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Détermination de la masse du trou noir central dans les noyaux
actifs de galaxies par l'utilisation de la polarisation des raies larges

Résumeé

Les trous noirs supermassifs (SMBH) se trouvent au cceur de presque toutes les galaxies massives dans
I'Univers. La plupart sont en sommeil, mais lorsqu’il y a assez de gaz a proximité, ils entrent dans une phase
active et forment ce qu’on appelle un noyau actif de galaxie (AGN). lls ont alors un effet profond sur I'évolution
de la galaxie hote et jouent un réle important sur leur environnement. La mesure fiable de la masse des
SMBH est donc une tache importante dans I'astronomie moderne. A cette fin, Afanasiev et Popovic (2015) ont
récemment proposé une méthode qui utilise la rotation de I'angle de position du plan de polarisation sur le
profil en fréquence des raies d'émission larges afin de tracer le mouvement Keplerien et de déterminer la
masse du SMBH. Le but de la thése est d'explorer théoriquement les possibilités de cette méthode. Pour ce
faire, nous avons dans une premiére partie effectué de nombreuses simulations de transfert radiatif pour la
modélisation de la diffusion équatoriale dans AGN a l'aide du code STOKES. Nous avons inclus les
mouvements complexes présents dans le systeme sous forme d’accrétion et d’éjection, et nous avons
également comparé nos résultats aux observations. Notre travail est important car nous avons démontré dans
quelles circonstances cette méthode peut étre utilisée pour mesurer la masse du trou noir de maniére
indépendante. La deuxiéme partie de ce travail consiste a prédire la polarisation des raies larges au cas ou
les AGN seraient alimentés par des trous noirs binaires supermassifs (SMBBH). Nous avons traité quatre cas
différents avec des binaires de trous noirs séparés de moins d’'un parsec, et modélisé a nouveau la diffusion
équatoriale. Nous avons obtenu une signature de polarisation unique sur les raies larges. Nous avons montré
que la spectropolarimétrie pouvait constituer un outil puissant et une premiere étape pour la recherche de
SMBBH dans les futurs levés spectropolarimétriques systématiques.

Mots-clés: Noyaux actifs de galaxies - trous noirs supermassifs - polarisation - transfert radiatif.

Résumé en anglais

Supermassive black holes (SMBHSs) reside in the heart of nearly every massive galaxy in the
Universe. Most of them lie dormant, but when the nearby gas is abundant, it will enter an active
phase and form an active galactic nucleus (AGN). When in their active phase, SMBHs have a
profound effect on the host galaxy evolution and play an important role in shaping their environment.
Reliable SMBH mass measuring is therefore an important task in modern astronomy. For that
purpose, a method has been recently proposed by Afanasiev & Popovic (2015) that uses the rotation
of the polarization plane position angle across the broad emission line profile in order to trace the
Keplerian motion and determine the SMBH mass. The goal of the thesis is to theoretically explore
the possibilities of this method. In order to do that, we performed numerous radiative transfer
simulations for modeling equatorial scattering in AGNs using the code STOKES. We included
complex motions present in the system in the form of inflows and outflows, and we also compared
our results with observations. We have demonstrated under which circumstances this method can be
used to measure the SMBH mass in a new independent way. The second part of this work involves
predicting the broad lines polarization when AGNs are powered by supermassive binary black holes
(SMBBHSs). We treated four different cases with sub-pc SMBBHs, and again modeled equatorial
scattering. We obtained a unique polarization signature across the broad lines. We have shown that
spectropolarimetry could be a powerful tool and a first step for searching SMBBHs in the future
systematic spectropolarimetric surveys.

Keywords: Active Galactic Nuclei — supermassive black holes — polarization — radiative transfer.




Advisors:

dr Luka C. POPOVIC, full research professor
Astronomical Observatory Belgrade, Serbia

dr René GOOSMANN, former associate professor
Université de Strasbourg, France

dr Jean-Marie HAMEURY, full research professor

Université de Strasbourg, France

Jury members:

dr Dragana ILIC, associate professor
University of Belgrade, Faculty of Mathematics, Serbia
dr Damien GRATADOUR, associate professor
LESIA, Observatoire de Paris, France
dr Catherine BO1SsON, full research professor
LUTH, Observatoire de Paris, France
dr Marko STALEVSKI, assistant research professor

Astronomical Observatory Belgrade, Serbia

Date of defense:




HacooB amucepramuje: OpehuBarme Mace IMPHUX pyla KOJ AKTUBHUX TaJaKTHIKAX
jesrapa momohy moJiapusaliyje y IMMpOKUM eMUCHOHUM JINHUjaMa,

Caxerak: Cynepmacusue nphe pyne (CMIIP-e) ce Hasase y 1eHTpY rOTOBO CBake
MacHUBHE Tajiakcuje y cBemupy. Behuna cy HeakTupne, ajm KaJia y OKOJIMHUA MMa JIO-
cra raca, 3amodehe akTmBHa das3a y Kojoj ce hopMupa aKTHUBHO TaJaKTUIKO je3rpo
(AT'J). ¥V axkruHOj dasu, CMIIP umajy Besmkn yTuraj Ha eBOJIyIUjy rajakcuje Koja
cagpxku Al'J m menor okpyxkema. [loysmano mepeme mace CMIIP je 3ato Baxkan
3aj1aTak caBpemeHe actporomuje. Y Ty cBpxy, Adanacues u ITomosuh (2015) cy He-
JIABHO TIPEJIJIOZKIIM METOJIY KOja KOPUCTU POTAIN]y TO3UIMOHOT yIJia MOJIapu3aIione
paBHU Jy2K Tpoduia IMUPOKEe €MUCHOHE JIMHUje KAKO OM JIETEKTOBAJM KEILJIEPOBCKO
kperambe u oapeauan Macy CMIIP-e. OBa meroma npermnocraB/ba jia Cy ITHPOKE JIU-
HUje eMUTOBAHE U3 IJbOCHATOT JUCKOJUKOT PErHOHA Ca KEIJIEPOBCKUM KPETambeM, JTOK
je TJIaBHM MexaHM3aM ToJiapu3aliije pacejarbe Ha YHYTPAIbeM 3U/ly KOILJIAHAPHOT TO-
pyca mpalimHe — T3B. eKBATOpHUjaIHO pacejarbe. [ub Te3e je TeOpUjCKU MUCIIUTATH MO-
ryhaoctu oBe metojie. M3Bpruin cmo 6pojue Monte Kapisio cumynarnuje 3a Mosesn-
pambe ekBaTopujaHor pacejama koj Al'J-a kopucrehn k61 3a 1mpenoc 3patiemba STOKES
(Goosmann & Gaskell 2007). Pasmarpaan cMo 1 yTHIA] KOMIUIEKCHOI KPETAha eMU-
CHOHOT' pPEermoHa Koje Moxke Outu y hopmu pajujajiHor MPUINBa W BEPTUKATHOT OJ-
JIMBA raca, WIN yCJel| IIpUCycTBa JaBojae cynepmacushe 1pre pyte (JICMIIP-e). Ta-
kobhe, m3abpayim cMmo detupu 106po noznara Al'J-a koja cmo nmocmarpasn: NGC 4051,
NGC4151, 3C273 u PG0844+349. Cuekrpornonapumerpuja je ypabhena kopucrehn
SCORPIO criekrporpad montupanum Ha 6-merapckom BTA reneckony Cherujasime
acrpodusntke omncepsaropuje Pycke akamemmje nayka (CAO PAH-a). Mogemupasu
cmo cBakn o opux Al'J-a kKopucrehm nogarke u3 Jmreparype U yIHOPEIWI CMO pPe-
3y/TaTe HaIIUX MOJIe/Ia ca IMocMaTpadkuM nogaruMa. Jlobuwnn cMo j1a ce oBa mMeToa
MOKe KOPUCTUTH 3a He3aBuCHO Mepeme Maca CMIIP-a ko AT'J-a. YTumaj npuinsa u
OTHUIAFha raca ce MOYKe UTHOPUCATHU YKOJIUKO Cy IhUXOBe OpP3UHEe Marhe 0J] Op31nHa Kerlie-
poBcKoOr Kpetamba. JlomaTHo, Kaja je pacejaBajyhu pernon 6iu3y MUPOKOJIUHN]CKOT pe-
HOHA, OBa METOJIa He 3aBUCH O] MHKJINHAIje mocMaTpama. 3a cucrem JJICMIIP-e oBa
MeTOJIa ce He MOKe KOPUCTUTH, MeDyTUM, JOOUIU CMO jeJIMHCTBEHE Mpoduie Koje HICY
yobuuajenu 3a jegny CMIIP-y, mro moxke Outu Kopumniheno 3a ojpehusame moryhux
kauaugara 3a JJCMIIP-e. Ilporemene mace CMIIP-a 3a werupu mocmarpana Al'J-a
CIaXKy ce JI00po ca MacaMa Koje Cy IpOIemeHe JIPYTUM MeTojlaMa, Ipe CBera MeToI0M
peBepOepalonor Manupama. Merona 3a HezapucHo Mepere Maca CMIIP-a je y oBom
paJly TEOPUjCKU U €KCIIEPUMEHTAJIHO ITPOBEPEHA, IIITO je 01 N3Y3eTHOT 3Havaja 3a Oyryha
n3cTpazkuBama Koja ce base yrurajem CMIIP-a #a cBojy Hermocpeiny OKOJIHHY.

Kipyutie peun: AKTHBHA rajakTHIKa je3rpa, CylepMacuBHE IIpHE pylle, mojapu3aliija,
IIPEHOC 3paderha
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Dissertation title: Measuring black hole masses in active galactic nuclei using the
polarization of broad emission lines

Abstract: Supermassive black holes (SMBHSs) reside in the heart of nearly every mas-
sive galaxy in the Universe. Most of them lie dormant, but when the nearby gas is
abundant, it will enter an active phase and form an active galactic nucleus (AGN). In
their active phase, SMBHs have a profound effect on the host galaxy evolution and its
environment. Reliable SMBH mass measuring is therefore an important task in modern
astronomy. For that purpose, a method has been recently proposed by Afanasiev &
Popovié¢ (2015) that uses the rotation of the polarization plane position angle across
the broad emission line profile in order to trace the Keplerian motion and determine
the SMBH mass. This method assumes that broad lines are emitted from a flattened
disk-like region undergoing Keplerian motion, while the polarization is mainly due to
the light scattering of the inner side of the coplanar dusty torus — the equatorial scat-
tering. The goal of the thesis is to theoretically explore the possibilities of this method.
We performed numerous Monte Carlo simulations for modeling equatorial scattering
in AGNs using the radiative transfer code STOKES (Goosmann & Gaskell 2007). We
included complex motion of the emitting region in the form of radial inflows, vertical
outflows, or due to the presence of the supermassive binary black holes (SMBBHs). We
also selected four well known AGNs for observations: NGC 4051, NGC 4151, 3C 273 and
PG0844+349. Spectropolarimetry was done with the 6 m telescope BTA of the Special
Astrophysical Observatory of the Russian Academy of Science (SAO RAS) with the
focal reducer SCORPIO. We modeled each of these AGNs using observational data
available from the literature, and we compared the results of our models with obser-
vational data. We find that this method can be used as a new independent way to
measure the SMBH masses in AGNs. The influence of the inflows and the outflows
can be ignored if they are much lower than the Keplerian velocity. Additionally, when
the scattering region is close to the broad line region, this method becomes indepen-
dent of the viewing inclination. For SMBBHs, this method cannot be used, however,
we obtained unique polarization profiles which are not common for a single SMBH,
which could be used for identifying possible SMBBH candidates. SMBH mass esti-
mates for the four observed AGNs are in good agreement with the masses obtained
using other methods, such as the method of reverberation mapping. Method for inde-
pendent SMBH mass measurements has been theoretically and experimentally verified
in this work, which is very important for the future research that is dealing with the
SMBH influence on its immediate environment.

Keywords: Active Galactic Nuclei, supermassive black holes, polarization, radiative
transfer

Research area: Astronomy
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Abstract

Introduction

Supermassive black holes (SMBHs) reside in the heart of nearly every massive galaxy in
the Universe. Their mass typically range between 10°-10%° M, (Kormendy & Richstone
1995). Most of them lie dormant, but when the nearby gas is abundant, it will start
the accretion process where the disk is formed. As the temperatures of the accreting
matter increases, an immense amount of energy is radiated, triggering an active phase
and forming an active galactic nucleus (AGN, Salpeter 1964; Zel’dovich & Novikov
1964; Lynden-Bell 1969). Whether they are dormant or active, SMBHs do not emit
any light of their own; however, the gas and stars surrounding SMBHs are sensitive to
their gravitational presence, allowing us to measure their mass.

The standard paradigm, or the so called unified model of AGNs (Antonucci 1993;
Netzer 2015) assumes that the SMBH is surrounded by an accretion disk which, further
away from the center, is fragmented into an optically thick dusty torus. This dusty
torus collimates radiation in the polar direction and obscures the central region along
the equatorial viewing direction. The broad line region (BLR) resides in the vicinity
of the SMBH, at distances of a few to a few hundred light days, in which the gas is
being photoionized by the radiation from the accretion disk. Most of the broad lines are
emitted due to radiative recombination (Netzer 2013) and their width of a few thousand
kms™! is primarily due to Keplerian motion around the SMBH (Clavel et al. 1991). In
the polar direction, highly ionized and modestly relativistic polar winds are emerging
on scales smaller than 1pc (Tombesi et al. 2012). Farther away, fueled by the polar
wind, the outflows form a bi-conical structure of low density gas which emits forbidden
narrow lines — the so called narrow line region (NLR). This region can have dimensions
of the order of kpc (Bennert et al. 2002). Relativistic jets are sometimes formed in the
polar axis direction, and thus produce strong radio emission. The observed dichotomy
between type-1 AGNs, where the broad emission lines are visible, and type-2 AGNs,
with only narrow emission lines in their optical spectra, is largely due to an orientation
effect where type-1 AGNs are observed from close to pole-on view while type-2 AGNs
are viewed at much higher inclinations, closer towards the edge on view. An illustration
of the AGN structure is shown in Fig. 1.

The large majority of AGNs show weak optical continuum linear polarization p <

3%, while circular polarization is a few magnitudes lower. Those AGNs with opti-
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Figure 1: The unified model of AGNs. The black hole is residing in the center surrounded
by an accretion disk. Farther away, past the sublimation radius, the accretion
disk extends into the dusty torus. The broad line region is in the vicinity of the
disk and is being obscured by the torus. Much farther away, on the kpc scales
above and below the disk, lies the narrow line region. Relativistic jet is inside the
narrow cone along the polar axis. Different AGN types are observed depending
on the viewing inclination. Inclination is measured from the pole axis towards
the equatorial plane where the accretion disk lies. Credits Beckmann & Shrader
(2012).
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cal polarization as high as 20 %, are predominantly blazars (Angel & Stockman 1980;
Moore & Stockman 1981). Stockman et al. (1979) and Antonucci (1982) have shown
that type-1 AGNs exhibit a strong tendency for the optical electric vector position
angle to be closely aligned with the axis of the extended radio structure — a feature
called parallel polarization. On the contrary, in type-2 AGNs, the polarization position
angle is perpendicular to the radio axes — perpendicular (orthogonal) polarization (An-
tonucci 1982, 1983, 1984). Depending on the waveband, different physical processes are
responsible for polarization. In X-rays, Compton and inverse Compton scattering are
the dominant polarization mechanisms. From UV (ultraviolet) to near IR (infrared), it
is Thomson (electron) and Mie (spherical particle) scattering. In the mid and far IR,
dust alignment by large-scale magnetic fields (Lopez-Rodriguez et al. 2015) produce
parallel polarization. In the radio domain, the electron scattered synchrotron emission
is the dominant mechanism for polarization.

Optical spectropolarimetry of type-1 AGNs has shown that polarization of broad
emission lines is caused by equatorial scattering (Smith et al. 2002). The observed po-
larization properties can be explained assuming a Keplerian disk-like BLR surrounded
by a coplanar scattering region (SR, Smith et al. 2005). Along the line profile, the
polarization plane position angle ¢ exhibits the so called S-shape profile: far away
from the spectral line, ¢ follows the continuum value. At velocities corresponding to
the blue wing, ¢ reaches a maximum, followed by a drop through the core until a
minimum value is reached in the red wing. Equatorial scattering in AGNs is the main

assumption we use in this work.
Measuring SMBH masses

When in their active phase, SMBHs play an important role in shaping its environ-
ment in a process called AGN feedback (Fabian 2012, and references therein). As a
consequence of AGN feedback, numerous correlations of SMBH mass with the proper-
ties of the host galaxy have been found, among which the most notable is My, — o,
relation (Ferrarese & Ford 2005; Kormendy & Ho 2013), implying that SMBH and the
host galaxy co-evolve (Heckman & Kauffmann 2011). Therefore, reliable measurements
of SMBH mass is an important task in modern astronomy. For that purpose, differ-
ent techniques have been developed, both direct and indirect (Peterson 2014), with
most methods targeting AGNs due to their high luminosity (up to Ly, ~ 10 ergs™,
Padovani 2017a), which can be readily observed at different cosmological distances.

xiil



Over the past years, SMBH mass measurements most often come from the reverber-
ation mapping of AGNs (Bentz & Katz 2015). By measuring the time delay between
the variability of the ionizing continuum and the broad emission lines variability, we can
obtain a photometric BLR radius. With a known photometric radius, and a velocity
measured directly from the broad emission line, we can obtain the SMBH mass (Bahcall
et al. 1972; Blandford & McKee 1982; Peterson 1993). The duration of a reverberation
mapping experiment can be rather long. An individual galaxy needs to be observed
over and over again for several months, while distant AGNs even require several years
of successful monitoring (Shen et al. 2016; Grier et al. 2017, 2019). Hydrogen Balmer
lines are the most commonly used; however, highly ionized broad emission lines like
MglI, CIII] and CIV can also be used for AGNs at higher redshifts (Mejia-Restrepo
et al. 2016).

Another method that has been recently proposed, uses the rotation of the polar-
ization plane position angle across the broad emission line profile in order to trace the
Keplerian motion and determine the SMBH mass (Afanasiev & Popovié 2015, herafter
AP15). It assumes that the BLR is flattened and that the light is dominantly being scat-
tered from the inner side of the dusty torus (equatorial scattering, Smith et al. 2005),
resulting in the broad line polarization. The relation between the rotational velocity
across the emission line V' and the polarization plane position angle ¢ is (Afanasiev &
Popovié¢ 2015):

log% =a — 0.5log (tan (v)), (1)

where c is the speed of light. The constant a is related to the black hole mass by

G My, cos? 0

a=0.5log —en. (2)
where GG is the gravitational constant, M,y is the BH mass, Ry is the torus inner
radius, and 6 is the angle between the disc and the plane of scattering. The expected
relation between velocity and ¢ is shown in Fig.2 (right). In the case of a thin SR
(scattering region), a good approximation would be to take # ~ 0. In this case, the
relation between velocities and ¢ does not depend on the inclination since the BLR
emission towards the SR is nearly edge-on. This method is in good agreement with the
ML — o, relation and reverberation mapping, and so far it has been applied to a dozen
nearby AGNs (Afanasiev et al. 2019).

Xiv
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Figure 2: Schematic view of light scattered from the inner part of the torus (left). Expected
relation between ¢ and velocity intensity (right). Credits: Savi¢ et al. (2018).

This method offers a number of advantages over the reverberation mapping method.
It requires only one epoch of observations and it is not telescope time consuming as
compared to the reverberation mapping method. It can be applied to lines in different
spectral ranges from near IR and optical (Balmer lines) to UV (Lya, CIII|, CIV and
MgII), thus allowing black hole mass measurements for AGNs at different cosmological
epochs (AP15). The virialization of the BLR is not a priori assumed, but it is reflected
in the observed ¢-profile. However, this method requires the inner radius of the torus
to be known; Ry is often found using dust reverberation or some other scaling relations
(AP15). In addition, this method can only be used for a rotating disk-like BLR; in the
case where the BLR is dominated by radial motion, it cannot be used. We also stress
out that, in this method, we consider only one scattering event per line photon and the
contribution of multiple scattering events is not taken into account. Since polarization
is very sensitive to kinematics and geometrical setup (Goosmann & Gaskell 2007), the

full treatment of 3D radiative transfer with polarization is required to test this method.
Methods

The main task of this thesis is to explore the possibilities and limitations of this method
and to find in which conditions it can be used. This was done by performing numerous
radiative transfer simulations with polarization for a set of generic models, taking into
account important physical processes in the central part of AGNs. We heavily rely on

the 3D Monte Carlo radiative transfer code STOKES for modeling scattering induced
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polarization in AGNs, covering a broad spectral range around Ha line. In addition
to generic models, using the data found in the literature, we made models for four
AGNs: NGC4051, NGC4151, 3C273 and PG0844+349. Input mass for each object
was obtained applying AP15 method to our observations. Finally, we compared results
of the models with observational data. All of our observations were carried out with the
SAO RAS (Special Astrophysical Observatory of the Russian Academy of Science) 6 m
alt-azimuthal telescope using the SCORPIO spectrograph (Afanasiev & Moiseev 2005).
The work presented in this thesis is a further improvement of the Smith et al. (2005)
equatorial scattering model. While Smith et al. (2005); Afanasiev & Popovi¢ (2015)
have assumed a single scattering approximation, we have entirely based our simulations
on a code allowing multiple scattering events for more general results.

We apply full 3D radiative transfer with polarization using the publicly available
code STOKES (Goosmann & Gaskell 2007; Marin et al. 2012, 2015; Marin 2018b; Rojas
Lobos et al. 2018). The program is suitable for dealing with the complex geometry and
kinematics of the model and treats multiple reprocessing events such as electron and
dust scattering as well as dust absorption. The luminosity of the source is divided into a
large number of photon packets (typically more than 107 per wavelength bin) and follows
the input SED (spectral energy distribution) that is a power-law for the continuum or
a Lorentz-profile for the emitted broad line. For each emitted photon, the code follows
its path and computes Stokes parameters I (total light intensity), @ (the amount of
linear horizontal or linear vertical polarization), U (the amount of linear +45° or —45°
polarization) and V' (left or right circular polarization) after each scattering. Stokes
parameters describe the polarization state of electromagnetic radiation and represent
real measurable quantities. If there is no scattering region on its path, the photon
with its polarization state is finally registered by one of the virtual detectors on the
sky. The total (unpolarized) flux (TF), degree of polarization p and ¢ are computed
by summing Stokes parameters of all detected photons for each spectral bin. The code
was originally developed for modeling optical and UV scattering induced continuum
polarization in radio-quiet AGNs, but it can be applied for studying the polarization of
many astrophysical objects (Marin & Goosmann 2014). The default output of the code
© = 90° corresponds to a polarization state where the electrical field vector E oscillates
in the direction parallel to the axis of the symmetry of the system (z-axis). This is the
opposite to the convention used by Smith et al. (2005).

In our model, a point-like continuum source is situated in the center, emitting
isotropic unpolarized radiation for which the flux is given by a power-law spectrum

XVi



Figure 3: Cartoon showing the model geometry of the BLR (yellow) and the scattering disk
(grey) in the face-on (left) and edge-on (right) view. The BLR and the SR half-
opening angle is 15° and 35° respectively. Credits: Savic et al. (2018).

Fo oc v with a = 2. This value corresponds to a flat spectrum when frequency is
substituted by wavelength. The continuum source is surrounded by a BLR, and farther
out by a SR. The BLR and the SR are modeled using a flared-disk geometry with a
typical half-opening angle from the equatorial plane of 15° for the BLR and 35° for the
SR (Marin et al. 2012). An illustration of the model geometry is shown in Fig. 3.

We generated four probe models for which the central SMBH has a mass of 10°, 107,
10% and 10° M. The size of the BLR and of the SR are scaled with the BH mass in the
form of a power-law, for which the power index was obtained by compiling the known
BLR and SR radii from the literature. First we performed simulations for different
black hole masses with the assumption of a pure Keplerian motion; we then considered
radial inflow and vertical outflow as additional components to the Keplerian gas motion
caused by the black hole mass. We simulated both cases where the Keplerian motion
is in anticlockwise (positive) and clockwise (negative) direction.

Additionally, the complex BLR kinematics could be due to the AGN central engine
being driven by a supermassive binary black hole (SMBBH). We consider a model of
sub-pc SMBBHs, where each of the BH components has its own accretion disk and
BLR (Fig.4). We also consider equatorial scattering of such a complex system on
the inner part of the torus that surrounds the binary. We model the SMBBH system
as two black holes orbiting around their common center of mass under the gravity
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Figure 4: BLR geometry and kinematics for distant model with mass ratio ¢ = 0.5 (left
panel) and with ¢ = 0.1 (right panel). Black x shows the center of mass, while the
blue + symbol marks the Lagrangian point L;. Grey arrows denote the velocity
of each BLR clump. Color bar is denoting the vertical offset from the xy-plane.
Credits: Savi¢ et al. (2019).

force. This is a well known problem for which it was shown that it is equivalent to the
problem of a single body with reduced mass g moving in an external gravitational field
(Landau & Lifshitz 1969; Postnov & Yungelson 2014) which is determined by the mass
of each component as 1 = MMy /(M;+ Ms). We have made two assumptions in our
model: one is that both SMBHs have their own accretion disk and corresponding BLR,
and the second is that both the accretion disks and the scattering region are coplanar.
Depending on the distance between black holes, we treated four different SMBBH cases:
distant, contact, mixed and spiral. The scattering region is the same for all four
binary models. We present here for the first time the polarization parameters across
the broad lines in the case of an emission by a sub-pc scale SMBBH system.

We have also selected four AGNs with prominent changes of ¢ across the line
profile: NGC4051, NGC4151, 3C273 and PG0844+349. These objects have been very
well observed in the last few decades, both in polarized and unpolarized light. They all
exhibit dominant equatorial scattering in their spectra. In 2014 and 2015 we carried
out the spetropolarimetric observations of the four AGNs with the 6 m telescope BTA
of SAO RAS with the focal reducer SCORPIO. We modeled each of these objects
using observational data available from the literature and we compare the results of

our models with our own observations.
Results

In Fig. 5, we show the simulated profiles of ¢, polarized flux PF, degree of polarization
p and total flux TF across the broad line profile for the case where the SMBH mass
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is 10° M. From our models (Fig.5, bottom right panel), we can see that the degree
of polarization is sensitive to inclination. The p-profile peaks in the line wings and
reaches its minimum in the line core just as it was shown by Smith et al. (2005). The
polarized line (Fig.5, middle right panel) is broader than the unpolarized line (Fig. 5,
top right panel), as predicted by the equatorial scattering. In Fig.5 (left panels), we
show the simulated profiles of ¢ for three viewing inclinations. The ¢-profiles show S-
shape profiles. The rotation sign only affect ¢, while TF, PF and p remains unaffected.
For anticlockwise rotation, ¢ reaches its maximum in the blue part of the line and
its minimum in the red part of the line. The ¢ swing occurs around the continuum
level p. = 90°. An important feature of ¢ is that it is symmetric with respect to
the continuum polarization in such a way that for a given inclination i, it satisfies the
equation:

©(180° — 1) = 180° — (i). (3)

When performing AP15 method to the modeled data, one needs to consider polarization
only in the broad line and for that, it was necessary to subtract the continuum polar-
ization for all type-1 inclinations: Ay = ¢ — 90°. In Fig. 6 (lower panels), we show the
fit described by the AP15 method. We find that Keplerian motion can be traced across
the ¢-profile for type-1 viewing inclinations. The region inside the 1o errors around
the linear fit is becoming smaller as we go from face-on towards edge-on inclinations.
For inclinations of 25° or lower, the simulated data show much a higher scatter around
the straight line rather than for the cases with an intermediate inclination.

The distance between the BLR and the SR greatly affects the ¢ amplitude. In order
to test this effect, we investigated different cases with various distances between the
BLR and SR while keeping the same thickness and the optical depth of the SR. In
Figs. 7 and 8, we show the influence of different distances between the two regions, and
how it affects the parameter a and the SMBH mass estimates. Our models show that
the distance between the BLR and the SR has a great influence on parameter a which
consequently greatly affects our black hole mass estimates. One can see that parameter
a shows the same profile and the same inclination dependence for all simulated cases.
Only when the SR is adjacent to the BLR do we obtain inclination independence of the
SMBH mass estimates. The SMBH mass estimates increase when the distance between
the BLR and SR increases. For a given accuracy of 10%, we find that the best SMBH

estimates for all four cases are obtained when the ratio of the inner radius of SR and
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Figure 5: On the left panels, modeled polarization plane position angle ¢ is shown when
the system is rotating anticlockwise (top) or when rotating in clockwise direction
(bottom), total unpolarized flux (TF, top right), polarized flux (PF, middle right),
degree of polarization p, bottom right. SMBH has mass of 10 M. We plot the
results in solid lines for three viewing inclinations: 7 = 25.01°, 32.46°, and 38.62°
respectively, while dotted lines represent the results for the opposite direction of
rotation. Note the symmetry of ¢ with respect to the continuum level due to the
opposite direction of rotation. Opposite direction of rotation does not affect TF,
PF and p. Total and polarized fluxes are given in arbitrary units. Credits: adapted
from Savi¢ et al. (2018).

the outer radius of the BLR is between 1.5 and 2.5 (Fig. 8). For an inclinations of 25°
or less (face-on view), the contribution of equatorial scattering is low and we find that
Keplerian motion cannot be recovered from the (p-profile. For additional BLR velocity
components such as radial inflows or vertical outflows, we find that these effects can
be neglected if the additional velocity components are not a significant fraction of the
Keplerian velocity.

In Fig.9 we show the results of ¢, p and TF for two viewing inclinations ¢ and
for one azimuthal viewing angle ¢. The profiles of ¢ are complex and differ much
from the profiles obtained for the single black hole scenario. Very different (-profiles
are obtained when changing the azimuthal viewing angle. This is the result of different

velocity projections towards the observer since the model is not azimuthally symmetric.
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Figure 6: Modeled polarization angle ¢ (upper panels) and velocities (lower panels) across
Ha profiles for the model with central mass of 10 M. Filled symbols are for the
blue part of the line and open symbols are for the red part of the line. Solid line
represents the best fit. Credits: adapted from Savi¢ et al. (2018).
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adapted from Savi¢ et al. (2018).
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the SR (RPR) and the outer radius of the BLR (RELR) for three given inclinations.

out
Horizontal dashed lines represent the interval of 10% deviation from the input mass

(solid line). Credits: adapted from Savi¢ et al. (2018).

The @-profiles are symmetric with respect to the line center which is not the case for a
single case scenario where the swing occurs. The polarization position angle ¢ is showing
double-peaked or even more complex profiles most of the time. p shows double-peak
profiles with a minimum in the line core, which is common for the single SMBH scenario,
but there are opposite profiles with minima in the line wings and maxima in the line
core, which may be used as an indicator of the presence of a SMBBHs. The TF shows
most of the time double-, or multi-peaked profiles which can be well explained with
the disk profiles (Chen & Halpern 1989). There is a clear difference in the ¢-profiles
between the binary and the single SMBH model, namely in the symmetry of the ¢-
profiles. Profiles for SMBBHs are axis-symmetric with respect to the zero velocity line,
which yields double-peaked profiles. On the contrary, ¢-profiles for one SMBH is point
symmetric even for complex motions including inflows and outflows (Savi¢ 2019).

For all modeled objects, we were able to produce very similar profiles of ¢ as the
observed ones. SMBH masses estimated from fits of the model data are higher than
those obtained by fitting the observational data, but are still in agreement with those

found in literature. Observational data are much more scattered from the predicted
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Figure 9: On the left panels the illustration of each model with SMBBH in the center: Distant
(a), Contact (b), Mixed (c), Spiral (d). On the right panels, from top to bottom
are ¢, p and TF for two viewing inclination ¢ = 18° (brown line) and ¢ = 32° (blue
line). Azimuthal viewing angle is ¢ = 18° for all plots. Credits: Savic et al. (2019).

straight line, which in general, yields an error in SMBH mass estimates a few times

larger than wat is obtained using reverberation mapping.
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Conclusions

From the work presented here, we draw the following conclusions (Savic et al. 2018;
Savi¢ 2019; Savié et al. 2019):

1.

If Keplerian motion can be traced through the polarized line profile, then direct
estimates of the SMBH mass can be performed for obtaining values in agreement
with other methods.

. The effects of possible inflow /outflow configurations of the BLR take its toll only

in extreme cases where the velocity of inflowing /outflowing emitters is comparable
to or higher than the Keplerian velocity, which in that case cannot be correctly

used.

. The polarization degree and the total flux exhibit profiles that are similar for single

SMBHs and for SMBBHs and alone may prove inconclusive whether a SMBH or
SMBBH drives the central engine of AGNs. On the other hand, the polarization
position angle ¢ shows quite unique profiles that differ from those observed in the
single SMBH scenario, and could be used for identifying SMBBH candidates.

. The @-profiles for a single SMBH model show point-symmetric profiles even when

additional motions in the BLR are present.

. The p-profiles for SMBBH models produce axis-symmetric profiles which are often

double or multi-peaked.

. The application of the AP15 method is not feasible for the case of SMBBHs.

. The AP15 method provides a new independent way of SMBH mass estimation.

Estimated SMBH masses are in a good agreement with the values obtained by
other methods such as reverberation mapping. The relative error of mass esti-

mates between these two methods is around 30 %.
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CaxkeTak

YBo

Cynepmacusne 1pue pyne (CMIIP-e) ce nHanasze y 1meHTpy roToBO CBaKe MAaCHBHE rajiak-
cuje y ceemupy. Hhuxosa maca ce obuuno kpelie usmehy 106-10%° Cynuesux maca M
(Kormendy & Richstone 1995). Behuna cy neakrushe, ajin Kaja y OKOJIMHE UMa JIOCTa
raca, 3arodehe mporec akpenuje ycie Kora ce ¢popmupa juck. Kako ce remmeparypa
raca Koju y mporecy akpernje moehasa, orpoMHa KOJHYNHA €HEPTHje Ce U3padd U
3anounmbe akTuBHa haza Mo3HaTa Kao aKTUBHO raaakTidko jearpo (AT, Salpeter 1964;
Zel’dovich & Novikov 1964; Lynden-Bell 1969). Bes o63upa ja mm cy y craiby MUpOBamba
win cy akrusHe, CMIIP-e He eMuTyjy HUKAKBY CBETJIOCT, aji Tac U 3Be3Jie KOje UX
OKPYKYjy Cy OCET/bUBE Ha ILUXOBO I'DABUTAIMOHO MPUCYCTBO, IITO HaM oMoryhasa Jia
U3MEPUMO FbUXOBY Macy.

Cranjapina napajurma, uid T3B. objegumenn moges Al'J-a (Antonucci 1993;
Netzer 2015) mpermocraspa Ja je CMIIP-a okpyzkena akpermoHUM JHCKOM KOjU Ce
Jlajbe O]l IeHTpa Ha BehuMm pacrojarbuMa (pparMeHTHINNe Yy y ONTUYIKU I'yCT TOPYC Ipa-
mae. Topyc mpalie KOJIMMHUIIE 3padeibe y MOJapHOM CMEpY U 3aKJIarba CPEIUIIbY
00J1acT JIy2K eKBaTOPHUjaHOT IpaBiia mocMmarpama. Obsact riae ce hopMupajy mupoke
emucuone junuje (mupokounujecku pernon, 1ILJIP) nanasu ce y 6msunun CMIIP-e
HA pacTojarbuMa OJi HEKOJIMKO JI0 BHIIIEe CTOTUHA CBETJOCHUX JaHa. Y HUMa Ce Tac
dorojoHnsyje 3pademeM aKpelnoHor JUcKa, a IMUPoKe JuHuje BeNnHOM HacTajy ycsien
pajujarusae pekombunaruje (Netzer 2013). Illupuna juHUja je HEKOJMKO XU/baJa
kms™! yenen kemeposekor kpetama oko CMIIP-e. YV mosapHoM cMepy ce 110jaBibyjy
BHCOKO JOHU30BaHU M OJIAr0 PEJIATUBUCTYKHU IOJIAPHU BETPOBU Ha CKaJjlaMa pPacTojarba
koje cy Mmame o1 1pc (Tombesi et al. 2012). TlogcrakayTu mojapHUM BeTpOBUMA,
na Behum pacrojamuma ce (opMupajy o/IMBU raca OMKOHUYHE CTPYKType U HHUCKE
I'yCTUHE, KOJU eMUTyjy 3abparbeHe yCKe JIMHUjU — T3B. ycKouHujcku peruon (YJIP).
Onaj permon moxke jpoctuhin gumensuja pega kpe (Bennert et al. 2002). Ilorekasn ce
dopMupajy peaTUBUCTUYKN MJIA3€BU y MPaBILy MOJAapHE oce cTBapajyhu jako pamo-
spademse. llocmarpana nuxoromuja uzmehy Al'J-a tumna 1 rje cy mmpoke emMucuone
JINHWje BUJI/bUBE U TUTIA 2 CAMO Ca YCKUM eMUCHOHUM JIMHEjaMa y ONTHIKIM CIEKTPIMAa
je y Besmmkoj mepu mocieauna edperara opujentamnuje rae Al'J-a tuma 1 mocmarpamo

10/ MHKJIMHAIjaMa OJIMCKUM ToJIapHuM, Jok ce Al'J-a Tuma 2 mocmarpajy moj MHOIO
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Ciuka 1: OGjenumenn wmojen Al'J-a.  llpra pyna ce Hajasu y CpeauHH OKPYZKEHA
akpermonnM juckoM. Ha pacrojamuma Behum on cybiammanuoHor pajujyca
npocrupe ce Topyc nparmuae. Ha muoro Behmm pacrojamuma pejga kpe, msaa
u ucnon aucka Hajasu ce YJIP. PenaruBnctuaku miia3z ce Haja3w yHyTap yCKOD
KOHyca JIy’K IoJjapHe oce. Y 3aBHCHOCTH OJ] MHKJIMHAIWje (yrjaa) IMoj KOjUM
uxX mocMarpamo, yodaBamo pasaumanrte tunose Al'J-a. MukauHanumja ce mepu
O] TIOJIApHE OCe Ka €KBATOPHjaJIHOj PABHHU y KOjOj Ce HaJa3u aKPEIMOHW JUCK.
[Tpeysero u3 kwure Bekmana u [lpejaepa (Beckmann & Shrader 2012).

BehuM wMHKIMHaINMjaMa OJMKUM eKBaTopujaanoj pasuu. MWaycTparuja cTpyKType
ATl'J-a npukaszana je na caumm 1.

Benuka sehmna Al'J-a mokasyje ciaby JuHeapHy MOJIapH3alujy y KOHTUHYYMY
OIITHYKOI 3padeba p < 3%, JIOK je KpyzKHa II0JIapu3allija HeKOJINKO PE0Ba BEIUINHE
amka. Mamn jeo Al'J-a ca mosapusanujoM y KOHTHHYYMY OITHYKOD 3paderha,
koju jocrmke dak u p ~ 20%, cy uperexno 6Grasapu (Angel & Stockman 1980;

Moore & Stockman 1981). Crokman ca capajgnunuma (Stockman et al. 1979)
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Anronyhn (Antonucci 1982) je nokazao ga AI'J-a tuna 1 nokasyjy jaky TeHjeHIU]y
Jla je BEKTOP EJEKTPUIHOI TI0J/ba y OITUIKOM OIICery YCKO yCKJalheH ca MmojiapHOM
pajano-ocom. Cymporao Tome, kox Al'J-a Tuma 2, mojapusanyoHu HO3UIUOHUA yIrao
je HOpMaJlaH Ha pPaJMo-oCy — OCOOMHA KOja ce Ha3uBa HOpMaJiHa (MJIM OPTOrOHAJIHA )
nostapusaija (Antonucei 1982, 1983, 1984). ¥V zaBUCHOCTH OJ1 TaJaCHOD OICEra, pas3-
JImauTH (GU3UIKH TIPOIECH Cy OJIFOBOPHU 3a rojapusanujy. Y X-oncery Kommronoso
u uHBEp3HO KOMIITOHOBO pacejame Cy JOMHUHATHA MexaHu3Mmu mojapusarmje. O
VYB- (ynrpamybuuacto) go 6iuckor UII- (nudparpseno) 3padema, to je TomcoHOBO
(Ha caobogauM  estlekTpornma) u MwueBo (Ha uectnnama cdepHor ob6JHMKa) pace-
jame. Y cpemmem un gabem WIl-y, mopaBmameM mpaliuHe 0O THIM MarHeTHUM
nospuMa (Lopez-Rodriguez et al. 2015) macraje mapasesnna nojapusanuja. Y pajuo-
JIOMEHY, pacejarbe CUHXPOTPOHCKOI 3paderba Ha €JIeKTPOHUMA je JIOMUHAHTAH MeXa-
Hu3aMm nosapusaryje. Onrtudka crekTpononapumerpuja Al'J-a Tuma 1 je mnokasasta
Jla je moJjapusalifja y IIUPOKUM EMHCHOHUM JIMHHjaMa HM3a3BaHa eKBaTOPUjaJIHUM
pacejambeM (Smith et al. 2002). Ilocmarpana mosapusanuoHa CBOjCTBa Ce€ MOLY
objacauTn 10 1pernoctaBkoM jta je HIJIP jguckosukor obimka ca JOMHUHAHTHUM
KEILJIEPOBCKUM KpPETamheM M Jla je OKPYKEeH KOILTaHAPHUM pacejaBajynuM peruoHom
(Smith et al. 2005). Jlyx upodwusia juHUje, MOZUIUOHA yrao MOJAPU3AIMOHE PABHU
(p-tpocbut) mma T3B.,5% 00MK: JaNeKO OJ IEHTpa CIeKTpaHe JMHUje, © IPaTn
BPEJIHOCT ITO3UITMOHOI yryia KOoHTMHyyMa. [Ipm Op3mHama Koje ojiroBapajy ILIaBOM
KPUJIY, ¢ JOCTUXKE MaKCUMyM, HAKOH dYera CJeJy IaJ Kpo3 je3rpo JIMHHUje JIOK Cce
y IPBEHOM KPHUJIy HE IMOCTUI'HE MHHUMAaJHA BpeaHOCT. EKBaTOopmjasiHo pacejarme y

AT'J-uma je rimaBHa MPETTOCTABKA KOjy KOPUCTHUMO ¥ OBOM PaJLy.
Mepemwe maca CMIIP-a

Kana cy y aktusnoj daszu, CMIIP-e urpajy Baxkuy ysory y oOJHMKOBamy CBOI' OKPY-
Kerba y 1mpoliecy Koju ce Hasuba nosparau yruraj Al'J-a (Fabian 2012; u pedepenne
y wemy). Kao mocseauna nmosparsor yrunaja Al'J-a nponaljene cy 6pojHe Kopearje
m3mehy CMIIP-a n ocobuna raakcuje mjomahuna, o1 Kojux je Hajuctakuytuja My, — o,
penanuja (Ferrarese & Ford 2005; Kormendy & Ho 2013), mro ummmunupa ga CMITP
u rajakcuja gomahun koeposmympajy 3ajeaso (Heckman & Kauffmann 2011). Crora
je moysmano mepere maca CMIIP-a Baxkan 3aatak caBpeMeHe acTpoHOMHjE. Y Ty
CBPXYy pa3BUjeHe Cy pas/juduTe TeXHUKe, JupekTHe u uujupekTHe (Peterson 2014),
npu demy ce Behmua Merosa ympaBo ociama Ha Al'J-a 300r mUXOBe M3y3€THO BHCOKE
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JymMuHosHOCTH (dak u 0 Lig &~ 10*® ergs™!, Padovani 2017a), Koja ce 360r Tora Mory
IIocMaTpaTu Ha Pa3/JIMdYUTUM KOCMOJIOIIKUM paCTOjaH)I/IMa.

Tokom nporekux rojuna, mace CMIIP-a cy HajBuie Mmeperne MeTo10M peBepbepaIimoHor
manupatba (Bentz & Katz 2015). Mepemem BpeMeHCKOr Kalliibetba naMely mpomeHa
y joHm3yjyheM KOHTHHYyMYy K IIPOMEHa y MIHPOKUM E€MHCHOHUM JIMHHjaMa, MOKEeMO
nooutu dhoromerpujcku pagujyc HIJIP-a. Ca nmosnatum hoTOMETPUjCKUM pPaJIHjycoM
u Op3UHOM M3MEPEHOM JUPEKTHO U3 IIMPOKE EMUCHOHE JIMHUje, MOXKEMO 100UTH
macy CMIIP-e (Bahcall et al. 1972; Blandford & McKee 1982; Peterson 1993).
Tpajame excrepuMeHTa peBepOEPAIMOHOI MAIMparha MOXKe OWTH HMONPUINTHO JIyTO.
[lojeuuagny rajgakcujy Tpeba MOCMATPATH M3HOBA W M3HOBA HEKOJHUKO MECEIH, 0K
yaabena Al'J-a 3axreBajy Wak M 10 HEKOJMKO TOJIMHA YCIENTHOr mocMarpama (Shen
et al. 2016; Grier et al. 2017, 2019). Bomonukose Basmepose smHuje ce najuernlie
KODHUCTE, aji ¥ BUIIECTPYKO jOHU30BaHE IMUPOKe emucuoHe jmuuje oyt Mgll,
CIII] u CIV ce takobhe mory kopucrutu u 3a Al'J-a na Belium npsenum momarmma
(Mejia-Restrepo et al. 2016).

Hpyra meTojia Koja je HEJABHO IIPE/JIOKEHA KOPUCTH POTAIU]Y HO3UIHOHOT YIJIa
[oJIapu3alioHe paBHU JIy?K MpOoduIa MUPOKe eMUCHOHE JIMHKje KaKO OU ce MPaTUIOo
KeriepoBcko Kperame u ojpeania maca CMI[P-e (Afanasiev & Popovié 2015, najase
meroga AP15). Ilpernocrasspa ce na je HHIJIP crivpomnren u a ce 3padere JOMIHAHTHO
pacejaBa ca yHyTpalllle CTpaHe Topyca Ipalinie (eKBaTopujaano pacejame Smith et al.
2005). BasucHocT u3mel)y porarpone Op3uHe cucTeMa U TO3UIMOHOT yTJia I0JIaph3a-

mmone pasuu ¢ je (Afanasiev & Popovié 2015):

v
log — = a — 0.5log (tan (¢)), (4)
c
rje je ¢ 6p3una ceriocT. KoHcTanTa @ MoBe3aHa je ca MacoM IPHE PyIe Kao:

G My, cos? 0
a=0.5log —en. (5)
rjie je G rpaBuTannona KoHCTaHTa, Myy je Maca 1pHe pyne, Ry je yHyTpalimbi pajujyc
Topyca npaiune, u f je yrao namely nncka n pasmu pacejama. OuekuBana Be3a n3Mely
Ops3une u @ npukasana je #a caunu 1 (gecuno). Y ciaydajy tankor PP-a (pacejaBajylier
permona), mobpa ampokcumarmja je yzetu 6 ~ 0. Y ToM ciydajy, 3aBHCHOCT Op3WMHE
oJ1  mue 3aBucu o nnkjuHanuje jep HIJIP emuryje 3padere ckopo mnoriyno 004HO,

y eKBaropujajHoj pasau, y ojgnocy na PP. OBa meroma ce jmo06po ciaxke ca My, —
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Line of sight

Vs

log(V /c)

Scattering region

log(tan ¢;)

Cimka 2: [Ilemarcku puka3 CBETJIOCTH KOja Ce pacejaBa Ha YHYTPallhoj CTPaHi TOPYyCca Ipa-
mwmue (sieso). Hapanpacru pernon oznadasa IILJIP. Pacejaajyhu peruon (topyc
npaimie) o3HaveH je cuBoM GojoM. OuvekuBana Besa usMmehy ¢ U MHTEH3UTETA
6psune (necHo). Ipeysero us pajga Casuha ca capagnunuma (Savié et al. 2018).

0, penaImjoM U peBepOepaIrmoHM MallupameM, a JI0 caja je IMpUMemeHa Ha jJeceTak
obmxkmpux Al'J-a (Afanasiev et al. 2019).

OBa MeToJ/1a MMa HEKOJMKO IIPEJIHOCTH Y OJIHOCY Ha pPEeBEPOEPAIMOHO MaIparbe.
[TorpebHa je camo jegHO TOCMaTpare W HE 3axXTeBa IIyHO TeJIeCKOIICKOD BpeMeHa Y
nopeherby ca peBepOepartmoHuM MamupameM. Morke ce TpuMeHNTH Ha JUHHjaMa Y
PasIMYUTUM CHeKTpaJHuM orce3nma, o 6au3y MII- u onruukor oncera (Bammepose
munuje), 1o YB omcera (Lya, CIII|, CIV u Mgll), omoryhasajyhiu rako mepeme
maca npaux pyna koja Al'J-a Ha pasimumrum Kocmosomkum pacrojambuma (AP15).
Bupwujanuzanuja HIJIP muje a priori npernocras/bena, seh ce oryena y mpoduty .
MebhyTum, oBaj MeTo;1 3aXTeBa MO3HABAILE YHYTPAIIILEr pajujyca Topyca nparmie Ry,
KOJU Ce BPJIO YeCTO HAJA3U yIPABO PeBepOEPAIMOHNM MAIUPAIbEM 3padeiba IIpallnHe
WIN U3 HEKUX JIPyrux 3akoHa ckajmpama (AP15). Ilopex rora, oBa Merosa ce MOxKe
KOpHuCTUTH camo 3a porupajyhn auckoqukn IIIJIP, mok ce y caydajy kama cy y HLJIP-y
pajjaTHa KpeTamba JOMUHAHTHA HE MOYKe KOPUCTUTH.

Takohe mcTmaemo ma je y m0j pasMaTpaHO caMo jeTHO pacejarhe IMTHPOKOJIIMHI]CKITX
doToHa, JMOK JIONPUHOC BUIIECTPYKUX pacejarba Huje yzer y obzup. Ilomro je
HoJlapu3aliija BeoMa OCeT/biBa Ha KHHEMATHKY 1 reomerpujy cucrema (Goosmann &
Gaskell 2007), 3a meno Tectupare HOTPeOHO je HOTIYHO pa3marparse 3/] mpenoca

3padema ca 10JIapU3aljoM.
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Metone

['naBuu 3aj1aTak oBe jgucepTalinje je ucuTUBambe Moryhuoctu u rpanutia AP15 merose
Ka0 U MCIUTATH 10/l KOjUM Ce CBE OKOJTHOCTHMA OBa MOTeja MOxKe Kopuctutu. 1o
je ypabeno uzBpinaBameM OpOjHUX CHUMYyJIalja IIPEHOCa 3paverba ca IMOJapU3AInjoM
3a CKyIl TeHepUYKUX Mojesa, y3uMmajyhum y o03up HajBaxKnmje (husMdke Iporece y
nearpasnoM jesry Al'J-a. Hajsume ce ocnamamo na 31 Monrte Kapsio (Monte Lapiio)
mporpaMm 3a IpeHoc 3paderma STOKES 3a MoJe/uparbe TOoJapus3aliije UHIyKOBaHe
pacejameM, TOKpUBajyhu mmpoKu crieKTpajau orcer oko Ha jmmaUje. Y3 renepudke
Mojiesie, ToMohy mojataka mpoHalleHUM y JinTepaTypH, HAIPABUIN CMO MOJese 3a
getupu Al'J-a: NGC 4051, NGC4151, 3C273 u PG0844+349.Viasua maca 3a CBaku
objekar mojeauHavdHO jobujena je mpumenom AP15 Ha mocmarpaduke mogarke. Cpa
HAIa ACTPOHOMCKA [IOCMATpPaba M3BeJIeHa Cy Ha 6-MeTapCcKOM ajIT-a3uMy TaJTHOM TeJIeC-
korry Crienmjasie acrpodusntike orncepBatopuje pycke akagemuje nayka (CAO PAH)
kopurthersem SCORPIO cniekrporpada (Afanasiev & Moiseev 2005). Pag npescras-
JbEH Y OBOj T€3W je JI0JIaTHO yHaAIpehermbe Mo/Ie1a eKBaTOpHjalHOr pacejarba (Smith et al.
2005). Hok cy Cwmur ca capagnuiuma (Smith et al. 2005) n Adanacues u Ilonosnh
(Afanasiev & Popovi¢ 2015) mnpermnocraBuin anpoKCUMaIujy jeIHOCTPYKOD pacejatba,
MU CMO Y TOTIYHOCTH Oas3upaJii Hallle HyMepHUIKe CHUMYJAIFje MpeTrnocTaB/bajyhn
BUINIECTPYKA pacejarba KaKo OMCMO JOOU/IN OIIITE U TOTIIYHUje Pe3y/Tare.
[Ipumemyjemo nornyn 3/1 mpenoc 3padema ca TOJIAPU3AIMjOM KOpHCTehW jaBHO
nocryman mporpaMm STOKES (Goosmann & Gaskell 2007; Marin et al. 2012, 2015;
Marin 2018b; Rojas Lobos et al. 2018). TIporpam je morojan 3a pasMarpame CJI0KeHe
reoMeTpuje W KHHEMaTHKe Mojesia W YK/bydyje BHUIIeCTpPyKe IIporece Kao INTO Cy
pacejame Ha eJIeKTPOHUMA WM YeCcTUTaMa IPAIMHEe W allCOPIINjy 3padernha KOojy OoHa
Bpiu. JIyMUHO3HOCT U3BOPA je T0jle/beHa Ha BeJUKN 6poj hOTOHCKUX makera (0OUIHO
pume oy 107 1Mo mojgeoky TajacHe JlyKUHE) M UMa 3aJaTy CIEKTPAJHY €HeprercKy
pacnoziesty (CEP-y) koja je jara crerieHuM 3aKOHOM 3a U3BOPE HEIPEKUHOT 3paverha
win je Jlopennos (Lorentz) mpodwun 3a usBop emucuonux jwmHuja. I[Iporpam mparu
myTamy cBakor emuroBaHor doroHa u uspadynaBa CrokcoBe (Stokes) mapamerpe
I (ykynan wnrensurer), () (/MuHeapHa XOPU3OHTATHA WJIM JIMHEAPHA BEPTUKAJHA
nostapusanuja), U (mmueapna nosapusanuja moj yriom +45° wm —45°) n V' (sieBa nim
JleCHA KPY2KHa [0JIapu3aliija) HAKOH CBaKor pacejarba. CTOKCOBU IApaMeTpH OIUCY]y
[OJIAPU3AIHOHO CTAIbE €JIEKTPOMAIHETHOT 3padeiba U IIPEJICTAB/bAjY peasiHe U MeP/bUBe
BesmmamHe. Kajia ce Ha Tpajektopuju (oToHa BHUIlE He HaJA3W HU jeJlaH pacejaBajyhn
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Cummka 3: Uaycrparuja reomerpuje mogena 1IIJIP-a (xkyra) u PP-a (cuBa) y npukasana y
Hasm4jy (J1eBO) M U3 ekBaTopujasiHe paBHU (jiecHO). Yrao nosyorsopa HIIJIP-a u
PP-a je 15° u 35°. Ilpeysero u3 paja Casulia ca capagauimva (Savic et al. 2018).

PEeruoH, Taja, jejiaH oJi BUPTYEJIHUX JIeTeKTOopa Ha HeOy KOju ce HaJjla3h Yy TOM CMEpY,
perucTpyje mojapusanuoHo crame (oroHa. YKynad HemojapuszoBanu diyke (HD),
CTelleH ToJlapu3aliije p U ¢ padyHajy ce 3a CBaKW CHEKTPAJTHU IOJEOK CyMUPAHEM
CrokcoBux mnapamerapa peructpoBanux ¢otona. [Iporpam STOKES je mpBOOUTHO
pa3BHUjeH 3a Mojiesmpame ¥YDB- m onTmdke mosapusanyje WHIYKOBaHE pacejameM 3a
pajmo-tuxa Al'J-a, anmm ce MOXKe NPUMEHUTH 3a MPOyUaBare IMOJAapU3allije pasHuX
acrpodusnukux mojasa (Marin & Goosmann 2014). YobuuajeHa usjiasHa BpeIHOCT
nporpama ¢ = 90° omarosapa MOJAPU3AIMOHOM CTamy TJie BEKTOP EJIEKTPUIHOT I10Jha
E ocIiIIyje y TpaBIly HapaJeJHOM OCH CHMeTpuje cucrema (2-oca, IITO je CYIPOTHO
KOHBeHIju Kojy je yBeo Cmur ca capagauimma (Smith et al. 2005).

Ham mojienr ce cactoju oJ1 TAYKACTOT M3BOPa CMEIITEHOT Yy TEHTPY KOju eMUTYyje
HENPEKN/IHO M30TPOITHO HENOJIAPU30BAHO 3pavderhe 3a/1aT0 CTEIeHNM 3aKOHOM O0JIMKa

@ rae je a = 2. OBa BPeJIHOCT (v OJIroBapa CIIeKTPY KOHCTAHTHOI MHTEH3UTETa,

F.ocv™
Kaga ce npehe m3 (HPeKBEHIIMOHOT JAOMEHa Y TajaacHu jJoMeH. VI3Bop KOHTHHyyMa
okpyzxken III/IP-om, a name 3atum u PP-om. Ilonpeuynn mpecenn IIIJIP-a u PP-a cy
00JIMKa KJIMHA Ca TUIMYHUM yrjioM moiayorsopa 15° 3a IIJIP u 35° 3a PP (Afanasiev
& Popovié 2015). Wnycrparuja reomerpuje MoJieia jaraje Ha CJUIH 3.

[enepucanu cmo getupu mpobHa Mojesaa ko Kojux CMIIP y merTpy moxke nmarn
macy 10%, 107, 108 u 10° M. Jdumensuje IIIJIP-a u PP-a nobujene cy cKajmpameM y
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Figure 4: TI'eomerpuja n kunemaruka [IIJIP-a 3a pa3aBojeH ciaydaj Koji Kora je 0fHOC Maca
q = 0.5 (ieBu manen) u ¢ = 0.1 (necuu nanesn). Hpan X cumboJs 03HAYABA TIEHTAD
mace. Ilnasu kperuh oznauasa JlarpamkoBy Tauky Li. Cue cTpesuiie 03HATABA]Y
nosbe Opa3una cBakor ox obsaka [IIJIP-a. Boja ozmauaBa BepTukaaHo pacrtojarme
ox xy-pasuu. IIpeysero u3z pasga Casuha ca capagauiva Savié et al. (2019).

dopMu crereHor 3aKoHa KOJ[ KOT' je CTelleHn UHJEKC ojipel)eH mpuKyI/bambeM TO3HATUX
Bpejnoctu IIIJIP-a u PP-a u3 nureparype. IIpBo cMO U3BPIIUIN cUMYyJIallije 3a pas3J/iv-
YUTe Mace IPHUX PYIa y3 IPETIIOCTABKY YUCTOI KEIlJIEPOBCKOI KpeTata, a HAKOH Tora
CMO pa3MaTrpaJid JOIPUHOCE MOIYhUX pajijaJJHIX MPUJINBA M BEPTUKAJIHUX OTHIAIHA
Kao JI0JIATHUX KOMIIOHEHTH Op3uHa MPU KeIJIEPOBCKOM KpeTamy. Cumysmpasin cMo oda
caydaja TJie je cMep KeIJIEPOBCKOI KpeTarba Y CMEPY CYIPOTHOM 0J CMepa Ka3aJbKe Ha
cary (IO3UTHUBAH CMEp) U Y CMepy Kas3asbKe Ha caTy (HeraTUBaH cMep).

Taxobe, komiiekcna kunemaruka [1IJIP-a moxke Outn yciies npucycrsa JBOJHIX
cynepmacusaux 1puux pyna (JICMIIP-a) koje mokpehy AT'J. Pasmarpanu cmo mogen
JICMIIP-a koje cy Ha cyO-pc pacTojamuMa U I/le CBaKa I[pHa PyIia UMa CBOj aKPeIuoHn
muck u IIJIP (cimka 4). 3a oBaKO KOMILIEKCAH CHCTEM, [IOHOBO CMO DPasMaTpaju
eKBaTOPHUjaIHO pacejarbe ca yHyTpallmke crpane Topyca npammune. Cucrem JIMCIIP-a
MOJIeJIOBAJIN CMO Kao JIBe IPHe pylle Koje ce Kpehly OKo 3ajelHHYKOr IeHTpa Mace
moj1 jejcrBoM rpasutanmje.  OBo je moOpo mozHAT MpobEeM 3a KOjU je MOKa3aHO
Jla je eKBHBAJIEHTAH IPOOJIEMY jeJHOT Teja peJayKoBaHe Mace (i Koje ce Kpehe y
criospanimeM rpaputannonom nosby (Landau & Lifshitz 1969; Postnov & Yungel-
son 2014). PemykoBana maca 3aBUCH O/l Maca 00e KOMIIOHEHTE U JIaTa je U3PA3OM:
p= MiMsy/(M; + Ms). Y Hamem Mojey HOJA3UMO OJf JIBE IIPETIHOCTABKE: IIPBa
je ma obe CMIIP-e mmajy cBoje akpermone jauckoBe u ojrosapajyhe IL/IP-e, a apyra
je Jla ¢y W aKpelnmoH! JIUCKOBU U pacejaBajyhu pernoH KorjiaHapHH. Y 3aBUCHOCTH
0/1 opOuTATHOr pacrojarba m3Mehy IPHUX pyIia, pasMarpaid CMO YeTHPHU Pa3JIndnTa
caydaja JJCMIIP-a: pa3zaBojeH ciyd4aj, KOHTAKTHU CJIydaj, MEIOBUTHU CJIy4aj u

cuupaJsiHu ciay4aj. PacejaBajyhu pernon je mcTtu 3a c¢Ba 4eTupu Mojesa.
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Takobe mzabpamm cmo detnpu Al'J-a ca mspaxkenum S-tpodpummmma p: NGC 4051,
NGC4151, 3C273 u PG0844+349. 3pademe oBux objekara, KakO IOJapU30BAHO,
TAKO U HEIOJIADU30BAHO, IMPOYYABAHO je y IOCJIEAIbUX HEKOJUKO jenenuja. Csu
OHM TOKAa3yjy JAOMHUHAHTHO €KBATOPHUjaTHO pacejarbe y IMOJapU30BAHUM CIEKTPHMA.
Toxom 2014. romuae cripoBen MO CIIEKTPOIIOJIAPUMETPUjCKA TOCMATPamha CBa YeTUPU
AT'J-a xopucrehu 6 m remeckon koju mpunaga CAO PAH ca morTupannm dhokaaHuM
peaykropom SCORPIO. 3a cBaku o1 objekaTa HAIIPABUIN CMO NEOMETPHJCKH MOJIE/T
kopuctehu mnojaTke J00MjeHe MocMaTpambuMa U KOjU Cy JOCTYIHHU y JIMTEpaTypu u

pesy/rare Halllel' MoJIe/Inpaiba JJUPEKTHO CMO IIOPpEAN/IN Ca ITOCMaTPavYKUM IIoJalluMa.
Pezynaratu

Ha coumu 5 npukasanum cy cumysmpaHu npoduin o, mojapusoBaHor duykca 1D,
cTeleHa ToJIapu3aIyje p U yKynHor Herosapusosator dguiykca HO gy npodusia -
mnje 3a macy CMIIP-e jeanaxy 10 M. Us mamux mojena (ciuka 5, JOWU JeCHN
[aHes) MOXKEMO BUJIETH Ja je CTeleH IoJapu3aliije OCeT/bUB Ha WHKJINHAIN]Y IO/
KojoM rocmarpamo cucrtem. Ilpodun p jgoctmke MakcumMym y KpUujanMma JUHUjE U
MUHUMYMY je3rpy JIMHKje Kako je mokazao Cmut ca capajgnunmma (Smith et al. 2005).
[Monapusosana juHUja (cauka 5, Cpeimbu JECHU MAHe) je Mupa O HEloJapu30BaHe
(comka 5, TOpHLU JIECHH HAHEI), Kao IITO je MPeJBUeHO eKBATOPUjATHUM DacejarbeM.
Ha counm 5 (y1eBu manesin) puKasaHu Cy CUMY/THpaH TPOMUIN ¢ 38 TPU MHKJINHATIM]E
1oJ1 KojoM rocmarpamo cucreM. [Ipodunn ¢ cy S obmuka. Cmep poranuje yrude camo
Ha ¢ 1ok HO, 11O u p ocrajy HerakHyTn. 3a MO3UTHBAH CMED pOTAIdje, (o JTOCTUIKE
MaKCHUMaJIHYy BPETHOCT Yy IJIABOM JIeJTy JIMHUje & MUHUMAJHY Y IIPBEHOM eIy JUHU]E.
[Ipomena oy MHHMMyMa Ka MaKCHUMyMy JlelllaBa Ce Yy je3rpy JIMHUje IJe IeHTPaJIHa
BPEJIHOCT MMa, BPEIHOCT KOHTHHYyMa ¢. = 90°. BarkHa KapaKTepHUCTHKa ¢ je Ja je
AHTUCUMETPUYHA, y OJIHOCY HA HUBO KOHTHUHYYMa Q. TAKO Jia 3a 3aJaTy WHKJINHAIIW]Y

IIOCMaTpatba CUCTEMa BazKK1 Cﬂezgehe:
©(180° — i) = 180° — ¢(i). (6)

Kama npumermsyjemo AP15 na Moze/mpannmM mojiauma, HoTpedHo je y3eTn y 063up
caMO IOJIapu3allijy y IIUPOKOj JUHHUJU U 3aTO je HEOIIXOIHO OJY3ETH II0JIapU3allu]y
y KOHTHHYyMy. 3a CBe HHK/IMHaIWje Tumna 1 (cucreM HUje 3aKJIOHEH TOPYCOM Ipa-

IUHE) [0J KOjuM mHocmarpamo cucreM Baxku Ap = ¢ — 90°. Ha caurmu 6 (nomu
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Cuuka 5: Ha jeBuMm namesnmMma npukas3aH je MO3UIUOHN yTrao IMOJAPU3AIIOHEe PABHU (0 Kalla
CHCTEM POTHpA Y HMO3UTHBHOM CMepy (FOpHbU JIEBH NAHEN) WK Kaja poTupa y
HeraTuBHOM (JIOBU JIeBU TIaHes ), yKynHu Hernosapusosanu duyke HO (ropmun
JlecHH TraHed), noiaapusoBanu uykce [1D (cpenmu JecHn naxes), CTEeH moaapu3a-
muje p (momu mecuu nanes). Pesysnrarn cy npukasaHu HEMCIIPEKUIAHUM JIMHIjaMa
3a TpHM MHKJIMHAIUje T0JI KOjuM mocMmarpamo cucrem ¢ = 25.01°, 32.46° u 38.62°
pecriekTuBHO. VIIpEeKnIaHOM JIMHUJOM [PUKA3AHU Cy PE3YJITATH 38 CYIIPOTAH CMEP
poranuje. Harnamasamo jia Ha ¢ yrude cMmep poraryje. Edekar cmepa poraryje
e yrude Ha HO, [1O u p. Ilpeyzero u3 paga Casuha capamgaunmma Savié et al.
(2018).

naHesin) npukasaH je juHeapHu dur onmcan AP15 meromom. Buammo ja ce keruie-
POBCKO KpeTambe MOXKe MPATUTH YK p-TIpoduia 3a WHKIMHAITje THIIA 1 110/ KOjuM
nocmarpamo cucreM. Ob6sacT 0Ko 1o HECHUTYPHOCTH JIMHEAPHOT (puTa MocTaje cBe yxKa
KaKO TIOCMaTpaMo CHCTeM 110/1 cBe BehuM Harubom. 3a WHKIHHAIT]je 01 25° Wi Marbe,
pacuiiame oJ1 IpaBe JIMHUje je MHOro Belie Hero 3a cpejiibe MHK/INHAIT]E.

Mebhycobna yinasenoct nzmehy HI/ITP-a u PP-a y Besnkoj mepu yTtude Ha aMIuTy Ly
. a 6ucmo nctpakuin oBaj edekar, pa3MOTPUJIN CMO HEKOJIMKO CJIydajeBa ca pasJiiu-
qntuM MehycoonuMm pacrojamuma uzmely HIJIP-a u PP-a, npu yemy cmo 3ajpxkain
ncry mebmuny um ontwuky ayowmny PP-a. Ha ciaumkama 7 m 8 mpukasan je yTuiaj
Mehycobnor pacrojama m3melhy IIJIP-a n PP-a ma nmapamerap a m ma mporiene maca

CIIMP-a. Hamm pesynratn mnokasyjy ma mehycodbna ymamenoct usmehy HIJIP-a n
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Cummka 6: Mojenupanu @-npoduin (ropsmbu MaHe ) ¥ 3aBUCHOCT Op3uHe oJ] yria (JIomn
naHesm) 3a Mojies1 KoJi kora nenrpaiana CMIIP-a nva macy 108 M. Ilynu cumbom
[IpeJICTaB/bay ILUIABU IO JINHUje, & OTBOPEHU CUMOOJIN MPEJCTABIbA]y IIPBEHU €0
muanje. Ilyna Hemcmpekugana JuHMja TpecTaB/ba Hajoomsn dut. IIpeysero uz
paga Casuha capagauiuma Savié et al. (2018).

PP-a nma Besmuku yruiaj Ha mapamMeTap @ IITO 3a IMOCJeIUIly UMa BEJIMKH yTUIa] Ha
nporeny maca CMIIP-a. Buanmo ga mapamerap a mokasyje uctu o0guK mpoduia u
HCTY 3aBUCHOCT 3a CBE CHUMYJIUpPaHE C/IydajeBe W 3a CBe MHKJIUHAIUjE. JeIuHO Kajia
je PP mopen IIJIP-a, nobujamo ma mporena mace CMIIP-e He 3aBucm o)1 MHKJIMHA-
muje. IIporena mace CMIIP-e pacre kajma ce mehycobna ymasbeHocT mosehasa. 3a
sagary Tadnoct o 10 % manasumo ma cy najoosse npouene CMIIP-a 3a ca gerupu
caydaja Kaja je OJHOC yHyTpamrmer pajamjyca PP-a m cnomammer pagmjyca IIJIP-
a m3mehy 1.5 u 2.5 (cimka 8). 3a marube 25° win Marbe, JIONPUHOC €KBATOPH]aIHOT
pacejarma je U HH3aK U KEIIEPOBCKO KPeTarme ce He MOXKe BUJIeTH y p-mpoduiy. 3a
JIoJIATHE KOMIIOHEHTEe OP3MHA Kao IITO CY PaJIdja/iHA TPUJIUBA ¥ BEPTUKAJIHU OJITUBU,
3aK/bydyjeMo Jia ce OBU e(eKTH MOI'Yy 3aHEMAPUTH YKOJUKO HHUXOB JIONMPUHOC HUje
3HAYAjHU JI€0 KeIJIePOBCKE KOMIIOHEHTE.

Ha ciunm 9 npukasanum cy pesyiaratu cumyaupanux ¢, p u HO 3a jaBe mHk/InHa-
1uje 1oJ, KOjUM MOCMATPaMO CHUCTEM W 3a MCTH asuMyTajnud yrao ¢. l[Ipodwumu ¢ cy

CJIOYKEHU ¥ JIPACTUYHO Ce Pa3JInKyjy oJ1 onux 3a ciay4aj jeane CMIP-e. 3a pazimunre
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cucrem. Ilpeysero u3 paja Casulia capajnuima Savié et al. (2018).
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Cauka 8: Ilporena mace npHe pyre kKao (GyHKIHja ojHOCa u3Mely yHyTpallmer pajujyca
PP (RSR) u ciomarmmmwer pajmjyca TP (RBLR) sa rpu unkmmmanuje mon kojom
ITOCMATPAMO CUCTEM. XOPUIOHTAJIHE UCITPEKUJIAHE JIMHIjE ITPEICTaBIbajy WHTEPBAJ
oxcrynama o 10 % ox ynasue mace (myna jmamja). Ilpeysero u3 pajga Casuha

capaguunnMa Savié et al. (2018).
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Cauka 9: Ha JeBoj crpanm mpukasaHuUX MaHela WIYCTPOBaHA je TeoMeTphja MOJesa ca
JCMIIP-ma y nienTpy: paszsojen ciydaj (a), koHrakTHEH ciay4daj (b), memoBurn
cayuaj (¢) u cuiupasnu caydaj (d). Ha nmecanm crpanama nanesa, oz BpXa Ka JIHY
npukazanu cy npoduin 3a ¢, p u HO 3a n1Be unkimuanuje ¢ = 18° (6paon jimnuja)
n ¢ = 32° (wraBa JuHUja). AsumyTasHu yrao nocMarpama je ¢ = 18° 3a cBe
rpaduxe. IIpeysero us paga Casuha ca capajgnunuma Savié et al. (2019).

asuUMyTaJIHe YTJIOBE ToCMaTpaba, @-mpoduan cy gocta pasganantu. OBa paszHOJIHTKOCT
je pe3y/ITaT pa3InIuTHX POojeKInja OP3UHa Ka IocMaTpady jep MoJies Hije a3uMYyTaTHO
cumerpudan. [Ipodunu ¢ cy cumerpudnu y oJHOCY Ha CPEJUIITE JIMHHjE, MITO HUje
cllydaj KOJI je/iHe IpHe pyle y KOjeM JIojla3u JI0 TPOMeHe (¢ OJ MHUHUMAJIHE J10
MaKCHMAJIHe BPEJHOCTH JIyZK je3rpa JinHuje (in 0OpHYTO y 3aBUCHOCTU OJI POTAIUje).
Vrao ¢ yriiaBHOM UMa, CJIOYKeHe ITpoduIIe ca JIBa WK BUIEe MUHUMYMa, UJIH MaKCIMYMa.
Crenen nosjapusalije p uMa mpoduie ca MEHIMYMOM Y je3rpy W MaKCHMyMUMa y
IJIABOM U I[PBEHOM KpHWJIy, IITO je yobmdajeno 3a mojegunadane CMIIP-e, amu ce
110jaB/byjy U POMUIN CyIpPOTHOr 00JIMKA ca MaKCUMYMOM Y je3rpy U MUHUMYyMUMA Y
KpujinmMa, mro Moxke outu nokazaresb JIMCIIP-a. IIpodunn meronapusosanor diykca
yIJIABHOM ITOKa3yjy JiBa MAKCUMyMa KOJU Ce MOT'y HHTEPIIPETUPATH Kao ITPOMUIN yCIIe/T

JCKosIMKe reomerpuje emurepa 3padersa (Chen & Halpern 1989). Pasmiuka nsmeby
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p-ipodusa ko mojena JICMIIP-a u camo jeane CMIIP-e je ounrsenna u HajBuiie ce
ornema y cumerpuju. 3a JICMIIP-e p-ipoduin cy ocHocuMeTpudHu y OJHOCY HA OCY
HyJITe Op3une, ycje/ yera umamo mnpoduie ca aBocTpykuM MakcumymuMma. Ca jpyre
cTpane, p-tipodusim 3a Mozene ca jegaom CMIIP-om cy 1nenTpasino-cuMeTpudnm, Jak
U KaJIa je IPUCYTHO KOMILIEKCHO KpeTame Y hopMu npuirBa u otunama (Savié 2019).

Ba cBe Mojenupane ObOjeKTe yCIeIu CMO Jia PEelpoIyKyjeMO BeoMa CJAUYIHE -
npoduite onnM Koju cy jgobujenn u3 nocmarparma. Maca CMIIP-e nahena duroBamem
MOJIeJIMPAHNX To/laTaka je HemTo Beha o1 oHe mo0HWjeHe (PUTOBAEHEM MOCMATPAUKIX
mojilaTaKka, aju ce u Jiajbe JI00po ciiaxke ca pesyiararuMma us jgureparype. [locmarpatukn
[OJIAI Cy MHOTIO BHINlEe pasdallaHd OKO IIpejiBuheHe IpaBe JIMHUje IITO YOIIITEeHO
JIoBOJIM J10 rperke y mporeHama Maca CMIIP-a nekonmmko myrta Behe y mopehemy ca

rpemkoM T001jeHOM KOpHUCcTenn MeToLy peBepOepaIionor Malnpaba.
3akJpydaK

U3 osie npejcraB/beHor paja 3aksbydyjemo ciaeaehe (Savié et al. 2018; Savié 2019;
Savi¢ et al. 2019):

1. AKo ce KeIaepoBCKO KpeTame MOKe JIeTEeKTOBATH Y IOJapu3aluje IMHPOKIX
eMUCHOHUX JIMHUja, Taja ce jgupeKTHo Mmory meputu mace CMIIP-a dgumje cy

Jiobujene BPEIHOCTH Y CKJIAJLY Ca OHUM KOje Cy MepeHe JIDYT'MM MeTOJaMa.

2. EdekTu moryhux gonpunoca npuiusa uin ojyusa y LILJTP-y ysumajy cBoj manak
caMo 3a eKCTpeMHe cydajeBe Kaja je hUXoBa Op3nHa MPUOINKHA WX Beha o

KeIJIepoBCKe Op3UHa U y TOM CJIy4ajy He MoxkeMmo npumemuBatu AP15 merory.

3. Crerren noyrapusalije u HeloJiapu3oBann (pJIyKe 1MoKasyjy jeJIMHCTBeHe TPoduie
kapakTepuctudne camo 3a JICMIIP-e, amu Takohe moka3yjy mpoduiie Koju
cy npucyrau koj mnojemumHadnnx CMIIP, u kao TakBu He MOTy ce KOPHCTUTH
3a jeJHO3HAYHO pasjydnBarbe mneHrpaianor moropa Al'J-a. Ca apyre crpamne,
[OJTAPU3AIMOHN YTa0 TOJApU3aIMoHe paBHU (o MOKa3yje jeJuHCTBeHe mpoduie
y mopehemy ca onmma koj mnojeaunaane CMIIP-e, m moxke ce kopucTutu 3a

nyentuduroBame JICMIIP-ma.

4. p-ipoduin cy neHTpasHO-cuMeTpudHn y ciryuajy jeane CMIIP-e, vak u kaja cy

JofarHe Komrnonente Kperama y [IIJIP-y npucyrre.
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5. @-podUIH Cy OCHOCHMETPUYHH, Y€CTO Ca J[Ba WJIN BUIIE MAKCUMyMa, y CIydajy

JICMIIP-e.
6. Ilpumena AP15 merose nuje npumemnuBa y caydajy JJCMITP-e.

7. AP15 merona omoryhasa HOB 1 He3aBHCcaH HaunH 3a Meperbe maca CMIIP-a. Tpo-
IemeHe Mace J00Po ce CIaxKy ca MacaMa JJ0OMjeHuM JIPYTUM MeTo/iaMa, IIpe cBera
ca MeTOJIOM peBepOepalimoHoOr Malliparba. PelaTuBHa IpeliKa y MPOIEHN Maca

usmelly ose nse meroze je oxo 30 %.
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Résumé

Les trous noirs supermassifs (SMBH) se trouvent au coeur de presque toutes les galaxies
massives de I'Univers. Leur masse varie généralement entre 106-10%° M, (Kormendy &
Richstone 1995). La plupart d’entre eux sont dormants, mais lorsque le gaz a proximité
est abondant, le processus d’accrétion pourra démarrer et former un disque. Comme
la température de la matiére accrétée augmente, une grande quantité d’énergie est
rayonnée, déclenchant une phase active et former ce qu’on appelle aujourd’hui un noyau
actif de galaxie (AGN, Salpeter 1964; Zel’dovich & Novikov 1964; Lynden-Bell 1969).
Qu'’ils soient inactifs ou actifs, les SMBH n’émettent pas de rayonnement, mais le gaz et
les étoiles qui les entourent sont sensibles a leur présence gravitationnelle, ce qui nous
permet de mesurer leur masse.

Le paradigme standard, ou le modéle dit unifié des AGNs (Antonucci 1993; Netzer
2015), suppose que le SMBH est entourée d’un disque d’accrétion qui, a grande distance,
est fragmenté et forme un tore poussiéreux optiquement épais. Le tore de poussiéres
collimate le rayonnement dans la direction polaire et obscurcit la région centrale dans
le plan équatorial. La région des raies larges (BLR) se trouve a proximité du SMBH,
a des distances de quelques jours lumiére a quelques centaines de jours-lumiére, et le
gaz v est photoionisé par le rayonnement émis par le disque d’accrétion. La plupart
des raies larges sont émises par recombinaison radiative (Netzer 2013) et leur largeur

! est principalement due au mouvement képlérien autour du

de quelques milliers km s~
SMBH (Clavel et al. 1991). Dans la direction polaire, des vents polaires hautement
ionisés et faiblement relativistes émergent a des échelles inférieures au pc (Tombesi
et al. 2012). Plus loin, alimentés par le vent polaire, les écoulements sortants forment
une structure bi-conique de gaz a faible densité qui émet des raies étroites interdites - la
région dite des raies étroites (NLR). Cette région peut avoir des dimensions de 1'ordre
du kpc (Bennert et al. 2002). Parfois, des jets relativistes se forment dans la direction
de 'axe polaire et produisent ainsi une forte émission radio. La dichotomie observée
entre les AGN de type 1 ot les raies larges d’émission sont visibles et les AGN de type 2
dont les spectres optiques ne comportent que des raies d’émission étroites est largement
due & un effet d’orientation ot les AGN de type 1 sont observés le long de ’axe polaire
alors que les AGN de type 2 sont observés & des inclinaisons beaucoup plus élevées.
Une illustration de la structure de I’AGN est présentée a la figure 1.

La grande majorité des AGN présentent une faible polarisation linéaire du contin-

uum optique p < 3%, tandis que la polarisation circulaire est inférieure par quelques
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Figure 1: Le modele unifié des AGN. Le trou noir se trouve au centre et est entouré d’un

disque d’accrétion. Plus loin, au-dela du rayon de sublimation de la poussiere,
le disque d’accrétion forme un tore de poussieres. La région des raies larges se
trouve a proximité du disque et est obscurcie par le tore. Beaucoup plus loin,
a des échelles du kpc au-dessus et au-dessous du disque, se trouve la région des
raies étroites. Le jet relativiste se trouve & l'intérieur du cone étroit le long de
I’axe polaire. Différents types d’AGN sont observés en fonction de 'inclinaison.
L’inclinaison est mesurée & partir de I'axe des poles vers le plan équatorial ol se

trouve le disque d’accrétion. Crédits Beckmann & Shrader (2012).
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ordres de grandeur. Les AGN ayant une polarisation optique aussi élevée que 20 %,
sont principalement des blazars (Angel & Stockman 1980; Moore & Stockman 1981).
Stockman et al. (1979) et Antonucci (1982) ont montré que les AGN de type 1 présen-
tent une forte tendance a ce que le champ électrique de I'onde soit bien aligné avec
I’axe de la structure radio étendue — une caractéristique appelée polarisation paralléle.
Au contraire, dans les AGN de type 2, le champ électique est perpendiculaire & ’axes
radio — polarisation perpendiculaire (orthogonale) (Antonucci 1982, 1983, 1984). Selon
la gamme de fréquence, différents processus physiques sont responsables de la polar-
isation. En rayons X, la diffusion Compton et Compton inverse sont les mécanismes
de polarisation dominants. De I'UV (ultraviolet) au proche IR (infrarouge), c’est la
diffusion Thomson (électron) et Mie (particule sphérique). Dans l'infrarouge moyen
et lointain, I'alignement de la poussiére par des champs magnétiques a grande échelle
(Lopez-Rodriguez et al. 2015) produit une polarisation paralléle. Dans le domaine
radio, ’émission synchrotron diffusée par les électrons est le mécanisme dominant de
polarisation.

La spectropolarimétrie optique des AGN de type 1 a montré que la polarisation des
raies larges d’émission est causée par la diffusion équatoriale (Smith et al. 2002). Les
propriétés de polarisation observées peuvent étre expliquées en supposant une BLR
en forme de disque képlérien entouré d’'une région de diffusion coplanaire (SR, Smith
et al. 2005). Dans la raie, ’angle de polarisation ¢ mesurée en fonction de la longueur
d’onde présente un profil en forme de S: loin du centre de la raie, ¢ suit la valeur du
continuum. Aux vitesses correspondant a l'aile bleue, ¢ atteint un maximum, suivi
d’une chute dans le noyau jusqu’a ce que la valeur minimale soit atteinte dans ['aile
rouge. La diffusion équatoriale dans les AGN est la principale hypothése que nous

utilisons dans ce travail.
Mesure des masses des SM BH

Lorsqu’ils sont en phase active, les SMBHs jouent un réle important sur leur environ-
nement, dans un processus appelé rétroaction de ’AGN (Fabian 2012, et références).
En conséquence de la rétroaction de ’AGN, de nombreuses corrélations entre la masse
du SMBH et les propriétés de la galaxie hote ont été trouvées, dont la plus notable est
la relation My, — o, (Ferrarese & Ford 2005; Kormendy & Ho 2013), impliquant que le
SMBH et la galaxie hote évoluent ensemble (Heckman & Kauffmann 2011). Par con-
séquent, la mesure fiable de la masse du SMBH est une tache importante en astronomie
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moderne. Pour ce faire, différentes techniques ont été mises au point, a la fois directes
et indirectes, (Peterson 2014), la plupart des méthodes ciblant les AGN en raison de
leur forte luminosité (allant jusqu’a Ly, ~ 10 ergs™', Padovani 2017a) qui peuvent
étre facilement observées a distances cosmologiques.

Au cours des derniéres années, les mesures de masse des SMBH sont provenus le
plus souvent de la cartographie par réverbération des AGNs (Bentz & Katz 2015). En
mesurant le délai entre la variabilité du continuum ionisant et la variabilité des raies
d’émission larges, on peut obtenir un rayon photométrique de la BLR. Avec un rayon
photométrique connu et une vitesse mesurée directement & partir de la largeur de la
raie, on peut obtenir la masse du SMBH (Bahcall et al. 1972; Blandford & McKee 1982;
Peterson 1993). La durée d’une campagne de cartographie par réverbération peut étre
assez longue. Une galaxie individuelle doit étre observée a maintes reprises pendant
plusieurs mois, et les AGN distants nécessitent méme plusieurs années de surveillance
(Shen et al. 2016; Grier et al. 2017, 2019). Les raies de Balmer de I’hydrogéne sont les
plus couramment utilisées, cependant, les raies d’émission hautement ionisées comme
MglI, CIII] et CIV peuvent également étre utilisées pour les AGNs & des décalages
spectraux plus élevés (Mejia-Restrepo et al. 2016).

Une autre méthode récemment proposée utilise la rotation de I’angle de polarisation
le long du profil de la raie d’émission large afin de tracer le mouvement képlérien et
déterminer la masse SMBH (Afanasiev & Popovié 2015, herafter AP15). Elle suppose
que la BLR est aplatie et que la lumiére est principalement diffusée sur les parties
internes du tore de poussiére (diffusion équatoriale Smith et al. 2005), ce qui entraine
la polarisation de la raie large. La relation entre la vitesse V' du gaz diffusant le long
du profil de la raie et I’angle de polarisation ¢ est citep2015ApJ...800L..35A:

Vv
log — = a — 0.5log (tan (v)), (7)
c
ol ¢ est la vitesse de la lumiére. La constante a est liée a la masse du trou noir par

G My, cos?

2Ry

a = 0.5log (8)

ou (G est la constante de la gravitation, My, est la masse du trou noir, R, est le rayon
interne du tore, et 6 est I'angle entre le disque et le plan de diffusion. La relation
attendue entre la vitesse et ¢ est montrée a la figure 2 (a droite). Dans le cas d’'un SR

(région de diffusion) mince, une bonne approximation serait de prendre # ~ 0. Dans ce
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Figure 2: Vue schématique de la lumiere diffusée depuis l'intérieur du tore (& gauche). Re-
lation attendue entre ¢ et la vitesse (& droite). Crédits: Savic et al. (2018).

cas, la relation entre les vitesses et ¢ ne dépend pas de l'inclinaison puisque 1’émission
de la BLR vers la SR est presque latérale. Cette méthode est en accord avec la relation
My, — o, et avec la cartographie par réverbération, et elle a été appliquée jusqu’a
présent a une douzaine d’AGNs proches (Afanasiev et al. 2019).

Cette méthode offre un certain nombre d’avantages par rapport a la méthode de
cartographie par réverbération. Elle ne nécessite qu’une seule période d’observations et
peu de temps de télescope par rapport a la méthode de cartographie par réverbération.
Elle peut étre appliquée a des raies dans différentes gammes spectrales allant du
proche infrarouge et de l'optique (raies de Balmer) aux UV (Lya, CIII|, CIV et
MglI), permettant ainsi des mesures de la masse de trou noir pour des AGNs a des
décalages spectraux trés divers (AP15). La virialisation de la BLR n’est pas a priori
supposée, mais elle se mesure dans le profil en ¢ observé. Cependant, cette méthode
nécessite de connaitre le rayon intérieur du tore; Ry, est souvent trouvée en utilisant la
réverbération par la poussiére ou d’autres relations de mise a I’échelle (AP15). De plus,
cette méthode ne peut étre utilisée que pour une BLR en forme de disque en rotation ;
dans le cas ou la BLR est dominée par un mouvement radial, elle ne peut étre utilisée.
Nous soulignons également que dans cette méthode, nous ne considérons qu’une seule
diffusion par photon de la raie et que la contribution de diffusions multiples n’est
pas prise en compte. Comme la polarisation est trés sensible a la cinématique et a
la configuration géométrique (Goosmann & Gaskell 2007), le traitement complet du

transfert radiatif 3D avec polarisation est nécessaire pour tester cette méthode.
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Méthodes

La tache principale de cette thése est d’explorer les possibilités et les limites de cette
méthode et de trouver dans quelles conditions elle peut étre utilisée. Pour ce faire,
de nombreuses simulations de transfert radiatif avec polarisation ont été réalisées pour
un ensemble de modéles génériques, en tenant compte des processus physiques impor-
tants dans la partie centrale des AGN. Nous avons beaucoup utilisé le code de transfert
radiatif de Monte Carlo en 3D STOKES pour modéliser la polarisation induite par la
diffusion dans les AGNs, en couvrant une large gamme spectrale autour de la raie
Ha. Outre ces modéles génériques, nous avons réalisé des modéles pour quatre AGN
a partir de paramétres disponibles dans la littérature: NGC4051, NGC4151, 3C 273
et PG0844-+349. La masse d’entrée de chaque objet a été obtenue en appliquant la
méthode AP15 a nos observations. Enfin, nous avons comparé les résultats des modéles
avec des données d’observation. Toutes nos observations ont été réalisées avec le téle-
scope alt-azimutal SAO RAS (Observatoire spécial d’astrophysique de 1’Académie des
sciences de Russie) 6 m en utilisant le spectrographe SCORPIO (Afanasiev & Moiseev
2005). Le travail présenté dans cette thése est une nouvelle amélioration du modéle de
diffusion équatoriale Smith et al. (2005). Alors que Smith et al. (2005); Afanasiev &
Popovié¢ (2015) ont fait I'approximation d’une seule diffusion, nous avons pris en compte
dans nos simulations des diffusions multiples pour des résultats plus généraux.

Nous effectuons un calcul de transfert radiatif 3D complet avec polarisation en
utilisant le code public STOKES (Goosmann & Gaskell 2007; Marin et al. 2012, 2015;
Marin 2018b; Rojas Lobos et al. 2018). Le programme est adapté a la géométrie et a la
cinématique complexes du modéle et traite des événements multiplesde diffusionsur les
électrons ou la poussiéres ainsi que I’absorption par la poussiéres. Le rayonnement émis
par la source est divisée en un grand nombre de paquets de photons (typiquement plus de
107 par bin de longueur d’onde) qui suivent une SED (distribution spectrale d’énergie)
qui est une loi de puissance pour le continuum ou un profil de Lorentz pour la raie large
en émission. Pour chaque photon émis, le code suit son chemin et calcule les paramétres
de Stokes I (intensité lumineuse totale), () (polarisation linéaire horizontale ou linéaire
verticale), U (polarisation linéaire +45° ou —45°) et V' (polarisation circulaire gauche ou
droite) aprés chaque diffusion. Ces paramétres décrivent 1’état de polarisation des ondes
électromagnétiques et sont des quantités mesurables. Lorsqu’il n’y a plus de région de
diffusion sur sa trajectoire, le photon avec son état de polarisation est enregistré par
un des détecteurs virtuels dans le ciel. Le flux total (non polarisé, TF), le degré de
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Figure 3: Schéma de la géométrie du modele, avec la BLR (jaune) et le disque de diffusion
(gris) vue de face (& gauche) et de profil (& droite). Les angles d’ouverture de la
BLR et de la SR sont respectivement de 15° et 35°. Crédits: Savi¢ et al. (2018).

polarisation p et ¢ sont calculés en additionnant les paramétres de Stokes de tous les
photons détectés pour chaque bin spectral. Le code a été développé a l'origine pour
modéliser la polarisation optique et UV induite par la diffusion du continu dans les
AGNs, mais il peut étre appliqué pour étudier la polarisation de nombreux objets
astrophysiques (Marin & Goosmann 2014). Dans le code ¢ = 90° correspond & un état
de polarisation ot le vecteur de champ électrique E oscille dans une direction paralléle
a laxe de symétrie du systéme (z-axis). C’est I'opposé de la convention utilisée par
Smith et al. (2005).

Dans notre modéle, une source ponctuelle est située au centre et émet un rayon-
nement dans le continu isotrope non polarisé dont le flux est donné par un spectre de
puissance Fr o« v~ avec a = 2. Cette valeur correspond a spectre plat lorsque la
fréquence est remplacée par la longueur d’onde. La source du continuum est entourée
d’une BLR et, plus loin, d'une SR. La BLR et la SR sont modélisées par une géométrie
de disque évasé avec un angle typique de demi-ouverture par rapport au plan équato-
rial de 15° pour la BLR et 35° pour la SR (Marin et al. 2012). Une illustration de la
géométrie du modéle est donnée dans la figure 3.

Nous avons réalisé quatre modeéles tests dans lesquels le SMBH central a une masse
de 10%, 107, 10® et 10° M. La taille de la BLR et de la SR dépendent la masse
en une loi de puissance, pour laquelle 'exposant a été obtenu en recherchant dans la
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littérature les rayons déja connus de la BLR et de la SR. Nous avons tout d’abord
effectué la simulation pour différentes masses des trous noirs avec I'hypothése d'un
mouvement képlérien pur, puis nous avons considéré des écoulements radiaux et des
éjections verticales comme des composantes supplémentaires du mouvement du gaz par
rapport au mouvement képlérien causé par la masse du trou noir. Nous avons simulé
les deux cas oul le mouvement képlérien est dans le sens antihoraire (positif) et dans le
sens horaire (négatif).

De plus, la cinématique complexe de la BLR pourrait étre due au fait que ’'AGN
contient un trou noir binaire binaire supermassif (SMBBBH). Nous considérons un
modele de SMBBBH séparés par moins d’un parsec, ot chaque trou noir a son propre
disque d’accrétion et sa propre BLR (figure 4). Nous considérons également la diffusion
équatoriale sur la partie interne du tore. Les deux trous noirs orbitent autour du
centre de masse commun sous l'effet de la gravité. Il s’agit d’un probléme bien connu
pour lequel il a été démontré qu’il est équivalent au probléme d’un seul corps dont la
masse réduite p se déplace dans un champ gravitationnel externe (Landau & Lifshitz
1969; Postnov & Yungelson 2014) déterminé par la masse de chaque composante selon
p= MiMs/(M; + Ms). Nous avons fait deux hypothéses dans notre modéle: la
premiére est que les deux SMBH ont des disques d’accrétion et des BLR correspondants,
et la seconde que les disques d’accrétion et la région de diffusion sont coplanaires. En
fonction de la distance entre les trous noirs, nous avons traité quatre cas de SMBBH
différents: distant, contact, mixte et spiralé. La région de diffusion est la méme
pour les quatre modeéles binaires. Nous présentons ici pour la premiére fois les profils des
parameétres de polarisation des raies larges dans le cas d’'une émission par un systéme
SMBBH a I’échelle sub-pc.

Nous avons également sélectionné quatre AGNs présentant des variations impor-
tante de ¢ le long du profil de la raie: NGC 4051, NGC 4151, 3C273 et PG0844+-349.
Ces objets ont été trés bien observés au cours des derniéres décennies, tant en lumiére
polarisée que non polarisée. Ils présentent tous une diffusion équatoriale dominante
dans leurs spectres. En 2014 et 2015, nous avons réalisé des observations spétropo-
larimétriques de ces quatre AGNs avec le télescope de 6m BTA du SAO RAS avec
le réducteur focal SCORPIO. Nous avons modélisé chacun de ces objets a 'aide des
données d’observation disponibles dans la littérature et nous comparons les résultats

de nos modéles avec nos propres observations.
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Figure 4: Géométrie et cinématique de la BLR pour le modele distant avec un rapport de
masse ¢ = 0.5 (gauche) et avec ¢ = 0.1 (droite). La croix noire (x) indique le
centre de masse, tandis que le symbole bleu + marque le point de Lagrange L;.
Les fleches grises indiquent la vitesse de chaque élément de la BLR. Le code couleur
indique la hauteur par rapport au plan zy. Crédits: Savi¢ et al. (2019).

Résultats

Dans la figure 5, nous montrons les profils simulés de ¢, du flux polarisé¢ PF, du degré
de polarisation p et du flux total TF le long du profil de la raie large lorsque la masse
SMBH est de 10° M. Nos modeles (figure 5, en bas a droite), montrent que le degré
de polarisation est sensible & l'inclinaison. Le profil en p atteint son maximum dans
les ailes de la raie et son minimum se situe dans le coeur de la raie comme 1’a montré
Smith et al. (2005). La raie polarisée (figure 5, panneau central droit) est plus large que
la raie non polarisée (figure 5, panneau supérieur droit), comme prévu par la diffusion
équatoriale. Dans la figure 5 (panneaux de gauche), nous montrons les profils simulés
de ¢ pour trois inclinaisons. Les profils ¢ sont en forme de S. Le sens de rotation
n’affecte que ¢, alors que TF, PF et p ne sont pas affectés. Pour une rotation dans
le sens inverse des aiguilles d'une montre, ¢ atteint son maximale dans I’aile bleue de
la raie et son minimum dans l'aile rouge. Les variations de ¢ se produisent autour du
niveau du continuum ¢. = 90°. Une caractéristique importante de ¢ est ma symétrie
par rapport a la polarisation du continuum : pour une inclinaison donnée i, ¢ satisfait
I’équation :

©(180° — 1) = 180° — (7). 9)

Lors de la mise en oeuvre de la méthode AP15 sur les données modélisées, il faut
considérer la polarisation seulement dans la raie large et pour cela, il était nécessaire de
soustraire la polarisation du continuum pour toutes les inclinaisons correspondant aux
AGN de type 1: Ap = ¢ —90°. Dans la figure 6 (panneaux inférieurs), nous montrons

Iajustement décrit par la méthode AP15. Nous trouvons que le mouvement képlérien
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Figure 5: A gauche, I'angle de polarisation modélisé ¢ lorsque le systéme tourne dans le sens
antihoraire (en haut) ou dans le sens horaire (en bas), le flux total non polarisé (TF,
en haut a droite), le flux polarisé (PF, au milieu a droite), le degré de polarisation
p, en bas a droite. SMBH a une masse de 10° M. Nous tracons les résultats en
traits pleins pour trois inclinaisons : ¢ = 25.01°, 32.46°, et 38.62°, tandis que les
traits pointillés représentent les résultats pour un sens de rotation opposé. Noter
la symétrie de ¢ par rapport au sens de rotation. Le sens de rotation n’affecte
pas TF, PF et p. Les flux totaux et polarisés sont donnés en unités arbitraires.
Crédits: adapté de Savic et al. (2018).

peut étre déterminé via le profil ¢ pour les inclinaisons des AGN de type 1. La région
située a +1o autour de 'ajustement linéaire devient de plus en plus petite au fur et
a mesure que 'on passe des inclinaisons de face a des inclinaisons de profil. Pour des
inclinaisons de 25° ou moins, les données simulées montrent une dispersion beaucoup
plus élevée autour de 'ajustement linéraire en comparaison aux cas avec une inclinaison
intermédiaire.

La distance entre la BLR et la SR affecte énormément I’amplitude ¢. Afin de tester
cet effet, nous avons étudié différents cas avec différentes distances entre la BLR et la
SR tout en conservant la méme épaisseur et la méme profondeur optique de la SR. Dans
les figures 7 et 8, nous montrons l'influence de cette distance, et comment elle affecte
le paramétre a et la masse du SMBH. Nos modéles montrent que la distance entre la

BLR et la SR a une grande influence sur le paramétre a, ce qui affecte grandement
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Figure 6: Angle de polarisation ¢ (panneaux supérieurs) et vitesses (panneaux inférieurs)
calculés le long du profils Ho pour un modele avec une masse centrale de 10° M.
Les symboles pleins correspondent a la partie bleue de la raie et les symboles
ouverts a la partie rouge. Le trait plein représente le meilleur ajustement. Crédits:
adapté de Savic et al. (2018).

nos estimations de la masse du trou noir. On peut voir que le paramétre a montre
le méme profil et la méme dépendance en inclinaison pour tous les cas simulés. Ce
n’est que lorsque la SR est adjacent a la BLR que l'estimations de masse du SMBH
devient indépendante de 'inclinaison. Les estimations de masse du SMBH augmentent
lorsque la distance augmente. Dans les quatre cas, et pour une précision demandée de
10 %, nous constatons que les estimations correctes de la masse du SMBH sont obtenues
lorsque le rapport du rayon interne de la SR et du rayon externe de la BLR se situe
entre 1,5 et 2,5 (figure 8). Pour des inclinaisons de 25° ou moins (vue de face), la
contribution de la diffusion équatoriale est faible et nous trouvons que le mouvement
képlérien ne peut étre déduit du profil en ¢. En ce qui concerne d’autres composantes
de vitesse dans la BLR telles que des écoulements radiaux ou des éjections verticales,
nous constatons que ces effets peuvent étre négligés si les composantes supplémentaires
de la vitesse ne représentent pas une fraction significative de la vitesse képlérienne.
Dans la figure 9 nous montrons les résultats pour ¢, p et TF obtenus pour deux

inclinaisons ¢ et pour un angle de visualisation azimutal ¢. Les variations de ¢ sont
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Figure 7: Dépendance du parametre a sur le rapport entre le rayon interne de la SR (RiSHR)
et le rayon externe de la BLR (RELR) pour trois inclinaisons. Crédits: adapté de
Savi¢ et al. (2018).
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Figure 8: Estimation de la masse du trou noir en fonction du rapport entre le rayon interne
de la SR, (RPR) et le rayon externe de la BLR (RELR) pour trois inclinaisons. Les
pointillés horizontaux correspondent a un intervalle de 10% d’écart par rapport a

la masse d’entrée (trait continu). Crédits: adapté de Savié et al. (2018).
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Figure 9: Modeles correspondant aux cas Distance (a, en haut & gauche), Contact (b, en haut
a droire), Mixte (c; en bas & gauche), Spirale (d, en bas & droite). Pour chaque
cas, la partie gauche donne un schéma de la géométrie. La partie droite, donne de
haut en bas, ¢, p et TF pour deux inclinaisons ¢ = 18° (en brun) et i = 32° (en
bleu). L’angle azimutal est ¢ = 18° dans tous les cas. Crédits: Savic et al. (2019).

complexes et trés différentes des profils obtenus pour un trou noir isolé. Les profils en
@ sont en outre trés dépendants de l'angle de vue azimutal. Cette variabilité résulte
des différences des projections de la vitesse vers I'observateur puisque le modeéle n’est
pas symétrique en azimut. Les profils ¢ sont maintenant symétriques par rapport au
centre de la raie, ce qui n’est pas le cas pour un scénario unique ot un swing se produit.
L’angle de polarisation ¢ montre la plupart du temps des profils a deux pics ou méme
plus complexes. p montre des profils & deux pics avec un minimum dans le coeur de la
raie, ce qui est habituel pour le scénario & SMBH unique, mais il y existe des profils
opposés avec des minima de p dans les ailes de raies et des maxima dans le noyau de
ligne qui peuvent étre un indicateur de la présence de SMBBHs. TF montre la plupart
du temps des profils doubles ou multi-pics qui sont souvent associés aux profils du
disque (Chen & Halpern 1989). Il y a une différence claire dans les profils ¢ entre le

modele binaire et le modele SMBH simple, en ce qui concerne la symétrie des profils .
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Les profils des SMBBH sont symétriques par rapport a l'axe par rapport a la vitesse
zéro, ce qui donne des profils & double pic. Au contraire, les profils ¢ pour une SMBH
sont symétriques méme pour les mouvements complexes incluant des accrétions et des
¢éections (Savic¢ 2019).

Pour tous les objets modélisés, nous avons pu produire des profils de ¢ trés similaires
a ceux observés. Les masses des SMBH estimées a partir de 'ajustement des données
du modéle sont supérieures a celles obtenues en ajustant les données d’observation,
mais toujours en accord avec celles de la littérature. Les données d’observation sont
beaucoup plus dispersées par rapport a la ligne droite prédite, ce qui, en général,
produit une erreur dans les estimations de masse SMBH un peu plus grande que celle

obtenue par la cartographie de réverbérantion.
Conclusions

A partir des travaux présentés ici, nous tirons les conclusions suivantes (Savi¢ et al.
2018; Savi¢ 2019; Savi¢ et al. 2019):

1. Si le mouvement képlérien peut étre déduit du profil de la raie polarisée, alors des
estimations directes de la masse du SMBH peuvent étre effectuées et donnent des
valeurs en accord avec d’autres méthodes.

2. Les effets des configurations possibles des écoulements entrants/sortants du TLB
ne se font sentir que dans les cas extrémes ot la vitesse de ces écoulements est
comparable ou supérieure a la vitesse képlérienne, qui dans ce cas ne peut étre
utilisée correctement.

3. Le degré de polarisation et le flux total présentent des profils similaires pour les
SMBH simples et pour les SMBBH simples et pour les SMBBH; ces deux quantités
a elles seules peuvent ne pas permettre de savoir si un SMBH ou une SMBBH
est le moteur central de '’AGN. D’autre part, I'angle de position de polarisation
© montre des profils assez uniques qui différent de ceux observés dans le scénario
SMBH unique, et pourraient étre utilisés pour identifier les candidats SMBBH.

4. Les profils ¢ pour le modele SMBH montrent des profils symétriques par rap-
port a l'origine méme lorsque des mouvements supplémentaires dans le BLR sont
présents.

5. Les profils p-profiles pour les modéles SMBBH produisent les profils symétriques

par rapport a I’axe axes qui sont souvent doubles ou multi-pics.
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6. L’application de la méthode AP15 n’est pas possible dans le cas des SMBBH.

7. L’application réussie de la méthode AP15 donne des estimations de masse qui
sont en bon accord avec celles de la littérature.

8. La méthode AP15 fournit une nouvelle méthode indépendante d’estimation de la
masse des SMBH. Les masses estimées sont en bon accord avec les valeurs obtenues
par d’autres méthodes telles que la cartographie par réverbération. L’erreur rel-

ative des estimations de masse entre ces deux méthodes est d’environ 30 %.
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Chapter 1
Introduction

A few percent of galaxies show an extraordinary huge activity in their nucleus with the
core brightness several times surpassing the brightness of the rest of the galaxy. The
tremendous amount of energy in these objects is coming from the galaxy nucleus and
therefore the terms active galazies (AG) and active galactic nuclei (AGNs) are coined
in order to distinguish these objects from the regular (inactive) galaxies which represent
the dominant majority. The spectra of AGNs cover a broad frequency range from -
and X-rays in the high energy domain to radio waves in low energy domain. Presently,
it is widely accepted that a large amount of energy is emitted from the accretion disk
which is formed around the supermassive black hole (SMBH) by the infalling matter
(Salpeter 1964; Lynden-Bell 1969). The strong radiation of the central source is ionizing
the surrounding matter, which is capable of producing strong emission lines due to
radiative recombination. These emission lines are superimposed on the underlying
continuum. Absorption lines could also be present in the AGN spectra, either from
the AGN itself, the host galaxy or from intergalactic matter. Optical variations of
the AGN light curves (Fitch et al. 1967), with time scales of the order of few days,
have indicated that the emitting region is compact with the size ranging from a few
light days to a few light months. Historically, this was perceived as a major problem
since the luminosity of the nucleus comparable in size with the Solar system is often
thousands of times greater than the luminosity of regular galaxies. Until recently, and
for very few cases, such compact regions could not be spatially resolved with the current
observing facilities. We therefore rely on studying AGN radiation using spectroscopic
and spectropolarimetric methods. By analysing AGN spectra, namely emission lines,

we can obtain invaluable information on the physical and kinematic parameters. Since



we are dealing with the most luminous long-lived objects (Lo & 10% ergs™!, Padovani
2017a), AGNs were observed at high redshifts, it makes them important for cosmology
and the studies of the early Universe.

AGNs are triggered when there is enough gas to be accreted onto the SMBHs. The
radiation produced by accretion strongly interact with the surrounding environment by
heating or ejecting the gas - a process called AGN feedback. It can have a profound
effect on the host galaxy by prematurely terminating star formation in the galaxy bulge,
or in the most extreme cases to completely expel the gas out of the host galaxy. SMBHs
in their active phase play a major role in the coevolution with the host galaxy (Heckman
& Best 2014), which is well supported by the correlation of the SMBH mass with many
properties of the host galaxy (Kormendy & Ho 2013). The properties of massive galaxies
cannot be successfully reproduced by semi-analytic models nor numerical simulations
without the inclusion of AGN feedback (Fabian 2012). Measuring SMBH masses reliably
is therefore a crucial task in order to better understand how are they linked with the
evolution of galaxies and AGNs.

The work in this thesis was inspired by the discovery of a new independent method
for measuring the masses of SMBHs using the polarization of broad emission lines
(Afanasiev et al. 2014; Afanasiev & Popovi¢ 2015) in AGNs. The method was first
introduced in 2014 with the active galaxy Mrk 6 using the observations carried out with
the 6 m telescope of the Special Astrophysical Observatory of the Russian Academy of
Science! (SAO RAS). The method was discussed in details by Afanasiev et al. (2019)
and it was successfully applied to thirty nearby AGNs.

The goal of the thesis is to theoretically explore the possibilities and limits of this
method. This was done by performing numerous radiative transfer simulations with
polarization for a set of generic models, taking into account important physical pro-
cesses in the central part of AGNs. We heavily rely on the 3D Monte Carlo radiative
transfer code STOKES? for modeling scattering induced polarization in AGNs, covering
broad spectral range around Ha line. In addition to generic models, with the data
found in literature, we made models for four AGNs: NGC 4051, NGC 4151, 3C 273 and
PGO0844+ 780 and compared them to observational data. All of our observations were
carried out with the SAO RAS 6 m alt-azimuthal telescope using the SCORPIO spec-
trograph (Afanasiev & Moiseev 2005). The work presented in this thesis is a further

'The Special Astrophysical Observatory of the Russian Academy of Sciences, 43°38'49”N,
41°26'26"E.
2http://www.stokes-program.info/



improvement of the Smith et al. (2005) equatorial scattering model. While Smith et al.
(2005); Afanasiev & Popovié (2015) have assumed a single scattering approximation, we
have entirely based our simulations allowing multiple scattering events for more general
results.

The second part of this work deals with the broad line polarization in the case where
the AGN central engine is driven by a supermassive binary black hole (SMBBH). We
aim to predict what should be the observational signature we expect from those yet-to-
be-confirmed sources. We consider a model of sub-pc SMBBHs, where each of the BH
components has its own accretion disk and BLR. We also consider equatorial scattering
of such complex system on the inner part of the torus. We predict here for the first
time the polarization parameters across the broad lines for different azimuthal and
inclination viewing angles in the case of an AGN with a SMBBH.

The thesis is organized as follows: in chapter 1, we outline the unification scheme
and the main components of AGNs with their properties. In chapter 2, we summarize
AGNs characteristics when viewed in polarized light. In chapter 3, we review the most
commonly used methods for measuring the SMBH masses. In chapter 4, we introduce
the polarization formalism necessary for dealing with observations and radiative trans-
fer. In chapter 5, we describe in detail the radiative transfer code STOKES. In chapter
6, we describe the geometry and kinematics of our models. We also present the obser-
vations of the selected type-1 AGNs: NGC4051, NGC 4151, 3C 273 and PG0844+780.
In chapter 7, we perfomed radiative transfer simulations for a large grid of models, with
a particular accent on scattering induced polarization. We take into account additional
complex motions such as inflows/outflows and how it affects polarization in lines. Fur-
ther, we investigate the polarization effects of AGN broad emission lines in the case of
SMBBHs. Detailed results of the models involving SMBBHs are given in the appendix
A. We also produce models for NGC 4051, NGC 4151, 3C 273 and PG0844-+780 and we
compare our results to observational data. in the last part of the chapter 7, we discuss
our results. Finally, in chapter 8, we summarize our conclusions and we give prospects

for future work.



1.1 Active galactic nuclei

1.1.1 Historical discovery

The beginning of the 20th century marked the development of extragalactic astronomy.
The first discovery of emission lines in a spiral nebula (today NGC 1068) were carried
out at Lick observatory® by Fath (1909a,b). A decade later, the activity of a giant el-
liptical galaxy M87 in the form of a thin jet connected with its nucleus was observed by
Curtis (1918). Around the same time, Hubble (1922) detected emission lines in several
galaxies. Seyfert (1943) observed and carefully studied several spiral galaxies (most
notably NGC 1068 and NGC4151) with bright nucleus and remarkable emission lines
— a feature that is not common for regular galaxies dominated by stellar spectra with
absorption lines. Until a few decades later, his work had remained with little interest.
The development of radio astronomy in the 1950s and 1960s was followed by identifying
some of the quasars (quasi stellar radio sources) with their optical counterparts. The
first stellar-like optical source was identified with the quasar 3C 48 (Matthews et al.
1961). Soon after, few more quasars were identified in the same way, namely 3C 196;
3C 286 (Matthews & Sandage 1963) and 3C 147 (Schmidt & Matthews 1964). However,
the optical spectra of these quasars were quite dissimilar and no emission line could be
identified at the time. The optical spectra of the famous quasar 3C 273 was showing
that hydrogen Balmer emission lines are exhibiting large redshifts z = AX/\g = 0.158
(Schmidt 1963). Few scenarios explaining such large redshifts in the case of 3C 273 and
3C 48 were extensively discussed by Greenstein & Schmidt (1964). In a first attempt,
redshifts were interpreted as gravitational redshifts; the object was considered as col-
lapsed. Using the emissivity of Hf line, they showed that the spectrum of 3C 273 and
3C 48 could not be explained by the gravitational redshift of a collapsed star with a mass
of about 1 Mg, as this would lead to electron densities 10 order of magnitudes higher
than the upper limit estimated from the spectral analysis of the forbidden emission
lines. In order to interpret observed redshift as gravitational redshift, and to match the
observational data, Greenstein & Schmidt (1964) discussed the possibility of a super-
massive object with a lower mass boundary of 10! M, within a fraction of parsec. The
compactness and stability of these objects proved to be problematic and the hypothesis
of gravitational redshift was dismissed. Another interpretation was that objects 3C 273

and 3C 48 were of extragalactic origin and the observed redshifts could be considered

3The Lick Observatory, 37°20'29”N, 121°38'34"W.



as cosmological redshifts. In that case, assuming abundances typically found in HII
regions, Greenstein & Schmidt (1964) found that the mass of the central source is of the
order of 5 x 10% M, and the electron densities of the order of 3 x 10*cm™3 or less. As-
suming that the age of these objects is of the order of 10° years, a mass of 10 M, inside
a HII region is required to stabilize high internal motions. The first model explaining
the observations consisted of a massive object in the center surrounded by shells of
increasing radius where the optical continuum, the emission lines and the radio contin-
uum emerge. Nevertheless, despite the large discrepancy of the estimated mass, two
things became clear: a supermassive object is residing in the center of these objects;
the second is that the emitting region is compact.

Hoyle & Fowler (1963) proposed the model of quasars as supermassive stars in
which the angular momentum of the star is transferred to the surrounding disk of stars.
Lynden-Bell (1969) showed that powering AGNs by nuclear reactions was insufficient
and the model by Hoyle & Fowler (1963) proved to be short-lived due to dynamical
instability (Lynden-Bell 1978). Alternative scenario was an accretion of gas around
a supermassive object (Salpeter 1964; Zel’dovich & Novikov 1964). Accretion can ef-
fectively convert gravitational potential energy into radiation when enough material
is being accreted. The time-scales in this case are much larger due to the effects of
the radiation pressure. A 10° M, SMBH has a Schwarzschild radius (the radius of the
event horizon for a neutral and non-rotating black hole, equation 1.1) of around 10~ pe.
Accretion onto a SMBH, studied by Lynden-Bell (1969), became the widely accepted
scenario of the AGN nature, capable of explaining many observational properties.

The work of Karl Seyfert came to interest again as the number of similarities such
as color, spectra and variability between quasars and Seyfert galaxies was observed
(Burbidge et al. 1963; Pacholczyk & Weymann 1968; O’Connell 1971). This lead to
the hypothesis that quasars are being hosted by galaxies, and it was later confirmed
by Kristian (1973) who found diffuse galaxy signatures by analysing the photographic
plates of 26 AGNs. The advancement of technology encouraged the observations of
AGNs in different wavelength domains. As the number of observed AGNs was growing,
many different types of AGNs were introduced based on spectral characteristics, radio
morphology and variability. Several criteria were introduced for classifying any extra-
galactic object as an AGN, of which at least one condition needs to be satisfied. These

are the following:

a The total luminosity is dominated by radiation from the nucleus
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Figure 1.1: The combined image of optical (black) and radio emission (contours) for 3C 273
(Bahcall et al. 1995). Optical emisison is dominated by a bright central source,
but a small fraction of the jet emission is also visible. Radio emission comes
from an extended radio jet. Optical observations were taken by the Hubble
Space Telescope (HST) at a wavelength of 5935 A. Radio observations were
carried out at MERLIN array at 1658 MHz (wavelength 18 cm).



b The nucleus emits broadband continuum radiation with prominent emission lines

excited by radiation of non-stellar origin
¢ Continuum and line radiation are highly variable
d The presence of radio jets or radio lobes indicates gas ejection

Due to the powerful broadband spectrum of AGNs, their identification is possible
in every frequency-wavelength domain. It is worth to mention here different catalogs
and surveys as well as methods for their differentiation from other objects. For detailed
review of methods for AGN discovery and sky surveys, we refer to Netzer (2013);
Popovié¢ & Ili¢ (2017) and for the history on the AGN discovery we refer to Shields
(1999).

Discovery in the UV-optical domain

Spectroscopic analysis of AGN optical spectra has been present since their discovery. It
allows us to identify AGNs with strong broad emission lines, but it is not efficient when
lines are weak. The First Byurakan Survey (FBS) started by Markarian (1967) took
an important part in AGN discovery. Each FBS plate contains low-dispersion spectra
of 15000-20000 objects. The objects selection and classification were made by their
color, broad emission or absorption lines and SED. The FBS contained around ~ 1500
galaxies with enhanced UV radiation — the so called Markarian galaxies.
The typical AGNs spectral energy distribution (SED) is different from stellar SED.
It does not resemble a single temperature black body and covers a broader frequency
range (see Sect.1.2). This difference provides an efficient way of discovering AGNs
using broadband multicolor photometry. Earlier methods were based on using UBV
photometry for large samples of observed objects. This method is useful for low redshift
AGNs and less efficient for high redshift AGNs due to the AGN colors resembling
those of stars. The more innovative five-band photometry provides an efficient way
of detecting AGNs up to a redshift z ~ 6 (Richards et al. 2009). Additional color
bands help to separate AGNs from white dwarfs. The SDSS (Sloan Digital Sky Survey)
up to now produced a catalog of more than 500 000 AGNs, with an estimation of total
~ 700000 AGNs in the next data release (Paris et al. 2018). In the UV band, the Galaxy
Evolution Explorer (GALEX) played an important role in AGN discovery. The survey
consisted with imaging in the far-UV (FUV, around ~1528 A) and near-UV (NUV,
around ~2310 A). The GALEX database provides ~ 500000 source measurements and
7



over 100000 low-resolution UV spectra (Bianchi et al. 2017), of which a significant
fraction are AGN sources.

Another method for discovering AGNs in the optical domain is by exploiting their
variability. The variability of AGNs is reflected in a different way in a color-color
diagram when compared to variable stars (Sesar et al. 2007). This method requires at
least two visits per field of view and will be extensively used when the Large Synoptic
Survey Telescope (LSST) becomes operational in 2022. Detailed simulations have shown
that the LSST quasar sample will contain up to 10000000 AGNs (Ivezi¢ 2017, and

references therein).

Discovery in the radio domain

Most of the early AGNs were discovered in the radio domain. The First Cambridge
Catalogue of Radio Sources (1C, Ryle et al. 1950) pioneered the northern sky radio
survey at 178 MHz. Improved results were listed in the third edition (3C, Edge et al.
1959) with a total of 471 resolved radio sources. Strong point radio sources are most
likely to be jet dominated AGNs since stars are extremely weak radio sources. The
positional precision of radio and optical telescopes is of the order of one arcsec or better
and the identification is confirmed by correlating radio and optical positions. Around
10 % of AGNs are jet dominated AGNs and mostly reside in elliptical galaxies (Malkan
1984).

Discovery in the IR domain

The search for AGNs in the infrared (IR) domain requires the use of at least two IR
bands or a combination of one IR band with observations in the optical or X-rays.
This technique is very useful for highly obscured AGNs at high redshifts for which
the optical spectrum is dominated by the host galaxy. The mid-IR (MIR) is domi-
nated by warm dust emission which is heated by the central source. The luminosity
ratio L (24 pm) /L (658 nm) is much larger for AGNs in comparison with regular galax-
ies. Additional spectroscopic follow-up is often required for confirmation. The SST
(SPITZER Space Telescope) combined both photometry with a spectroscopic follow-up
for a number of AGN candidates. This way a catalog of less than a thousand highly red-
shifted AGNs was produced (Lacy et al. 2013). The WISE (Wide-field Infrared Survey
Explorer) produced one of the largest AGN catalog with ~ 4500000 AGN candidates
with 90 % reliability (Assef et al. 2018).



Discovery in the X-ray domain

Almost all AGNs are powerful X-ray emitters and deep X-ray surveys are required
for AGN identification. In soft X-rays, the ROSAT all-sky survey identified numerous
bright AGN sources with strong 0.5-2.0keV emission (Krumpe et al. 2010). CHANDRA
and XMM-Newton can observe up to 10keV, but those surveys cover a small fraction of
the sky. CHANDRA provides extremely deep surveys with angular resolution of 1”. Sky
surveys at hard X-rays with energies 15-150keV include Swift Burst Alert Telescope
(BAT) and INTEGRAL missions which contributed to the discovery of many obscured
AGNs (Koss et al. 2017; Malizia et al. 2016). X-ray surveys are not very efficient in
discovering high redshifted AGNs mostly due to the sensitivity of the instruments, and

very often optical spectroscopic follow-up is required for confirmation.

1.1.2 AGN Classification

The AGN continuum radiation has been observed through the whole electromagnetic
spectrum which greatly differs from the continuum SED of regular galaxies (Fig. 1.2).
In optical and UV many emission lines (sometimes absorption lines) are prominent
with the intensity largely surpassing the host galaxy stellar absorption lines. Although
nuclear activity is common for all AGNs, they can be largely diverse in the sense of the
SED shape and spectral lines characteristics. The classifications of AGNs has its roots
in the history of research and in which frequency domain in which they were initially
discovered. The early AGN classification was based on spectral characteristics and
implied that the nature of these objects is intrinsically different; and some of the early
AGN types are still widely used today (Antonucci 2012). The current AGN classification
is based on larger sample of observations, better understanding of the accretion process
and of the fact that many observed properties depend on the luminosity, accretion rate
and viewing inclination towards the central source (Sect.1.2). These include Seyfert
galaxies; quasars; radio galaxies; low luminosity AGNs and blazars, which accounts for
the majority of AGNs. A detailed and up to date list of AGN types abbreviations can
be found in the work of Padovani (2017a).

Seyfert galaxies

Seyfert galaxies were first discovered by Seyfert (1943). He noticed strong emission

lines coming from the bright nucleus. Seyfert galaxies are usually spiral, mostly Sb or
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Figure 1.2: Anexample of a SED for an AGN NGC 4151 (empty squares) and for a regular el-

liptical galaxy NGC 4387 (filled triangles). The SED of NGC4151 covers broad

frequency range while the SED of NGC 4387 covers much narrower frequency

range. Data was obtained from NED (NASA/IPAC extragalactic database)
https://ned.ipac.caltech.edu/.

SBb* with a very bright nucleus. There are two types: Seyfert 1 (Sy1) and Seyfert 2
(Sy 2) galaxies.

Seyfert 1 galaxies are showing both broad and narrow emission lines in their spec-
tra. Broad emission lines, such as Balmer lines; Ly a; MgII A\2798 A; CIV A1549 A
etc. are due to the allowed transitions, while narrow lines such as [O ITI| AA4659,5007 A;
[STI] AN6716,6731 A etc., are due to the forbidden tramsitions. The absolute magni-
tude of Sy 1 galaxies is My, < 21. They show strong continuum features with UV
and optical Fe lines. In X-rays, broad Fe Ka line at 6.4keV that is coming from the
accretion disk can also be observed. Depending on the ratios between the broad and

narrow lines intensity, several intermediate classes were introduced e.g. Sy 1.5, 1.8 and

4de Vaucouleurs (1959) extended the Hubble sequence (Hubble 1926) for galaxy classification based
on morphology.
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Figure 1.3: Optical spectra for different AGN types. AGN type is written on each panel.
Credits http://pages.astronomy.ua.edu/keel/agn/spectra.html.

1.9 (Osterbrock 1989; Osterbrock & Ferland 2006). An example of optical spectrum for
Sy 1 NGC4151 is shown in Fig. 1.3 (top right panel).

Seyfert 2 galaxies only show narrow emission lines due to both allowed and forbidden
transitions in their optical spectra. They are fainter than Sy 1s (M, < 20) and
accounts for approximately one third of Seyfert Galaxies. The continuum in Sy 2s is
usually weaker than in Sy 1s. The optical spectrum of Sy 2 NGC4941 is shown in
Fig. 1.3 (top second, right panel). Both Sy 1s and Sy 2s are weak radio sources.

Quasars

When the first quasar (quasi-stellar radio source) was first discovered in the radio
domain (Schmidt 1963), its nature was not well understood. As the number of observed
quasars increased, it was noted that they are similar as Seyfert galaxies, but with higher
luminosities. Despite the early discovery in radio domain, it was later shown that around
10 % of quasars are strong radio emitters (historically ‘radio-loud’), while the rest are

weak radio sources ('radio-quiet’, Padovani 2011). The term QSO (quasi-stellar object)
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was referring to types of objects and nowadays it is used interchangeably with the term
‘quasar’.

Similarly with Seyfert galaxies, we divide quasars into two types: type-1 quasars
with both broad and narrow emission lines and type-2 quasars with narrow emission
lines only. Quasars can be observed at very high redshifts (z > 7, Mortlock et al.
2011; Banados et al. 2018) since their absolute bolometric magnitude is My, < 23.
Finding and identifying type-1 quasars is straightforward due to the presence of broad
emission lines. This is not the case for type-2 quasars and their identification is much
more difficult. There are many type-2 quasars candidates (Alexandroff et al. 2013;
Yuan et al. 2016, and references therein), but much less confirmed cases (Urrutia et al.
2012). Type-2 quasars are faint in optical, ultraviolet and soft X-rays, but luminous
ones may be identified through hard X-ray (Brusa et al. 2010), infrared (Lacy et al.
2013, 2015) and radio (Martinez-Sansigre et al. 2006) surveys. An example of quasar

optical spectrum is shown in Fig. 1.3 (top second, left panel).

Radio galaxies

Radio galaxies are type of AGNs with strong radio emission. The radio emission is
coming from highly collimated outflowing matter - jets that are perpendicular to the
accretion disk. Very often, extended symmetric structures called radio lobes are visible
with sizes of tens to hundreds of kpc. Two types of radio galaxies based on the radio
lobes brightness were introduced: FR I (edge-darkened), for which the distance between
the brightest spots is smaller than the half of the total size of the radio lobes and FR
IT (edge-brightened) where this distance is greater than one half of the total size of
the radio lobes (Fanaroff & Riley 1974). The radio emission is produced by relativistic
electrons spiraling in the magnetic field. Radio galaxies are mostly elliptical (Véron-
Cetty & Véron 2001) unlike Seyfert galaxies that are spiral.

The optical spectra of radio galaxies are similar to quasars and Seyfert galaxies
and they are divided into two groups: broad line radio galaxies (BLRG) with both
broad and narrow emission lines visible and narrow line radio galaxies (NLRG) with
only narrow emission lines in their spectra. An example of one BLRG 3C390.3 and
one NLRG Cygnus A optical spectrum is shown in Fig. 1.3 (top third, right panel and
bottom right panel respectively.)

12



Low luminosity AGNs

Low luminosity AGNs, more commonly called LINERs (Low-ionization nuclear
emission-line regions) are the least luminous AGNs with the nucleus luminosity being
up to ~ 5 orders of magnitude lower than the ones typically found in bright AGNs. In
the nearby Universe, they account for around one third of all AGNs (Ho et al. 1997).
Their spectra include lines from weakly ionized ions and sometimes weak lines from
highly ionized ions due to low accretion rate and central luminosity. The strongest opti-
cal emission lines in the LINERs spectra include [O TIT| A5007 A doublet; [O TT] A3727 A;
[OI] A6300 A; [NII] A6583 A doublet. Hydrogen Balmer lines are sometimes present,
but they are usually very weak. LINERs are also classified into type-1 with broad
emission lines and type-1 with only narrow emission lines. Broad lines are observed
mostly in Ha and rarely in HS. LINERs show weak point-source emission in X-rays
and radio domain. The spectrum of one LINER NGC 4579 is shown in Fig. 1.3 (top
third, left panel).

Blazars

Blazars are characterized by strong, highly polarized non-thermal optical and radio con-
tinuum. They are divided into BL Lacertae (BL-Lac) objects and optically violently
variable QSOs (Angel & Stockman 1980, OVVs). The spectrum of BL-Lac blazars
is completely dominated by continuum radiation with no sign of emission or absorp-
tion lines. Their variability typically occurs on a daily basis and some objects reveal
variability in both polarized and unpolarized optical flux on a time-scale of 1-1.5h
(Shablovinskaya & Afanasiev 2019). OVVs or sometimes FSRS (flat spectrum radio
sources), due to their flat radio spectrum, are similar to BL-Lac objects with the only
difference of showing broad emission lines in their spectra. Many blazars are also power-
ful X-ray and ~-ray emitters. The FERMI-LAT (large area telescope) shows that large
amplitude variations in y-rays are very common in most blazars. The optical spectrum
of a blazar 0814-+425 is shown in Fig. 1.3 (top left panel).

Classification based on physical processes

The most fundamental AGN classification is into thermal AGNs and non-thermal
AGNSs. The former are what we are dealing with in this work, AGNs where, as proposed

by Lynden-Bell (1969), most of the energy is thermal emission from the accretion disk.
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Non-thermal AGNs have low Eddington ratio L/Lggq and the mechanical energy in jet
dominates (Antonucci 2012). As Padovani (2017b) pointed out, the historical 50 years
old division into ‘radio-loud’” and ‘radio-quiet” AGNs should be substituted with ‘jetted’
and ‘non-jetted’” AGNs based on the direct evidence of the presence or lack of strong
relativistic jets. It’s important to stress out that the thermal /non-thermal division is
not the same as a jetted /non-jetted division since there are many jetted thermal AGNs.

A considerable amount of gas rich regular galaxies have an exceptionally high rate
of star formation in their nucleus (starburst galaxies) show emission lines that could
be confused for AGNs, most notably with LINERs (Beckmann & Shrader 2012). Due
to different photoionization mechanisms (thermal radiation from the accretion disk in
AGNs or thermal emission from young O and B stars in starburst galaxies), a powerful
line diagnostic method was introduced by Baldwin, Phillips, & Terlevich (1981) for
separating AGNs from starburst galaxies — the so called BPT diagram. This method
uses the line ratio of [OTII] A5007 A /Hj as a function of line ratio [N II] A6583 A /Ha.
This method is efficient for galaxies with redshifts up to 0.5, for which the spec-
tral line [NII]A6583 A lies in the optical window. Two other BPT diagrams are of-
ten used: [OTII| A5007 A/HS as a function of [STI|A6716 A/Ha or [OTII| A5007 A /Hf
as a function of [OI|A6300A/Ha. A significant improvement for separating AGNs
from starburst galaxies was introduced by Trouille, Barger, & Tremonti (2011) — the
TBT diagram. This diagnostic uses the rest-frame g — z color and the line ratio [Ne
IIT] A3869 A /[O TI] A3726 A. This method can be used for galaxies with redshift up to
1.4. The TBT diagram is also very efficient for identifying CHANDRA X-ray selected
AGNs.

1.2 The unified model

The observed similarities between type-1 and type-2 AGNs lead to an idea that these
objects are intrinsically the same. Osterbrock (1978) suggested the existence of an
optically thick dusty torus surrounding and obscuring the accretion disk, resulting in
different optical spectra. Keel (1980) discovered that there is a deficiency of nearly
edge-on Sy 1s in a sample of 91 observed galaxies, which was indicating that their
orientation was not random. Optical spectropolarimetry played a pivotal role when
broad emission lines were discovered in the polarized spectra of Sy 2 galaxy NGC 1068
(Antonucci & Miller 1985). These results led to the unification scheme (Antonucci 1993;
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Urry & Padovani 1995) - the same physics, but explaining the difference between Sy 1s
and Sy 2s by a different viewing inclination. According to this model, the AGN central
engine consists of a SMBH situated in the center. The SMBH is surrounded by an
accretion disk which is the source of strong X-ray to optical radiation (Jovanovié¢ 2012).
In the vicinity of the disk, a broad line region (BLR) is composed of numerous clouds
with velocities of a few thousands of km s~ (Gaskell 2009). Both the accretion disk and
the BLR are surrounded by a geometrically and optically thick toroidal structure of dust
and gas — the dusty torus (Elitzur 2006), which extends up to a few parsecs. Dust in the
torus is responsible for the reprocessing of radiation at higher energies and re-emitting
in the IR. In the polar direction, highly ionized and modestly relativistic polar winds
are emerging on scales smaller than 1 pc (Tombesi et al. 2012). Farther away, fueled by
the polar wind, the outflows form a bi-conical structure of low density gas which emits
forbidden narrow lines — the so called narrow line region (NLR). This region can have
dimensions of the order of kpc (Bennert et al. 2002). Sometimes relativistic jets are
formed in the direction of the polar axis, and thus producing strong radio emission. Due
to the low density of the interstellar medium (ISM) and intergalactic medium (IGM),
jet can be of sizes even ten times the size of the host galaxy. A cartoon illustrating the
unification scheme is shown in Fig. 1.4. Radiation from the accretion disk and the BLR
can only be viewed from intermediate viewing angles, when they are both unobscured,
and such object would appear as a type-1 AGN. For high viewing inclinations (close to
edge-on), the central engine is obscured by the dusty torus and the object appears as
a type-2 AGN with hard X-rays detectable if the equatorial column density is not too
high. When the system is viewed along the jet, the AGN would be classified as a blazar
due to the highly polarized and rapidly variable continuum. In Fig. 1.5, an example of
AGN SED is shown, highlighting the contribution of each component.

The simple scheme of the unified model depicts the accretion disk, the BLR and
the dusty torus as isolated regions, but in reality, they are closely connected. The BLR
extends outwards to the inner boundary of the torus (Suganuma et al. 2006), that is set
by dust sublimation (Netzer & Laor 1993). Therefore the AGN bolometric luminosity
plays an important role in the unification scheme. As luminosity drops below a certain
treshold, the BLR cannot be sustained anymore and starts to dissapear (Ho 2008;
Elitzur & Ho 2009).

This was confirmed by simultaneous high signal to noise observations in X-rays and
optical domain (Bianchi et al. 2008). Although the line of sight towards the central
engine in this case is unobscured, the observed AGN would be classified as a ‘true’
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Figure 1.4: The unified model of AGNs. The black hole is residing in the center surrounded
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disk extends into the dusty torus. The broad line region is in the vicinity of the
disk and is being obscured by the torus. Much farther away, on the kpc scales
above and below the disk, lies the narrow line region. Relativistic jet is inside the
narrow cone along the polar axis. Different AGN types are observed depending
on the viewing inclination. Credits Beckmann & Shrader (2012).
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Figure 1.5: A simplified diagram of an AGN SED, showing the approximate shape and con-
tribution of the various AGN components. Dashed lines denote AGN intrinsic
emission. Dash-dot lines show emission reprocessed by the surrounding mate-
rial and the dotted line shows the spectrum of the host elliptical. The hatched
region marks the spectral range that is heavily obscured by absorption of the
interstellar medium. Credits: Collinson et al. (2017).

type-2 AGN. For the more detailed development and challenges of the unified model,
we refer to Netzer (2015).

In the following, we outline the main features of the mentioned AGN components
highlighting radiative processes, gas composition, geometry and dynamics, updated
with the latest theoretical and observational studies. The treatment of polarization in

AGNs is discussed separately.

The supermassive black hole

Black holes are among the most extreme objects that can be found in the Universe
and an ideal laboratory for testing fundamental physics. A black hole is a region of
the spacetime where the gravity is so strong that nothing, not even light, can escape.
Such a region is surrounded by an event horizon, beyond which events cannot affect
an outside observer. FEinstein (1916), in his general relativity, introduced a set of
field equations which describe the fundamental interaction of gravitation as a result of
spacetime being curved by mass and energy. The simplest solution was immediately

found by Schwarzschild (1916) for a neutral, non-rotating mass. This solution had an
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event horizon given by

Rgen = 21 (1.1)

G is the gravitational constant, My, is the black hole mass and ¢ is the speed of light.
Black holes are relatively simple objects, in the sense they are completely characterized
by a small number of parameters: mass, angular momentum and charge. The stationary
solution for non-rotating charged black hole were found soon after (Reissner 1916;
Nordstrom 1918) — Reissner-Nordstrom black hole. The solutions involving rotation
and charge were found much later: Kerr black hole (Kerr 1963), an uncharged rotating
black hole, and Kerr-Newman black hole (Newman et al. 1965) a charged rotating
black hole. For astrophysical black holes, mass and angular momentum .J are the two
dominant parameters. For this purpose, it is convenient to introduce the dimensionless

spin parameter
cJ

The radial coordinate of the event horizon for a Kerr black hole is

H=Tg <1 + \/1——612) , (1.3)

where r, = Rge,/2 is the gravitational radius. 7y ranges from 2r, for Schwarzschild

o (1.2)

black hole to 7, for a maximally rotating black hole (as = £1). Equation 1.3 gives
the constraint |a| < 1 (Kerr bound). For |a| > 1, the Kerr solution has no bound and
we would have a naked singularity instead of a black hole, which poses a challenge to
the general relativity since one could not predict the evolution of any region in space
containing a singularity (Shapiro & Teukolsky 1991). In Newtonian gravity, circular
orbits of a test particle around a massive object are always stable and the spin plays
no role. Circular orbits of a test particle orbiting a Kerr black hole will not always be
stable and there exists an innermost stable circular orbit (ISCO). For a Schwarzschild
black hole the ISCO radius is 6r, and can go to r, if the test particle is orbiting in
prograde direction; or it can go up to 9r, if the test particle is orbiting in retrograde
direction for a maximally rotating black hole.

Black holes can have an arbitrary mass as long as there exists a mechanism
strong enough to compress such mass inside its own event horizon. Depending on the
mass, they can be divided into stellar-mass black holes with a mass range 3-100 M,
intermediate-mass black holes with a mass range 10?-10° M, and supermassive black
holes (SMBHs) with a mass range 105-10° M, (see Bambi 2018, for a pedagogical
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review). Some cosmological scenarios predict the existence of the so-called primordial
black holes of any mass (Khlopov 2010), however, at present, the existence of such black
holes has not yet been confirmed (see Sasaki et al. 2018, for the possible detection).
During stellar evolution, when a star has spent all its nuclear fuel, it starts collapsing.
For relatively low-mass stars, the gravity is balanced by the electron degeneracy pressure
for white dwarfs (Chandrasekhar 1931) and neutron degeneracy pressure for neutron
stars (Oppenheimer & Volkoff 1939). For high-mass stars, no force is able to balance
the gravity and the collapse to a black hole is unavoidable. Therefore, stellar-mass black
holes represent the final stage of stellar evolution of high-mass stars. The initial mass
of a stellar-mass BH depends only on the mass of the progenitor star, its evolution and
the supernova explosion (Belczynski et al. 2010). However, finding isolated stellar-mass
black holes is a challenging task (Beskin & Karpov 2005; Chmyreva et al. 2017).
Intermediate-mass black holes are black holes with a mass range 10?-10° M, that
is between the stellar-mass and the supermassive ones. Some intermediate-mass black
hole candidates are associated with ultra luminous X-ray sources which have an X-
ray luminosity exceeding Eddington luminosity for a stellar-mass object (Colbert &
Mushotzky 1999). Intermediate-mass black holes could be expected to reside at the
center of dense globular clusters as a result of mergers (Gebhardt et al. 2002, 2005).
Due to its presence, the velocity dispersion in the cluster should be increased, however
there are still no dynamical mass measurements of the intermediate-mass black holes.
The standard paradigm assumes that every massive galaxy is hosting a SMBH in
its center (Kormendy & Richstone 1995), with the typical SMBH mass range between
10%-10° M, although few examples of 101° M, cases exist (Shemmer et al. 2004; Walker
et al. 2014; Zuo et al. 2015). The mass of the SMBH slowly evolves with time (Vika et al.
2009) and is tightly correlated with the properties of the host galaxy it resides in (e.g.,
bulge mass, velocity dispersion, see Kormendy & Ho 2013). It is then crucial to better
understand the evolution of SMBHs in order to constrain galaxy formation models. The
accretion of matter from the surrounding environment is a natural way to increase the
mass of the SMBH. It is a slow process that has difficulties to explain the most massive
cases (Mayer et al. 2010). In addition, the accreted mass is effectively transferred into
the potential well, while up to 40 % of the gravitational potential energy is converted
into high energy radiation (Frank et al. 2002). Another hypothesis for the evolution of
SMBHs is via mergers with other SMBHs (Volonteri et al. 2003a,b). On large scales,
dynamical friction is the main process that brings the SMBHs closer (Begelman et al.
1980) but once the merging of the two host galaxies has been achieved, the final parsec
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problem onsets (Milosavljevi¢ & Merritt 2003). Dynamical friction becomes inefficient
when the two SMBHs form a bound binary. The system has no efficient way to release
energy and transfer angular momentum. One possible solution is that the spinning
black holes lose energy by emitting gravitational waves (GW) until they finally merge
(Begelman et al. 1980). Nevertheless, SMBHs play an important role in the host galaxy

evolution.

The accretion disk

Accretion disks are common for many astrophysical systems such as proto-stars, young
stars (T Tauri), disks in various types of close binary systems as cataclysmic vari-
ables, classical novae, $-Lyrae, X-ray binaries, etc., and AGNs. The gas infall onto the
compact object releases part of the gravitational potential energy due to the viscosity
present in the accretion flow. The amount of energy released this way is huge and it
powers AGNs (Salpeter 1964; Zel’dovich & Novikov 1964). The simplest accretion disk
model assumes optically thick and geometrically thin disks (Shakura & Sunyaev 1973)
- the standard accretion disk model or the a-disk model®, which was immediately gen-
eralized for relativistic effects (Novikov & Thorne 1973). In this model, the scenario is
the following: the inner (faster) disk layer loses angular momentum due to viscosity and
infalls slightly, while the outer (slower) disk layer gains angular momentum which is
again transferred outwards in the same way, which results in the continuous mass flow
towards the SMBH, while the angular momentum is transported to the outer region.
At the same time, the friction between the layers heats up the accretion disk and the
energy is radiated away. For this model, the effective temperature depends on radius
as:

T =

€

3GMth (1 o rISCO) 7 (14)

Smors T

where r is the distance from the SMBH, M is the accretion rate, o is the Stefan-
Boltzmann constant. For regions far away from the center, where rs., < r, the effective
temperature scales as T.g oc v/ For a SMBH with M, = 10° M, the maximum
temperature is roughly ~ 10°K (for a detailed derivation we refer to Netzer 2013).
Such a disk is emitting mostly in the UV part of the spectrum. The accretion disks
around SMBHs are much cooler than accretion disks around stellar-size BHs or neutron

stars. The luminosity L, far away from the center scales with frequency as L, o

®The viscosity parameter « introduced by Shakura & Sunyaev (1973) depends on the disk height
scale and the sound of speed in the disk.
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Figure 1.6: Schematic view of an accretion disk around a SMBH. A distant observer sees the
disk face-on. The standard Shakura-Sunyaev disk does not take into account
relativistic effects and photon paths are straight lines (red arrows). For more
realistic scenario, the emission from a Kerr black body disk (KERRBB) takes
into account the effects of general relativity (black arrows). The region with the
strongest light bending is inside the blue circle. Relativistic effects are stronger
for Kerr SMBHs than for Schwarzschild SMBHs. Photons emitted from the
outer part of the disk are not under relativistic effects. The top axis denotes the
logarithmic distance from the SMBH in R,. At distance Rpgax, the standard
disk flux emission is maximized. Credits Campitiello et al. (2018).

Mﬁ{f’M 2/3y1/3 for a limited frequency band. This part of the spectrum allows us to
directly measure accretion rate and to constrain the SMBH mass from observations
(Shields 1978; Campitiello et al. 2018, and references therein). The outer boundary of
the disk is due to self-gravity effects, where the disk starts to fragment into smaller
blobs. The minimal disk temperature is at the outer boundary and it corresponds to
Vous Which is often in IR domain. Below this frequency, the spectrum resembles a single
black body with luminosity dependence L, o v?. The maximal temperature is at the
inner boundary associated with inner frequency 14,. Beyond this frequency, L, drops
exponentially. The normalized accretion rate is L/Lgqq < 0.3 for standard accretion
disks (Laor & Netzer 1989; McClintock et al. 2006). An illustration of the standard

accretion disk is shown in Fig. 1.6.

21



We could expect that real AGN disks are quite different from the standard, geo-
metrically thin, optically thick accretion disks. When the accretion rate is increased,
the disk temperature is also increased (Eq. 1.4). The increase in temperature can dras-
tically increase the local radiation pressure which can be much higher than the gas
pressure for a large part of the disk, which results in disk thickening. Such disks are
described as slim or thick accretion disks. Large accretion rates can result in large
optical depths non-opaque to photons in the accretion flow. If the accretion flow is
adiabatic, it retains its energy which is not radiated away, as it gets advected to the
black hole. These are known as ADAFs (advection dominated accretion flows) that
are predicted to have different spectrum shape and less luminous than standard disks
(Madau 1988; Wang & Netzer 2003; Narayan & McClintock 2008). An illustration of
the broadband AGN spectrum with the contribution from the accretion disk is shown
in Fig. 1.5. The physics of accretion disks is much more complicated when the magnetic

field and radiative transfer is taken into consideration.

The hot corona

The expected power-law emission does not extend into the X-ray domain. The pres-
ence of high X-ray radiation and the soft X-rays excess observed in AGNs (Walter &
Courvoisier 1992) cannot be explained by the accretion disk emission only, but can be
explained assuming the existence of a hot optically thin plasma (atmosphere) slightly
above both sides of the disk - the hot corona. The emitted optical and UV photons
from the disk undergo multiple inverse Compton scatterings in the hot corona resulting
in the hardening of the observed spectrum (Sunyaev & Titarchuk 1980) and a much
higher energy cut-off (Rybicki & Lightman 1979). Inverse Compton scattering is an ef-
ficient cooling mechanism and radiation originating from the disk is not strong enough
to keep the corona hot above the disk. Magnetic field plays an important role in the
heating of the hot corona. The magneto-rotational instability (MRI) can produce a
strong vertical net magnetic flux (Balbus & Hawley 1998), allowing vertical outflows
and the formation of the corona. Most of the magnetic energy is dissipated at a few
height scales above the disk and strong shocks produced are continuously heating the
corona to temperatures high enough for X-ray emission (Di Matteo et al. 1999; Miller
& Stone 1999). The shape of the continuum spectrum depends on the energy distribu-
tion of the seed photons, corona temperature, optical depth and the viewing inclination.

Variability in X-rays (Fabian et al. 2009; McHardy et al. 2005) and microlensing studies
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(Popovi¢ et al. 2006; Chartas et al. 2009) show that the typical size of the hot corona
is of the order 3-10 R,. The X-ray spectrum can be very well described by a power
law with photon index I' ~1.5-2.5 (Nandra & Pounds 1994; Page et al. 2005). Hard
X-ray photons from the hot corona, if emitted in towards the accretion disk or the
dusty torus may be reprocessed (secondary radiation due to reflection) resulting in a
Compton hump peaking at around 30keV (Ishibashi & Courvoisier 2010) and a strong
iron Ka F6.4keV line superimposed. The Compton hump can be produced only by
Compton thick matter, while the iron Ka line can be produced both by Compton thick
and Compton thin matter. The typical cutoff energy E. is around ~ 200keV (Ricci
et al. 2017a). The contribution of the hot corona to the broadband AGN SED is shown
in Fig. 1.5.

The broad line region

It was named after the broad emission lines that emerge there, such as Ly «a, the Balmer
series, the CIV, CIII|, HeIl, HelI, FeIl. The emission line Doppler width is in a range
~1000-25000km s~ (Peterson 2006) as a result of gas motion in the gravitational field.
This is the region of ionized gas relatively close to the black hole, with dimensions
of the order of only a few light days up to few hundreds of light days. The main
source of the BLR heating is photoionization from the accretion disk. Recombination
is followed by radiative de-excitation and cascade line emission (cooling). Estimated
temperatures of the BLR using plasma diagnostic tools are of the order of ~ 10*K
(Popovié 2003). The corresponding thermal line widths for such temperatures are
of the order of ~ 10kms™!, so it is clear that line broadening is due to dynamical
motion. The lack of certain forbidden lines imply that the gas concentration is of
the order of ~10%-102cm~3. The BRL plasma conditions are thus more similar to
stellar atmosphere rather than to photoionized nebulae such as H II regions or planetary
nebulae (Osterbrock 1989). Electron temperature and optical depth can be estimated
for some low luminosity AGNs with prominent exponential line wings (Laor 2006). For
some type-1 AGNs, assuming partial local thermodynamical equilibrium (PLTE), the
electron temperature of the BLR can be estimated using Boltzmann plot (Popovi¢ 2003;
Popovic 2006; Ili¢ et al. 2006, 2007, 2012). Plasma conditions for pure recombination
predicts a line ratio Lya/HS > 30 (Osterbrock 1989; Netzer et al. 1995), which is
not often observed. For studying BLR emission lines, a more detailed approach is

required taking into account photoionization, recombination, collisional excitation and
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Figure 1.7: A schematic view of the BLR stratification. Highly ionization lines are coming
from the region that is the closest to the black hole (blue region), followed by
regions corresponding to low ionization lines (green and red). The dusty torus
is embedding the BLR. Credits: Gaskell (2009).

de-excitation as well as extinction (Osterbrock & Ferland 2006, and references therein).

The side of each individual BLR cloud facing the central source will be highly ionized
by the continuum radiation from the accretion disk, while the back side will be mostly
neutral (if the column density is high enough) due to the continuum radiation from
the accretion disk. We can thus expect that the BLR is stratified (the shape of a
bird’s nest, Gaskell 2009) in a way that the the high-ionization lines were coming from
the inner region than the low-ionization lines (Fig.1.7), which was confirmed by the
carliest reverberation mapping (treated in detail in Sect. 3) of multiple lines (Gaskell &
Sparke 1986). High-ionization lines are also wider (Shuder 1982; Mathews & Wampler
1985). Many reverberation mapping analyses have revealed that the BLR size is tightly
correlated with the monochromatic luminosity at 5100 A (Kaspi et al. 2000; Peterson
et al. 2004; Kaspi et al. 2005; Bentz et al. 2013; Du et al. 2018). The scaling relation is
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given by (see Bentz et al. 2013):

R AL, (5100 A)
1 — Pt ) = 1.52770031 4 53310035 SRR ———— 1.5
0g (llight days) 20031 T+ Z0.033 108 107 L, (1.5)

where Ry, is the BLR size with units in light days and AL (5100 A) is the monochro-
matic luminosity given in 10** L. This relation is consistent with the expectations
from simple photoionization arguments that predict a relation in a form Ry, oc L°®.
The BLR extends to the dust sublimation radius (Barvainis 1987), and its outer ra-
dius depends on the bolometric luminosity as RBIE = o.ngj 16 (Netzer & Laor 1993).
A recent spectropolarimetric study of 30 type-1 AGNs by Afanasiev et al. (2019) has
shown that the BLR outer radius is roughly three times larger than the one estimated
from reverberation mapping.

The exact geometry of the BLR is still not well understood. The absence of Lyman
continuum absorption by the BLR (MacAlpine 2003) suggests that the BLR is flattened.
Various models have been proposed in order to explain the observed broad line profiles
found in type-1 AGNs. These models include: a spherical distribution of a large number
of clouds around the SMBH (Baldwin et al. 1995; Goad & Wanders 1996); a stream of
gas in a biconical shape (Zheng et al. 1990; Marziani et al. 1996; Corbett et al. 2000);
a relativistic Keplerian disk (Chen & Halpern 1989; Chen et al. 1989; Eracleous &
Halpern 1994, 2003; Strateva et al. 2003); two components model (Popovic et al. 1995;
Brotherton 1995; Sulentic et al. 2000; Popovié¢ 2003; Popovié¢ et al. 2004; Ili¢ et al.
2006; Bon et al. 2006, 2009a,b); a supermassive binary black hole (Gaskell 1983, 1988,
1996; Popovic et al. 2000; Popovi¢ 2012; Bon et al. 2012). Each of these models is able
to explain the observed line profiles and each of them face a number of problems and
challenges (see Popovi¢ & 1Ili¢ 2017). Recently, the GRAVITY collaboration team was
able to spatially resolve the rotation of the broad-line region at sub-parsec scale of the
quasar 3C 273 (Gravity Collaboration et al. 2018), which is in favor of the BLR located
near the illuminated surface of the dusty torus and having a disk-like geometry (Baskin
& Laor 2018).

The study of broad emission lines remains the central topic in understanding the
central engine of AGNs. This will be largely improved with the sensitivity of the new

generation of extremely large telescopes in the next decade.
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The dusty torus

According to the unification scheme, the central engine of AGNs is surrounded by a
thick toroidal structure of gas - the so called dusty torus. The optical depth of the
dusty torus at all wavelengths is large, and hence the accretion disk and the BLR
would be obscured in optical and UV when viewed from certain viewing inclinations.
The dusty torus absorbs the high energy radiation from the accretion disk and re-
emits it in the IR. X-ray observations allow us to infer the obscuring column densities
which are of the order of ny ~10?2-10?* cm~2 for hydrogen (Netzer 2013). The torus is
within the gravitational influence of the SMBH and beyond the dust sublimation radius
where molecules and dust grains can form. Dust is typically made of carbonaceous
grains and amorphous silicate grains (Draine 2003). Dust reverberation mapping in
the near- and mid-IR of about twenty AGNs has revealed that the inner region of the
dusty torus is compact (Suganuma et al. 2006; Koshida et al. 2014; Vazquez et al.
2015). The torus inner radius is tightly correlated with the optical V-band luminosity
R oc LY? (Koshida et al. 2014) which is consistent with the sublimation radius for
graphite (Barvainis 1987; Burtscher et al. 2013). On the other hand, the torus radius
measured using interferometry (Kishimoto et al. 2011) is systematically larger roughly
three times than the one obtained by dust reverberation mapping. This is related with
the different definition of the two radii since the radius measured using interferometry
is flux weighted while the radius measured by dust reverberation mapping is response
weighted.

Past the self-gravity radius, the accretion disk becomes fragmented into clouds which
keep moving in the same way. Cloud-cloud collisions drive a net inflow and the position
of the torus inner edge is determined by the balance between the inflow and the rate
at which the clouds evaporate due to the exposure to the nuclear continuum radiation
(Krolik & Begelman 1988). Large numbers of clouds with distances between them
that are much smaller than the size of the torus can be approximated by a model of
a continuous uniform density torus (Pier & Krolik 1992). This requires however that
the cloud size is not too small; is the cluid size tends to zero (and the cloud density
to infinity, the torus becomes transparent. A smooth dusty torus (Pier & Krolik 1992,
1993) predicts a strong silicate feature at 9.7pm and 18 pm that appears in emission
for type-1 AGNs or in absorption for type-2 AGNs due to the large optical depth in the
equatorial plane (Fritz et al. 2006). For a clumpy torus model, the illuminated surfaces

of the dense and optically thick clumps would produce mid-IR spectrum that is less
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Figure 1.8: An illustration of the dusty torus derived from the mid-IR interferometric ob-
servations of the type-2 AGN Circinus. Credits: Tristram et al. (2007).

inclination dependent (Nenkova et al. 2008a,b; Honig & Kishimoto 2010; Stalevski et al.
2012). X-ray variability studies have confirmed the clumpy structure by successfully
detecting occultation events (Markowitz et al. 2014; Marinucci et al. 2016). The SED
contribution of the dusty torus is shown in Fig. 1.5.

An important parameter of the dusty torus is the covering factor f¢ i.e.the fraction
of the sky covered by clumps when viewed from the center; and it is directly related
to the half-opening angle of the torus. For individual objects, fc can be estimated by
direct modeling of the X-ray spectrum (Brightman & Nandra 2011) or by finding the
ratio of the reprocessed IR emission to direct emission (Toba et al. 2014; Stalevski et al.
2016). Another way is to find the average fc for a given luminosity as fo = N(type-
2)/N(type-1). AGNs with high fc are likely to be observed as obscured (Elitzur 2012).
For nearby AGNs, Ricci et al. (2017b) found that fo ~ 0.8 for L/Lggqq < 0.02 and then
drops drastically for higher Eddington ratio, independent of AGN luminosity. A strong
dependence of Eddington ratio indicates that most of the obscuring material is inside the

SMBH radius of influence suggesting that a compact torus-like structure is the dominant
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source of obscuration (Hickox & Alexander 2018). In order for such thick torus to be
long lived, various physical processes must be present including high velocity turbulent
motion (Beckert & Duschl 2004), outflows due to UV, optical and IR radiation pressure
(Honig & Beckert 2007; Czerny & Hryniewicz 2011) or magnetic winds (Emmering
et al. 1992; Elitzur & Shlosman 2006). The formation and evolution of the dusty torus
were studied with R-HD (radiation-hydrodynamics) simulations taking into account
AGN feedback and supernova feedback (Wada 2012; Schartmann et al. 2014; Wada
et al. 2016). They found that AGN feedback drives a fountain-like outflows and the
interaction between outflows and inflows results in the formation of a geometrically
thick turbulent torus with density filaments and clumps. An illustration of the AGN
dusty torus is given in Fig. 1.8. The most recent discoveries concerning the dusty torus
are summarized in Netzer (2015); Ramos Almeida & Ricci (2017); Hickox & Alexander
(2018)

Polar winds

Dusty torus efficiently collimates AGN radiation in polar directions resulting in biconical
outflows that can be extended to scales comparable to or greater than the size of the host
galaxy. Depending on the distance from the accretion disk, we could expect different
physical, chemical and kinematic conditions of the outflowing gas. Polar winds can be
roughly divided into three regions: ultra-fast outflows (UFOs), warm absorbers (WA)
and the narrow line region (discussed separately).

Ultra-fast massive outflows were reported with high sensitivity X-ray observations
with good spectral resolution over a wide energy band in the form of absorption lines
from H-like and He-like iron, first for individual AGNs (Pounds et al. 2003; Reeves
et al. 2003), and later confirmed to be common in nearby AGNs (Tombesi et al. 2010;
Gofford et al. 2013). Inferred blueshifted velocities are mildly relativistic, in the range
~0.03-0.3 ¢ (Tombesi et al. 2010). The UFOs are located in the vicinity of the SMBH
with distances estimated to be in range 0.0003-0.3pc (Tombesi et al. 2012). Column
density estimated from photoionization modeling is around 10*2-10%* cm™2 (Tombesi
et al. 2011). The outflowing gas is highly ionized with ionization parameters® in the
range log X, ~3-6 and electron temperatures T, ~ 107K (Kraemer et al. 2018).
Further away in the polar direction, Tombesi et al. (2012) identified non-UFOs — a

6The ionization parameter Xion = Lion / nur?, where Lio, is the AGN ionizing luminosity, ng is the
hydrogen number density, and r is the radial distance (Kraemer et al. 2018).
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region of Fe K absorbers with velocity <10000kms™! located at a distance of 0.03—
0.3pc from the SMBH. The ionization parameter, column density and the electron
temperature of the non-UFOs are typically an order of magnitude lower than the ones
estimated for the UFOs (Kraemer et al. 2018). Mass loss rate for both UFOs and non-
UFOs can reach values as high as ~1 Mg yr~!, which is at least 5-10 % of the accretion
rate (Tombesi et al. 2012). Compton scattering is the dominant heating process for
UFOs, while cooling is via inverse Compton scattering or via free-free processes. For
non-UFQOs, ionization is the dominant heating process, while Compton scattering is less
prominent. The cooling of non-UFOs can be dominated by line emission if the ionization
is low enough. The UFOs are capable of providing a significant contribution to the
AGN cosmological feedback (King & Pounds 2015). The origin and the acceleration
mechanism of UFOs have been a subject of intense studies in the last decade. Radiative
acceleration due to UV absorption of the gas in the low state of ionization can launch
the high-velocity disk winds (Nomura & Ohsuga 2017). Wind regions far from the disk
surface are highly ionized by the X-ray radiation from the hot corona producing Fe
blueshifted absorption lines. This mechanism predicts fast winds even for AGNs at
sub-Eddington regime. Another plausible explanation is that winds are magnetically
driven (Fukumura et al. 2015). The presence of magnetic fields can explain the large
velocity of the outflowing matter, but this model is prone to degeneracy requiring an a
priori knowledge of the ionization state of the wind in order to explain the absorption
lines.

Warm absorbers consist of clouds moving at moderate radial velocities 100
1000 km s~! at typical distances of 0.1-10 pc showing complex ionization structures and

2 and ionization parameters

having moderate to large column densities 10?*-10%3 cm™
log Xjon ~1-3 (Netzer 2013; Reeves et al. 2013). The gas velocity shows a positive
correlation with the ionization parameter (Pounds & King 2013). X-ray observations
of type-I AGNs show a clear signature of the WA. The strongest spectral features
involve numerous absorption lines of various chemical elements, prominent bound—free
absorption edges mostly due to O VII and O VIII, and several emission lines (Netzer
2013). As an example, the X-ray spectrum of NGC 3783 by is shown in Fig. 1.9

X-ray absorption features appear to be common in AGNs. They are found to be present
in more than 50 % of AGN spectra (Porquet et al. 2004; Laha et al. 2014). Deep inside
WA, we could expect lower ionization and the presence of ions like CIV, NV, OV, O VI.
These ions can absorb UV radiation producing strong absorption lines with typical
widths similar to X-ray absorption lines. Comparison of absorption lines of the same
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Figure 1.9: Reflection grating spectrometer (RGS) rest frame spectrum of NGC 3783 (black)
observed with XMM-Newton on 28-29th December 2000. Power-law continuum
is shown in blue and the power-law plus two-phase WA model fit is superim-
posed (Blustin et al. 2002). Observed spectral range is between 6-38 A (0.326-
2.066keV). Spectral ranges of emission and absorption of different elements are
indicated above. Credits Blustin et al. (2002).

element in the X-ray and the UV domains can be used to test whether the X-ray and
UV absorbers are located in the same region. For some AGNs, the coinciding velocities
of Ly and O VII (in the X-ray) have revealed a strong link between the UV and the
X-ray absorption (Kaspi et al. 2002; Gabel et al. 2003). This is not always the case, and
the UV absorbers cannot be solely identified with X-ray absorbers (Brotherton et al.
2002; Crenshaw et al. 2003).

More recently, a number of both theoretical and observational pieces of evidence
suggest that the dust in the extended polar regions represents a significant (sometimes
a major) fraction of the total IR emission (Honig 2019). Using single-dish observations,
Asmus et al. (2016) have identified 18 AGNs with clear detections of the extended mid-

IR emission coming from the polar region on scales of 10-100 pc. Infrared interferometry
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currently provides the only way to directly resolve and constrain the shape of the parsec-
scale of nearby AGNs. Additional interferometric observations by Lopez-Gonzaga et al.
(2016) show that the mid-IR dust emission of some of AGNs in their sample is also
elongated in the polar direction. These findings pose a challenge to the standard dusty
torus models for interpreting the AGN IR emission and require the presence of a large
scale dusty cone in addition to the dusty torus (Stalevski et al. 2017, 2019; Honig 2019).

The narrow line region

This region is a natural continuation of the polar winds, extending up to few kpc for
the most luminous AGNs (Netzer 2013). The narrow emission lines observed in AGNs
are similar to the emission lines observed in HII regions and planetary nebulae, with
the exception that the range of ionization parameters is considerably wider in AGNs
(Osterbrock & Ferland 2006). Permitted hydrogen Balmer lines, as well as forbidden
[HeI) A5876 A and [HelI| A5876 A are moderately strong. The most prominent for-
bidden optical emission lines are [OII] A3727 A, [OIIT] A5007 A doublet, [OT] A6364 A
doublet, [STI|A6731 A doublet, [NI|A5199 A, [NTI| A6583 A doublet, [NelII| A3967 A,
[Ne V] A3426 A and sometimes [Fe VII]A5721 A and [FeX]A6375A. Line widths are
typically between 200-900kms~t. Gas in the NLR is dominantly ionized by the radia-
tion from the central source on global scales; however, shocks due to the interaction of
the outflows and the interstellar matter also have an important role in localized regions
(Afanasiev et al. 2007; King & Pounds 2015). The presence of forbidden emission lines
indicates that the NLR gas concentration is much lower than the gas in the BLR. Forbid-
den lines are formed exclusively due to collisional excitation of electrons to metastable
states followed by radiative de-excitation for low density gas. Line diagnostic is a
good method for determining physical conditions in the NLR. The [0 II]] intensity ratio
(959 A + A5007 A/)\4363 A and the [NTI| ratio (A6548 A 4 \6583 A /A5755 A corre-
spond to temperatures of the order of ~10* K and electron concentrations n, < 10* cm =3
(Osterbrock & Ferland 2006).

Early imaging studies of the spatially resolved AGNs have shown that the NLR
shape is bi-conical (Tadhunter & Tsvetanov 1989), supporting the unified model. In
a more detailed study of a sample of nearby AGNs, it was found that the bi-conical
morphology is more an exception than a rule (Schmitt et al. 2003a), and roughly one
third of AGNs with extended narrow line structures have outflowing kinematics (Fischer

et al. 2013). Integral field spectroscopy (IFS) is a powerful tool for mapping the gas
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Figure 1.10: NGC 5252 observed in the [OIIT]A5007 A emission line. The colored areas
show emission from the NLR: blue and red regions indicate emission from gas
that is moving towards, or away from us respectively. The black contours
show the isophotes of the host galaxy. Observations were carried out on 23
Feb. 1998 with the SAO RAS 6 m telescope. Credits: Viktor Afanasiev, https:
//www.sao.ru/hq/lsfvo/devices/scorpio/galleries/gal_ifp.html

kinematic (Storchi-Bergmann et al. 2018; Freitas et al. 2018, and references therein) in
a form of two-dimensional (2D) velocity fields with high spatial resolution. An example
of [OIII] A5007 A emission is shown in Fig.1.10. The inferred gas velocity projections

L. Very often, observations reveal kinematic

are of the order of a few hundreds km s~
signatures of rotation in addition to outflows in the NLR. The outflow rate is 2-3 orders
of magnitude higher than the accretion rate, implying that the outflow is mass loaded
by the surrounding interstellar medium (Miiller-Sanchez et al. 2011). The NLR size
is in good correlation with luminosity: Rpyaj oc L([O I11])%33%991 " where R,; is the
semimajor axis of the O III emission (Schmitt et al. 2003b). The NLR size increases with
L(|OTII]) for a broad luminosity range in a more steeper way: Ry, oc L([O I11])0-10-03,
implying that the NLR can extend to distances beyond the limit of the host galaxy
(Storchi-Bergmann et al. 2018). The study of the NLR provides the most direct way

for understanding the AGN feedback and how the SMBHs shape their surrounding.

Jets

Jets are collimated outflows of plasma and fields produced by accreting compact ob-

jects. The presence of non-thermal radio emission has been the primary signature of
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relativistic jets, distinguishing jetted AGNs from non-jetted ones. Physical conditions
in the jet plasma vary significantly along the jet propagation. The current paradigm
assumes four distinct regions: launching, acceleration and collimation, kinetic flux dom-
inated and dissipation (Boccardi et al. 2017). Magnetic field can extract energy and
angular momentum from the accretion disk (Blandford & Payne 1982) or from the spin-
ning black hole itself (Blandford & Znajek 1977), launching powerful outflows. In both
cases, jets are launched at distances < 10% Rgq, (Meier et al. 2001). The electromagnetic
flow is then accelerated and collimated at distances 103-10° Ry, (Vlahakis & Konigl
2004). The exact acceleration mechanism remains unknown and different scenarios have
been proposed such as diffusive shock acceleration (DSA, Bell 1978); magnetic pressure
gradients (Lyubarsky 2009); relativistic magnetic reconnection (Barniol Duran et al.
2017); and other (discussed by Blandford et al. 2018). The observed Lorentz factors of
jets in AGN are ~10 (Lister et al. 2009). A jet can be collimated by the pressure of
the surrounding medium or by the magnetic tension of the field lines. The kinetic flux
dominated jet extends between 10°-10° Rgy,. A large part of the magnetic energy has
been converted to kinetic energy and the magnetic field is less dynamically important.
The jet interacts with the surrounding medium and forms lobes at distances > 10° Rgq,.
Since the jet velocity is much greater than the velocity of the medium, strong shocks
form at the jet end. These shocks create compact hotspots of intense emission that
are often observed. The jet inevitably loses its collimation and dissipates energy in the
form of radiation. An illustration of the AGN jet is shown in Fig. 1.11.

The jet SED is strongly dominated by non-thermal radiation from radio up to y-ray,
extending in many cases up to GeV and TeV energies (Abdo et al. 2010). The overall
SED shape shows a broad double bump distribution, where the first bump is due to
synchrotron radiation and the second one due to inverse Compton emission. The jet
radiation in X-rays coincides with optical and radio knots and hotspots (Clautice et al.
2016). Optical, UV and X-ray radiation from the jet that is the closest to the SMBH
is highly variable (Rani et al. 2017, and references therein). The SED shape roughly
matches the one predicted by the synchrotron self-Compton (SSC) radiation. In this
scenario, relativistic electrons produce synchrotron radiation responsible for the low-
energy bump. These photons will have some probability to undergo inverse Compton
scattering, contributing to the high energy part of the SED. The SSC models allows to
infer robust constraints of the physical parameters of the jet from the observed SED
(Ghisellini 2013). Other models involve external low energy seed photons, namely from
the accretion disk, that are upscattered to higher energies — external Compton radiation
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Figure 1.11: Radio (red), X-ray (blue) and optical images of the AGN CygnusA, show-
ing a complex jet morphology. The three primary hot spots are bright both
in X-ray and radio bands and coincide with a synchrotron peak in the ra-
dio and a inverse Compton scattering peak in the X-ray. Bottom: the VLBI
(very large baseline interferometry) observations at 3mm in the black hole
vicinity reveals a jet origin at scales 20000 times smaller. Credits: Bland-

ford et al. (2018); X-ray: NASA/CXC/SAO; Optical: NASA/STScI; Radio:
NSF/NRAO/AUI/VLA; VLBI inset Boccardi et al. (2017).

(EC). Both SSC and EC are known in literature as leptonic models. Alternatively, if
protons are accelerated to ultrarelativistic energies, they could significantly contribute
to the jet SED. In addition to proton synchrotron radiation, the interaction of pro-
tons with photons may produce secondary particles: electron-positron pairs, neutral or
charged pions and neutrinos, which contribute to high energy part of the SED. Models
involving these processes are known as hadronic or lepto-hadronic models (Vila et al.
2012).

Despite decades of research, many fundamental aspects of the jets are still not well
understood. Open questions still involve the acceleration and collimation of the jet;
strength and topology of the magnetic field; dominant radiation mechanisms. High en-
ergy neutrinos TeV—PeV neutrinos have been confidently detected by IceCube (Aartsen

et al. 2014) and would unambiguously confirm the presence of ultrarelativistic protons
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in the jets if the neutrino sources could be identified with AGNs (Kadler et al. 2016).
Deep images of M87 with spatial resolution of 7 Rge,, obtained with EHT (Event Hori-
zon Telescope, Event Horizon Telescope Collaboration et al. 2019a) at 86 GHz, show
that the jet core is magnetically energy dominated and that the jet originates from
the inner accretion disk (Kim et al. 2018). CTA (Cherenkov telescope array), that is
under construction, will have an improved energy coverage ~30-100 TeV with angular
resolution up to ~3” and it would greatly extend the current understanding of the jets.
For a broad discussion regarding the jet phenomena, we refer to extensive reviews by
Boccardi et al. (2017); Romero et al. (2017); Blandford et al. (2018).
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Chapter 2

Polarization of AGNs

2.1 Astronomical polarimetry

Polarization is a fundamental property of electromagnetic radiation. It provides two
more independent observables: the degree of polarization p and, in the case of linear
polarization, the on-sky position angle . For astronomical sources of radiation, polar-
ization can be induced in the source itself whenever geometrical asymmetries or mag-
netic fields are present, or both. Polarimetry yields information that is complementary
to imaging and spectroscopy and is therefore an important tool in modern astrophysical
research. It is a photon-hungry method requiring efficient optics and large apertures for
observations and usually requires a different instrumentational setup than the one used
for imaging or spectroscopy. A typical layout of an astrophysical spectrometer consists
of: telescope, polarization calibration package (removed when the source is observed),
polarization modulator, spectrometer and detector (Keller 2002). Nevertheless, po-
larimetry is widely applied for studying our Solar system; interstellar and intergalactic
medium; up to the high-redshift Universe.

Astronomical objects generally show weak polarization that is usually just a few
percent of the total radiation, however, both higher and (much) lower values have been
observed (Hough 2006). The polarization pattern can be used to determine the location
of an obscured source by locating the region where the lines perpendicular to each
polarization vector intersect. The wavelength dependence of polarization can be used
for determining the nature of the scatterers. The polarized radiation is particularly
sensitive on the physical conditions and geometry, both of the source as well as of

the intervening matter in the line of sight. Whenever scattering events occur, we can
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expect that the observed radiation is partially polarized. In case of AGNs, where the
central engine is surrounded by an optically and geometrically thick dusty torus, the
polarized spectrum of some type-2 AGNs shows broad emission lines Lopez-Gonzaga
et al. (2016), proving that the obscured BLR exists in type-2 AGNs. Polar scattering
in this case provides a periscope view of the AGN central engine. These findings led to
the unification scheme of AGNs (Antonucci 1993). Different emission and reprocessing
mechanisms have a deep impact on the polarization state over the broad frequency
range, allowing us to better understand the physics in the innermost part of AGNs.

In this chapter, we focus on the observational traits of polarization found in AGNs
for the broad frequency range. The formalism and necessary mathematical apparatus
is introduced in Chapter 4. For the wide application of astronomical polarimetry, we
refer to textbooks by Tinbergen (1996); Trujillo-Bueno et al. (2002); Kolokolova et al.
(2015).

2.2 Broadband polarization of AGNs

Polarimetric observations of AGNs began simultaneously with the discovery of quasars
in the 1960s. Early reports have initially shown little or no optical polarization
(Matthews & Sandage 1963; Schmidt 1965). Subsequent observations of a dozen of
AGNs were carried out at the Crimean astrophysical observatory (Dibai & Shakhovskoi
1966) and McDonald observatory (Appenzeller & Hiltner 1967). The observed degree
of polarization was of the order of a few percent and it became clear that such small
intrinsic polarization is a common feature of AGNs. For nearly half of the observed
sample, it was interpreted as due to synchrotron radiation from the compact region,
while for the rest, due to dust scattering (Dombrovskii & Gagen-Torn 1968). Histori-
cally, attention for studying optical polarization of AGNs has been focussed on blazars
and OVVs due to their rapid variability both in unpolarized and polarized flux as well
as their unusually high degree of polarization p =3-20% (Angel & Stockman 1980;
Moore & Stockman 1981). Extended AGN polarimetric surveys (Burbidge et al. 1977)
have shown that the large majority of the observed AGN, largely consisting of quasars,
Seyferts and radio galaxies, have p < 3%, while blazar and OVVs account for only
1% of the AGN sample (Stockman et al. 1984). Another important finding was the
orientation of the polarization angle with respect to the orientation of the jet axis.
Stockman et al. (1979) and Antonucci (1982) have shown that type-1 AGNs exhibit a
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strong tendency for the optical electric vector position angle to be closely aligned with
the axis of the extended radio structure — a feature called parallel polarization. On the
contrary, in type-2 AGNs, the polarization position angle is perpendicular to the radio
axes — perpendicular (orthogonal) polarization (Antonucci 1982, 1983, 1984).

Spectropolarimetric observations of AGNs have provided many valuable insights into
our current understanding of these objects. Optical spectropolarimetry has revealed
that the broad hydrogen permitted lines have nearly the same position angle and a
similar degree of polarization as the neighbouring continuum, suggesting that dust
scattering is responsible for polarization. Forbidden lines are weakly polarized with a
position angle different from the continuum, indicating that they come from a different
emitting region that is outside the nuclear scattering region (Angel et al. 1976). Using
the high resolution (around 10 A) spectropolarimetric observations of Seyfert 2 galaxies,
it was found that numerous objects show a hidden type-1 nucleus with broad permitted
lines and often with strong Fe emission, visible only in polarized light (Antonucci &
Miller 1985; Miller & Goodrich 1990; Kay 1990; Tran et al. 1992). These observations
have provided a strong foundation for the classic “observation /reflection” picture where
the optical polarized flux can be explained as scattering by dust or free electrons in the
polar region above the obscuring torus (Antonucci 1993).

Up to now, there have been very few AGNs with polarization properties observed
in a broad frequency range. One of the most intensively studied AGN is the nearby
Sy 2 galaxy NGC 1068. Recently, Marin (2018a) compiled more than fifty years of
observations of the continuum polarization, with different instruments and apertures,
covering the spectral range 0.1-100 pm, together with two measurements in radio at
4.9GHz and 15 GHz. In Fig.2.1, the degree of polarization (top panel), polarized flux
(middle panel) and polarization angle (bottom panel) are shown. The linear polarization
is highest in the UV, around 15 %, where the stellar emission is weak, and drops down
to a minimum p ~ 1% at 1um, where the stellar contribution is high. Then, both the
degree of polarization and polarized flux rise in the near IR where p has a secondary
maximum at 2pm. The polarization angle remains perpendicular to the radio axis
from UV up to ~3pnm, indicating that most of the polarization is due to electron and
Mie scattering. At wavelengths A > 4pm, dust grains concentrated in the equatorial
plane dominate the emission. Dust alignment by large-scale magnetic fields (Lopez-
Rodriguez et al. 2015) produce parallel polarization. Polarized dust emission increases
between 10-20 pm, peaking somewhere between 2040 pm and finally decreases in the
50-100 pm waveband (Fig. 2.1, middle panel). The polarized SED of NGC 1068 largely
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resembles the averaged total flux of type-1 AGN SED given by Prieto et al. (2010). In
the radio domain, the polarization angle is perpendicular to the radio axis, as in the
optical and UV band, and the polarization degree is low, for which the most plausible
explanation is electron scattered synchrotron emission (Krips et al. 2006). While certain
frequency bands have been extensively used, such as optical and near-IR, some have
been completely ignored when it comes to polarimetric observations of AGNs. In the
following, we summarize the mechanisms responsible for AGN polarization from high
to low energies. In addition, a brief overview of the future new era instruments with
polarimetric capabilities, that will significantly push the limits in exploring the geometry
and physics of AGNs, is provided.

In X-rays, Compton and inverse Compton scattering are the dominant processes
for producing polarization. Relativistic effects are also expected to have an influence
on the polarization state of the X-ray continuum since it is produced in the vicinity
of the black hole (Dovciak et al. 2004). The NASA IXPE (imaging X-ray polarimetry
explorer) mission will cover the 2-8keV energy band (Weisskopf et al. 2016). The
launch is planned for April 2021. The Chinese satellite eXTP (enhanced X-ray timing
and polarimetry) with a similar energy band (2-10keV) is planned for 2025 (Zhang
et al. 2016). Both instruments will significantly contribute to the determination of the
polarization state of AGNs.

The UV polarization spectrum of AGNs is poorly observed. Instruments on board
the HST and WUPPE (the Wisconsin ultraviolet photo-polarimeter experiment) have
been used to probe the polarization of nearby AGNs in the 1400-3300 A waveband, but
the far UV from 1200 A to the Lyman limit at 912 A remains completely uncharted
(Marin et al. 2018). Some key signatures of the accretion disk could be revealed if
observed in polarized light in the UV domain (Kishimoto et al. 2008). Promising
results could be expected from the future mission LUVOIR (The large UV optical
infrared surveyor), which is a NASA multi-wavelength space observatory (Bolcar et al.
2018). A possible European contribution to the LUVOIR mission is the high resolution
spectropolarimeter POLLUX which operates at 900-4000 A. The proposed launch date
is in the mid 2030s.

Far IR polarimetry offers an excellent insight into dust emission that typically peaks
just below 100 pm. It should be able to discriminate between the nonthermal emission
of AGNs and thermal emission from starburst regions (Andreani et al. 2003). Magnetic
phenomena can also be explored using far IR polarimetry due to the alignment of dust
grains in the external magnetic fields (Trujillo-Bueno et al. 2002) or due to radiative
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Figure 2.1: Broadband 0.1-100pm, 4.9GHz and 15GHz continuum polarization of
NGC 1068 measured at different ecpochs with various instruments. Top: degree
of polarization p, middle: polarized fux vF, x p, bottom: polarization position
angle ¢ for which the parsec-scale radio position angle is subtracted. The Seyfert
1 unpolarized flux (solid black line, middle panel) has been reduced roughly a
hundred times for better comparison. Apertures are color-coded, in arcseconds.
Credits: Marin (2018a).
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torque alignment (Lazarian & Hoang 2019, and references therein). Observations in this
waveband require altitudes above ~14 km in order to overcome water vapor absorption.
This is usually accomplished with airborne telescopes. The current US mission SOFIA
(stratospheric observatory for infrared astronomy) operates in far IR with the ability
to make polarimetric measurements of aligned dust grains (Harper et al. 2018).

In the radio domain, we expect to detect synchrotron emission since it is highly po-
larized (Rybicki & Lightman 1979). The MHz and GHz should be more exploited, par-
ticularly at locating the turnover frequencies between the dust polarized emission and
synchrotron radiation (Marin 2018a). Submillimeter polarimetry offers the possibility
of identifying magnetic fields, especially when it comes to accretion disks (Aitken et al.
2002). The POLAMI (Polarimetric Monitoring of AGN at Millimeter Wavelengths)
program at IRAM has successfully detected circular polarization due to Faraday con-
version when a magnetic field is present in the plasma (Thum et al. 2018). SKA (square
kilometer array) will enable monitoring of the sky in unprecedented details. Wide-area
wide-band polarimetric surveys with SKA will greatly improve our understanding of
the relationship between supermassive black holes and their environments (Gaensler
et al. 2015).

2.3 Optical polarization of type-1 AGNs

The polarization properties of type-1 AGNs in the optical domain have been a subject
of numerous studies in the past few decades, both observationally as well as theoreti-
cally. According to the unified model, type-1 AGNs have an unobscured line of sight
towards the central engine. If polar scattering were the main scattering mechanism
for type-1 AGNs, we would expect perpendicular polarization. Optical polarization
of type-1 AGNs is therefore not consistent with the simple polar scattering, since we
observe parallel polarization (Antonucci 1984). High quality signal-to-noise ratio spec-
tropolarimetric observations by Goodrich & Miller (1994) have revealed a diversity of
characteristics in the polarization of Ha line. This includes a ¢ rotation across the line
profiles and a new scattering paradigm was introduced — equatorial scattering. This
scenario assumes that type-1 AGNs are polarized by scattering in an optically thin disk
residing in the equatorial plane. Equatorial scattering can produce parallel polarization

as well as the degree of polarization that is observed in type-1 AGNs.
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Figure 2.2: Spectropolarimetry of Mrk 6 for two epochs: 1998.9 (left half, Smith et al. 2002)
and 2012.8 (right half, Afanasiev et al. 2014). From top to bottom: polarization
position angle ¢ (top panel); polarized flux p x F)\ (top second); degree of po-
larization p (top third); unpolarized He line profile decomposed into Gaussian
components (bottom panel). Thick lines show the observations corrected for in-
terstellar polarization. Thin lines in the first and third panels are obtained when
interstellar polarization is not accounted for. Credits: Afanasiev et al. (2014)
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Figure 2.3: The central continuum source (C) and a flattened disk-like BLR are surrounded
by a coplanar ring of scatterers (only a single element of the scattering region
is shown). Emitting regions closer to the inner radius of the BLR produce ¢
closer to that of the central continuum source. Equatorial scattering produces
characteristic variations in both ¢ and p across the broad-line profile. Credits:
Smith et al. (2005).

A spectropolarimetric atlas of almost 40 nearby Seyfert 1 galaxies have shown new
features common to type-1 AGNs (Smith et al. 2002). In Fig. 2.2, the polarized spectra
of Mrk 6 is shown as an example. The characteristic ¢ profile is the following: far away
from the spectral line ¢ follows the continuum value. At velocities corresponding to the
blue wing, ¢ reaches a maximum, followed by a drop through the core until the minimum
value is reached in the red wing — the so called S-shape profile' (Fig.2.2, top panel).
The polarized line is broader than the unpolarized one and for some objects it clearly
shows double-peaked profiles (Fig.2.2, top second panel). The degree of polarization
for equatorial scattering shows a well known double-peaked profile. Polarization is the

highest in the line wings, while at the line core, it has values lower than the local

IThis effect depends on the direction of rotation. For the opposite direction, we observe the resulting
profile: minimum in the blue wing and maximum in the red wing.
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continuum (Fig. 2.2, top third panel). The observed polarization properties can be
explained assuming a Keplerian disk-like BLR surrounded by a coplanar scattering
region (Smith et al. 2005). A single scattering element can fully resolve the BLR velocity
field, therefore the produced polarized line will be additionally broadened than the
unpolarized line that is coming directly to the observer (Fig.2.3). The line flux coming
closer to the inner radius has the greatest Doppler shift from the rest wavelength, as seen
by the scatterers, and hence forms the wings of the polarized line. The largest variations
in ¢ are observed closer to the line center due to the scattering of the line radiation
originating closer to the outer radius. Smith et al. (2005) have also demonstrated that
additional motions such as inflows and outflows significantly influence the broad line
polarization profiles. A few percent of Sy 1 galaxies with perpendicular polarization due
to polar scattering have also been observed (Smith et al. 2002, 2004). Both equatorial
and polar scattering regions are present in all type-1 AGNs and the observed range
of polarization properties can be broadly understood as an inclination effect. In this
scenario, polar-scattered type-1 AGNs represent the transition between unobscured
(the majority of type-1) and obscured (type-2) AGNs (Smith et al. 2004). It is worth
mentioning that some type-1 AGNs (e.g. 3C 390.3) have unpolarized line much broader
than the polarized line, supporting the biconical flow geometry of the BLR (Corbett
et al. 1998, 2000). The cross-correlation (CCF) analysis for Ho and HS for 3C 390.3
shows that red and blue line wings vary almost simultaneously. This is also the case for
the variation of line wings with respect to the line core, suggesting that the Keplerian
motion is dominant in the BLR (Afanasiev et al. 2015).

Accretion disk radiation dominates the UV and optical spectral domain. Since the
region of the disk in which emitted radiation is dominated by electron scattering opacity,
some linear polarization could be expected (Chandrasekhar 1960; Coleman & Shields
1990). In the case of a pure scattering, plane-parallel accretion disk atmosphere, the
polarization ranges from zero for a face-on view and rises to over 10% for an edge-
on view. The predicted polarization is perpendicular and thus equatorial scattering
is a preferable mechanism for the observed optical continuum polarization. Type-1
AGNs usually have 0 < p < 5% (Smith et al. 2002). The degree of polarization is
usually wavelength dependent in the form of p) o« A", where n is the polarization index
(Afanasiev et al. 2011). Both p and n show weak correlated with the SMBH mass.

For the recent summary on the equatorial scattering and the polarization signatures
of the BLR in type-1 AGNs, see Savic et al. (2018); Lira et al. (2019).
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Chapter 3

Methods for measuring the SMBH

1masses

The last few years have seen a rapid advancement in our understanding of the role that
SMBHs play in the evolution of galaxies (Heckman & Best 2014). Part of this progress
has come from an increased confidence in the techniques for measuring SMBH masses
and part has arisen from the discovery of new correlations between SMBH masses and
the properties of the host galaxies (Heckman & Kauffmann 2011; Kormendy & Ho 2013).
We can distinguish between direct and indirect methods for measuring the masses of
SMBHs (Peterson 2014). In the following, we briefly summarize them.

Direct methods are those for which the mass of the black hole is obtained from
stellar dynamics by studying the motions of individual stars around the black hole.
These include observations of stellar motions (Genzel et al. 2010; Meyer et al. 2012),
or gas dynamics (Miyoshi et al. 1995); water MASER (microwave amplification by
stimulated emission of radiation) emission (Greenhill et al. 1996; Herrnstein et al. 2005);
optical /near-IR interferometry (Gravity Collaboration et al. 2018); direct imaging of the
black hole shadow (Event Horizon Telescope Collaboration et al. 2019b,¢); reverberation
mapping (Blandford & McKee 1982); and using the polarization of the broad emission
lines (Afanasiev & Popovi¢ 2015).

Indirect methods use observables that are tightly correlated with black hole mass.
Such examples are the SMBH mass - bulge velocity dispersion relation My, — o, (Geb-
hardt et al. 2000; Ferrarese et al. 2001; Ferrarese & Ford 2005); the SMBH mass -
bulge luminosity relation My, — Lpuge (Kormendy & Richstone 1995); the BLR size -
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luminosity (e.g. equation 1.5) relation Ry — Lsi0o (Kaspi et al. 2000; Bentz et al. 2013,;
Du et al. 2016, 2018; GRAVITY Collaboration et al. 2019).

We can also distinguish among “primary”, “secondary”, and even “tertiary” methods,
based on the number of assumptions used, and on model dependence. For example, the
reverberation mapping method is a direct method since it is based on observations of
the gas that is moving around the SMBH, but it is a secondary method since it requires
a previous calibration from some other method (Peterson 2014). The reverberation
mapping method and the method using the polarization of broad emission lines are
treated separately and more extensively in the next two sections. For a review of the

methods for SMBH mass measurements, see Peterson (2014).

3.1 Reverberation mapping

AGNs are highly variable sources, typically on daily timescales. Reverberation mapping
measures the time lag between the continuum flux and the emission lines of AGNs,
knowing that line and continuum variations are strongly correlated. The time lag
between the continuum and line variations provides an estimate of the photometric
BLR radius. The formalism for this method was introduced by Blandford & McKee

(1982). Reverberation mapping requires few assumptions (Peterson 2014):

1 The emission lines respond rapidly to continuum changes. The response time
scales of individual clouds to changes in the ionizing flux are the recombination
and ionization times. These are much shorter than the typical time scale for

continuum variations.

2 The continuum emitting region is much smaller than the BLR, and can be con-

sidered as a point source.

3 The dynamical timescale of the BLR is much longer than the reverberation
timescale, so the BLR structure and kinematics are constant over the duration of

the reverberation monitoring program.

4 There is a known relationship between the variations of the ionizing continuum

and of the observed UV or optical continuum.

A successful RM experiment provides two observables: a continuum light curve and
an emission-line light curve (Fig.3.1). Line flux and continuum flux are related via the
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transfer function ¥ through a convolution:

F(v,t) = /OO U (v, 1) F. (t —7)dr, (3.1)
where Fj is the flux integrated over the spectral boundaries of a given line, F. is the
continuum flux, typically at 5100 A, and ¥ (v, 7) is the 2D transfer function depending
on the BLR geometry, kinematics and the physics of the gas reprocessing the contin-
uum radiation. Transfer function in general depends on velocity v since different BLR
geometry will have different line response for a given v. Obtaining transfer functions is
difficult since it requires a high-quality and well sampled spectra of AGNs, which are
faint sources. A handful of objects have their 2D transfer function established (Netzer
2013), which makes it more convenient to use 1D transfer function ¥ (7) assuming that
U does not depend on velocity. Time lag, that is a measure of the photometric radius,
can be obtained by cross-correlating the line and the continuum flux. Assuming that
the BLR dynamic is dominated by the SMBH, i.e. the BLR is virialized, we can obtain
the SMBH mass as

2
My, = | (AV CT) |

G

where AV is the line width and f is a dimensionless quantity called wvirial factor that

(3.2)

accounts for everything that is unknown — the BLR geometry, kinematics and inclina-
tion, that is in principle different for different AGNs and it is expected to be of the
order of unity. Virial factors can be obtained if there is another way of determining the
SMBH mass, and commonly the My, — o, relation is being used. The standard value
that is used in literature is f = 5.5 £ 1.9 (Onken et al. 2004) or f = 4.3 £ 1.0 (Grier
et al. 2013) or log f = 0.05 £ 0.12 (Woo et al. 2015).

Much effort has been invested in the successful application of this method resulting
in a vast literature (e.g. Netzer 2013; Peterson 2014, and references therein). The most
reliable SMBH mass measurements using reverberation mapping has been performed
for around sixty AGNs (Bentz & Katz 2015, online database'). However, an individual
galaxy needs to be observed over and over for months, while distant AGNs require
even several years of successful monitoring (Shen et al. 2016; Grier et al. 2017, 2019).
Hydrogen Balmer lines are the most commonly used (Du & Wang 2019, and references
therein), however, highly ionized broad emission lines like MgIl, CIII] and CIV can
also be used for AGNs at higher redshifts (Mejia-Restrepo et al. 2016). We use the

1http ://www.astro.gsu.edu/AGNmass/
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closed blue triangles: photometric observations from the WISE Observatory.
Credits: Grier et al. (2012).

SMBH mass values obtained this way as a reference for comparing results throughout
this thesis.

Polarization reverberation mapping is another way to explore the size and geometry
of the AGN central engine (Gaskell et al. 2012; Afanasiev et al. 2014). The time lag
between the polarized and unpolarized flux is highly sensitive to the geometry of the
scattering regions involved and may provide new way of resolving the innermost parts
of AGNs (Rojas Lobos et al. 2018). Also, Songsheng & Wang (2018) have found the
polarization virial factor log fyo € [—0.65, —0.62], and found that it is more stable and

less inclination dependent than the standard f.

3.2 SMBH mass measuring using the polarization of

broad emission lines

This method assumes that equatorial scattering is the main mechanism for the polariza-
tion of the broad emission lines (Afanasiev & Popovi¢ 2015, hereafter AP15). We can
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expect near-Keplerian motion of the emitting gas in the BLR (Gaskell 2009). Farther
away, the central region is surrounded by a geometrically thick dusty torus with large
radial optical depth (Krolik & Begelman 1988). The inner side of the torus is directly
illuminated and we expect a large number of free electrons here. The inner wall of the
torus thus acts as the scattering region (SR) for the equatorial scattering. The BLR is
situated inside the SR which produces polarized broad lines and a characteristic change
of polarization plane position angle ¢ across the line profile is expected (Smith et al.
2005). According to AP15, ¢ in the broad emission line is affected by the velocity field
in the BLR and there is a specific linear relationship between log V' and log (tan ¢)
(Fig. 3.2, right panel). If the motion in the BLR is Keplerian, for the projected velocity

in the plane of the scattering region, we can write (see Afanasiev et al. 2014, AP15):

GMpn

i

Vi=V"" cosf = cos 0 (3.3)
where V; is the rotational velocity of emitting gas, My is the BH mass and R; is
the distance from the center of the disk, and # is the angle between the disc and
the plane of scattering (AP15). Superscript ¢ denote the position of the i-th ring
constituting the BLR. R; can be connected with the corresponding polarization angle
¢i as R; = Ry tang;, where Ry, is the distance from the center to the SR (Fig. 3.2).
When we substitute this into Eq. (3.3) and integrating over the disk, the velocity-angle

dependence can be written as:
Vi
log — = a — 0.5log (tan (¢1)), (3.4)
c

where c is the speed of light. The expected relation between velocity and ¢ is shown in
Fig. 3.2 (right). The constant a is related to the black hole mass as

G My, cos? 0

T (3.5)

a = 0.5log
In the case of a thin SR (equatorial scattering region), a good approximation would be
to take # ~ 0. In this case, the relation between velocities and ¢ does not depend on
the inclination since the BLR is emitting nearly edge-on oriented line light to the SR.

From the previous equation, the mass of the black hole can be calculated as

RSC

M, = 1.78 x 102¢+10
cos?

Mg =~ 1.78 x 10*™OR,. [M,], (3.6)
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Scattering region

log(tan ¢;)

Figure 3.2: Schematic view of light scattered from the inner part of the torus (left). Expected
relation between ¢ and velocity intensity (right). Credits: Savié¢ et al. (2018)

or

log Mo
Mg

= (10 + 2a) log (1.78R..) , (3.7)

where R is in light days. How does this method work in practice? From the observed
© it is necessary to subtract the continuum polarization position angle Ay = ¢ — ..
The next step is to perform a linear fit using both the red and blue parts of the line
and apply equation 3.4 in order to obtain a (the y-axis intercept of the fitted line). The
final step is to substitute a and R in equation 3.7, which yields the measured My,,.
An example is shown for 3C 273 and NGC 4051 in Fig. 3.3.

This method provides results in a good agreement with the reverberation mapping
method and offers a number of advantages. It requires only one epoch of observations
and it is not telescope time consuming when compared to the reverberation mapping
method. It can be applied to lines in different spectral ranges from near IR and optical
(Balmer lines) to UV (Lya, CIII], CIV and MgII), thus allowing black hole mass
measurements for AGNs at different cosmological epochs (AP15). The virialization of
the BLR is not a priori assumed, but it is reflected in the observed ¢ profile. However,
this method requires the inner radius of the torus to be known; R, is often found using
dust reverberation or some other scaling relations (AP15). In addition, this method
can only be used for a rotating disk-like BLR; in the case where the BLR is dominated
by radial motion, it cannot be used.

We also stress out that in this method, we consider only one scattering event per line

photon and the contribution of multiple scattering events are not taken into account.
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panels). The filled and open circles correspond to the blue and red part of the
line respectively. Solid line represent the best fit. The gray curves in the upper
panels trace the Keplerian motion. Credits: AP15.

Since polarization is very sensitive to kinematics and geometrical setup (Goosmann &

Gaskell 2007), the full treatment of 3D radiative transfer with polarization is required

to test this method. The major task of this work is to explore the possibilities and

limitations of this method and to find in which conditions it can be used.
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Chapter 4

Polarization formalism

4.1 Electromagnetic waves

The work by James Clerk Maxwell in the late 19th century have made it apparent that
the light is electromagnetic in nature. In classical electrodynamics, light is described
as a continuous transfer of energy in the form of electromagnetic waves, a conjecture
directly verified in an experiment by Heinrich Hertz (1888). The presence of electric
charges in space induces an electromagnetic field. It is represented by two vectors, E
and ]§, called the electric vector and magnetic induction respectively. The properties of
E and B as well as how are they related is given by a set of partial differential equations
(Maxwell’s equation) that form the foundation of the classical electrodynamics. The

equations in their differential form are:

V-E = é, (Gauss’s law) (4.1)
V-B = 0, (Gauss’s law) (4.2)
VxE = —%—?, (Faraday’s law) (4.3)
VxB = u (}+ 60§> : (Ampére’s law) (4.4)

where p is the charge density, j is current density, ¢y ~ 8.854 x 1072Fm~! is the
permittivity of free space and gy ~ 1.257 x 10""Hm™! is the permeability of free
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space!. The above equations are the "microscopic" version of Maxwell’s equations or
the so called Maxwell’s equation in vacuum. The material medium is not built into the
structure of the equations, but appears only in the charge and current terms. The so
called Maxwell’s equation in matter or Maxwell’s "macroscopic" equation are similar
and keep the same form. The equations above are coupled and very often they are
difficult to solve. Certain analytical solutions exist for simplified cases e.g. far from the

source in the absence of charges and currents. In this case Maxwell’s equations take

the form:
V-E = 0, (4.5)
V-B = 0, (4.6)
VxE = —%, (4.7)
VxB = uge()%—]? (4.8)

By inspecting the previous equations, we can conclude that the time-varying electric
field E generates the magnetic field B which is perpendicular everywhere to E—ﬁeld7
while in the same way, a time-varying field B induces E-field which is perpendicular
everywhere to the B-field. The fields E and B can be thus considered as a two aspects
of a single phenomenon - electromagnetic field. The disturbance created by a moving
charge continues to propagate in the form of electromagnetic waves. After a simple
vector calculus procedure, which is described in almost every book in optics or classical
electrodynamics (Goldstein 2003; Born & Wolf 2013; Hecht 2016), it can be shown that

E and B each satisfy the wave equation:

- O°E
VE = —, 4.9
Ho€o BYe (4.9)
< 0*B
VB = - 4.10
/’LOEO 8t2 ( )
which directly yields the phase velocity or the speed of light in vacuum:
1
c= (4.11)

VvV ,UOGO,

'Recommended values of the fundamental physical constants from CODATA (Mohr et al. 2016)

53



One of the simplest solution to wave equation are plane waves. The electric field as-
sociated with plane wave is exclusively transverse. Any waveform can be expressed as
an infinite sum of simple sine waves using Fourier series. Without any loss of gener-
ality, we limit our treatment only to harmonic waves. In general form, E-field for a

monochromatic plane wave can be expressed in the form:

—

3
E(ZL‘,y,Z,t) :ZE()@'COS (Wt—EF—i— Oéj) é;', (412)
=1

where Fj is the amplitude term, w is the angular frequency, k is the wavenumber and
ki = kxx 4+ kyy + k,z, a is the phase shift. The vector €; is the unit vector in Cartesian
coordinates which can take the values €, €, €,. The wavenumber can be expressed in
term of wavelength as k = 27n /A, where A is the wavelength in vacuum and n is the
refractive index of the medium along the light propagation direction. From the wave

equation, we can obtain the dispersion relation:

w’ 2,12, 12

gzkx+ky+k:z, (4.13)
which describes how w and k are connected with the phase velocity. If we chose the
preferred direction of propagation e.g. along the z-axis, and taking into account that k
and E are orthogonal in isotropic media, and substituting kx = ky = 0, we can obtain

the simplified equations for the electric field components in the form:

E, (z,t) = Epxcos (wt —kz + ay), (4.14)
Ey (2,t) = Epycos (wt —kz + ay), (4.15)
E,(z,t) = 0. (4.16)

If we eliminate time dependence from the equations 4.15 and 4.16, we obtain the fol-

=) (5) (3 ()
)+ (=) -2 =2 ) (=X ) cosa =sina, 4.17
<E0x) EOy EOX EOy ( )

where o = ayx — ay is the phase difference. The equation 4.17 is an equation of an

lowing equation:

ellipse rotated for an angle ¢ with the respect for the (Ey, Ey)-coordinate system (Fig.
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Figure 4.1: Elliptically polarized light. The tip of electric fields (blue arrow) sweeps an
ellipse which is rotated by angle ¢. Adapted from Hecht (2016).

4.1), where ¢ is given by:
2Eo< Eoy cos a

tan2¢p = B2 —
x y

(4.18)

In other words, the tip of the electric field vector sweeps an ellipse in the direction de-
pending on the sign of sin . The most general representation of the plane electromag-
netic wave is elliptically polarized light. The resultant electric-field vector E is rotating
and changing magnitude in such way that the endpoint of E will trace out an ellipse
in a fixed-space perpendicular to the direction of propagation. Both linear and circular
light can be viewed as the special cases of elliptically polarized light. The period over
which ellipse is traversing is inversely proportional to the wave frequency (i.e. roughly
10~ s for optical domain) and is far too short to be detected since measurements made

in practice are generally averages over comparatively long time intervals (Hecht 2016).

4.2 Jones calculus

The Jones formalism (Jones 1941, 1942) is a mathematical description of light in the
form of phase and amplitude. Jones vectors are the two element vectors that describe

the polarization state of light, and Jones 2 x 2 matrices describe optical elements. The
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vectors are complex and describe the amplitude and phase of the light in the form:

J(@t) = (E" <t)) . (4.19)

E, (t)

The two components of the Jones vector are orthogonal and represent the horizontal
and vertical polarization states. Jones matrices are also complex and describe the action

in both amplitude and phase of optical elements on a light beam. Jones matrices are

J = (7'” jﬁ?y), (4.20)
]yx ]yy

where j;, 7,k = x,y, are transforming elements. The four elements of the Jones matrix

in the form:

composes the transfer function from the input to the output Jones vector. If we denote

E as an incident and E’ as an emerging beam, we have:

= E! oz Ja Ey T
J’( 7><2 J )( >JJ. (4.21)
E Jyz Jyy Ey

The effect of multiple optical components or the traversing medium can be described
by the matrix product of Jones matrices for each of the components. The polarization

state of the emerging light beam will be:
= Jpdpy--Joid, (4.22)

where J; is the Jones matrix for each optical component. The exact values of Jones
matrices for ideal polarizer, retarder and rotator can be found in Goldstein (2003). Jones
formalism is useful when knowledge of the phase is required e.g. for beam superposition

in interferometers.

4.3 Stokes parameters

The polarization ellipse is applicable for describing the completely polarized light and
it cannot be used to describe unpolarized or partially polarized light. The plane of
polarization of unpolarized light fluctuates arbitrarily around the propagation direction,
i.e., on average, there is no preferred direction of the polarization plane. Another

limitation is the amplitude of the electric field varies with high frequency and cannot
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be observed (except in the radio domain). These limitations require an alternative
description of polarization in terms of observables, e.g. intensity. Stokes (1851) found
that any polarization state can be completely described by four measurable quantities
known as Stokes parameters. A time-average of the unobserved polarization ellipse leads
to measurable observables. Time average of a given physical quantity is represented by
the symbol (---) and it is defined as:

1 /7
(F(t)) = lim — / F(t) dt. (4.23)
T—oo T 0
Since electric field is periodic, it is enough to take an average over one single period. If
we perform time averaging of the equation 4.17, multiply it by four, add and subtract the

quantity Fg, + Ej

oy» and after a minor algebraic manipulation, we obtain the following

equation:
(B2 + E2)" — (B2 — E2)" — (2EouEoy cosa)® — (2BoEgg sina)® = 0. (4.24)
Writing the quantities inside the parenthesis, we obtain Stokes parameters:

[=S,=FE} +E}

Oy

Q=S5 =FE — E?

(4.25
0y (
(
(

4.26
4.27
4.28

)
)
U =25, =2EwFEy cosa, )
V = S3 = 2Ey Eyy sina. )

These four equations represent Stokes polarization parameters for a plane wave. They
are real and measurable quantities. Alternatively, Stokes parameters can be defined via

complex notation in Cartesian and spherical coordinates as:

I =EE;+EE;, =E,E;+EE;, (4.29)
Q=EFE;—EFE =EJE;,—E,E}, (4.30)
U=E-ZE;+EE;, =EE;+EyE], (4.31)
V =i(E.E; - EE;) =i(E,E; — EyEy), (4.32)

where 1 and ¢ are polar and azimuthal angles, and * denotes complex conjugation. The
first Stokes parameter [ is the total intensity of the light. The second parameter () is
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Figure 4.2: Polarization of light for different values of Stokes parameters. Horizontal linear
polarization (a): @ > 0, U = 0, V = 0; vertical linear polarization (b): @ < 0,
U =0,V =0; +45° linear polarization (¢): @ =0, U > 0, V = 0; —45° linear
polarization (d): @ = 0, U < 0, V = 0; right circular polarization (e): Q = 0,
U =0,V > 0; left circular polarization (f): @ = 0, U =0, V < 0. Credits:
Kislat et al. (2015).

the amount of linear horizontal or linear vertical polarization. The third one describes
the amount of linear +45° or —45° polarization. The fourth one describes left or right

circular polarization. For a completely polarized light, the equation 4.24 becomes

PP=Q*+U*+ V2 (4.33)

If we have partially polarized light, Stokes parameters become time-averaged quantities

which for every state satisfy the following inequality:

I’>Q*+U*+ V2 (4.34)
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The degree of polarization is thus defined as:

2 U2 VQ
pQO+ i 0<p<l. (4.35)

_[ Y

The polarization angle from the equation 4.18 becomes:
U
tan2p = —. 4.36
0 (4.36)
Similarly, the ellipticity angle x is calculated as:
v
tan 2y = T (4.37)

The four Stokes parameters can be represented as a column matrix in the form:

(4.38)

= SO~

The previous column matrix is called Stokes vector, however, mathematically, it is not
a vector in a geometrical sense, but a column with four elements, which got accustomed
to call it a vector. In Fig. 4.2, the polarization state for different values of the Stokes
parameters is shown. The representation of polarization introduced by Stokes was
perceived with little interest for nearly a century. Its importance was brought to the
attention of the scientific community by Chandrasekhar in the late 1940s, who used the
Stokes parameters to formulate the radiative transfer equations for different scattering
mechanisms (Chandrasekhar 1960).

4.4 Mueller Calculus

Interaction of an optical beam with matter is almost always followed by a change of the
beam polarization state. The polarization state can be changed by optical elements in

the following ways:
1. Changing the amplitudes — polarizer

2. Changing the phase — retarder
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3. Changing the direction of the orthogonal components — rotator
4. Transferring energy from polarized state to unpolarized state — depolarizer

These effects can be understood by analyzing the incident and the emerging Stokes
parameters. For this purpose, an elegant procedure using matrix formalism was devised
by Mueller and published by his student Parke IIT (1949). It deals with predicting the
polarization state of an emergent wave after the interaction of the incident wave with
the complex systems of polarizing elements. An incident beam S, after it interacts
with the polarizing medium will emerge with a new set of Stokes parameters S’. Under
the assumption that the S’ can be expressed as a linear combination of the Stokes

parameters of the incident beam, we obtain in matrix form:

r mir M1z M1z Mg I
Q' _ Mo1 Moz M23 Mg Q ’ (4.39)
U’ M3y M3z M3z 134 U
%4 Mg Mgz M43 Myq Vv
or simply
S = MS, (4.40)

where M is the Mueller matrix of size 4 x 4 and my, i,k = 1,4 are matrix elements.
The values of matrix elements can be derived from the definition of Stokes parameters,
but also from Jones matrix elements (Goldstein 2003). Similarly, for a train of optical

elements, the Stokes parameters of the emerging beam can be calculated as:
S, - MnMn—l Tt Mngs, (441)

where M; is the Mueller matrix for the ¢-th optic element encountered. Measuring
Stokes values can be performed in many ways: the quarter-wave retarder polarizer

train, using circular polarizer (Goldstein 2003, for detailed derivation).

4.5 Polarization mechanisms

Polarization properties of AGNs can be understood by studying the basic physical
processes causing it. The most important astrophysical processes concerning AGNs

include light scattering and the presence of a magnetic field. For high energy photons,
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inverse Compton and Compton scattering in the hot corona are the main polarization
mechanisms. Additionally, the electric polarization vector will not stay parallel along
the propagation direction in a curved spacetime. The general relativity effects lead
to a rotation of the polarization vector when a beam passes through a strong grav-
itational field (Plebanski 1960) and this mechanism is important in considering the
X-ray polarized radiation in the vicinity of a black hole (Dovciak et al. 2004). The
UV /optical continuum and line photons are prone to electron (Thomson or Rayleigh)
scattering, both in polar and equatorial regions. Dust (Mie approximation) scattering
can also significantly change the polarization state of incident radiation at all frequen-
cies. Moreover dust alignment produces IR polarization seen as dichroic absorption or
dichroic emission. The polarization angle exhibits a 90° shift between absorption and
emission regime (Efstathiou et al. 1997). The wavelength at which the polarization
angle flip occurs is very sensitive to the optical thickness of the torus. The study of
dichroic emission and absorption can help in constraining the magnetic field for various
torus geometries (Aitken et al. 2002). Finally, synchrotron emission from jets is highly
variable and polarized (Rybicki & Lightman 1979) and provides insight in the magnetic
field.

In this work, we focus on scattering mechanisms since our main assumption is that
the origin of the optical broad line polarization in type-1 AGNs is due to equato-
rial scattering. For that purpose, we analyze the polarization properties of scattering
mechanisms which are implemented in the radiative transfer code STOKES. These are
Thomson, Rayleigh, Mie and Compton scattering. We start with the equations for the
electric and magnetic field for accelerated charged particles. For velocities which are

much lower than the speed of light, we have (Jackson 1962):

E (F1) = #062 {%{ X {(ﬁ — %) x ﬁ}} , (4.42)
where ¢ is particle charge, v is the charge velocity, kK = 1 —7i-v, n is the unit vector from
the position of the charge towards the observed point, and R is the distance between
the charge and the observing point. The geometry of the accelerated particle is shown
in Fig. 4.3. Since the electric field is transversal, the application of spherical coordinates
reduces the electric field into polar and azimuthal components. Many of the physical

phenomena involving polarization are symmetric in ¢, so for E we have (Goldstein
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Figure 4.3: Radiation field from a moving charge at the observed point P. Adapted from
Jackson (1962).

2003):
Ey = %%% (% cos — Zsind), (4.43)
q .
= — 1. 4.44
¢ dmegc®R Y ( )

The procedure for obtaining Stokes parameters and Mueller matrices is straightforward,
but lengthy, so we skip the details. For polarization mechanisms involving the inter-
action of radiation with charged particle, it is required to obtain particle acceleration,
and to apply equations 4.43-4.44. With known electric field, Stokes parameters can be
obtained from the definition (equations 4.25-4.32). For detailed derivations, we refer
to Rybicki & Lightman (1979).

4.5.1 Thomson scattering

Thomson scattering occurs when an incident field of radiation is being elastically scat-
tered by free electron. The electron will be accelerated and will re-radiate the incident
radiation. The re-radiation or scattering takes place in an extremely short time which
is of the order of nanoseconds or less for optical waveband. If we consider an incident

wave propagating in the z direction with known E and Ey field components (Fig. 4.4),
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we have:

E(t) = Egye'@i=ketax), (4.45)
By (t) = Eoge'@tkatay), (4.46)

An electron acceleration is due to an electric field:

i = —Ex(b) (4.47)
i = %Ey(t), (4.48)

Where e is electron charge and m, electron mass. With known acceleration, using

equations 4.25-4.32, we obtain the electric field of the accelerated electron:

—e?

Ey(t) = — By '@t katax) 9 4.49
o(t) dmegmec®R 0x€ st ( )
2
—e 3
Ey(t) = ———— Fy e'Wi-katay), 4.50
o(1) degmec® R 0y€ ( )

The Stokes parameters of the incident and the scattered radiation can be calculated

from equations 4.25-4.32, and we obtain the following:

g I (14 cos?d) + Qsin® ¥
Q1 1 e? 2| Isin? 9+ Q (1 + cos? ) (4.51)
Ul 2 \dreomec®R 2U cos v ’ '
Vv’ 2V cos .
from which we obtain Mueller matrix for Thomson scattering:
1+cos®d®  sin?? 0 0
1 2 21 sin’9 1 290 0
My — L ( e : > sin + cos (4.52)
2 \ 4megmoc?R 0 0 2 cost 0
0 0 0 2 cos

The intensity of the scattered radiation is proportional to the intensity of the incident
light, but it also depends on the contribution of the linear polarization () of the incident

beam 4.51. For unpolarized incident beam, the scattered radiation varies with the
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Figure 4.4: Schematic diagram for Thomson scattering. The incident photon (blue) is being
scattered by a free electron at a deflection angle ¥ (orange). Wavelength of the
incident and the scattered radiation is the same.

scattering angle as I’ oc I(1+cos?¥). The maximum intensity of the scattered radiation
is along the axis of incident radiation and the minimum intensity is along the direction
perpendicular to the incident beam direction. The degree of polarization depends on the
polarization of the incident radiation and on the scattering angle. If the incident beam
is completely linearly polarized, the scattered radiation is also completely polarized.

For an unpolarized incident beam, the scattered radiation can be calculated as:

sin? ¢

- 4.53
1+ cos? ¥ ( )

p

We see that for ¢ = 0 (on-axis scattering), the degree of polarization is zero, whereas
for ¥ = 90° (off-axis scattering) the degree of polarization is unity. This behavior of p is
characteristic for all types of scattering. The ratio of the scattered to incident intensity

can be used to derive the scattering differential cross-section:

do 1 e? 2 T(1+ cos?¥) + Qsin® 19’ (4.54)
dQ 2 \dmregmec? I
which for unpolarized radiation yields:
do 1 e? ?
—=——7 1 29) . 4.55
aQ 2 (47re(]m602) (1+ cos®0) (4.55)
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This equation is known as Thomson’s formula for the scattering by free charges. The
total cross section can be defined by integrating the previous equation of the whole 47

solid angle:

do 8T ( e?

ATegmec?

2
) =6.652 x 107* m?, (4.56)

An important result for Thomson scattering is that it does not depend on the fre-
quency of the incident radiation. However, this is only valid at low frequencies (UV
and optical). Relativistic effects become important when the the photon energy hv is
comparable with, or larger than the particle rest energy mc?. Thomson scattering will
be the dominant scattering mechanisms we use in the radiative transfer modeling of

the equatorial scattering in AGNs.

4.5.2 Rayleigh scattering

Rayleigh scattering occurs when light is scattered by bound electrons within atoms and
molecules. The incident radiation acts on electrons within a particle, causing them to
oscillate with the same frequency. Electrons thus becomes small radiating dipoles which

reprocess the incident radiation. The equation of motion for the bound electron is:
Mk + ktf = —cE, (4.57)

where k is positive constant related with angular frequency wy = (k/me)"/2. If we
consider again that the incident wave is propagating in the z direction, after solving
the equation of motion and applying equations 4.25-4.32, we obtain the electric field of

the scattered radiation as:

202 4

BEy(t) = B’ @k cog99 4.58

o(t) Amegme®R (w? — w2) " ‘ oSt (4.58)
2 2 '

E¢(t> e“w onez(wtszJray)' (459)

~ Ameomoc®R (W? — wd)
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We find the Stokes parameter to be:

I I(1+cos?¥) + Qsin?d
) .
Q' 1 e? ) Isin® 9 + Q (1 + cos?¥) (4.60)
U’ 2 \4megmec®*R (w? — wg) 2U cos ¥
v’ 2V cos .

This is very similar to Thomson scattering, except that for a bound electron (w < wy),
the scattering intensity is proportional to w? or A™%. As the wavelength decreases from
red to blue, the intensity of scattered light increases. Rayleigh scattering accounts for
the blue sky. The polarization behavior is similar to the Thomson scattering case. The

total scattering cross section is wavelength dependent:

dog 8w e? 2w\t w\*
IR /4,T dS) 3 <4ﬂeom602 > (wo ) or (wo ) (4.61)

Rayleigh scattering holds for non-relativistic particles with sizes much smaller than the

wavelength.

4.5.3 Mie scattering

Very often, the size of the scattering particle is similar or larger than the wavelength of
the incident radiation, e.g.dust scattering. In this case, another approach is required
for calculating the polarization properties of the scattered radiation. Naturally, the
simplest case is when the scattering particle is a homogeneous sphere with a constant
index of refraction — Mie scattering. The formal solution of this problem requires
solving Maxwell’s equation, and is rather lengthy and cumbersome. Here we present
Mueller matrix without derivation, and focus on a qualitative analysis of results which
have been well known in the literature. For a full and detailed derivation, we refer to
Bohren & Huffman (1983). The relation between the scattered and the incident Stokes
parameters is:
I Sit Sz 0 0
Q' [ S2 Su 0 0
U’ 1 0 0 Ss3 Sy
V! 0 0 —S3 Ss3

, (4.62)

= SO ~
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Figure 4.5: Scattering cross section one as a function of polar scattering angle for a sphere
of volume 1 pm?, A = 0.5 pm, and refraction index n = 1.05 (Latimer et al. 1978).
Cartesian plot (left) and semilog polar plot (right). Arrows indicate the incident
beam and a scattered beam at 74°. Credits: Latimer et al. (1978).

Only three of these matrix elements are independent: S7, = S%, + S2, + S3,. If the
incident wave is completely polarized and parallel to the scattering plane, the scat-
tered wave will also be completely parallel to the scattering plane. This is the same
for a completely polarized plane wave perpendicular to the scattering plane. For any
other orientation of the completely polarized incident wave, the scattered radiation will
be elliptically polarized. Mie scattering strongly depends on inclination and forward
scattering is dominantly preferred (Latimer et al. 1978). For a high refractive index,
scattering is enhanced in all direction. In Fig. 4.5, the differential cross section is shown
as a function of scattering angle ). Mie theory provides a first-order description of
scattering due to non-spherical particles such as dust in the interstellar medium. Dust
represents around 1% of the total ISM mass (Zasov & Postnov 2006), and has a huge

impact on observations, especially in UV and optical bands. Mie scattering on dust
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absorbs a large fraction of the incident radiation, which heats dust grains. Dust grains

reradiate energy in IR in a form of unpolarized emission.

4.5.4 Compton scattering

Compton scattering is inelastic scattering of high energy photon by an electron. Part of
the photon energy and impulse is transfered to the electron depending on the scattering
angle. The energy of the scattered photon E is depending only on the incident energy

E., and the scattering angle as:

El
e = P(E,, ), (4.63)
£, E, !

1+ (1 —cos?)

MeC2

where P(E,,1) is photon ratio before and after the collision. The explicit form of
Mueller matrix for Compton scattering has been obtained by Wightman (1948) and
Fano (1949). Full derivation requires the application of quantum electrodynamic. The

relation between the incident and the scatter photon is:

]/
Q' 1 e ?
U’ 2 (47reomecz) .
V/
1+ cos? 9 + (k — k') (1 — cos?) sin? ¢
.2 2
" sin” 1 1 + cos® ¥ (4.64)
0 0
(1—cos®?)(kcosd +K)-S (1—cos?)k xi-KxS
0 (1 —cosd)(kcost +K)-S I
0 (1—cos?)kK' x1i-k xS Q
2cosv (1 —cos)k x 1 - S Ul’
(1—cos)k x &-S 2cos? + (k— k') (1 —cosd) cost | \V

where 1 and n’ are the directions of the incident and scattered photon, k and K’ are
momenta of the incident and scattered photon expressed in units of mec, S is the
initial spin of the electron. The non-diagonal elements in the lower and right edge of
the matrix represent the effects of elliptical or circular polarization. Those elements
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average out when radiation is being scattered by electrons of different spin orientation.
In that case, no elliptical polarization arises unless the incident radiation is elliptically
polarized. The differential cross-section for unpolarized incident radiation is:

doc _1( & 2P(E 9)? [P(E,, 0) + P(Ey,0) " +cos?d — 1], (4.65)

dQ 2 \4megmec? 7 v v 7 '
which is known as the Klein & Nishina (1929) formula. The cross-section integrated
over solid angle tends to the Thomson scattering cross-section for photon energies much
smaller than the electron rest mass energy. For higher energies, when E./m.c* > 1,

we have:

30'T
oc X T L o7, (466)

where = E, /mec*. High energy photons may pass without interaction, and if scat-

tered, on-axis direction is strongly preferred.
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Chapter 5
Radiative transfer

Transport of radiation through the surrounding media is one of the most fundamental
process in the universe. Before reaching the observer, photons coming from the radia-
tion source interact with matter (atoms, ions, molecules and electrons). The observed
spectral energy distribution is determined by the physical properties of the media and
it can give us information on the source as well as insights on the physical processes
that are present between the source and the observer. Properties of radiation depend
on the propagating media, but simultaneously, the same media is affected by radiation.
The observed spectrum is finally the product of interaction between the radiation and
the media with the contribution of other physical phenomena e.g. presence of magnetic
fields, rotation, turbulence.

The radiation field is in general case described by the specific intensity /(r, 1, v, t)

defined as
dE,

~ dacosVdydQdt’

which describes the amount of energy dE, flowing through an area da located at r per

I(F,6,0,1) (5.1)

unit frequency dv per unit time dt per unit solid angle df2 around the direction n that
forms an angle ¥ with the normal surface (Mihalas 1978). The typical convention for
indicating specific intensity per unit frequency or unit wavelength uses subscript I, or
I, respectively. We adopt the per unit frequency convention. In its general form, the
continuum radiation transfer equation (RTE) can be written as:

1
(—% 41 - v) L,(r, 0, t) = —k, (F,0, ¢) p(F) L, (F, 1, t) + j, (T, 1, 1), (5.2)
C
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where k, (T, 1, t) is an absorption coefficient per unit mass, p(r) is the mass density, and
J» (¥, 1, t) is the mass emission coefficient. The left-hand side of this equation represents
the change of intensity along the path determined by the position r and the propagation
direction n. The first term on the right-hand side represents the loss of energy due to
radiation interaction with matter. The second term on the right-hand side represents
the possible existence of an additional radiation source at r radiating in direction ni. In
a stationary case, the time derivative vanishes, and if we use the path distance s along

the direction defined by n and a position r, we obtain:

dl,(s)
ds

= —ru(8)p(5) L, () + ju (5). (5.3)

If the source term j does not depend on I, we have a simple first-order differential
equation which can be solved by integrating along the line of sight, obtaining the formal
solution (Steinacker et al. 2013):

IS:/ ju(s’)e_“(s/’s)dsl, (5.4)

o

where the optical depth 7, between two points is defined as:

52
T,(81,82) = / Ky(s)p(s)ds (5.5)
S1
The intensity at any position s along the path results from the contribution of all interior
points s’ along the path, but accounting for extinction from the encountered matter.
The emission coefficient includes every process than can add up to the radiation field
e.g. stellar emission, AGN radiation, Brehmsstrahlung, etc. Absorption is a process in
which the incoming radiation is being converted into internal energy. When scattering
is taken into account, the complexity of the RTE is increased. Scattering, together
with absorption removes radiation from the beam and emits it in another direction.
Scattering is characterized by the scattering phase function @, (1, i’, ¥'), which describes
the probability of the incident photon propagating in the direction n’ will be scattered
at the position r with a new direction n. The phase function is normalized via solid

angle in a way that

/@V(ﬁ,ﬁ’,f)dw:/ ®, (i, i/, F) dQ = 1. (5.6)
4

47
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This is true only in the case of elastic scattering; otherwise, as e.g.in the case of
Compton scattering, there is a frequency shift that is not captured in equation 5.6.
With scattering included, the RTE becomes:

dl,(r,n et o e o
TR e (PO )+ 5 51
(5.7)
+/{V75C3(F)p(1?)/ ¢, (n, 0, 7)), (F,n)d,
4

where the extinction coefficient is separated into absorption and scattering ke =
Kyabs +Kysca- The RTE is an integro-differential equation in which radiation at different
locations is coupled with radiation at all directions.

A complete description of the radiation field is obtained when polarization is also
taken into account. Applying the same formalism for the Stokes column vector S, we
obtain the polarized RTE

ds, (¥, i)

ds = — Ryext (F)p(F)SV(Fv ﬁ) + jl/(f:: ﬁ)

5.8
+ Kusea(T)p(F) [ M, (0,1, 7)S, (r, 1) d?, o
Ar
which is a set of four coupled scalar equations. Intensity is substituted by the Stokes
column vector and the phase function is substituted by the Mueller matrix M. The
emission coefficient 7, now accounts for the contribution of polarized radiation.

The complexity of RTE is further increased when line transitions are included,
which requires accounting for absorption, spontaneous and stimulated emission. When
dust emission is taken into account, additional source term will be present, which often
depends in a nonlinear way on the intensity of radiation itself. A widely used assumption
is that the dust grains are in thermal equilibrium with the local interstellar radiation
field.

In general, no analytic solution exists for stationary 3D polarized RTEs. A common
approach is to apply numerical methods via discretization of the physical processes.
This includes 3 spatial coordinates, 2 coordinates representing the direction and 1
wavelength coordinate, resulting in a 6D integro-differential equation. In a stationary
case, the radiation field needs to be determined in all directions, at any spatial location,
and for each wavelength. The radiative transfer problem is nonlocal in space, direction
of propagation and wavelength. The thermal source term is nonlinearly coupled to a
scattering integral, making it difficult to solve such high-dimensional nonlinear, nonlocal
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problem. Therefore, a 3D line and dust radiative transfer is one of the major challenges
in computational astrophysics requiring high computing power and memory at disposal.

Various methods with different approach for solving RTE have been widely studied.
Some use purely discretization approach which transforms the RTE into a system of
algebraic equations that can be solved numerically (Feautrier 1964); iterative procedures
such as A-iteration (e.g. Atanackovié-Vukmanovié¢ et al. 1997); ray tracing methods
(e.g. Natale et al. 2014) and Monte Carlo (MC) methods (Steinacker et al. 2013, and

references therein).

5.1 Monte Carlo radiative transfer

Monte Carlo method was invented in the 1940s by Stanislaw Ulam and John von
Neumann for studying neutron transport (Whitney 2011). It is a probabilistic method
which simulate the propagation of individual photon packets through a given medium.
Photons interact with matter in a probabilistic way such that every interaction
(e.g. scattering, absorption) is defined by its own cross section. The fundamental prin-
ciple of Monte Carlo methods is sampling from probability density functions (PDFs).
In order to sample a quantity xy from a given PDF f, it is necessary to invert the

cumulative distribution function (CDF) F. In the one-dimensional case, we have:

B /:if(ac)dzv
- /_(:f(x)da:’

where F'(x) ranges between 0 to 1 uniformly. In order to sample a random variable z,

F(x) (5.9)

it is enough to uniformly sample random numbers from 0 to 1, and invert the previous
equation in order to obtain xg.

If we consider the interaction of an incident beam of light with a homogeneous
distribution of scatterers and absorbers where no sources of radiation are present, and

if we ignore scattering back to the beam, we obtain the simplified RTE:

dI,
ds

= —kypl,. (5.10)
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This can be solved analytically, obtaining a well known law of light attenuation for a
given optical depth:
I, = L(0)e "™P5 = 1,(0)e 7, (5.11)

where 1,(0) is the intensity of incident light before interaction. The fraction of pho-
ton scattered or absorbed per unit length is x,p, which is called volume absorption
coefficient. It is related to concentration and cross section as k,p = o,n. The volume
absorption coefficient is related to mean free path as s, = 1/k,p, which is the average
photon travel distance between two interactions. The probability of a photon traveling

a distance L with no interaction with matter is
P(L)y=¢"T. (5.12)

Large optical depths yield low photon mean free paths and many interactions. On the
contrary, for low optical depths, radiation can pass through matter almost without in-
teraction. After the photon has traveled some distance, it can be scattered or absorbed.
The probability that the photon will be scattered is defined by the albedo:

NsOy s

a, = E—— (5.13)
where ng and n, are the concentration of scatterers and absorbers respectively, and o, 4
and o, , are the cross-sections for scattering and absorption respectively. A photon can
be absorbed in different ways (line or continuum absorption, resonant scattering, etc.)
and re-emitted at another frequency and direction, or it can be thermalized. When
a photon is scattered, its direction and frequency are determined by the scattering
function ®, for a given type of scattering.

For simulating photon interactions, we rely on random number generators for sam-
pling optical depths and scattering angles. For high numbers of photons, e.g. 10% per
wavelength bin, the generation of such long series may show periodicities. Algorithms
that pass tests for randomness and with high periodicity such as Mersenne Twister are
commonly invoked (Matsumoto & Nishimura 1998). The photon number in each direc-
tion bin obeys Poisson statistics. The standard deviation in Monte Carlo simulations
is proportional to the square root of the number of samples (Gordon et al. 2001). The
errors are minimized when PDFs are sampled exactly. Naive Monte Carlo methods are
inefficient in general when dealing with optically thin or optically very thick regions.

For that purpose, many accelerating methods have been developed such as e.g. biased
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emission (biased sampling in the desired direction) and forced scattering (photon prop-
agation length is sampled to guarantee scattering), and many others (Steinacker et al.
2013).

Monte Carlo methods for dealing with radiative transfer are commonly used. Math-
ematical details and practical implementations of Monte Carlo radiative transfer have
been widely discussed in literature (Baes et al. 2011, and references therein). A list
of published 3D radiative transfer codes with their main application can be found in
Steinacker et al. (2013). The most widely used codes for studying AGNs are STOKES
(Goosmann & Gaskell 2007) and SKIRT (Camps & Baes 2015; Baes & Camps 2015). The
performance of various codes with their benchmarks is discussed in details by Camps
et al. (2015); Gordon et al. (2017). The lack of agreement between the codes for the
scattered radiation at high optical depths suggests that one should be cautious when
interpreting those results. Overall conclusion is that scattering at high optical depth is

still a challenging task in computational astrophysics.

5.2 STOKES code

STOKES is a C-++ radiative transfer code originally developed by René W. Goosmann
(2007) for studying scattering induced optical polarization in AGNs. The code uses the
basic Monte Carlo method and follows the photon journey from the creation inside an
emitting region, through multiple scattering events, until they are either absorbed or
they reach a distant observer (Fig.5.1).

Photons are generated inside the emitting regions of various geometries: point
source, slab, cylinder, sphere and double-cone. The continuum radiation is defined by
a power-law in the form F, oc v~. Spectral lines have Lorentz profiles where intensity
is normalized as a fraction of total continuum radiation and line width is user-defined.
Stokes parameter of emitted photons are always set to represent completely unpolarized
light. The code operates in the UV /optical 1400-10 000 A waveband and in X-rays in
the range 0.8-300 keV.

Scattering and absorption can occur in a finite pre-defined regions of different mor-
phologies: toroidal, spherical and biconical. Scattering regions are filled either with
dust or free electrons with a user-defined concentration. Dust is assumed to be of
spherical shape with size distribution following a power-law such that it reproduces the

extinction curves observed in our Galaxy (Mathis et al. 1977). Scattering and extinction
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cross-sections are computed with the procedure given by Bohren & Huffman (1983) for
Mie theory. The prescription for graphite and silicate dust grains were adopted from
Draine & Lee (1984).

In the following, we describe the journey of one photon from its creation. For a
given source region of constant density, a random position of a newly created photon
is sampled. By inverting Eq.5.9 for isotropic emission, the propagation direction is
determined using random numbers ¢ in the range [0,1]. The sampling equations for

polar angles ¥ and ¢ are:

¥ = arccos(1 — 2&;), (5.14)
¢ = 2m&s. (5.15)

The photon wavelength is sampled over the interval [Apin,Amax] from the power-law

spectrum:
1
[)\?nin + 53 ()‘%ax - A%in)]a ; fora ?’é 17
- i | & (5.16)
Amin (ﬁ) , forae = 1.

If there are no scattering regions on the photons trajectory, the photon is registered by
a virtual detector in that direction. If there is a scattering region (SR) along the photon
path, the photon is placed inside the SR at the point where the path of the photon
intersects with the boundary surface of the SR. Inside the SR, a routine checks whether
the photon is scattered or absorbed. This routine generates a random number from
the interval [0, 1]. If this number is less than the calculated albedo (equation 5.13), the
photon is scattered, otherwise, the photon is absorbed. If absorbed, a new photon is
generated, and the procedure so far is repeated. If scattered, the photon path length

inside a SR is sampled from the equation:

1

nog

[ = In(1 —&). (5.17)
If the photon path is larger than the size of the region in that direction, the photon
leaves that SR and if there is no other SR along the way the photon is registered. The
whole procedure is repeated until the photon is registered or is absorbed. The program
ends when the desired number of photons have been registered. The polarization state
of each photon is described by the Stokes column vector in the co-moving reference

frame of the photon. In order to determine the Stokes parameters after a scattering,
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Figure 5.1: An emitted photon working its way through an arbitrary spherical scattering
region. Credits: Goosmann & Gaskell (2007).

the co-moving coordinate system needs to be rotated by an azimuthal angle ¢ in order
for the E-field to lie in the scattering plane. The second rotation is in the scattering
plane for the scattering angle ©. The change of the Stokes parameters is obtain applying

the scattering Mueller matrix:
S"= M(O©)R(¢)S, (5.18)
where R(¢) is the Mueller matrix for rotation:

0 0
cos2¢ sin2¢
—sin2¢ cos2¢
0 0

R(6) = (5.19)

o O O =
_ o O O
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The wavelength shift due to the scatterer velocity is properly included, giving STOKES
the edge over the other Monte Carlo codes. The 3D velocity components are defined in
cylindrical or spherical coordinates in a user-defined way. STOKES follows the recom-
mendation of the International Astronomical Union ' (IAU 1974) for which ¢ increases
counter-clockwise when looking at the source. A flowchart diagram of STOKES is shown
in Fig.5.2.

Many upgraded features were included in the recent versions of the code. STOKES
is also capable of running in imaging mode which allows for generating polarization
maps (Marin et al. 2012, 2015). Photons have their spatial coordinates registered along
with their polarization state, which allow us to produce the image of the system when
projected onto the observer’s plane of the sky. Another possibility with STOKES is to
explore the time domain. The code computes the length of the photons path between
each scattering event and those photons registered without interaction will have a zero
time delay. This offers a unique way to model polarized reverberation mapping (Rojas
Lobos et al. 2018). The most recent improvement of the code can account for the
dilution by interstellar polarization and starlight emission of the host galaxy (Marin
2018b).

The fifteen years of the STOKES code have seen large improvements in our under-
standing of AGN polarization. Up to date, there have been around 55 publications?
that have used STOKES code. In this work, we used a publicly available version STOKES

1.2 as well as an intermediate version STOKES 2.04.

IThis convention has been enforced by the TAU with a Resolution by Commissions 25 and 40
at the TAU XVth General Assembly in Sydney in 1973. https://iau.org/static/archives/
announcements/pdf/ann16004a.pdf

Zhttp://astro.u-strasbg.fr/ marin/STOKES _web/html/scientific_results.html
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Figure 5.2: A flowchart of STOKES execution. Credits: www.stokes-program.info.



Chapter 6

Models and observations

6.1 Setup

So far, we have introduced the necessary apparatus for modeling equatorial scattering
and to test the AP15 method theoretically using the 3D Monte-Carlo radiative transfer
code STOKES. In our model, a point-like continuum source is situated in the center,
emitting isotropic unpolarized radiation for which the flux is given by a power-law
spectrum Fo o v~ with a = 2. This value correspond to the flat spectrum of constant
intensity when frequency is substituted with wavelength in order to work with F).
The chosen value for the spectal index o = 2 will not affect our research since we are
investigating only a narrow spectral range around an Ha spectral line. Setting different
value of o will result in a low change of the continuum between the left and the right
wing of the line, which can be neglected.

The continuum source is surrounded by a BLR, and farther out by a SR. The BLR
and the SR are modeled using flared-disk geometry with half-opening angle from the
equatorial plane of 15° (covering factor ~ 0.25) for the BLR and 35° for the SR. High
covering factor for the SR is necessary in order to obtain the observed profile of the (.
Low covering factor of the SR gives very small amplitude in the ¢ profile. For the BLR
inner radius REM?. we adopted the value obtained by reverberation mapping (Kaspi
et al. 2005; Bentz et al. 2006, 2013). The BLR outer radius was set by dust sublimation
(predicted by Netzer & Laor 1993):

RO = 0.2L03 46 (6.1)

out
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where Lol 46 1 bolometric luminosity given in 10%° ergs s*. Bolometric luminosity is

approximated from optical nuclear luminosity (Runnoe et al. 2012):
IOg Liso =4.89+ 0.91 IOg L5100, (62)

where log L5199 is the optical nuclear luminosity. After correcting for average viewing
angle (cosi = 0.75), we obtain:
Lyor = 0.75 L, (6.3)

In our model, the BLR is transparent to photons i.e., photons can freely travel from
the inner side to the outer side of the BLR. This is in a good agreement if one perceives
BLR as a clumpy medium with small filling factor. For the flattened BLR (Gaskell
2009):

UKepler > Vturb z Vinflow (64)

where vkepler s Keplerian velocity, vy, is the turbulence velocity and vipgow is the inflow
velocity.

In our model, SR is a radially (but not optically) thin region as we assume that the
light is being scattered dominantly due to free electrons (Thomson scattering) in the
innermost part of the torus. Assuming Thomson scattering only without dust scattering
greatly simplifies the model setup. We assume that the electron density is decreasing
radially outwards in the form of the power law n, oc 7=! (Smith et al. 2005). The SR
inner radius SR is found from the IR reverberation mapping (Kishimoto et al. 2011;
Koshida et al. 2014). The SR outer radius RS} was chosen such that BLR angular
diameter when viewed from the edge of the SR is 25°. This way the change in ¢ across
the line profile will be significant. Investigation by Marin et al. (2012) for the SR with
the flared-disk geometry have shown that optically thin SR (7 < 0.1) cannot produce
sufficient polarization for type-1 viewing angles. On the contrary, for optical depths
7 > 3, multiple scattering can occur, resulting in depolarization. For this reason, we
chose to set the total optical depth in radial direction to be 7 = 1. An illustration of

the model is shown in Fig.6.1.

6.2 Generic models

We generated four probe models for which the central SMBH has mass of 10°, 107,
10% and 10° M. We expect that the BLR distance from the center increases when the
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Figure 6.1: Cartoon showing the model geometry of the BLR (yellow) and the scattering
disk (grey) in the face-on (left) and edge-on (right) view. The BLR and the SR
half-opening angle is 15° and 35° respectively. Credits: Savic et al. (2018).

mass of the central SMBH increases, since the mass of the SMBH scales very well with
the luminosity of the AGN (Laor 2000; Gu et al. 2001). In order to determine the size
and the position of the BLR as well as the SR for our probe models, we compiled 14
AGNs for which BH masses and inner radii of the BLR and the SR are known from
reverberation mapping (listed in Table 6.1). We fitted My, — radius relation with a
power law in the form:

log My, = Cilog R + Oy, (6.5)

where R takes the values for RBM RBLR and RSR. In Fig. 6.2, we show mass-radius
relationship with 1o uncertainty. Fit constants are listed in the Table 6.2. We represent

the goodness of fit using the adjusted coefficient of determination R? given by Devore

(2011):
o [, 1= w—f)) n-—1
R =1 (1 — i(yi—y)2>n—/€—17 (6.6)

where y; are observed values, y is the mean observed value, f; are predicted values,

n is the number of observations and k is the number of independent variables in the
equation of regression. This way we obtained a rough estimate of the BLR and the SR
sizes for our model setup. The BLR and the SR size now depends only on the mass of

the SMBH, which reduces the space of free parameters.
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Table 6.1: List of objects with known log My, Lsigo, RiB;LR and RiSnR that we used for
models. Mass was estimated from reverberation mapping using the Hf line and
for < f >= 4.3 (Grier et al. 2013). Radii are given in light days. Optical
luminosities are taken from (1) Bentz et al. (2013), (2) Peterson et al. (2013).
The estimates for RBMR are taken from (3) Zu et al. (2011), (4) Grier et al.
(2012), (5) Grier et al. (2013), (6) Kaspi et al. (2000), The estimates for RSR are
taken from (7) Koshida et al. (2014), (8) Kishimoto et al. (2011).

Object z log My, logLsip0  Ref. RBLR Ref. RSR Ref.
Mg erg/s 1d 1d
Mrk335 0.025 7.23 43.71+0.06 1 14.10£1.20 3,4 1417 7
Mrk590 0.026 7.56 43.42+0.07 1 25.50 4+ 6.00 3 347 7
Ark120 0.032 8.06 43.78 £ 0.07 1 32.70 £+ 3.00 3 4288 7,8
Mrk79 0.022 7.61 43.61+0.04 1 29.30 £+ 14.30 3 69.5 7
PGO0844+349 0.064 7.85 44.244+0.04 6 12.20 £+ 5.20 3 1043 7
Mrk110 0.035 7.29 43.60 +£0.04 1 26.90 4+ 7.00 3 1043 7
NGC 3227 0.003 6.77 4224+ 0.11 1 4.40 £0.40 3 250 7,8
NGC 3516 0.008 7.39 42.73+0.21 1 14.60 + 1.30 3 612 7
NGC4051 0.002 6.12 41.96 +0.20 1 2.50 £ 0.20 3 380 7,8
NGC4151 0.003 7.55 42.09+0.22 1 6.00 £ 0.40 3 440 7,8
3C 273 0.158 8.83 45.90+0.02 1 306.8 +90.9 3 963 8
NGC 4593 0.009 6.88 4287+0.18 1 4.50 £ 0.65 3 43.0 7
NGC 5548 0.017 7.71 43.23+0.10 1,2 17.60£886 3,5 60.0 7
Mrk&817 0.031 7.58 43.68 +£0.056 1 21.20 +£ 14.70 3 180.0 7
PG1613+658 0.129 8.33 4471 +0.03 1 35.00+15.10 3,6 595.0 7
PG1700+518 0.292 8.78 45.53+0.01 1  251.80£42.35 3,6 687.0 7
Table 6.2: The constants C7 and Cs for the mass-radius relation (eq. 6.5, second and third

column). Adjusted coefficient of determination R? (the last column) for the per-
formed fit.

R 4 Cy R?

RBLR 06824 0.096 —3.890 +0.723 0.7915
RBLR (05644 0.108 —2.74340.812 0.6690

out
RSR 0566 4 0.127 —2.248 +0.958  0.5899
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Figure 6.2: Mass - radius relation, for REMR (left panel), RELF (middle panel) and RPR (right
panel). Data taken from literature (see Table 6.1) are denoted as triangles, while
solid lines represent the best fit. Dashed lines mark the 1o uncertainty. Credits:

Savi¢ et al. (2018).

Table 6.3: Central SMBH masses, inner and outer radius of the BLR and inner radius of the
SR that we used in our model. Radii are given in light days.

Mass ~RBMR RBIR  RSR RSR

out out

Mg 1d 1d 1d 1d

10° 1.597 4385  13.968  20.262
107 7.681 16.076 ~ 51.372  74.277
108 36.944 58934 188.939 272.288
10°  177.700 216.043 694.893 998.170

With known fit constants, we generated values for the RELR RBLR = RSR and RSR for
the set of four different SMBHs (see Table 6.3). Our approach is the following. For
each model with known input mass of the SMBH, we solve 3D radiative transfer using
STOKES. We apply the AP15 method to the simulated results, and finally, we compare

the value of the obtained SMBH mass with the value of input SMBH mass.
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6.3 Equatorial scattering and SMBBHs

Finding observational evidences of binary SMBHs is a difficult task. First of all, it is
hard to spatially resolve at pc-scale the central part of the nearest galaxies with existing
telescopes, therefore one has to find other methods to search for sub-pc SMBBHs. The
first discovery of GWs with frequency ~10%2Hz coming from stellar-mass binary BHs
(Abbott et al. 2016) is a major confirmation of general relativity. The GW frequency
for SMBBHs with mass range from 10°-10° M, falls in the range from nanohertz to
milihertz band and so far, none have been detected. In this frequency regime, pulsar
timing arrays (PTAs, Shannon et al. 2015) can be used for detecting GW by monitoring
pulses from millisecond pulsars, however we are still waiting for the detection of such
signatures that should be numerous. The occurrence of long-lived SMBBHs signals
appears to be too rare. The emission of broad, double-peaked Balmer emission lines
observed in the spectra of several active galactic nuclei (AGN) may (not) be associated
with binary systems (Eracleous & Halpern 2003; Eracleous et al. 2009). During the
merging effect of two galaxies, in a sub-pc phase of SMBBH system, there is enough
gas which may produce an activity similar to the one observed in AGNs (Popovié¢ 2012).
Since AGNs have some comparable and well-known spectroscopic characteristics, one
of the promising methods of the SMBBH detection is broadband spectroscopy, i.e.
observations in a wide wavelength band including the emission lines (see Popovi¢ 2012,
for review) can give some indications for SMBBH presence in the center of some active
galaxies (see e.g. Bon et al. 2012; Graham et al. 2015; Li et al. 2016; Du et al. 2018;
Kovacevi¢ et al. 2018, 2019).

A significant fraction of AGNs show broad-line profiles that cannot be explained
by this axisymmetric BLR model (see, e.g., Capriotti et al. 1979; Meyers & Peterson
1985; Netzer 1990; Gaskell & Klimek 2003; Shapovalova et al. 2016, etc.). They show
strong asymmetric displaced BLR peaks with the broad peak redshifted or blueshifted
by thousands of kms™. According to Boroson & Lauer (2009) those signatures could be
due to a binary SMBH system, resembling a spectroscopic binary. As it was discussed
by Popovié¢ (2012), the broad line profiles and their variability may indicate the SMBBH
presence, however an additional evidence is needed to check it, as e.g. y-ray and X-ray
emission or polarization in the broad emission lines.

To test this hypothesis polarimetry is a natural tool since the geometry of the emit-
ting and scattering system is expected to produce polarimetric features that are easily
distinguishable from model to model (Goosmann & Gaskell 2007; Marin et al. 2012;
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Goosmann et al. 2014; Marin et al. 2015). A single SMBH surrounded by coplanar
cylindrically-shaped scattering regions produces very low amounts of polarization when
seen from a close to pole-on inclination (Marin et al. 2012). The polarization in the line
shares similar values as the continuum and shows characteristic, wavelength-dependent
variations across the line profile (Smith et al. 2002; Afanasiev et al. 2014). The polariza-
tion angle across the line profile for a single SMBH can indicate Keplerian-like motion,
and consequently can be used for the black hole mass measurements (AP15 Afanasiev
& Popovié 2015; Savié et al. 2018). The case of extremely asymmetric Balmer lines with
large redshifted or blueshifted peaks could not be tested since the spectropolarimetric
signal for binary SMBHs, each surrounded by its own BLR, is not known.

There is a number of publications which consider the broad line shapes of AGNs in
the case of sub-pc SMBBHSs (see e.g. Gaskell 1983; Popovic et al. 2000; Shen & Loeb
2010; Eracleous et al. 2012; Simi¢ & Popovi¢ 2016; Nguyen & Bogdanovi¢ 2016, etc.),
while the polarization effects in the line profiles was never considered in details. Excep-
tion is the observations (Robinson et al. 2010) and theoretical consideration (Piotrovich
et al. 2017) of the shift of polarized broad lines for a kicked supermassive black hole.
Robinson et al. (2010) gave an observational evidence that quasar E18214+643" may be
an example of gravitational recoil, i.e. they found that broad Balmer lines indicate the
kick off velocity of 2100 kms™! in polarized light. Piotrovich et al. (2017) also consid-
ered recoiling black hole, taking that the kick radius is similar to the BLR dimension
and found that polarization data in this case can give an estimation of the kick off
velocity.

We present here for the first time the polarization parameters across the broad lines
in the case of an emission by a sub-pc scale SMBBH system. By doing so, we aim
to predict what should be the observational signature from those yet-to-be-confirmed
sources and whether the AP15 method can be applied in this case. We consider a model
of sub-pc SMBBHs, where each of the BH components has its own accretion disk and
BLR. Again, we consider equatorial scattering of such complex system on the inner

part of the torus, and we model the Stokes parameters.

!The quasar has highly shifted Balmer lines around 1000 kms~! and a red asymmetry (Shapovalova
et al. 2016)
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6.3.1 SMBBH geometry and kinematics

We model SMBBH system as two black holes orbiting around the common center of
mass due to gravity. This is a well known problem for which it was shown that it is
equivalent to the problem of a single body with reduced mass p moving in an exter-
nal gravitational field (Landau & Lifshitz 1969; Postnov & Yungelson 2014) which is

determined by the total mass of the system:
M = M, + Mo, (6.7)

where M is the total mass, and M; and My are masses of each component. The

reduced mass p is

MM,
M

In general, the body 1 moves in elliptical trajectory with semi-major axis a and eccen-

. (6.8)

tricity e. The relationship between the orbital period P, orbital frequency €2, M and a
is given by the Kepler’s third law:

o [oM 69)

Q
P a3

This relation is valid for any eccentricity e. Each component is moving around the
center of mass in elliptical orbit with the same eccentricity e. Both ellipses lie in the
same plane and have one common focus. The semi-major axes are inversely proportional

to the masses:

aq MQ
—=— 6.10
o M, (6.10)
and they satisfy the equation:
a=ay + as. (6.11)

Our goal is to create a simple, yet comprehensive model, without introducing hydro-
dynamic simulations or the numerical N-body problem. A second model, based on
hydrodynamic simulations involving spiral arms is also investigated. In this work, we
are considering the case with e = 0, i.e. orbits are circular. and with both black holes
having the same mass M; = My =5 x 107 My, i.e. the mass ratio ¢ = My/M; = 1.
We note that in that the usage of a is in the context of semi-major axis, and not the
one used in the equation 3.4, which is related with the SMBH mass estimation using
the AP15 method.
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We have made two assumptions in our model: one is that both SMBHs have accre-
tion disks and the corresponding BLRs and the second is that both the accretion disks
and the scattering region are coplanar. We expect to have near coplanar accretion disks
and scattering region (torus) because of following reason: In gas rich mergers, where
the evolution of the SMBBHSs is driven by interaction with the surrounding gas, the ac-
cretion onto the black holes leads to the alignment of black holes spin with the angular
momentum of the binary (Bogdanovié¢ et al. 2007; Dotti et al. 2009) which effectively
lowers the kick velocity (Dotti et al. 2010). The timescale of the angular momentum
aligning with the individual spin of each component is few hundreds of times shorter
than the timescale for which the angular momentum of the binary aligns with the an-
gular momentum of the inspiraling circumbinary gas, unless the mass ratio is extreme
(Miller & Krolik 2013). In case that the accretion occurs in the opposite direction of the
binary rotation, there will be a misalignment of various axes on a timescale of the order
of a fraction of the whole binary evolution time. As was mentioned above, each black
hole has an accretion disc surrounding it, from which the isotropic continuum radiation
is emitted. We used point source approximation for disc emission with emissivity given
by a power law: Fo o v~% where « is spectral index equal to 2. Both black holes are
surrounded by the BLR. Depending on the distance between the black holes, we treated
four different SMBBH cases: distant, contact, mixed and spiral. We modeled BLR
with flared-disk geometry (Goosmann & Gaskell 2007) with half-opening angle of 25°
and a volume filling factor 0.25, which yields an effective covering factor of the order
of 0.1 (Netzer 2013). The size of the BLRs were set to few light days with BLR inner
radius REI® = 3 and BLR outer radius RBMR = 12 light days. These values for BLR
inner and outer radius were chosen to reproduce typical BLR velocity values of few
thousands kms™! (Peterson et al. 2004; Kaspi et al. 2005). This was done for all cases
except for the spiral one. Model geometry and kinematics is shown for each model in
Fig.6.3.

Distant

Both BLRs are distinctive and each black hole affects only the dynamics of the BLR it
is surrounded with. Each BLR cloud has two velocity components: Keplerian motion
around the black hole plus additional motion due to the binaries orbiting each other
(see Fig.6.3, top panel). Black holes are at the orbital distance a = 47.6 light days
which corresponds to the orbital period of approximately 75years. Additionally, we
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Figure 6.3: Geometry and kinematics of the SMBBH for each model. From top to bottom:
Distant, Contact, Mixed and Spiral. Left panels denote velocity field. Black
arrows show the non-perturbed velocity field, while red ones are for clumps with
additional random component of the velocity. Right panels denote the position
of each BLR cloud. Credits: Savi¢ et al. (2019).

simulated two models with mass ratio ¢ = 0.5 and ¢ = 0.1 for this case. Assuming
that photoionization and recombination following radiative de-excitation is the main
mechanism for the emission of broad Balmer lines, the BLR size scales with luminosity
in the form of Rprr oc L%° (Kaspi et al. 2005). We used mass luminosity relation
My o< L%7 (Woo & Urry 2002) in order to obtain the BLR size depending solely on

mass of each component. An illustration for these two cases is shown in Fig. 6.4.

Contact

Black holes are separated by a = 16.7 light days with orbital period of 15.5 years, which
allows for certain parts of the BLRs to overlap (Fig. 6.3, middle panel). In this regime,

the BLR kinematics is similar as in the previous model, except for the overlapping part
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Figure 6.4: Distant model with mass ratio ¢ = 0.5 (left panel) and with ¢ = 0.1 (right
panel). Black x shows the center of mass, while the blue + symbol marks the
Lagrangian point L1. Grey arrows denote the velocity of each BLR clump. Color
bar is denoting the vertical offset from the zy plane. Credits: Savi¢ et al. (2019).

where we assigned chaotic component to the velocity for each clump due to chocks,

stirring and inelastic collisions.

Mixed

For this model, black holes are much closer to each other, at the orbital separation of 3
light days and with orbital period of 1.2 years. On Fig. 6.3, third panel, clumps denoted
in red are the ones with additional chaotic component, while for the rest we calculated
velocity as if in the center was a single SMBH with mass equal to the sum of binary

components.

Spiral

Hydrodynamic simulations involving subparsec SMBBHs have shown that black holes
are surrounded by a common circumbinary (CB) disc. Accreting gas around the binaries
forms a low density cavity inside the CB disc (MacFadyen & Milosavljevi¢ 2008; Cuadra
et al. 2009). It was found that the accretion streams are in the form of spiral arms
with higher density that is connecting mini accretion disk of each black hole with the
surrounding CB disk (Noble et al. 2012; Shi & Krolik 2015). In this scenario, the cavity
is of the order of a, and the CB disk extends from 1.5a to 3a. Following the similar
setup as Smailagi¢ & Bon (2015), we built a SMBBH model with spiral arms and the
surrounding CB disk in order to investigate the polarization signatures coming from
the SMBBH. We keep the same mass of each component to be 5 x 107 M, with the
orbital separation the same as in the case for contact model a = 16.7 light days. We

approximated spiral arms with logarithmic spirals with boundaries in polar coordinates
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given as:
a

R1—2

where b and B are parameters describing the wrapping of the spirals. We chose wrapping

" < R(¢) < Ry = %e'%, (6.12)

parameters to be B = 0.55 and b = 0.45. This set of parameters for b and B were
chosen in order to have two distinct spirals with single winding and to avoid mixture
or interaction of the spirals. We chose the half-opening angle for the spirals and the
CB disk to be 20°. An illustration of the model is shown at Fig.6.3 (bottom panel).
For kinematics of the spirals, we used the rotation of absolute rigid body, i.e. the spirals
are stationary in the rotating reference frame of the SMBBH. The CB is under the
Keplerian motion around the common center of mass. The system is again surrounded
by the same scattering region as in previous models, with the same radial optical depth
in the equatorial plane. The BLR is represented by thousands of clumps. The volume
filling factor of the BLR is 0.25, as constrained from simulations and observations
(Marin et al. 2015). Total number of clumps per model as well as the other parameters
used in the model are listed in Table 6.4

The scattering region

Similarly as in the case for a single SMBH, we model the SR with a flared-disk geometry
with inner and outer radius of 0.1 and 0.5 parsec. These values are fixed for all BLR
configurations. The half-opening angle is 30° with respect to the equatorial plane.
Electron concentration is chosen in such a way that the total radial optical depth in the
equatorial plane for Thomson scattering is 3, which is more than enough to produce
the typical degree of polarization that is found in type-1 objects (Marin et al. 2012).
We stress out that the values of the inner and the outer radius of the SR as well as the
optical depth for SMBBH models were chosen by trial and error in order to maximize
the polarization signal for better qualitative analysis. Radial optical depth higher than
this value would cause depolarization due to multiple scattering. An illustration of the
scattering region surrounding the central engine is illustrated on Fig. 6.5.

For solving the radiative transfer for SMBBH models, we used the intermediate 2.04
version of the code, which is not yet publicly available. This version of the code allows

to define multiple emitting regions with arbitrary coordinates, unlike the version 1.2.
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Figure 6.5: Cartoon illustrating equatorial scattering region. Left figure shows the face-on
view, while on the right the same geometry is shown when viewed edge-on. An
example is shown for the case with the two BLRs being separated. The BLRs
are shown in yellow. Scattering region is denoted in grey. Credits: Savi¢ et al.

(2019).

Table 6.4: Description of the 3 SMBBH model. V; and V5 are orbital velocities and ¢ is the
mass ratio.

Model Orbital separation a Period P Number Vi Vs q
light days years  of clouds kms™! kms™!
Distant 47.65 75.0 2000 1639 1639 1.0
Distant 47.65 75.0 2000 1093 2186 0.5
Distant 47.65 75.0 2000 298 2980 0.1
Contact 16.68 15.5 1600 2771 2771 1.0
Mixed 2.978 1.2 1000 6558 6558 1.0
Spiral 16.68 15.5 1600 2771 2771 1.0

92



Table 6.5: Central SMBH masses, inner and outer radius of the BLR and SR that we used in
our model for the four AGNs. The BLR inner radius were taken from: (1) Kaspi
et al. (2005) (2) Bentz et al. (2013), (3) Zu et al. (2011). The SR inner radius was
taken from (4)Koshida et al. (2014), (5) Kishimoto et al. (2011). Radii are given
in light days.

Object log(Mpor,/Mg) RE"™  Ref. RBLR  RSR - Ref. RSR
1d 1d 1d 1d
NGC 4051 6.69 & 0.21 43 1 116 381 4,5 537
NGC 4151 7.2140.27 66 2 138 440 4,5 63.8
3C 273 8.85+0.27 3068 3 4406 963.7 5  2035.8
PG0844+349  7.70+0.14 122 3 774 189.0 4  357.6

6.4 The four AGNs

We have selected four AGNs with prominent change of ¢ across the line profile:
NGC4051, NGC4151, 3C273 and PG0844+349. These objects have been very well
observed in the last few decades, both in polarized and unpolarized light (Afanasiev
et al. 2019). They all exhibit dominant equatorial scattering in their spectra. In order
to test the AP15 method theoretically, we modeled each of these objects using observa-
tional data available from the literature. This is important since we can perform direct
comparison of the results obtained from the model with the newest spectropolarimetric
observations using the SAO RAS 6 m telescope. Input mass was obtained by applying
the AP15 method to the observational data. Radii REM® and RSR were taken from
the literature, while RPXR and RSR were computed in the same way as for the generic

out out

models. Model parameters for these objects are given in Table 6.5.

6.5 Observations

In 2014 we carried out the spetropolarimetric observations of the AGNs NGC 4051,
NGC4151, 3C273 and PG0844+349 with the 6 m telescope BTA of SAO RAS with
the focal reducer SCORPIO (Afanasiev & Moiseev 2005). A schematic diagram and
an actual footage of SCORPIO is given in Fig.6.6. We used a 1” slit and a volume
phase holographic grating covering the 5800-9500 A range with a maximum efficiency
at 7350 A to obtain the spectrum images. We used double Wollaston prism to divide

the image of the entrance pupil according to the four polarization directions — 0° and
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90°, 45° and 135°. Then the parameters of the linear polarization and intensity - the

Stokes parameters (), U and [ are obtained simultaneously as:

Io(A) = Igo(N) Kg(N)
Q) = TN T Too ) )sz, (6.13)
Iy5(N) — Lizs (M) Ky (M)
U\ = o) T Ko (V) (6.14)
I(A) = Io(A) + Loo(A\) Ky (A) + Lis(A) + Lizs (A) Ky (A), (6.15)

where K and Ky are the coefficients of the channel transmission, Iy, Ig, 145, [135 cor-
respond to the different polarization directions. Then the polarization degree p and

polarization angle ¢ are obtained from the following relations:

=/ Q2(\) + U2()), (6.16)
o(N) = %arctanwm/@u)] . (6.17)

where g is the zero point of polarization angle. To correct the device spectral sensitiv-
ity and to find ¢ the non-polarized photometric and polarized standards were observed
before the object. The polarimetric accuracy was up to variations of the atmospheric
depolarization. The observations of the object were performed in a series of a dozen
of frames with a few kilo-second exposure times in order to make robust statistical
estimations. The correction for the interstellar matter (ISM) polarization was done
by observing 10-15 bright stars in the field of the observed object. For those stars,
the average value of Stokes parameters was calculated and then subtracted from the
() and U parameters of the observed object (Afanasiev et al. 2014). The observational
technique, analysis method, data reduction and the method of calculating the polariza-
tion parameters was done in the same way as described by Afanasiev & Amirkhanyan
(2012).

Details of the BTA observations are given in Table 6.6. In the following, we list the

main properties of the four AGNs, and we show their polarization spectrum.

NGC4051

It is a relatively nearby Seyfert 1 galaxy with the cosmological redshift equals to 0.0023,
known for its highly variable X-ray flux (McHardy et al. 2004). NGC4051 was exten-

sively observed in the high energy band to see if the rapid continuum variations observed
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Figure 6.6: Upper panel: the optical scheme of the polarimetric mode of the focal reducer

SCORPIO: 1-slit; 2-the phase plate; 3—the collimator, 4—the Wollaston prism;
5-the grism; 6-the spectrograph camera; 7-the entrance window of the CCD
(charged coupled device) cryostat. Credits: Afanasiev & Amirkhanyan (2012).
Bottom: a real picture of SCORPIO with all its optical elements marked in the
figure. Credits: SAO RAS gallery https://wuw.sao.ru/hq/lsfvo/devices/
scorpio/scorpio.html.
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in the X-ray spectra are correlated to the optical band fluctuations. This is not the case,
despite that the time-averaged X-ray and optical continuum fluxes are well correlated.
Only the flux of the broad Hf line is lagging behind the optical continuum variations
by 4 days, allowing us to estimate the mass of the central supermassive black hole
(Peterson et al. 2000). The optical continuum polarization of NGC 4051 was measured
by Martin et al. (1983) and Smith et al. (2002), who found a polarization degree of
0.524+0.09% and 0.55+ 0.04%, respectively. The polarization position angle was found
to be parallel to the radio axis of the AGN, such as expected for most of type-1 objects.
(Antonucci 1993). The polarized spectrum of NGC 4051 is shown in Fig. 6.7.

NGC4151

It is a 1.5 Seyfert galaxy situated at z = 0.0033 (de Vaucouleurs et al. 1991), which is
sometimes considered to be the archetypal Seyfert 1 galaxy (Shapovalova et al. 2008,
2010). It is one of the brightest type-1 AGN in the X-ray and ultraviolet band, and
its bolometric luminosity is of the order of 5 x 10¥¥ ergs™ (Woo & Urry 2002). The
mass of its central supermassive black hole was estimated by optical and ultraviolet
reverberation techniques and is estimated at 4.5 x 107 M, (Bentz et al. 2006). Since
NGC 4151 stands out thanks to its high fluxes and proximity, its optical polarization
was extensively observed (see Marin et al. 2016). The averaged 4000-8000 A continuum
polarization is below 1%, with a polarization position angle parallel to the radio axis of
the system. In the optical range, NGC 4151 shows flux variations of the continuum and
of the broad lines up to a factor of ten or greater (Shapovalova et al. 2008, 2010). The
wings of broad lines also vary greatly from very intensive ones corresponding to type
Syl in the maximum state of activity to almost complete absence in the minimum state
of activity. In April 1984, the nucleus of NGC 4151 went through a very deep minimum
and the broad wings of hydrogen lines almost completely vanished and the spectrum
of the nucleus was identified as a Sy 2 (Penston & Perez 1984). In this phase, the
intensity in the broad component of a spectral line is too weak that probably the AP15
method could not be used. Another technique must be used to explore the geometry of
the object, such as proved by Hutsemékers et al. (2017) and Marin (2017). This object
is a SMBBH candidate that shows periodic variations in the light and radial velocity
curves with a 15.9 year period (Bon et al. 2012). The polarized spectrum of NGC 4151
is shown in Fig. 6.8.
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3C273

It is a well known flat-spectrum radio source AGN with broad emission lines. It is
the brightest and one of nearest quasars known to us (z = 0.158, Courvoisier et al.
1987, 1990). It is a radio-loud object, i.e. its radio-to-millimeter energy output is
dominated by synchrotron emission from a kilo-parsec, one-sided jet, whose emission
extends up to the infrared and optical bands. 3C 273 is particularly bright in the optical
and ultraviolet domains, which enabled the detection of the polarization of the optical
emission. Its mean optical core polarization was measured by Appenzeller (1968) and
is of the order of 0.2 £ 0.2%, being consistent with galactic interstellar polarization
(Whiteoak 1966). The optical polarization emerging from the jet structure is higher as
resolved into a number of highly polarized knot structures by Thomson et al. (1993).
Nevertheless, Balmer emission lines were first measured by Schmidt (1963) and allowed
a determination of the central black hole mass from the average line profiles (Kaspi
et al. 2000). The polarized spectrum of 3C 273 is shown in Fig.6.9.

PG0844+349

It is a radio-quiet AGN at a cosmological redshift of z = 0.064 that, in comparison to
most quasars, was not originally detected in the radio frequency: at radio wavelengths,
its nucleus is unresolved (Kellermann et al. 1994). It was first discovered in the Palomar
Green sample (Schmidt & Green 1983) and found to possess strong Fe 1T emission and
weak forbidden narrow lines, a behavior that is expected from narrow-line Seyfert-1s
(NLS1). On the other hand, the X-ray properties of PG 0844349 are aligned with the
NLS1 classification (a steep soft X-ray spectrum and strong variability, see Boller 2001),
and the optical polarization measurements achieved by Afanasiev et al. (2011) also point
towards a regular NLS1 object (optical continuum polarization of 0.85+0.10%). Hence,
using type-1 AGN reverberation mapping techniques, Peterson et al. (2004) estimated
the mass of the central black hole to be (9.24 + 3.81) x 10® M. The polarized spectrum
of PG0844+349 is shown in Fig. 6.10.
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Table 6.6: Observation log: object name (Column 1), right ascension (Column 2), declination
(Column 3), redshift (Column 4), date of observation (Column 5), total exposure
time (Column 6), slit position angle (Column 7).

Object Q32000 5J2000 Z Date of obs. Total exp. @SLIT
(hr min sec) ~ (°"") (vyyy-mm-dd) (s) (°)
NGC4051 1203 09.6  +44 31 53 0.002 2014-03-25 1800 1.6
NGC4151 1210326  +392421 0.003 2014-05-25 1200 30.0
3C273 1229 06.7  +0203 09 0.158 2014-03-26 1320 -183.4
PGO0844+349 0847 424  +34 4504 0.064 2014-11-22 2400 145.1
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Figure 6.7: Polarized spectrum of NGC 4051. From top to bottom: Unpolarized flux; polar-
ized flux; Q; U; p, ¢. Values of the nearby continuum are denoted at each panel.
At the top, the date of observations, exposure time and slit position is denoted.
Credits: Viktor Afanasiev, private communications.
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Figure 6.8: Same as in Fig. 6.7, but for NGC4151. Credits: Viktor Afanasiev, private com-
munications.

100



3C2/3 , 2014-03-26 JD56/42, lexp=1320 s, PA,= —183.4 deg
: : ‘

{

Q—Stoks, %

0.36 + 0.30

U—Stoks, %

@(7200)= 1134 +255

200

150

100

¥, deg

50

7400 7600 7800
Wavelength, A

H-\red_doto poN3C273_140325\ window= 2, Qg,= 0.51 %, Ug,= 0.10 %

Figure 6.9: Same as in Fig. 6.7, but for 3C273. Credits: Viktor Afanasiev, private commu-
nications.
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Figure 6.10: Same as in Fig. 6.7, but for PG0844-+349. Credits: Viktor Afanasiev, private
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Chapter 7
Results and discussion

We present our results which can be divided into two parts, first, the results of modeling,
and second we compare our models with observations. The same convention used by
Goosmann & Gaskell (2007) was adopted in this work. Namely, ¢ is parallel to the
symmetry axis of the model when ¢ = 90°, which was observed for type-1 objects, or
¢ is orthogonal to the symmetry axis when ¢ = 0°, that is again, observed for type-2

objects.

7.1 Generic modeling

We simulated different geometries of the BLR. First we performed the simulation for
different masses of the black holes with assumption of a pure Keplerian motion, after
that we consider the radial inflow and vertical outflow as additional components in gas
motion to the Keplerian caused by the black hole mass. We simulated both cases where

Keplerian motion is in anticlockwise (positive) and clockwise (negative) direction.

7.1.1 Pure Keplerian gas motion in the BLR

We consider the pure Keplerian motion of the BLR emitting gas, assuming that there
are no other effects as e.g. outflows and inflows. We present the results of the four
probe models. In Figs. 7.1 and 7.2, we show the simulated profiles of ¢, polarized flux
PF, degree of polarization p and total flux TF across the broad line profile.

Each scattering element can see the velocity resolved BLR emission which produces
polarized lines that are broader than the unpolarized lines. Simulated degree of polar-
ization is of the same order of magnitude as the one obtained from observations and is

103



x1073

05F

Total flux

0 6
8 x10

(=)
T

Polarized flux
i

N
T

Degree of polarization

40 . o —
-5000 0 5000 -5000 0 5000
V [kms™!] V [kms™!]

Figure 7.1: On the left panels, modeled polarization plane position angle ¢ is shown when
the system is rotating anticlockwise (top) or when rotating in clockwise di-
rection (bottom), total unpolarized flux (TF, top right), polarized flux (PF,
middle right), degree of polarization p, bottom right. SMBH has mass of
10° M,.  We plot the results in solid lines for three viewing inclinations:
i = 25.01°, 32.46°, and 38.62° respectively, while dotted lines represent the
results for the opposite direction of rotation. Note the symmetry of ¢ with re-
spect to the continuum level due to the opposite direction of rotation. Opposite
direction of rotation does not affect TF, PF and p. Total and polarized fluxes
are given in arbitrary units. Credits: adapted from Savi¢ et al. (2018).

typically around 1% or less (Marin et al. 2016). From our models (Figs.7.1 and 7.2,
bottom right panels), we can see that the degree of polarization is sensitive to incli-
nation. Extensive modeling with complex radiation reprocessing (see e.g. Marin et al.
2012, for more details) have shown that the total p is increasing as we start looking from
the face-on viewing angle towards type-2 viewing angles. Although we included only
equatorial scattering in our model, the dependence of p with inclination is following
this trend. The p profile peaks in the line wings and reaches minimum in the line core
just as it was shown by Smith et al. (2005). This feature was very well observed for
the case of Mrk 6 (Smith et al. 2002; Afanasiev et al. 2014) and it is supporting the

suggested scattering geometry.
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Figure 7.2: Same as Fig. 7.1, but for SMBH of 10° M. Credits: adapted from Savi¢ et al.
(2018).

The polarization plane position angle is aligned with the disk rotation axis, hence
also with the radio jet axis. In Figs. 7.1, 7.2 (left panels), we show the simulated profiles
of ¢ for three viewing inclinations. The ¢ profiles show typical symmetric swing that was
predicted for type-1 objects where the radiation from the Keplerian rotating disc-like
BLR is being scattered by outer dusty torus (Smith et al. 2005, AP15). The direction
of rotation only affect o, while TF, PF and p remains unaffected. For anticlockwise
rotation, ¢ reaches maximum value in the blue part of the line and minimum in the
red part of the line. The ¢ swing occurs around the level of continuum ¢. = 90°. Due
to the symmetry of the model (also for all other models performed in the paper), ¢ is
symmetric with respect to the continuum polarization in such a way that for a given

inclination ¢, it satisfies the following:
©(180° — 7) = 180° — ¢(i). (7.1)

In other words, for a given half-opening angle of the torus ¢y, and for type-1 inclinations
where 0 < ¢ < 90° — 6y, observer can see one way of rotation, and the corresponding
¢ profile will be as shown in Figs.7.1 and 7.2. If the system is viewed for type-1

viewing angle where 90° + 6, < ¢ < 180°, opposite direction of rotation is observed
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and the resulting ¢ satisfies Eq. 7.1. This symmetry can be seen in Figs.7.1 and 7.2
(left panels). Thus spectropolarimetric observations of type-1 Seyferts can disentangle
the rotation direction of the gas by observing the ¢ profile. The Eq. 7.1 is satisfied
within the Monte Carlo uncertainty and it was used for improving photon statistics
in our simulations by a factor of 2, by simply taking average value of the STOKES
parameters for inclinations ¢ and 180° — 4.

When performing AP15 method to the modeled data, one needs to consider polar-
ization only in the broad line and for that, it was necessary to subtract the continuum

polarization for all type-1 inclinations:
Ap = p—90°. (7.2)

Since all of our observed objects are rotating clockwise (see Sect.7.2), we performed
the AP15 method assuming opposite direction of rotation, without introducing new
simulations. In Fig.7.3 (lower panels), we show the fit described by AP15 method.
We find that Keplerian motion can be traced across the ¢ profile for type-1 viewing
inclinations. The region inside the 1o error around the linear fit is becoming smaller
as we go from face-on towards edge-on inclinations. For inclinations 25° or lower, the
simulated data show much higher scatter around the straight line rather than for the
cases with an intermediate inclination.

The effect of a wide SR (in our case 6y = 35°) can lead to a mass estimates by a
maximum of ~ 1.5 higher than the ones obtained for equatorial scattering, and only if
the SR lies much farther away from the BLR (see Eq.3.6). In this case, the influence
of the viewing inclination must be taken into account.

It is important to note that in the Eq. 3.6, we used the inner radius of the SR in
order to estimate the mass of the SMBH. However, the SR is not acting as a mirror
from which the light is being scattered from the inner wall. Scattering events occur
in the entire SR, and they all contribute to the total ¢ shape. Obtaining the value
for parameter a is a straightforward procedure, but the final estimated SMBH value is
largely depending on the actual value of Ry.. In the optically thick media, the largest
fraction of photons is being scattered of the inner side of the SR.

One of the factors that have significant impact on the ¢ amplitude is the mutual
distance between the BLR and the SR (Smith et al. 2005). The amplitude of ¢ is
decreasing when mutual distance increases, which affects black hole mass estimation.

Therefore, we investigated different cases with various mutual distances between the
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Table 7.1: Input mass (Column 1), viewing inclinations (Column 2) and masses obtained for
probe models (Column 3). Masses are given in M.

log(Minput/Me) — i(°)  log(Mumoea/Mo)

25.01 6.72 £0.10
6.00 32.46 6.44 £ 0.06
38.62 6.28 £ 0.05

25.01 7.59 £0.10
7.00 32.46 7.30 £ 0.07
38.62 7.17+£0.04

25.01 8.65 £0.11
8.00 32.46 8.39 £ 0.07
38.62 8.23 £0.06

25.01 9.67£0.16
9.00 32.46 9.43 £0.12
38.62 9.27£0.10

i=25.01° i = 32.46° i = 38.62°

a=-235 a=-248 a=-256

log(V/c)

T2 -1.5 -1 -0.5 0 -2 -1.5 -1 -0.5 0 =2 -1.5 -1 -0.5 0
log(tan Ag) log(tan Ay) log(tan Ag)

Figure 7.3: Modeled polarization ¢ (upper panels) and velocities (lower panels) across Ho
profiles for the model with central mass of 10 M. Filled symbols are for the
blue part of the line and open symbols are for the red part of the line. Solid
line represents the best fit of the straight line to the modeled data. Dashed lines
denote 1o uncertainty of the fit. Credits: adapted from Savié¢ et al. (2018).
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BLR and SR while keeping the same thickness and the optical depth of the SR. In
Figs. 7.4 and 7.5, we show the influence of different mutual distance between the two
regions, and how it affects the parameter @ and SMBH estimates. Our models show
that mutual distance between the BLR and SR has a great influence on the parameter a
which consequently greatly affects our black hole mass estimates. One can see that pa-
rameter a shows the same profile and the same inclination dependence for all simulated
cases. Only when the SR is adjacent to the BLR we obtain inclination independence
of the SMBH mass estimates. Due to the nature of the Eq. 3.6, SMBH mass estimates
are increasing when the mutual distance increase. For a given accuracy of 10%, we
find that the best SMBH estimates for all four cases are when the ratio of the inner
radius of SR and the outer radius of the BLR is between 1.5 and 2.5 (Fig.7.5). For
the inclinations of 25° or less (face-on view), contribution of equatorial scattering is low

and we find that Keplerian motion cannot be recovered from the ¢ profile.

7.1.2 Keplerian motion and radial inflow

We investigated a particular case when the BLR is undergoing a constant radial inflow.
We tested three cases with BLR radial inflow velocity equals to 500 km s, 1000 km s~*
and 2000 kms~!. Similarly as before, in Fig. 7.6, we show simulated profiles of ¢, PF,
p and TF. In this regime, the SR can see additional component of the BLR velocity,
which as a net effect increases the absolute value of the radial velocity that a single
scattering element can see. This leads to additional line broadening (Fig. 7.6, lower
right panel) when compared with the case with pure gas Keplerian motion only. As a
resulting effect, the distance between the positions of the maximum and the minimum
of the ¢ is increased (Fig. 7.6, left panels). Therefore, for a low velocity radial inflow,
mass estimates of the SMBHs are slightly higher than the ones obtained in the case
with Keplerian motion only. This overestimation of the SMBH mass mostly affects the
model for which the SMBH has mass of 10° M. For other models, Keplerian motion
is even more dominant (except for the very extreme cases which are not expected) and

the influence of the radial inflow can be neglected.

7.1.3 Keplerian motion and vertical outflow

Another contribution to velocity might be due to vertical outflows. We tested three

cases for which the innermost one third of the BLR is undergoing a constant vertical
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Figure 7.6: Same as Fig. 7.1, but beside Keplerian motion, by large inflow of 2000 kms~! is
included in the BLR kinematics. Credits: adapted from Savié¢ et al. (2018).

outflow of 500 kms™t, 1000 kms~! and 2000kms~!. In this case, the equatorial scat-
tering elements will not see this velocity component. Scattering elements above the
equatorial plane will see this component multiplied by a factor of cosa, where « is
latitude, to a maximum of cos 35°. This can be neglected when the outflow velocity is
much lower in comparison with Keplerian velocity. In Fig. 7.7, we show the results of
simulated ¢, PF, p and TF influenced by vertical outflows in the BLR of 2000 km s~ for
the case where SMBH has the mass of 10° M. Unpolarized line (bottom right panel)
is additionally broadened in the wings. Polarized line (upper right panel) is almost the
same as the one for the case with Keplerian motion only (Fig. 7.1, upper right panel)
due to the reasons explained above. Contribution of outflow velocity is highest for
nearly face-on view. In Fig. 7.8, left panels, the ¢ profile shows additional bump which
prevents us from correctly using the AP15 method. It is important to point out that
in our model, the BLR is transparent and that observer can see the radiation coming
from both approaching and the receding part of the BLR outflows. We know from
observations that this is not the case (e.g Mrk 6, Afanasiev et al. 2014), and we expect

to observe radiation from the approaching side of the BLR outflows, while the radiation
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Figure 7.7: Same as Fig. 7.1, except that here the inner one third of the BLR undergoes
a constant vertical outflow of 2000 kms~!. Credits: adapted from Savié¢ et al.

(2018).

from the receding side of the BLR outflows should be blocked, thus affecting only the

blue part of the line which results in the asymmetric blue-shifted line.

7.1.4 The broad lines polarization due to the presence of

SMBBHs

Distant

In Figs. 7.9 (panel a) and A.1 we show the simulated ¢-profiles for two viewing incli-
nations ¢ and for different azimuthal viewing angles ¢. We can see that profiles of ¢
are complex and differ much from the profiles for the single black hole scenario. For
a fixed viewing ¢ the p-profiles show similar profiles with the peaks most prominent
when viewed towards face-on inclinations. For different azimuthal viewing angles, ¢-
profiles are quite diverse. This diversity is the result of different velocity projections
towards the observer since the model is not azimuthally symmetric. The ¢-profiles are
symmetric with respect to the line center which is not the case for a single case scenario

where the swing occurs.
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Figure 7.8: Same as Fig. 7.3, except that here the inner one third of the BLR undergoes
a constant vertical outflow of 2000 kms~!. Credits: adapted from Savié¢ et al.
(2018).

Typical degree of polarization p found for type-1 objects is around 1% or less. Our
simulations show that p is in the range between 1-4 % (Fig. A.2). This unusually high
p is due to the high radial optical depth of the scattering region. It is inclination
dependent and it is increasing when observing from face-on towards edge-on viewing
inclinations as expected from Thomson law. For some ¢ (Fig. A.2, top left and bottom
right panels), p profile peaks in the line wings and has a minimum value in the line core.
This is the same as in the case for a single black hole scenario and it was confirmed
by observations numerous times (e.g. Mrk 6 Smith et al. 2002; Afanasiev et al. 2014).
However, this is not the case for all ¢ and we can see the opposite situation — p peaks
in the line core and has minimum in the line wings.

The total flux shows variability in the line profiles A.3. Line profiles are sensitive
both to viewing inclinations and viewing azimuthal angles. In general, double-peaked
profiles are observed, with line width being broader when observing from face-on to-
wards edge-on inclinations. Line widths are different with respect to ¢ with the broadest
lines coming from the direction when ¢ = 90° or ¢ = 270° (Fig. A.3, middle upper
and bottom panels). Some viewing angles are showing single-peak lines (Fig. A.3, top

left and bottom right panels) and the corresponding p profiles are as in the case for a
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Figure 7.9: On the left panels the illustration of each model with SMBBH in the center:
Distant (a), Contact (b), Mixed (c), Spiral (d). On the right panels, from top
to bottom are ¢, p and TF for two viewing inclination i = 18° (brown line)
and i = 32° (blue line). Azimuthal viewing angle is ¢ = 18° for all plots. The
projection of the Spiral model in the zz-plane is similar to the Contact model
and for that purpose, spirals are slightly inclined for clarity. Credits: Savié¢ et al.
(2019).

single black hole scenario. This means that in the certain phase, we would not be able
to observationally distinguish between the SMBBHs and SMBHs from the unpolarized
optical spectra. However for this case, ¢ is showing different profile than expected,
which could provide more insight if the SMBBHs is situated in the center.

For Distant model with mass ratio ¢ = 0.5 we can expect asymmetric profiles for
o, p and TF (Figs. A4, A5, A.6). The ¢ is having similar profiles as for the case
with mass ratio ¢ = 1 except that peaks are not symmetric and they have different
intensities. When compared with the previous case, the ¢-profile is similar except for
azimuthal viewing angles ¢ = 224° where the profile is flat in the core (Fig. A.4, lower
left panel), or an additional swing can be noticed in the core for ¢ = 342° (Fig. A .4,
upper right panel).
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Degree of polarization is having profiles with the same shape as for the previous case
except that they are asymmetric and it is the case for all viewing angles. We obtained
the same order of polarization with the same inclination dependency (Fig. A.5).

The unpolarized line is showing a displaced single peak profiles when viewed almost
face-on for most of the azimuthal viewing angles, except when ¢ = 224° and 270° where
a clear double-peaked profile can be observed (Fig. A.6, bottom left and middle panels).
For intermediate inclinations, line profiles are asymmetric with double peaks and with
different line shifts depending on the azimuthal viewing angles (Fig. A.6).

For the same model with ¢ = 0.1, we obtained similar profiles as before for ¢, p
and TF (Figs. A.7, A.8, A.9), however they are more asymmetric than for the case with
q = 0.5. The ¢ is having similar profiles as for the cases with ¢ = 1 and ¢ = 0.5 with
asymmetry highlighted (Fig. A.7).

The degree of polarization is showing profiles with the same shape in the same
way as before for all viewing angles. Polarization is of the same order with the same
inclination dependency (Fig. A.8).

The unpolarized flux is showing complex asymmetric profiles with line peaks having
different positions as the system is viewed in different orbital phases (A.9). When
q = 0.1, the more massive component is having smaller orbital velocity and it is much
smaller compared to the Keplerian velocity of the BLR clouds surrounding it. For
the less massive component, orbital velocity is of the same order in comparison with
the Keplerian velocity of the BLR clouds surrounding it, which contributes to higher
line shift. With these two effects combined, we observe highly asymmetric line profiles

which significantly vary with the orbital phase.

Contact

This scenario is geometrically similar with the previous one with the SMBBHs being
closer and allowing additional chaotic velocity component will affect the line profile
mostly around its core. Simulated ¢ is shown on Figs.7.9 (panel b);A.10. The ¢
profiles are also similar as in the case for separated BLRs. Figures A.10 (left panels;
upper and middle right) clearly show two minima in the wings and a maximum in the
line core; or minimum in the line core and maximum in the line wings. The observed
profile is the most sensitive to random velocity when the system is viewed from ¢ = 90°
and ¢ = 270° (Fig. A.10, middle up and bottom panels), for which we observe two
minima and almost flat profile in the core. For ¢ = 342° (Fig. A.10, bottom right

114



panel) we see one peak in the red wing for the near face-on viewing ¢, while the profile
is almost constant for the intermediate inclination. We expect that additional chaotic
velocity component will affect the profile mostly the core, which is exactly what we get
from the models.

In Fig. A.11 the resulting p is shown. The degree of polarization is in the same
range as it was for the previous case. Again, p is increasing when viewing from face-on
towards edge-on inclinations.

The total flux is largely affected by the additional random motion of the BLR clouds
in the line core (Fig. A.12). We can clearly observe double-peaked lines for intermediate
inclinations (i = 38° and ¢ = 41°, Fig. A.12, upper panels and bottom left and middle
panels). For ¢ = 18°, 198° and 342° (Fig. A.12), we observe single-peak profiles, and
for intermediate inclinations, line cores are flattened. The highest line widths are for
¢ = 90° and ¢ = 270°.

Mixed

With the two BLRs being mixed and surrounding both black holes, we can observe that
the change of ¢ is small with the respect to the continuum level (Figs.7.9 (panel c);
A.13) and it is the highest for nearly face-on inclinations. For intermediate inclinations,
the ¢ profiles could be considered as constant with additional noise. This is expected
since the largest fraction of flux is coming from the clouds with additional random
velocity components that are the close to the black holes.

Figure A.14 shows the resulting p for a set of viewing inclinations and azimuthal an-
gles. We can see that the broad line profiles are almost flat with very low characteristic
features. We obtain the same range for p as in the previous models.

The total flux is showing seemingly complex profiles (A.15) with multiple spikes.
This is however due to the fact that we are very much limited to the number of BLR
clouds when running the simulations. Running the STOKES code with more than 5000
individual clouds would be impractical and extremely time consuming. These results
are in agreement as the ones obtained by Smith et al. (2005) i.e. we can see that an
additional random velocity component besides the Keplerian applied to a large number
of BLR clouds, have the tendency to smooth and flatten the resulting spectra. We

obtain flat profiles for ¢ and PO, and we can expect a single peaked lines.

115



Spiral

In Figs.7.9 (panel d); A.16 the results for ¢ for the spiral model are shown. The
simulated ¢ is showing double peak profiles whether with minima or maxima occurring
around V =~ 3000kms~! for all i and ¢. This velocity is close to the orbital velocity
of each binary component for which V' =~ 2800kms~!. This result is due to most of
the emitted flux that is originating from the inner parts of the spiral arms closer to the
black holes, and due to the velocity of the rigid body scaling with the distance. The
intensity of the peaks is inclination dependent and is decreasing when the system is
viewed from face-on towards edge-on inclinations.

In Fig. A.17 the results for the simulated p are shown. We can see that p is having
similar profiles as ¢ — visible peaks in the line wings and minimum in the line core
(Fig. A.17, left upper and middle panels; right bottom and middle panels) that is char-
acteristic for a single black hole scenario, or the opposite profiles with maximum p in
the line core and minimum in the wings.

The results for TF are shown in Fig. A.18. We can see various line profiles for
different ¢. For intermediate inclinations, we observe double-peaked line profiles. For
near face-on viewing angles and some ¢, profiles with strong single peak (Fig. A.18,
bottom right panel), or two peaks very close to each other (Fig. A.18, middle left and

right panels) are observed.

7.2 Comparison with observations

In table 7.2, we present the results of models for each observed AGN. First, we applied
the AP15 method to observational data of each object — linear fit with a slope fixed to
—0.5 and an offset a as the only free parameter (equation 3.4) in order to obtain M
(Table 7.2, Column 4). This value was then used as an input mass for running STOKES
with model parameters given in Table 6.5 in order to obtain simulated (modeled) data
for each observed AGN. Applying the AP15 method to modeled data, we obtain M,0q
for three inclinations (Table 7.2, Column 3). Masses obtained by reverberation mapping

are given for comparative purpose (Table 7.2, Column 5).

NGC4051

We were able to obtain expected ¢ shape (Fig.7.10, upper panels). The amplitude of
the ¢ has very close value as the observed one for the lowest inclination in the model for
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Table 7.2: Object name (Column 1), viewing angles (Column 2), SMBH masses estimated
using AP15 method from the model (Column 3); from observations (Column 4)
and from reverberation mapping (Column 5). M, denotes masses obtained
applying AP15 to the observational data, which were used as input mass. Masses
obtained by reverberation mapping were taken from Bentz & Katz (2015) using
virial factor (f) = 4.31 & 1.05 (Grier et al. 2013).

Object i(°)  log(Mumoed/Ms) log(Mpa/Mg) log(Miey/Me)
25.01 7.240.2
NGC4051 32.46 6.92 £+ 0.09 6.69 £ 0.21 6.24 +£0.13

38.62 6.78 £ 0.06

25.01 7.56 £ 0.07
NGC4151 32.46 7.40 £0.03 7.21£0.27 7.12£0.05
38.62 7.27+0.04

25.01 8.94 £ 0.09
3C273 32.46 8.90 £ 0.09 8.85 £0.27 8.83 £0.11
38.62 8.87 £ 0.08

25.01 8.00 £ 0.08
PG0844+-349 32.46 7.95+ 0.06 7.70 £0.23 7.85+£0.21
38.62 7.88 £ 0.06

which ¢ = 25.01°. For this inclination, the position of the maximum and the minimum
of ¢ is displaced which yields the highest mass estimate. As we start viewing the system
for larger inclinations, the ¢ amplitude is decreasing and we obtain better fits of the
line wings (Fig.7.10, lower panels), and the difference between the estimated values
of the SMBH masses and the input mass is smaller. We can see that simulated data
in the line wings for ¢ = 25° are deviating from the theoretically predicted straight
line (Fig.7.10, upper left panel). For intermediate inclinations the 1o offset is smaller
and the fit is better. Similarly, SMBH masses estimated from the fitting of the model
data are higher than the input mass as it was in the previous case. For this object,

RSR/RBLR ~ 2 54.

out

NGC4151

Similar as in the previous case, we obtain the highest mass estimate for the lowest
inclination. Keplerian motion is very well shown as a straight line (Fig.7.11, lower
panels), where lo error is small, especially in the case for which i = 39°. For this
object, RER/RBIR ~ 2.51. We can see that in the extreme wings of the line, the

out
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modeled ¢ becomes very sensitive to spectral resolution and this sensitivity is smaller

for higher inclinations.

3C273

We obtained very low ¢ dependence on inclination, however, the ¢ amplitude is much
smaller, around 19° for all inclinations (Fig.7.12). Model data show deviation from
the straight line in the line wings, however, the scatter is much smaller than it is for
the observational data. The ratio RS} /RBLR ~ 2.19 is the lowest when compared with

other observed objects. Mass estimates follow previous trend — the highest estimate for

the lowest inclination.

PG0844+349

We can see from observations that ¢ profile is asymmetric and that ¢ amplitude is
greater for the red part of the line than for the blue part. Results are similar as for the
first two objects (Fig.7.13), RO}/ RBLR ~ 2 44,

out

7.2.1 Overall results

For all modeled objects, we were able to produce very similar profiles of ¢ as the ob-
served ones (Figs.7.10, 7.11, 7.12, 7.13, upper panels). SMBH masses estimated from
the fitting of the model data are higher than the ones obtained by fitting the observa-
tional data and the obtained values are decreasing as the viewing inclination increases
(Table 7.2). This is due to the fact that the ¢ amplitude is very sensitive to inclination
and is decreasing when viewing from face-on towards edge-on inclinations (from lower to
greater). For all observed objects, modeled p ranges from 0.5% to 1.5% for inclinations
from lowest to highest. As a measure of the strength of a linear association between
the model data and the fit, we give the values of the Pearson correlation coefficient 7.
For all objects we find that the correlation coefficient r is greater than 0.9, except for
NGC 4151 when viewed from inclination ¢ = 25.01° (Fig.7.11, lower leftmost panel).
The corresponding p values are very close to 0, indicating a strong linear connection
between the modeled data and the fit. Observational data are much more scattered
from the predicted straight line, which in general yields an error of the SMBH mass
estimates a few times greater when compared with an error obtained by reverberation
mapping Afanasiev & Popovié¢ (2015). In the case for NGC 4051 and NGC4151, the
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Figure 7.10: Modeled broad line polarization position angle ¢ (upper panels) and velocities
(lower panels) across Ha profiles for the NGC 4051. On the upper panels, data
obtained by models is depicted as line while observed data are depicted by
empty circles. On the lower panels, filled symbols are for the blue part of the
line and open symbols are for the red part of the line for model data. Black
circles depict observed data. Solid black line represents the best fit of the
straight line to the modeled data. Dashed lines denote 1o uncertainty of the
fit. Values of the parameter a, correlation coefficient r and the corresponding
p values are shown. Credits Savié¢ et al. (2018).

match between the modeled data and the observational data is the best for the highest
inclination (Figs. 7.10, 7.11, rightmost bottom panels), while the offset is the largest
when the system is viewed more towards pole on direction (Figs. 7.10, 7.11, bottom left
and middle panels). The 1o fit uncertainty of the modeled data is smaller for inter-
mediate inclinations. The largest overestimate of the SMBH mass, by a factor of 3,
is for NGC 4051 for i = 25°. For all models RS®/RBLR =~ 2. This falls in the regime
where the SMBH mass estimates show dependence on inclination. We achieve the best
SMBH mass estimates for inclinations ¢ &~ 39° which is close to the value of an average

inclination (7 = 39° for type-1 objects (Lewis et al. 2010; Hryniewicz & Czerny 2012).
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Figure 7.11: The same as in Fig 7.10, but for NGC 4151. Credits Savi¢ et al. (2018).
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Figure 7.12: The same as in Fig 7.10, but for 3C 273. Credits Savi¢ et al. (2018).
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Figure 7.13: The same as in Fig 7.10, but for PG0844-+349. Credits Savi¢ et al. (2018).

7.3 Discussion

Previous spectropolarimetric studies of Type-1 Seyferts have shown that the polariza-
tion signature across the broad Ha is widely varying from object to object (Smith et al.
2002). At intermediate viewing inclinations, equatorial scattering is dominating the ob-
served polarization and the wavelength averaged polarization angle ¢ is closely aligned
with the projected radio source axis. In their original model, Smith et al. (2005), have
used single scattering approximation i.e. photons emitted from the BLR are being scat-
tered only once from the SR before finally reaching the observer. In their model, SR is
optically thin and we find that optical depth of at least 1 along with the higher covering
factor of the SR is required to in order to obtain ¢ and p comparable with observations.
In our Monte Carlo simulations, the treatment of multiple scattering events was fully
performed and we find that the largest fraction of photons is being scattered only once,
while the other, smaller fraction of photons is undergoing a backward scattering from
one side of the SR to the other. This secures good circumstances for the application of
the AP15 method. In our model, we approximated the emission of an accretion disk
as a point source of isotropic continuum emission. We know that this is not the case
and that anisotropy arises due to change in the projected surface area and due to limb
darkening effects (Netzer 1987). The strongest emission is in the direction perpendicular
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to the disk and is rapidly decreasing towards edge-on viewing angles. The inner radius
of the SR thus cannot be constant, and should follow similar dependence on the polar
angle as the disk emission (Stalevski et al. 2016). Silicate and graphite dust grains
have different sublimation temperatures. Graphite grains can survive up to ~ 1900 K
and therefore reach closer than silicates which are destroyed when the temperature is
~ 1200 K. Furthermore, smaller dust grains are destroyed at the lower temperatures
than the larger grains (Draine 1984; Draine & Lee 1984; Barvainis 1987). Therefore,
we can expect an entire sublimation zone, from graphite to silicate and from larger to
smaller dust grains (Kishimoto et al. 2007; Mor & Netzer 2012). This gives opportunity
for dust particles to inhabit equatorial region in the close vicinity of the BLR. Equatorial
scattering of broad lines from the adjacent SR gives very low inclination dependence
on the parameter a rendering the AP15 method inclination independent.

For SMBH mass estimates using the AP15 method, the inner radius of the torus is
needed. It can be obtained directly using dust reverberation in the infrared (Kishimoto
et al. 2011). The number of objects for which dust reverberation has been performed is
smaller than the number of objects for which the reverberation have been performed in
optical. For most of the objects, RSF can be calculated only through scaling relations,
which can additionally increases uncertainties in the SMBH estimates. Another way of
calculating RSR is from the UV radiation (Barvainis 1987). For this we need to know a
priori the physical and chemical composition of dust. Using the right value is important
since estimated BH mass is directly proportional to the inner radius.

Seyfert 1 galaxies are often highly variable and when they are in a state of the
minimum activity (up to the Type-2), the shape of the position angle of the polarization
plane cannot be detected because of the weakness or absence of a flux from the broad
line. In this case, the mass estimation using AP15 method is not applicable, even
if the object is confidently assigned to the type of objects with equatorial scattering.
Therefore, in future modeling, one must take into account the variability of an AGN.

Originally the AP15 method was proposed for systems with an inclination between
20° and 70°. For high viewing inclinations, we have Type-2 objects for which polar
scattering dominates the polarization signal and the methods is not longer valid. For
almost pole-on AGN, the AP15 method faces two problems. First the amount of inter-
stellar polarization can dominates over the amount of scattering-induced radiation from
the innermost regions of AGN. The amount of interstellar polarization is wavelength-
dependent and often maximum in the optical band (see Serkowski et al. 1975). Since
the polarization signal of polar AGN in the optical band is usually much lower than 1%

122



in the optical (Smith et al. 2002; Marin 2014), the AP15 method is thus restricted to
inclinations higher than 20 degrees. Second, the method overestimates SMBH mass by
a factor of 1.5 in comparison with the value obtained for the lowest inclination when
RS /RBLE ~ 2. When the SR is closer, inclination effect is lower and the mass estimates

are only depending on the SR inner radius.

7.3.1 The use of spectropolarimety for measuring SMBH

masses

We point out at several recent works (Piotrovich et al. 2015; Baldi et al. 2016; Songsheng
& Wang 2018) introduced new ideas to use the spectropolarimetry to estimate BH
mass in AGNs. Basically, all above mentioned papers try to constraint the virial factor
(Piotrovich et al. 2015; Songsheng & Wang 2018), or to use the broad polarized line
(Baldi et al. 2016) to find the black hole mass. In the work by Songsheng & Wang (2018),
the authors performed Monte Carlo simulations for a wide range of parameters assuming
a static flared-disk geometry for the equatorial region. In comparison to the unpolarized
spectra, the virial factor of the polarized spectra has a much narrower distribution.
Besides, the half opening angle of the BLR and the nucleus inclinations appear to
be the two parameters with the highest influence on the virial factor. The difference
between the methods mentioned above and AP15 is that the AP15 method provide
direct measuring of the BH mass from the polarization angle, and here we also used a
similar geometry as Songsheng & Wang (2018), but focusing on a polarization plane
position angle ¢ and the limits of the AP15 method. In comparison, our 3D polarized
radiative transfer simulations have shown that the polarization plane position angle
is largely affected by the distance between the BLR and SR. If the two share similar
values, the mass estimated using AP15 method becomes inclination independent, which
is a great advantage in comparison to traditional reverberation mapping techniques.
AGNs with unpolarized double-peaked profiles with varying red and blue peak with
respect to each other are probably the best candidates in the search for SMBBHs.
Although a single SMBH in the center of AGNs is the most probable case, SMBBH in
the central engine should have their distinctive signature in the polarized spectra due
to the polarization sensitivity on geometry and kinematics. In the case of SMBBHs, we
find that the AP15 method is not applicable due to the different y-profiles
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Chapter 8

Conclusions and future prospects

8.1 Conclusions

In this work we theoretically investigated the limits of applicability of a novel method
for measuring masses of SMBHs in type-1 AGNs. This method (AP15) allows us to
directly determine the SMBH mass from a single-epoch spectropolarimetric observation.
This method assumes that the broad emission lines are formed in a disk-like region and
that the line polarization is due to the light scattering of the inner side of the dusty
torus (equatorial scattering). Unlike other methods, Keplerian motion is not a priori
assumed, but is directly observed from the polarization angle profile. Although the
optical polarization of type-1 AGNs is typically low, of the order of 1%, it is still
measurable, and allows us to estimate the SMBH mass.

We modeled equatorial scattering using 3D Monte Carlo radiative transfer code
STOKES that accounts for multiple scattering and includes kinematics for proper treat-
ment of polarization. We considered a case where the BLR has a dominant Keplerian
motion as well as complex BLR kinematics in the form of radial inflows, vertical out-
flows or due to the existence of SMBBHs. We investigated impact of these effects on the
accuracy and the feasibility of the AP15 method. We employed the STOKES code for
modeling spectropolarimetric data of NGC 4051, NGC 4151, 3C273 and PG0844+780
that were observed with the 6 m BTA telescope of the SAO RAS. From the analysis
presented here, we conclude the following (Savi¢ et al. 2018; Savi¢ 2019; Savi¢ et al.
2019):
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. If Keplerian motion can be traced through the polarized line profile, then direct
estimates of the SMBH mass can be performed for obtaining values in agreement
with other methods.

. The effects of possible inflow /outflow configurations of the BLR take its toll only
in extreme cases where the velocity of inflowing /outflowing emitters is comparable
to or higher than the Keplerian velocity, which in that case cannot be correctly

used.

. The polarization degree and the total flux exhibit profiles that are similar for single
SMBHs and for SMBBHs and alone may prove inconclusive whether a SMBH or
SMBBH drives the central engine of AGNs. On the other hand, the polarization
position angle ¢ shows quite unique profiles that differ from those observed in the
single SMBH scenario, and could be used for identifying SMBBH candidates.

. The ¢-profiles for a single SMBH model show point-symmetric profiles even when

additional motions in the BLR are present.

. The ¢-profiles for SMBBH models produce axis-symmetric profiles which are often

double or multi-peaked.
. The application of the AP15 method is not feasible for the case of SMBBHs.

. The AP15 method provides a new independent way of SMBH mass estimation.
Estimated SMBH masses are in a good agreement with the values obtained by
other methods such as reverberation mapping. The relative error of mass esti-

mates between these two methods is around 30 %.

Future prospects

Afanasiev et al. (2019) have used the AP15 for a sample of 30 type-1 AGNs. The

same authors have also found viewing inclinations, maximal extents of the BLR and

the index of the power-law emissivity, demonstrating that the AP15 method is in a

good agreement with the My, — o, relation and that it can be used for calibrating the

reverberation mapping method by constraining the virial factor as well as for calibrating

any other secondary or tertiary method for SMBH mass measuring. However, the AP15

method has been applied so far only for nearby type-1 AGNs exploiting the polarization
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of Har spectral line, although it could also be applied to HS and also to highly ionized
broad emission lines as MgII, CIII| and CIV. These lines are known for their slightly
blueshifted peaks and very often asymmetric profiles with a larger excess in the blue part
of line. Such line profiles are very often associated with the additional BLR complex
motion as radial inflows and vertical outflows (Gaskell 1982; Baskin & Laor 2005).
The MglI line is no exemption, and recently, Popovi¢ et al. (2019) have shown that a

1'is present.

significant inflow /outflow velocity component of a few thousand of kms~
Knowing that the polarization state is highly sensitive to geometry and kinematics,
the presence of high inflowing/outflowing components in the BLR should have a strong
influence on the polarization of the Mg II broad emission line. In order to test the AP15
for the Mg1I line, in February 2019, we carried out the spetropolarimetric observations
of the quasar SBS 1419+538 (z = 1.862) on the 6m telescope BTA of SAO RAS with
the focal reducer SCORPIO. We will compare these new observations with radiative
transfer models, which will include calculations of MgII line polarization (Savic et al. in
preparation). We plan to observe a few more highly redshifted AGNs using the same
equipment during the next observational cycle starting in January 2020. Future model
extensions will include more complex kinematics of the scattering regions and clumpy
or multi-phase dust medium.

This document contains 74 figures, 8 tables, and 455 references.
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Appendix A

Detailed results of the SMBBHs

polarization modeling

Simulations for all models are presented in the figures from A.1 to A.18. The simulated
profiles for ¢, p and TF are given for two inclinations: ¢ ~ 18° and 32°. Azimuthal
viewing angle takes eight values: ¢ = 18°, 54°, 90°, 126°, 198°, 224°, 270° and 342°.
The results are given as a function of velocity defined as V' = ¢(A — A\g)/Ag, where
A is wavelength and )\ is the central wavelength of a given spectral line. The broad
line region for each model is shown in the center of every image. Arrows represent the

velocity field of the BLR. For each model, we outline the main features for completeness.

Distant

This case is shown in Figs. A.1-A.3 for mass ratio ¢ = 1. In Fig. A.1 the polarisation
angle ¢ is shown. We can observe a double-peaked profiles of ¢ that drastically vary
depending on the orbital phase of the system. For ¢ = 18° and 198°, ¢ reaches maximum
values in the line wings and minimum in the core, while for ¢ = 90° and ¢ = 270°, it is
the opposite way around. The p is shown in Figs. A.2 shows similar profiles as ¢, but
they are not correlated. Profiles with minimum in the core and maxima in the wings,
which is common for the single SMBH scenario can be seen for ¢ = 126° and 342°.
The opposite profiles are for ¢ = 18°, 54°, 198° and 234°. The TF is shown in Fig. A.3.
Double-peaked profiles can be seen for ¢ = 18°, 54°, 198° and 234° and for all viewing
inclinations. Single-peaked profiles are for ¢ = 342° and ¢ = 126°.

The results of the same model for mass ratio ¢ = 0.5 are shown in Figs. A.4-A.6. The

¢ and p are shown in Figs. A.4 and A.5 respectively and both are following the same
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trend as it was for the case with mass ratio ¢ = 1 and both are showing mild asymmetry
in profiles. The TF (Fig. A.6) is showing asymmetric double-peak or single-peak profiles
with the positions of the peaks varying depending on the observed orbital phase of the
system. For ¢ = 0.1, simulated profiles for ¢, p and TF are shown in Figs. A.7-A.9.
The results are very similar as in the previous case with remarkable asymmetry in the

profiles.

Contact

The results for this model are shown in Figs. A.10-A.12. The ¢-profiles are shown in
Fig. A.10 for different orbital phase of the system. Profiles are very similar as the ones
obtained for distant model, but with greater amplitude of maxima/minima. The p
profiles are shown in Fig. A.11. For ¢ = 18°, 198° and 342°, the profiles are the same
as for the single SMBH scenario, while for all the other azimuthal viewing angles, the
maximum p is in the line core. The TF is shown in Fig. A.12. Lines are the broadest
when viewed for ¢ = 90° and 270°. The random velocity component in this model that
is present in the BLR flattens the line profiles, making it difficult to distinguish between
sinle-peaked and double-peaked profiles.

Mixed

Simulations for this model are shown in Figs. A.13-A.15. Polarization angle is shown
in Fig. A.13. The p-profiles are double-peaked for ¢ = 18°, 126° and 198°. A swing in
the p-profile in the line core, common for single SMBH, can is when ¢ = 270°. The p
is overall flat with very mild features in the line core (Fig. A.14). As explained in the
section 7.1.4, due to finite number of clouds in the simulations we obtain spiky profiles
for TF (Fig. A.15).

Spiral

The results for this model are shown in Figs. A.16-A.18. The p-profiles are shown in
Fig. A.16. This model is unique for having double-peaked p-profiles when viewed from
all azimuthal angles, similar to those found for distant and contact models, but with
lower amplitude. The p is shown in Fig. A.17. It shows profile common for single
SMBH scenario for ¢ = 18°, 126°, 126° and 342°, but also those with maximum p in
the core when viewed for all the other azimuthal viewing angles. The TF is shown in
Fig. A.18. For intermediate inclination, it shows clear double-peaked profiles, while for
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nearly face-on viewing inclinations, a single-peaked profile or profiles with peaks very

close to each other, can be seen when ¢ = 18°, 198° and 342°.
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Figure A.1: Simulated profiles of ¢ across the line profile for two viewing inclinations %
when observed from different azimuthal angles ¢. Geometry and kinematics of
the model is in the center for clarity. Credits: Savi¢ et al. (2019).
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Figure A.2: Same as figure A.1, but for p. Credits: Savi¢ et al. (2019).
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Figure A.3: Same as figure A.1, but for TF. Credits: Savi¢ et al. (2019).
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Figure A.6: Same as figure A.3, but for ¢ = 0.5. Credits: Savi¢ et al. (2019).
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Figure A.17: Profiles of p across the line profile. Credits: Savi¢ et al. (2019).
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Mpwunor 1.

MU3jaBa o ayTopcTBy

Motrucann-a __Pophe Casuh

Opoj uHaekca 2012/2014

UzjaBmbyjem

Aa je QoKTopcka AucepTauuja nog HacnoBoM

Mepeme Maca LpHUX pyna KO aKTHBHHX IalakTHYKHX je3rapa
nomohy nmonapusanyje y MUPOKUM EMUCHOHUM JIHHHjaMa

® pe3ynrtar ConcTtBeHor ncTpaxuweadkor paga,

* [a npeanoxeHa guceprauuja y UenuHU HW y AenoBuma Huje Guna npeanioxeHa
3a fobujarke BUNO Koje aunnoMe npema CTYAWiCKUM MNporpamuma  Apyrux
BUCOKOLLIKOMNCKUX YCTAHOBA,

e [la Cy pe3ynTtaTuh KOpeKTHO HaBeJeHU u

e [l1a HMCaM KpLIMO/Na ayTopcka NpaBa M KOPUCTUO WHTENeKTyarHy GBOjUHy
Opyrux nuua.

lNornuc goKTropaHaa

Coke -

Y Beorpagy, 02. 09. 2019.




Mpunor 2.

UzjaBa 0 UCTOBETHOCTU WITAaMMNaHe U eNEeKTPOHCKe
Bep3uje AOKTOPCKOr paja

me 1 npesume aytopa TJOplje Casuh

Bpoj nupexca 2012/2014

Hacnos papa _ Mepeme Maca IPHUX pyNa KO aKTHBHHUX TaJJAKTHUKHX

jesrapa nomoliy nonapmsanuje y IHPOKHM EMACHOHUM JIMHUjaMa

[Ipod. op Jlyka Y. ITonosuh, np René Goosmann

MeHTOp

np Jean-Marie Hameury

Nornucanw/a Pophe Casuh

Wsjasreyjem na je wramnaHa Bepsnja MOr AOKTOPCKOr pada UCTOBETHA eNEKTPOHCKO]
Bepauju Kojy caM npepao/na 3a ofjaBrbMBake Ha noptany [AurutanHor
penosuTopujyma YHusepauteta y Beorpaay.

HossorbaBam ga ce o6jaBe MOjU NUYHKM Nogjaum eesaHu 3a Aobujarbe akaaemcKor
3Batba OKTOPa Hayka, Kao LUTO Cy MMe W npeaumMe, roguHa U MECTO pofiewa U aaTym
onbpaHe paga.

OBM nM4HW nopaum Mory ce OBj@aBUTU Ha MpeXHUM CTpaHMuama auruTanHe
Bubnuoteke, y eNeKTPOHCKOM KaTanory u y nybnukauyujama YHueepautera y Georpagy.

MNoTnuc gokTopaHga

fefe LA

Y Beorpagy, 02. 09. 2019.




Mpwunor 3.
UsjaBa o kopuwhemwy
OsnawhyjeMm YrusepauTeTcky bubnuoteky ,CBeTozap MapkoBuR” ga y OunatanHu

peno3vTopujyMm YHusepsuntera y bBeorpagy yHece MOjy ACKIOPCKY AvCepTaumjy noa
HaCNOBOM:

Mepeme Maca LUpHKX pyla KOI aKTUBHUX TaJIaKTUUKHUX je3rapa
nomohy nonapuzauuje y MIMPOKUM €MHCHOHUM JIMHHjaMa

KOja je Moje ayTopCcKo Aesno.

IucepTaumy ca csuM Npwio3uMa NPeaao/na cam y enekTpoHCKoM ¢hopMaTy NoroaHOM
3a TpajHO apxvBUpame.

Mojy AOKTOPCKY AucepTaLyjy noxparbeHy y uritanHy perosutopvjym YHreepsuTeTa y
beompagy mory oa KopucTe CBU KOjU MOLLTYjy oapenbe cappxaHe y onabpaHom vy
nvueHue KpeammeHe 3ajegHviue (Creative Commons) 3a Kojy cam ce ogayq1o/na.

1. AyTopcTBO
2. AYTOpPCTBO - HEKOMEPLIMjaTHO
@Aympcrso - HexkomepupjanHo - 6e3 npepage
4. AyTOpCTBO - HeKOMepLUMjaHo - AeNUTU NOL UCTUM YCIOBKMA
5. AytopcTBo - 6e3 npepage
6. AyTOpCTBO - eV NoA NCTUM YCIIOBUMA

(Monumo fa 3aokpy»uTe camMo jepHy OA LUECT MOHyBeHVUX JIMLEHUW, KpaTak Ornuc
NMUEeHUM OaT je Ha ronehuHn nvcTa).

MoTnuc aokTopaHga

Lot Ll
of /] @ .
[y -

y Beorpagy, 02. 09. 2019.




1. AytopcTtBo - [lo3BorbaBate yMHOXaBake, AUCTPUMOYLM)y W jaBHO CaonwiTaBake
Aena, n npepage, ako ce Hasede Mme aytopa Ha HauvH ogpeheH of cTpaHe ayTtopa
unn gaeaoua nuueHue, Yak n 'y komepuujanHe cepxe. OBo je HajcnobogHuja og cBMX
nvueHun.

2. AyTopcTBO — HekomepuumjanHo. [lo3BorbaBate yMHOXaBahe, AUCTPUOYLNjy 1 jaBHO
caonwiTaBawe fena, u npepage, ako ce HaBege MMe ayTopa Ha HauvH ogpeheH of
CTpaHe ayTopa unu gaeaoua nuvueHue. OBa nuvueHUa He J03BOrbaBa KoMepuujanHy
ynoTtpeOy gena.

3. AyTtopcTBO - HekomepuujanHo — 6e3 npepage. [do3BorbaBaTe YMHOXaBae,
ancTpmbyumjy v jaBHO caonwTaBakbe fgena, 6e3 npomeHa, npeobnukoBawa Wnu
ynoTpebe gena y CBOM Jerny, ako ce HaBefe MMe ayTopa Ha HauuH ogpeheH oa cTpaHe
aytopa vnu gasaoua nuueHue. OBa nuueHUa He 403BOrbaBa komepLmjanHdy ynotpedy
gena. Y ogHOCy Ha cBe ocTane fuvueHLue, OBOM JIMUEHLIOM ce orpaHudaBa Hajsehu
0buMm npaBa kopuwhera gena.

4. AyTOpCTBO - HekoMepuujanHo — OenuTu nog uctum ycrnoeuma. [o3BorbaBare
YMHOXaBah-e, AUCTPpMOYLMjy 1 jaBHO caonwiTaBawe gena, u npepage, ako ce Haeene
UMe ayTopa Ha HauvMH ogpeheH of cTpaHe ayTopa MNu faBaoua JIMUEHLE U ako ce
npepaga guctpubyvpa nog WCTOM WM CAMYHOM nuueHuom. OBa nuueHua He
[03BOrbaBa KoMepuujanHy ynotpeby aena n npepaga.

5. AytopctBo — 6e3 npepage. [o3BorbaBate yMHOXaBahe, OUCTPUOYUMjy M jaBHO
caonwTaBake gena, 6e3 npomeHa, npeobnmkoBawa nnu ynotpebe gena y ceBom Aeny,
ako ce HasBefe MMe ayTopa Ha HaduH ogpefleH oA cTpaHe ayTopa unu pasaoua
nuueHue. Oa nuueHua Ao3BosrbaBa KomepuujanHy ynotpeby gena.

6. AyTtopcTBO - fgenutnm nog MUCTMM ycnosuma. [lo3BorbaBaTe YMHOXaBame,
ancTpmbyumjy 1 jaBHO caoniwiTaBawe Aena, U npepaje, ako ce HaBeae ume aytopa Ha
HaunMH opgpefeH of cTpaHe ayTopa WnM JaBaoua fuvueHue W ako ce npepaja
anctpubympa nog UCTOM unM  CcriM4HOM  nuvueHuoMm. OBa nuueHua [03BOrbaBa
KomepuujanHy ynoTpeby pena wm npepaga. CrnnyHa je copTBEPCKMM IMLEHUama,
OOHOCHO nu1LeHLama OTBOPEHOT Koaa.



