving a large gravitational
redshift. But this theory was not coherent with the widths of the permitted emission lines and
the presence of forbidden lines. A much more convincing explanation was that the objects were
extragalactic, with redshifts reflecting the Hubble expansion (Schmidt 1963; Hazard et al. 1963,;
Oke 1963; Greenstein 1963).

Considering cosmological redshifts, Greenstein & Schmidt (1964) calculated the electron den-
sities in 3C 48 and 3C 273 using the forbidden A\ 2973 [Ne V] emission line. They estimated the
emitting volumes from the electron densities and the observed luminosities in HZ and Mg II, es-
tablishing from spherical emission models that the sizes of the radiating region were confined to
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Figure 2.1: Two prime-focus spectra of the quasi-stellar objects 3C 273 (top, 400 A/mm) and
3C 48 (bottom, 190 A/mm) (Greenstein & Schmidt 1964). NS indicates night-sky emission; Abs is
absorption. The Balmer series of hydrogen is reported for 3C 273 as well as the Magnesium II and
Neon V emission lines for 3C 48.

1.2 and 11 pec, for 3C 273 and 3C 48 respectively. In order to be gravitationally bounded, such
compact regions should be of a mass higher than 10° My to provide the system with energies
up to 1090 ergs (Burbidge 1959). Using the relation between the time for an electron to lose, by
synchrotron process, half of its original energy in correlation with the observed optical variability
(Oort & Walraven 1956; Matthews & Sandage 1963; Smith & Hoffleit 1963), Greenstein & Schmidt
(1964) proposed a model in which the central source of optical continuum was surrounded by the
emission-line region, and a still larger radio emitting region. They suggested that the central mass
of 10° My, previously supposed might provide adequate energy generation for a lifetime superior
to 10% years, implied by the size of the jet of 3C 273 and by the nebulosity of 3C 48. Noting that
such a mass would correspond to a Schwarzschild radius of ~ 10~ pc, they started to explore the
possibility of energy generation and mass input from such a collapsed region (Lynden-Bell 1969a).



From this point, one last question remained: are quasars isolated in space or do they belong
to a larger structure? The hypothesis of quasars lying in galaxy clusters was soon excluded by
photographic measurements (Sandage & Miller 1966) and Greenstein & Schmidt (1964) pointed
out that no galactic signatures have been found around quasars, possibly excluding the presence of
a host galaxy. However, several studies started to observe similarities between the spectra, colors
and variability of quasars, Seyfert and N galaxies? (Burbidge et al. 1963; Pacholczyk & Weymann
1968; O’Connell 1971; Evans et al. 1972). The first evidence for quasars being hosted by faint
galaxies came from the pioneering work of Kristian (1973), who successfully observed the diffuse
galaxy surrounding several AGN on photographic plates. Direct detection of AGN host galaxies
became more regular with the advances of technology, leading to the discovery that jet-dominated
quasars are preferentially found in elliptical-like galaxies while jet-free AGN are mostly found in
spiral-like objects (Malkan 1984).

Beyond this discovery, the initial mysteries about quasars were unveiled: they were found
to be extremely bright extra-galactic objects situated in the inner regions of a much fainter host
galaxy. Their variable, intrinsic luminosity must be provided by a sub-parsec, compact region that
produces both absorption and emission lines. Finally, they were a direct proof of the Universe
expansion. But now that their global properties were identified, they needed to be explained: the
AGN field as a major topic of astrophysics research began? .

2.2 The complex composition of AGN

With further advances in observational techniques, a wide variety of quasi stellar objects
appeared. They soon became subdivided in classes according to their apparent morphology, their
luminosity, the eventual presence of a relativistic jet and the spectral shape of their emission and
absorption (in any) lines. Nowadays, the approximated structure and composition of AGN are
known but much of the detailed physics remains literally obscured.

In order to move towards a more comprehensive, broadband AGN scheme, the following
subsections review the theoretical emission and absorption regions that are supposed to lie in the
heart of active galaxies from the X-ray band down to radio frequencies,

2.2.1 The supermassive black hole (SMBH)

Quasars and AGN are the most powerful and long-term stable astronomical sources known.
Not uncommonly, L ~ 106 erg.s™!, which is 10 times the luminosity of the brightest galaxies.
However, while being stable for long periods, their intrinsic luminosity may vary in a timescale
of hours or less, depending on the energy domain considered. Considering the propagation of
radiation level change at the speed of light, the overall emission region is necessarily compact and
of a phenomenal energy. A stellar-origin fueling of the AGN was soon studied by Lynden-Bell
(1969a), who showed that any attempt to power quasars by nuclear reactions alone was largely
insufficient.

Demonstration:
Let’s consider that most of the 10! erg energy released by an AGN is stocked inside its

2 N galaxy: a class of galaxy showing a compact, bright, blue nucleus superimposed to a fainter red background.
3 For a more extensive review of the history of AGN discovery, please refer to Trimble (1992), Shields (1999) and
references therein.



radio halo. By measuring the size of the emission region, one can find that 10! ergs
corresponds to a mass of ~ 107 M. Knowing that nuclear reactions give less than

1 % conversion matter <> energy, of which 0.75 % comes from hydrogen to helium
conversion, the initial mass of the AGN inner region must be about 10° M.

If all the mass in concentrated within the radius R of the central, nuclear object, then
its binding energy would be greater than 3GM? / 5R. If R = 1.50 x 10 cm

(equals to 1 astronomical unit), then Ep;,q ~ 10%4 erg.

It is not unusual that a quasar luminosity varies by one magnitude within 10 hours.
From speed of light crossing distance considerations, R would be lower than 10'® cm,
implying the gravitational binding energy of the nuclear core to be superior to 10%? erg.
So, while trying to fuel our model with nuclear energy, we ended with a model
producing enough energy by gravitational contraction.

The work of Salpeter (1964) and Zel’dovich & Novikov (1964) braced Lynden-Bell (1969a)’s
hypothesis on the gravitational fueling theory while, in the meantime, exotic black hole alternatives
such as single supermassive stars (Hoyle & Fowler 1963) and spinars (Ginzburg & Ozernoi 1977)
were shown to be dynamically unstable and hence short-lived (Lynden-Bell 1978).

0.02
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Figure 2.2: Mean Fe Ka line profile of the Seyfert 1 galaxy ASC A survey by Nandra et al. (1997).
The narrower component of the fit peaks at 6.4 keV and the broader component (carrying most
of the flux) is strongly distorted in the red part of the spectrum, giving an integrated centroid
energy of 6.1 keV. The enormous Doppler / general relativistic broadening and the asymmetric
line profiles are consistent with relativistic boosting and dimming in the approaching and receding
parts, respectively, of SMBH accretion disks as small as a few Schwarzschild radii, Rg.

By definition, a gravitationally-powered system would attract everything close to its gravity
field, including photons. Thus, the detection of AGN black holes with M > 10% M, also known
as supermassive black holes (SMBH), must be indirect. Two main methods are actually used in
this purpose: one lies in the X-range and is based on the detection of distorted Fe K, emission
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lines. The broadening of the iron red-wing is due to general relativistic effects that tend to shift
the line centroid according the the SMBH spin and disk inclination. Fitting the soft X-ray spectra
by general relativistic reflection models allow an estimation of the black hole key parameters (see
Fig 2.2 and Chap 9 for further details). The second, most accepted technique implies the detection
of optical and ultraviolet broadened emission lines, with Doppler-induced line widths of 2000 to
10000 km-s~! (Ho & Kormendy 2000). One of the most direct methods for measurement of the
SMBH mass is the reverberation mapping of those emission lines which allows direct measurements
of the size of the broad-line region (BLR, see Sect. 2.2.4) in these objects (Blandford & McKee
1982; Netzer & Peterson 1997). The distance from the radiation source at which the broad emission
line response is the most significant can be evaluated from the monitoring of the UV and optical
continuum variability and the delayed response of the emission lines. The difference, due to the
light travel time, then gives information about the size of the BLR. If the velocity widths of the
emission lines is resolved in wavelength, they may trace the Doppler motion of the line-emitting
gas. Assuming a gravitational relation with the velocity field of the BLR, one can compute the
gravitational potential in which the gas moves and then deduce the mass of the central object (i.e.
the SMBH) using the virial theorem M = ro?/G, where o is the velocity and r the size estimated
for the line-emitting gas (Peterson & Wandel 2000).

To the day of this manuscript, most of the SMBH have a mass range between 10® and a few
108 Mg, the most massive one weighing 1.7 x 10'° My (NGC 1277, van den Bosch et al. 2012).

2.2.2 Accretion onto SMBH

The previous section showed that a gravitational-origin fueling of AGN is the most probable
mechanism to produce extreme amounts of radiation. To do so, matter around the SMBH must
somehow loose its energy; but placing an isolated particle (with angular momentum) around a
potential well only results in a circular motion. By removing energy and angular moment from
the particle, the trajectory of the particle is altered and starts to spiral inwards the gravitational
potential until it ultimately crosses the Schwarzschild radius* . The amount of energy available
through such a process is equal to the binding energy of the innermost stable circular orbit (ISCO,
with r7sco < rg). Below the ISCO radius, no stable circular motions are possible. It follows that
the more compact the object is, the more energy can be extracted. According to Pringle (1981),
of the order of 10 % of the rest mass of the particle can be released from orbits around a neutron
star and up to around 40 % for orbits around a rotating Kerr black hole.

In theory, accretion processes are efficient enough to produce high amounts of energies by
converting rest mass into radiation. But, in order to ignite accretion, energy and angular momentum
must be removed from the particles. According to the theory developed by Pringle & Rees (1972)
and Shakura & Sunyaev (1973), black holes are surrounded by large amount of hot gases, rotating
around the potential well (see Fig 2.3). A particle colliding with other gas elements transfers its
kinetic and potential energy to the medium, while being heated by shocks and then radiatively
cooled. Since the orbit of least energy for a given angular momentum is a circular one, the gas
settles into moving on circular orbits in the form of a thin, optically thick disk around the black
hole. The accretion itself is due to viscosity processes (Shakura & Sunyaev 1973), also know as

4 The Schwarzschild radius, Rs or Reg, of a collapsing celestial object is the mass-dependent radius at which
gravitational forces require an escape velocity that exceeds the velocity of light. For an object of mass M, with G
the universal gravitational constant and c the speed of light, Rg = 2GM/c?. In strong gravity regimes, all length are
scaled according to the black hole mass.
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the alpha viscosity prescription that describes the resistance of a fluid to the deformation induced
by either shear or tensile stresses. Viscosity is damping out shearing motions while the energy is
dissipated in the fluid as heat, and thence radiated away with a temperature profile similar to a
quasi-black body® with T(R) o R~3/4. Thus, viscosity extracts the only energy source present
in the gas (that comes from the gravitational potential) and makes the accretion disk particles
to fall into the potential well. In theory, such a viscous prescription is the most efficient manner
to convert gravitational potential energy into an AGN-required amount of radiation. However, it
is interesting to note that several authors proved that ordinary molecular viscosity is too weak
in real astrophysical accretion disks and should be replaced by a model of turbulences driven by
magneto-rotational instability (MRI, Balbus & Hawley 1991; Hawley & Balbus 1991; Balbus &
Hawley 1998; Abramowicz & Fragile 2011).

Figure 2.3: Shakura & Sunyaev (1973)’s first scheme of an accretion disk. The thickness of the disk
is a function of the distance to the black hole. It is interesting to note the presence of an evaporated
medium in the outer edges of the disk, represented as dots, that is discussed in Sect. 2.2.3. The
arrows are the trajectories of X-rays and UV quanta which are heating the medium.

From an observational point of view, Shields (1978) was the first to suggest that the UV bump
observed in AGN and quasars’ electromagnetic spectra was due to thermal emission originating from
the accretion disk. Strengthened by the model of thin accretion disks by Shakura & Sunyaev (1973),
where most of the radiation is emitted in the UV and optical ranges, the continuum radiation is
expected to come from synchrotron radiation. As accretion disks are highly conducting, the orbiting
material thus generates magnetic field that varies through viscosity. A variation of magnetic fields
leads to the creation of electric fields that accelerate charged particles away from disk as the
radiation pressure exceeds the gas pressure. Predominantly below 1000 Rg, the accretion disk

_ 1/4
® More precisely, T(R) = |:3sii/[31\3/1 (1 — 4/ (’R]%S>1| , with o the Stefan-Boltzmanns constant, M the black hole

mass and )/ the accretion rate.
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thus becomes thicker, hotter and is ultimately responsible for the UV and optical thermal emission.
From 1075 Rg, the gas pressure dominates and a thin disk is supported by gas pressure, producing
the IR radiation. Beyond 10° Rg the accretion disk ultimately breaks up. However, accretion disks
in AGN are unable to produce radiation at very long or very short wavelengths, so far-infrared and
X-ray emissions are thought to be of different origins (Bertout et al. 1991). In particular, the X-ray
emission is theoretically seeded by UV photons from the accretion disk reprocessed in a hot disk
corona.

2.2.3 The hot corona

Within the theories described by Pringle & Rees (1972) and Shakura & Sunyaev (1973), the
UV and optical continuum radiation is expected to be produced by accretion onto a supermassive
black hole. However, the presence of high X-ray fluxes observed in AGN (Walter & Courvoisier
1992) is a serious challenge for the accretion disk theory as it is unable to explain their origin and
spectral shape.

If we consider that accretion disks are the only radiation sources in AGN, then one of the
easiest way to produce X-ray photons is to consider (multiple) inverse Compton upscattering events
in a hot plasma. By Comptonization processes (Sunyaev & Titarchuk 1980), ultraviolet seed
photons emerging from the accretion disk are reprocessed in a hypothetical, optically thin plasma
situated in both sides of the disk surface (the accretion disk corona, Haardt & Maraschi 1991,
1993). The resulting X-ray spectrum then only depends on two parameters of the corona: its
electron temperature and optical depth. The relative strength of the hard X-ray component of
the spectrum, in comparison with the UV /soft X-ray tail, defines the hardness of the spectra and
reveals the predominance of energy dissipation in the accretion disk (soft excess, Pringle & Rees
1972; Frank et al. 2002) or of energy dissipation in the corona by thermal comptonization (hard
excess, Rees et al. 1982; Narayan & Yi 1994; Abramowicz et al. 1995).

Empirically, a power law of the form Nz oc E7F, with a photon index I' ~ 2 best describes
the 1-100 keV X-ray emission coming from the accretion disk corona, below 30 Rg, for radio-quiet
AGN and quasar with 0.5 < z < 6 (Reeves & Turner 2000; Page et al. 2005). The variation of I'
is considered as an accretion rate indicator in AGN seen from the pole (Boroson & Green 1992),
as high accretion rate would increase the accretion disk temperature, hence producing more soft
X-ray radiation and, at the same time, increase the Compton cooling of the corona and steepen
the hard X-ray power law; low accretion rate hardens the power law via the inverse mechanism
(Shemmer et al. 2006).

The interaction between the matter driven away from the accretion disk by radiation pressure
and the hot corona is rather complicated as it couples the processes producing X-rays and UV pho-
tons (Proga 2005). Galeev et al. (1979) and Field & Rogers (1993) explored magnetic connections
between energy dissipation from the accretion disk and the heating mechanism of the corona but a
detailed investigation of the radiative coupling between an accretion disk and a hot corona presented
in Liu et al. (2002, 2003) shows that the energy deposit in the corona is not enough to keep itself
hot above the disk against strong Compton cooling in AGN systems. Other heating mechanisms
besides the disk-born outflow are required to maintain such a hot temperature in the corona lying
above the disk and to produce the observed X-ray luminosity. A promising mechanism arises from
coupling MRI in the disk and the upward force exerted by the magnetic field, resulting in magnetic
reconnection events in the corona that can heat the plasma up to 10? Kelvin (Di Matteo 1998; Di



13

Advection
1 Extended Corona Dominated

= Disk
7 ,

w7
o

1,

2 Flaring Blobs

Figure 2.4: The different corona models proposed by Haardt (1997) to illustrate the production
of X-ray photons in radio-quiet AGN. The dark arrows represent seed photons for comptonization
(from the infrared to the extreme UV, depending on the accretion disk model). The white arrows
are the X-rays photon created by inverse Compton scattering. Models are not scaled.

Matteo et al. 1999; Miller & Stone 2000). Moreover, magnetic reconnection might explain the time
variability observed in AGN and help to create an inhomogeneous medium (Kawaguchi et al. 2000).
Unfortunately, due to the proximity between the corona and the SMBH, direct measurements of
the plasma morphology, opacity and radiation mechanisms remain impossible (Reynolds & Nowak
2003 and Fig 2.4).

2.2.4 The Broad Line Regions (BLRs)

Since the first optical spectroscopic observation of AGN by Seyfert (1943), it is unambiguous
that all quasars have relatively strong emission lines. Since then, the shapes and intensities of the
emission lines are used as tracers of the physical and kinematic properties in the central part of
AGN. While the emission mechanism of narrow lines is identified with a quite well-characterized
AGN component (the Narrow Line Region, see Sect. 2.2.6), much questions remain about the
original region responsible for the broad lines. In particular, it is quite puzzling to reconcile the
presence of broad emission (in type-1 AGN) and absorption line (in BALQSO) under a unified
picture.

When looking at spectroscopic observations of AGN, one can deduce from the broad emission
lines that the actual amount of emission-line gas required is rather small as line emission is very ef-
ficient in high-density gases (taking into account that the emissivity per unit volume is proportional
to n2). The broad line region (BLR) must be then dense. From the variation of the emission-line
fluxes in comparison with the continuum flux, the BLR signal varies with a very short time delay
(e.g. Akn 564: Atoopns/iine ~ 3 days at A = 1216 A, for a SMBH of 8 x 10% My, Collier et al. 2001).
Hence, using light-travel time arguments, the BLR is necessary quite small and thus close to the
central engine (Akn 564: Rprr ~ 1 light day, Collier et al. 2001). As the BLR is located on a
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relatively small distances from the AGN central energy source, the matter in the BLR is likely to
be irradiated by the strong continuum flux originating from the accretion disk and the hot corona.
Kwan & Krolik (1981) were the first to suggest that the UV and optical irradiation of the BLR
was leading to photo-ionization of the matter, heating the gas up and being responsible for the
observed spectra of AGN. Plus, if the gas is photo-ionized, the BLR must be optically thick to
ionizing continuum radiation. This led to the idea that the BLR comprises discrete gas clouds
associated with the accreting supermassive black hole at the heart of AGN (Davidson & Netzer
1979; Mathews & Capriotti 1985). Non-radiatively heating processes such as recombination and
collisional excitation were also considered by Dumont et al. (1998) and were found to be relevant
processes in the physics of the BLR. In particular, at larger ionization parameters recombination
cannot be neglected; at low ionization parameters, the collisional excitation also becomes important
(Osterbrock 1989; Popovié et al. 2008).
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Figure 2.5: Total flux intensity of the Seyfert 1 galaxy Fairall 51 obtained in October 1998 by Smith
et al. (2002b) at the 3.9 m Anglo-Australian Telescope (AAT). Broad emission lines originating
from the BLR are detected (Ha A6563 and HS A4861) as well as narrow emission lines from the
NLR ([O III] A959 and A5007); redshift to be considered.

A typical AGN spectrum (see Fig 2.5) showing broadened lines emitted by the BLR may
include resonance metal lines (C IV A1549, N V A1240, O VI A1035, ...), inter-combination lines
(C III] A1909, N III} A1750, O III] A1663, N IV] A1486, ...), broad forbidden lines ([O III] \4363,
[O III] A5007, ...), the hydrogen spectrum (He, HS and Lya) and/or the helium spectrum (He I
A5876, He T A10830, ...). Most of the observed lines are moderate or high ionization lines, but the
presence of low excitation lines such as Fe II, Mg II, Ca II indicates that some lines are produced
in a partly neutral region of the BLR clouds (Netzer 1990).

Besides the strong emission lines emitted by the BLR, broad, blueshifted absorption features
in the UV part of spectra are present in ~ 10 % of quasars (Popovi¢ 2006) and show both high
and low broad ionization lines (Reichard et al. 2003). To take into account both the emission and
absorption lines in quasar, the usual interpretation supposes that AGN spectra are a superposition
of the continuum emission from the central engine, with broad emission lines from the BLR emitted
near the hot center of the AGN, and the broad absorption lines originating from the colder, outer
edge of the BLR (Gaskell & Sparke 1986; Gaskell et al. 2007). Based on this reasoning, Goad et al.
(1993) argued that the geometry and possible stratification in the BLR may affect the continuum
and line spectra of AGN.
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The question of the exact BLR geometry is thus of a prime importance. The concept of dis-
crete clouds (Davidson & Netzer 1979; Mathews & Capriotti 1985) is still not largely accepted as it
seems to suffer from a number of drawbacks. In particular, such clouds would expend adiabatically
and blend together if no external medium is present to confine them. But, due to the necessary req-
uisite pressure confining, the medium would ultimately heat and become a source of X-rays (Krolik
et al. 1981), which is eluded by the absence of detection. One of the possible re-interpretation of
the BLR morphology comes from Shields (1977), who suggested that the broad lines can originate
from condensations or filaments within an outflow from the accretion disk, accelerated by radiation
and /or magnetic pressure. Such a wind would be responsible for the broad absorption lines and
can also be the source of the broad emission lines in all quasars and AGN (Elvis 2000). Indeed, a
continuous flow of matter would explain the observed smoothness of the line profiles, which cannot
be explained by a distribution of discrete cloudlets (Arav et al. 1997, 1998; Eracleous 2006) if we
consider that the bulk of the line emission originates from the inner parts of the outflow, where the
density is maximum. The flattened configuration of the structures proposed by Shields (1977) and
Elvis (2000) is largely supported by reverberation mapping of Seyfert galaxies, where there was
found no evidence for predominantly radial motion of the gas (Peterson 1998).

While detected, the motion of the BLR (whether in infall, outflow, or orbital motion) remains
unknown. There are no strong constraints from the emission line profiles as a wide variety of
kinematic models are able to reproduce the non-Gaussian profiles detected in AGN (Bon et al.
2009). Plus, the wide variety of structures observed in the BLR line profiles, such as “double-
peaked” lines or “asymmetrical” wings, are found to be variable in time (Peterson 2006). While
the combined technique of reverberation mapping (Blandford & McKee 1982) and multi-wav