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Acronyms

AD Accretion Disk.

AGN Active Galactic Nucleus.

BH Black Hole.

BLR Broad Line Region.

EW Equivalent Width.

f virial factor.

FWHM Full Width at Half Maximum.

IGM Intergalactic medium.

IR Infrared.

NLR Narrow Line Region.

NT Novikov-Thorne.

QSO Quasar.

SED Spectral Energy Distribution.
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SF Starformation.

SMBH Supermassive black hole.

SS Shakura-Sunayaev.

UV Ultraviolet.

WLQ Weak emission-line Quasar.
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Preface

The thesis concerns the analysis of the Active Galactic Nuclei. These are galaxies

with an active core. The most luminous type of Active Galactic Nuclei is Quasar. It

contains the supermassive black hole at the center. One of the least known subtype

of Quasars are: Weak emission-Line Quasars. Their recognizable feature are weak

emission-lines.

The primary goal of PhD thesis is to evaluate the global parameters such

as: the black hole mass, the accretion rate, spin of the black hole, and the inclination

of weak emission-line quasars based on the continuum fit method. This method apart

from the literature black hole masses estimation methods does not depend on

the observed Full Width at Half Maximum of emission line, which could be biased

due to the weakness or lack of the emission lines in these quasars. Using the Spectral

Energy Distribution of quasars, I have fitted the geometrically thin and optically thick

accretion disk model described by Novikov & Thorne equations. I have obtained the

model of the continuum of the accretion disk for the 10 weak emission-line quasars.

The second project concerned the description of abnormal, deep absorption of

SDSS J110511.15+530806.5 quasar. I checked the correctness of the thesis posed

that corona and warm skin concept above/around an accretion disk explain this

phenomenon.
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My main motivation during my thesis is:

� Examining the validity of hypotheses of the nature of the weak emission-line

quasars,

� Analysis of the Broad Line Region in the vicinity of the host of weak emission-

line quasars,

� Development of the virial factor for the weak emission-line quasars,

� Development of the new method of the MBH estimation of weak emission-line

quasars,

� Comparison of my results with the previous literature reports,

� Modeling the corona and warm skin for SDSS J110511.15+530806.5

� Validate the hypothesis of the phenomena in SDSS J110511.15+530806.5

The following work is divided into Chapter 1: Introduction of the Active Galactic

Nuclei and Weak emission-line Quasars description. In Chapter 2, I have described the

sample selection and data reduction. I have collected photometric points and spectra

of 10 Weak emission-line Quasars in the broad range (Infrared/Optic/Ultraviolet)

using the WISE, 2MASS, SDSS, Galex. In Chapter 3, I have focused on the model

and results description. Chapter 4 presents a discussion of results and potential

explanation of the Weak emission-line Quasars. Chapter 5 contains the description of

the SDSS J110511.15+530806.5. Additionally, I have described the modeling and the

results of the fitting of the corona and the warm skin of SDSS J110511.15+530806.5.

I have concluded my thesis in Chapter 6.
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Chapter 1

Introduction

Abstract

An AGN (Active Galactic Nucleus) provides a unique test of fundamental physics

in regimes inaccessible on Earth and plays an important role in our understanding

of the evolution of galaxies. We describe these systems through the "Unified Model"

in which the AGN contains a central BH (Black Hole), an AD (Accretion Disk),

jets, magnetic fields, and exhibit chaotic inflow/outflow processes. Modeling these

components, therefore, requires understanding physical processes across a wide range

of scales. While the Unified Model explains many of the peculiar behaviors of different

types of AGN, they still fail to explain some classes such as WLQs (Weak emission-

Line Quasars).

1.1 Active Galactic Nuclei

For hundreds of years, we have been looking at the sky and observing the astonishing

nature of the cosmos. Recent decades have shown many discoveries about the nature

of AGNs. They are powered by accretion onto SMBH and we are able to observe their

features across the full electromagnetic spectrum. From the zoo collection of all of the
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types of AGN, thanks to a recent study we can constrain them well. One of the main

discrepancies/differences is the angle at which the observer sees the object. Currently,

we are certain that the line of sight is crucial. The type of AGN is determined among

others by the inclination angle (see Fig.1.1). If we could look closer, the vicinity of

the SMBH (Supermassive black hole) would look like in Fig.1.2 which represents the

SMBH at the center. The blue cloud is the ’hot’ plasma commonly named a ’corona’.

Above it is the ’warm’ absorber which might be a part of the corona. This region

is mostly dominated by X-ray emissions. A sub-parsec further one would see the

AD. Looking at the geometry and optical depth, we can distinguish a few ADs: the

geometrically thin (SS - Shakura-Sunayaev) or thick (slim) AD (Abramowicz et al.

1988). An optically thin AD is called radiation inefficient accretion flow (RIAF, Yuan

& Narayan, 2004) or advection dominated accretion flow (ADAF, Narayan & Yi,

1994). Gaseous, high density clouds BLR (Broad Line Region) (� 1010 cm�3) are

present roughly at the distance of 0.01 - 1 parsec 1 from the central engine (Netzer

2013). Subsequently, at a distance of 0.1 - 10 parsec is a dusty torus, often called the

central torus. Moving further one would observe a low density (� 1010 cm�3), low

velocity ionized gas, the NLR (Narrow Line Region). This extends from the outside

of the torus to a hundred or a thousand parsec. A few of the AGNs include a central

radio jet associated with -ray emission (Netzer 2015). The jet can be stretched to a

few hundred kpc (Blandford et al. 2019).

11 pc = 3.0857�1016 m
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Figure 1.1: Types of AGNs including radio, inclination, and power dependency
(Antonucci 2002).

Figure 1.2: The zoom picture of the vicinity of SMBH

6



In the late 1970s, studies of AGNs started, long after the first discovery of quasi-

stellar objects (QSOs) in the 1960s. Three decades before that Carl Seyfert observed

one of the first galaxies. In honor of him, there are two types of Seyfert galaxies: type

1 and type 2. Nowadays, all objects containing active SMBHs are referred to as AGNs.

The main discrepancy between these two is in the optical-ultraviolet spectra. Seyfert 1

galaxies have strong and broad emission lines (2000 - 10 000 km s�1), whereas Seyfert

2 galaxies do not exceed a width of 1200 km s�1 (Peterson 1997). Differences in the

broadness are assigned the discrepancy in the viewing angle to the central source. Tab.

1.1 presents the AGN Unification (according to Table 7.1 Peterson, 1997). The types

of AGNs are LIRG – luminous infrared galaxies; BL Lac – BL Lacertae (rapid and

large-amplitude flux variability and significant optical polarization); BLRG – broad-

line radio galaxies; NLRG – narrow-line radio galaxies; OVV – optically violently

variable QSO; FR (Fanaroff–Riley) class I and II.

Orientation
Face-On Edge-On Radio properties
Seyfert 1 Seyfert 2 Radio Quiet
QSO LIRG galaxy
BL Lac FR I Radio Loud
BLRG NLRG
Quasar/OVV FR II

Table 1.1: AGN Unification

Note: R - radio loudness parameter; the ratio between radio 5GHz
to optical (B-band = 4400 Å based on Johnson-Morgan system)
monochromatic luminosity. L (5GHz)/L (4400Å). The dividing line
between radio-loud and radio-quiet AGNs is usually set at R = 10 (Netzer
2013)

AGNs are a stronger emitter than the nuclei of normal galaxies due to a very

energetic event – accretion onto a central SMBH. They have very high luminosities (up

to Lbol � 1045� 1048erg s�1) and can emit radiation across the whole electromagnetic
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spectrum. These features provide an excellent field for the astrophysical research of

their nature.

The multi-wavelength study of AGN provides many windows for observing their

properties. The infrared (IR) band is sensitive to obscuring matter and dust. The

optical and UV bands are related to the emission from the AD. The X-ray emission is

assigned mostly to the corona. According to Padovani et al. (2017) the non-thermal

emission is attributed to radio and  emission. Table 1 in Padovani et al. (2017)

presents a list of the AGN classes.

The AGNs are some of the biggest objects in the whole Universe, although in

the description of their physical phenomena they are simpler than their size would

indicate. In summary, the previously mentioned features – orientation; accretion rate;

the absence or the presence of jets; the environment within the host galaxy is enough

to describe those behemoths well.

Fig. 1.3 represents a schematic SED (Spectral Energy Distribution) of an AGN.

Total emission is represented by the black solid curve. The intrinsic shape of the SED

in the mm-far infrared (FIR) regime is uncertain; however, it is widely believed to have

a minimal contribution (to an overall galaxy SED) compared to SF (Starformation),

except in the most intrinsically luminous quasars and powerful jetted AGN. The

primary emission from the AGN accretion disk peaks in the UV region. The jet

SED is also shown for a high synchrotron peaked blazar (e.g. Mrk 421) and a low

synchrotron peaked blazar (e.g 3C 454.3).
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Figure 1.3: AGN spectral energy distribution (SED). HSP - high synchrotron peaked
blazar, LSP - low synchrotron peaked blazar (Padovani et al. 2017). Each component
is represented by different color curves (for better clarity the authors have shifted it
down).

1.2 The spectrum of AGN

The AGN continuum in the optical-UV range is dominated by accretion processes.

In the simplest case, it is spherically-symmetrical accretion (Bondi 1952). The

geometrically thin and optically thick AD is described by Shakura & Sunyaev (1973)

equations, where matter is accreting onto a non-rotating BH. An extension of this

approach for a rotating BH is the Novikov & Thorne (1973) approach.
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The low-order approximation of the SED of AGNs can be described as a power

law of the form F� / ���, where � called a spectrum index. The AD is described

as a perfect blackbody emission with multi-temperature components. Each of the

components is assigned as a single ring with a specific temperature. The single ring

radiates as a blackbody (see Fig.1.4).

Figure 1.4: The continuum of the accretion disk. The green line is the sum of the
black lines. Each black line represents the one temperature blackbody.

The short-band (optics/UV) SED of a quasar continuum approximately also

takes the form of power dependency expressed mainly with 0 � � � 1 from the

observer’s point of view. Dependency of the SED may have the form: L� = ���,

where � is the wavelength spectral index, � = 2� � (Netzer 2013). For example, the

observed 1200-6000 Å continuum of many luminous AGNs is described by F� � ��0:5.

This single power law approximation fails for wavelengths below 1200 or above 6000

Å.
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In the AGN, bolometric luminosity can be seen mainly from the UV part of the

maximum peak emission called the big blue bump. The inner part of it is generally

agreed to be thermal in origin, although it is not clear whether it is optically thick

(blackbody) or optically thin (free-free) emission (Peterson 1997). Many proponents

of the optically thick interpretation ascribe the big blue bump to the accretion disk.

The continuum of the object is enriched by the existence of emission and

absorption lines. The mean quasar spectrum of the Large Bright Quasar Survey

(Fig. 1.5) presents prominent emission lines such as Lyman �, Si IV, C IV, Mg

II, and Balmer lines. There is a weaker feature superimposed on the big blue bump

between � 2000-4000 Å. This feature is attributable to a combination of Balmer

continuum emission and blends of Fe II emission lines arising in the broad-line region

(Peterson 1997). The AGN spectrum contains thermal and non-thermal emissions.

Non-thermal emission comes from particles whose velocities are not described by a

Maxwell-Boltzmann distribution (e.g. particles which give rise to Compton scattering

(corona) or synchrotron power-law spectra (jets)).

The secondary instance is the emission by gas which receives its energy from the

previous processes and re-radiates the emission. This is the free-free emission from

photoionized or collisionally ionized gas i.e. reprocessing and reflection (García et al.

2013). Isotropy plays an important role in determining the type of AGN. Let’s focus

on the non-thermal emission of jets. If a line of sight is close to the axis of the jet,

the spectrum might be dominated by it since the emission is highly beamed in the

direction of the electron motion. However, the total amount of energy in the beam

may be far less than that emitted by thermal processes, which is radiated isotropically.

The influence of the new direction on the differentiation of AGN types can be

seen in the example of Seyfert galaxies The main observational difference between

Seyfert 1 and 2 galaxies is their different optical-ultraviolet spectra (Krolik 1999;

Netzer 2013). Seyfert 1 shows strong, very broad (2000 - 10000 km s�1) permitted
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Figure 1.5: The mean QSO spectrum of 700 objects from the Large Bright Quasar
Survey. Source: Fig 2.Francis et al. (1991), Fig 2.2 Peterson (1997).

and semiforbidden emission lines, whereas the broadest lines in Seyfert 2 have widths

that do not exceed 1200 km s�1. Such differences are now interpreted as arising from

different viewing angles to the centers of such sources and from a large amount of

obscuration along the line of sight. Type 2 are heavily obscured along the line of sight

that extinguishes basically all the optical-UV radiation from the inner parsec. Sources

with unobscured lines of sight to their centers are called Type 1. Véron-Cetty &

Véron (2001) adopted classification introduced by Winkler (1992) accordingly, where

Rsey := H�
[OIII]

:
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S 1.0 5.0 < Rsey

S 1.2 2.0 < Rsey < 5.0

S 1.5 0.333 < Rsey < 2.0

S 1.8 Rsey < 0.333, broad components visible in H� and H�

S 1.9 broad components visible in H� but not H�

S 2.0 no broad component visible

For example, the broad components are very weak in Seyfert 1.8 galaxies, but

detectable at H� as well as H�. Indeed, the AGN continuum is usually so weak

in Seyfert 2 galaxies that it is very difficult to unambiguously isolate it from the

stellar continuum.

1.3 Weak Emission-lines Quasars (WLQs)

WLQs are an unsolved puzzle in the model of active galactic nuclei (AGN). There

are � 200 confirmed sources or candidates (Diamond-Stanic et al. 2009; Shemmer

et al. 2010; Hryniewicz et al. 2010; Wu et al. 2011; Plotkin et al. 2015; Ni et al. 2018;

Timlin et al. 2020). The typical EW (Equivalent Width) of the C IV emission line is

extremely weak (. 10Å) compared to normal quasars and very weak or absent in Ly�

emission (Fan et al. 1999; Diamond-Stanic et al. 2009). WLQs are type 1, radio-quiet

quasars with weak or no emission lines; X-ray emission is also suppressed.

Diamond-Stanic et al. (2009) note that WLQs have optical continuum properties

similar to normal quasars, although Ly�+N V line luminosities are significantly

weaker, by a factor of 4. An explanation for the weak or absent emission lines has

not been found so far. The results of Diamond-Stanic et al. (2009) support the idea

of WLQs as intrinsically weak UV emission-lines quasars.
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Figure 1.6: Potential vicinity of the WLQ (cigar-shaped area - AD, red clouds - the
BLR, and blue rectangle - ’shielding gas’).

Fig. 1.6 represents the potential image of the vicinity of the WLQ. On the upper

panel of Fig. 1.6 the cigar-shaped area represents AD, red clouds refer to the BLR,

and the blue rectangle is the ’shielding gas’. Below I present hypotheses that describe

approaches to explain the nature of quasars.

The explanation of the nature of the WLQs can be divided into two main

divisions. First, something is happening with the photoionized photons illuminating

the BLR. Photoionized photons (soft X-ray/hard UV) are produced by the close

vicinity of SMBH. Second idea, something is happening with the BLR itself.
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Each of the explanations can still be divided into subsections.

Photoionized photons illuminating the BLR:

4 an extremely high accretion rate where the continuum is too soft and the

photoionized flux is inefficient (Leighly et al. 2007a,b) (Fig. 1.6 the b right

panel)

4 a cold accretion disk with a small accretion rate (Laor & Davis 2011)(Fig. 1.6

the b left and b’ lower panels)

4 Wu et al. (2011) postulate the presence of a shielding gas between the accretion

disk and the broad line region (BLR), which could absorb the high-energy

ionizing photons from the accretion disk (Fig. 1.6 the a panel).

4 a radiatively inefficient accretion flow (Yuan & Narayan 2004)

The BLR itself

4 an unusual BLR structure i.e., anemic in construction and/or weak gas

abundance (Shemmer et al. 2010; Nikołajuk & Walter 2012)

4 the idea that WLQs can also be in an early stage of AGN evolution (Hryniewicz

et al. 2010; Liu & Zhang 2011; Bañados et al. 2014; Meusinger & Balafkan 2014)

Leighly et al. (2007a,b) suggest that the combination of large MBH and a high

accretion rate might be at plausible explanation for this weakness, which could be due

to the relative deficiency in high-energy photons in the SED. It is worth pointing out

that the photoionized flux is too soft in energy and not efficient enough to produce

strong emission lines.

In this approach the prominent high-ionization emission line, e.g. C IV is

suppressed to the low-ionization line H� (Shemmer et al. 2010). This effect is a

plausible explanation of the nature of PHL 1811. This is a high accretion rate

quasar with EW(C IV) = 6.6 Å, whereas H� is more typical, but still weak with

EW = 50 Å (Leighly et al. 2007a; Diamond-Stanic et al. 2009). Similar to PHL 1811

is PG1407+265 described by McDowell et al. (1995).
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Laor & Davis (2011) postulate that the cold AD provides a good explanation

for SDSS J094533.99+100950.1. The ionizing continuum in such an object may

originate in the X-ray power-law component, which produces an extended partially

ionized region in the illuminated gas, which cools mostly through low-ionization lines.

Additionally, I would like to note that this approach allows them to place an upper

limit on the BH spin (a� � 0:3).

The analogs of PHL 1811 from Wu et al. (2011) confirm previous assumptions.

They have a blue UV/optical continua without detectable broad absorption lines

or dust reddening. PHL 1811 analogs seem to be an X-ray weak subset of WLQs

with strong UV Fe emission and C IV blueshift. Wu et al. (2011) claim that unusual

UV properties might be explained by the intrinsically X-ray weak SED. However,

a confirming hypothesis is still missing. It cannot be ruled out that WLQs are

heavy X-ray absorption objects. The radio-quiet study of PHL 1811 analogs suggests

the connection of very high-ionization absorbers (e.g. O VI) to the UV and X-ray

properties of WLQs.

Luo et al. (2015) measured a relatively hard � = 1:16+0:32
�0:37 effective power-law

photon index2 for a stack of the X-ray weak subsample, suggests X-ray absorption. If

WLQs and PHL 1811 analogs have very high Eddington ratios, the inner disk could

be significantly puffed up to resemble a slim disk. This suggests that the shielding gas

could be described as a geometrically thick inner accretion disk that shields the broad-

line region from the ionizing continuum (Fig. 1.7). Shielding of the broad emission-line

region by a geometrically thick disk may have a significant role in setting the broad

distributions of C IV EW and blueshift for quasars more generally (Luo et al. 2015).

Several works about X-ray properties of WLQs have recently appeared (e.g. Wu

et al. 2011, 2012a; Ni et al. 2018; Marlar et al. 2018). The conclusion arising from

these works is that WLQs are more likely to be X-ray weaker (about half of them)
2It is worth noting N(E) / E��, where N(E) is the amount of photons and E is the energy. For

example � � 2:0 indicates soft X-ray source (e.g. Haardt & Maraschi 1991; Cao 2009)
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than normal quasars. For example, Ni et al. (2018) mention that 7 of the 16 WLQs

in their sample are X-ray weak. Luo et al. (2015) suggests that this weakness may be

caused by the shielding gas which prevents the observer from seeing the central X-ray

emitting region.

Figure 1.7: A schematic diagram of the geometrically thick disk scenario for WLQ.
PHL 1811 analogs are denoted as X-ray weak WLQ (Luo et al. 2015).

Now, let’s move to the second type, which is the BLR itself. Shemmer et al.

(2009); Nikołajuk & Walter (2012) claim that abnormally broad emission line region

properties – e.g. a significant deficit of line-emitting gas in BLR – impact the weakness.

Nikołajuk & Walter (2012) postulate that the weakness or absence of emission lines

in WLQs does not seem to be caused by their extremely soft ionizing continuum but

rather by the low covering factor (
=4�) of their BLR, their low-ionization emission

lines are weak. Hryniewicz et al. (2010) hypothesize an early stage of formation of
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QSO. WLQ would be a quasar where BLR is just forming. In this case, where the BLR

is just created the covering factor might be lower than in normal AGNs. According

to Nikołajuk & Walter (2012) the low value of 
 means that the BLR in the WLQ

could have fewer clouds. However, they found that the 
 of regions responsible for

producing CIV and Ly � are similar in WLQs and QSOs, whereas the covering factor

of high-ionization lines to low-ionization lines are lower in WLQ than in QSOs (this

result was observed only in four sources of their sample).

As I mentioned above, WLQs have stunning X-ray properties. An X-ray to

optical power-law slope parameter (�OX)3 correlates with the luminosities at 2500 Å

in the typical radio-quiet quasar without broad absorption lines (BALs) (e.g. Shen

et al. 2011a). However, about half of the WLQs have notably lower X-ray luminosities

compared to the expectation of �OX�L2500Å relation (Nikołajuk & Walter 2012; Luo

et al. 2015). These WLQs populations have a high apparent level of intrinsic X-ray

absorption, Compton reflection, and scattering (Ni et al. 2018, 2020). It is worth

noting that the other half of the WLQ population that is not X-ray weak indicates

high Eddington ratios (Luo et al. 2015). The shielding mechanism represents the thick,

inner accretion disk that prevents radiation to reach the BLR. WLQs generally have

not been associated with extreme X-ray variability before. However, recently Ni et al.

(2020) reported a dramatic increase in the X-ray of SDSS J1539+3954 by a factor of

> 20. At the same time, they found that the overall UV continuum and emission-line

properties do not show significant changes compared with previous observations.

3�OX � log(L2keV =L2500)/log(�2keV =�2500)
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1.4 Estimation of Black hole mass

Knowledge about the values of BH masses and accretion rates is crucial in

understanding the phenomena of accretion flows. The most robust technique is the

reverberation mapping method (RM, Blandford & McKee 1982; Peterson 1993, 2014;

Fausnaugh et al. 2017; Bentz & Manne-Nicholas 2018; Shen et al. 2019). This method

is based on the study of the dynamics surrounding the black hole gas. In this way, we

are able to determine the supermassive black hole (SMBH) mass:

MBH =
v2

BLRRBLR

G
= f

FWHM2RBLR

G
(1.1)

whereMBH is the black hole mass, G is the gravitational constant, RBLR is the distance

between the SMBH and a cloud in the BLR, and vBLR is the velocity of the cloud

around the SMBH. This speed is unknown and we express our lack of knowledge in

the form of the FWHM of an emission-line and f – the virial factor, which describes

the distribution of BLR clouds. In the RM the RBLR is determined as the time delay

between the continuum change and the BLR response. This technique requires a

significant number of observations.

A modification of this method is the single-epoch virial BH mass estimator (see

Shen 2013, for review). The correlation between RBLR and the continuum luminosity

(�L�) is observed (Kaspi et al. 2005; Bentz et al. 2009) and incorporated in Eq. (1.1):

RBLR =coeff.�(�L�)
0:5, where the coefficient may differ depending on the geometry of

the BLR (e.g 32:9+2:0
�1:9 in Kaspi et al. 2000). Thus, the method is powerful and eagerly

used because of its simplicity (Kaspi et al. 2000; Peterson et al. 2004; Vestergaard &

Peterson 2006; Shen 2013; Plotkin et al. 2015; Wang et al. 2019).

The non-dynamic method, which is the spectra disk-fitting method (see chapter

2), is based on a well-grounded model of emission from an AD surrounded black

hole (e.g. Shakura & Sunyaev 1973; Novikov & Thorne 1973). The most important
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parameter in such models is the mass of the black hole and the accretion rate.

The spin of the black hole and the viewing angle are also taken into account. In

this technique, the observed SED of an AGN is fitted to the theoretical model

and one can constrain these four parameters (Marculewicz & Nikolajuk 2020). More

advanced disk spectra models, which take into account the irradiation effect, limb-

darkening/brightening effects, the departure from a blackbody due to radiative

transfer in the disk atmosphere, and the ray-tracing method to incorporate general

relativity effects in light propagation, can be fitted (e.g. Hubeny et al. 2000; Loska

et al. 2004; Sadowski et al. 2009; Czerny et al. 2011; Laor & Davis 2011; Czerny et al.

2019).

1.5 Accretion disk model

The spectrum of the Keplerian disk is a perfect blackbody approximation. The first

approximation of the AD is the disk in the Newtonian gravitational potential. Energy

generated in accretion is transported vertically to the plane of the symmetry of the

disk and radiated outside. The disk flux radiated at radius r is expressed as:

F (r) =
3GM _M

8�r3
(1� Rin

r
); (1.2)

where _M is the accretion rate, Rin the beginning of the disk. Inner boundary condition

for the Schwarzschild (a� = 0, non-rotating) BH is Rin = 3RSchw and for Kerr (a� 6= 0,

rotating) BH is 1
2
RSchw � Rin � 3RSchw.
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The part in parentheses specifies the internal boundary condition in the

Newtonian approximation. When we consider a case involving a more real situation,

namely the Kerr instance, we consider the local flux Eq. (1.2) with Novikov & Thorne

(1973) correction:

F (r) =
3GM _M

8�r3

L

BC1=2
; (1.3)

where:

B = 1 +
a�

x3

C = 1� 3

x2
+ 2

a�

x3

x =

r
r

GM=c2
;

(1.4)

The L is an integral function that depends on the radius of the circular orbit

where the accreting matter is. For a stationary disk the L function takes the form

(Page & Thorne 1974):

(1.5)

L =
1 + a�x

�3

p
1� 3x�2 + 2a�x�3

1

x

�
x� x0 �

3

2
a� ln

�
x

x0

�
� 3(x1 � a�)2

x1(x1 � x2)(x1 � x3)
ln

�
x� x1

x0 � x1

�
� 3(x2 � a�)2

x2(x2 � x1)(x2 � x3)

ln

�
x� x2

x0 � x2

�
� 3(x3 � a�)2

x3(x3 � x1)(x3 � x2)
ln

�
x� x3

x0 � x3

��
;

where x1; x2; and x3 are the three zeros of the equation x3 � 3x+ 2a� = 0.

x1 = 2 cos

�
arccos(a�)� �

3

�
x2 = 2 cos

�
arccos(a�) + �

3

�
x3 = �2 cos

�
arccos(a�)

3

�
;

(1.6)
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In this approach, we assume that the disk radiated as a perfect blackbody. Using

the temperature relation:

�T 4
eff (r) = F (r); (1.7)

where � is the Stefan-Boltzmann constant, we are able to describe flux and

temperature dependency.

In the case of a disk as a black-body, the Stefan-Boltzmann law holds, hence

the intensity of the radiation as a function of frequency is expressed as the Planck

spectrum:

B�(T ) =
2h�3

c2

1

e
h�

kTeff (r) � 1
; (1.8)

Putting Eq. (1.7) into Eq. (1.8) we are able to calculate the F� (see Eq. 1.9). For the

AD and the radiation flux that reaches the observer in the distance (D) and the disc

observed inclined at an angle i is equal:

F� =
cos i

D2

Z Rin

Rout

B� [T (r)]� 2�RdR; (1.9)

where F� is a monochromatic flux observed on the frequency �; Rout and Rin are the

end radius of a disk and the beginning of the radiated disk respectively. 2�r because

we are integrated rings.

Based on Eq. (1.9) we are able to estimate MBH
_M , a�, and i parameters. For

example, in the case a� = 0 after solving Eq. (1.9) we get:

F� � �
1
3 � cos i

D2
� (M _M)

2
3 ; (1.10)

Based on it and using the observations we are able to constrain the M , _M , and cos i.
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Chapter 2

Sample selection and data reduction

Abstract

An unexpected population of quasars display exceptionally weak or completely

missing broad emission lines in the ultraviolet (UV) rest-frame (Plotkin et al. 2015).

There are above 200 objects known as WLQs or WLQs candidates (Diamond-Stanic

et al. 2009; Shemmer et al. 2010; Hryniewicz et al. 2010; Wu et al. 2011; Plotkin et al.

2015; Ni et al. 2018; Timlin et al. 2020). Only over a dozen have the estimated masses

of a black hole by the single-epoch method. Many contributing factors were taken

into consideration. In this chapter, I describe the influence of the most impactful ones

on the data.

In this thesis I compute luminosity distances using the standard cosmological

model (H0 = 70 km s�1 Mpc�1, 
� = 0.7, and 
M = 0.3 Spergel et al. 2007).
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2.1 Sample selection and data preparation

2.1.1 Sample selection

In Sec. 1.3 I described the properties of WLQs and their history. From nearly

200 known WLQ candidates I have chosen 10. The selection was dictated by the

calculation of their masses by the single-epoch virial BH mass method. According

to Shemmer et al. (2010); Hryniewicz et al. (2010); Wu et al. (2011); Plotkin et al.

(2015), only SMBH in 10 of the WLQs were well estimated by this method.

The sample contains WLQs whose positions cover a wide range of redshift from

0.2 to 3.5 (see Tab. 2.2). Four objects, namely SDSS J083650.86+142539.0 (hereafter

J0836), SDSS J141141.96+140233.9 (J1411), SDSS J141730.92+073320.7 (J1417),

and SDSS J144741.76-020339.1 (J1447) were analysed by Shen et al. (2011a) and

Plotkin et al. (2015). Three other sources – SDSS J114153.34+021924.3 (J1141) and

SDSS J123743.08+630144.9 (J1237) were studied by Diamond-Stanic et al. (2009),

and SDSS J094533.98+100950.1 (J0945) by Hryniewicz et al. (2010). The quasar

SDSS J152156.48+520238.5 (J1521) was inspected by Just et al. (2007) and Wu

et al. (2011). The number of the above objects in the sample taken from the SDSS

campaign (Abazajian et al. 2009) has been increased by the two next WLQs: PG

1407+265 and PHL 1811. The first object named PG1407+265 (hereafter PG1407) is

the first observed WLQ in history and was intensively examined by McDowell et al.

(1995). PHL 1811 is the low redshift source classified also as the NLS1 galaxy (Leighly

et al. 2007a,b).

2.1.2 Observed data

Observational data was collected from various catalogs. The infrared range was

provided by the Wide-field Infrared Survey Explorer (WISE) and the Extended Source
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Catalog of the Two Micron All Sky Survey (2MASS). The first one is a 40 cm diameter

telescope in Earth orbit. The second project is related to the U.S. Fred Lawrence

Whipple Observatory on Mount Hopkins, Arizona, and at the Cerro Tololo Inter-

American Observatory in Chile.

The optical data was taken from the Sloan Digital Sky Survey (SDSS) 2.5-m

wide-angle optical telescope located at Apache Point Observatory in New Mexico,

United States. Fluxes in B (4361 Å)1 and R (6407 Å) colors were performed by

the Dupont 2.5 m telescope at Las Campanas Observatory (LCO) in the southern

Atacama Desert of Chile. The ultraviolet range was taken from the Galaxy Evolution

Explorer (GALEX), an orbiting ultraviolet space telescope (NUV – 2267 Å, FUV

– 1516 Å). Photometric points of WLQs at visible wavelengths are collected based

mainly on the SDSS optical catalog Data Release 7 (Abazajian et al. 2009). It contains

the u (3551 Å), g (4686 Å) , r (6166 Å), i (7480 Å), and z (8932 Å) photometry. In

the case of PHL 1811, the measurements of fluxes have been based on B and R colors

(Prochaska et al. 2011). The flux at U (3465 Å) band was observed by the UVOT

telescope on-board the Swift satellite (Page et al. 2014). Near-infrared photometry

in the W1-W4 bands have been taken from the WISE Preliminary Data Release

(Wright et al. 2010; Wu et al. 2012b) 2. Those data were supplied by photometry

in the J (1:25 µm), H (1:65 µm), and KS (2:17 µm) colors obtained from the 2MASS

(Skrutskie et al. 2006). Crucial points for the project are those detected in near-

and far-ultraviolet (NUV, FUV, respectively) wavelengths. They are provided by the

Galex Catalog Data Release 6 (Bianchi et al. 2017).

I have used the photometric points to cover wide SED. However, the photometric

point, which lays on an emission line, may represent the flux of this line not of the

continuum. Therefore I have used the spectra when possible. I have used the spectra

observed by SDSS, to check photometric data positions in regard to the spectrum.
11 Å= 0.1 nm = 10�10m
2Band W1 – 3:4 µm, Band W2 – 4:6 µm, Band W3 – 12 µm, Band W4 – 22 µm
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Eight out of ten WLQs spectra have been taken from the SDSS catalog. In the case

of PHL 1811 and PG 1407+265 the spectra have been taken from Leighly et al.

(2007a) and McDowell et al. (1995), respectively. To check photometric points, I used

continuum fitting windows (see Tab. 2.1 adapted from Forster et al. 2001). I have

taken the spectrum of each WLQ, have set the range of each window, and have binned

the spectral data to get the point representing the mean flux in the window. This is

my new photometric point. Then I checked whether these points are comparable

with photometric points taken from the mentioned catalogs and added them to the

photometric set.

Rest frame wavelength range (Å)
Continuum
1140 - 1150
1275 - 1280
1320 - 1330
1455 - 1470
1690 - 1700
2160 - 2180
2225 - 2250
3010 - 3040
3240 - 3270
3790 - 3810

Table 2.1: Continuum fitting windows (Forster et al. 2001)

The spectra and photometric points are in observed frame. Eventually, I have

shifted them to a source rest frame based on wavelength relation:

1 + zspec =
�obs
�emit

(2.1)

where zspec is mainly emission redshift of the source; �obs is the observed wavelength

of a source by telescopes; �emit is emitted by the source.

Basic observational properties of the sample of WLQs and the sources of their

photometry points are listed in Tab. 2.2.
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2.2 Data reduction

Due to contamination either by internal or external effects such as the dust in our

Galaxy, the influence of the intergalactic medium (IGM), starlight from the host

galaxy, or the dusty torus in the AGN, the observational data has to be corrected.

Let’s imagine a beam of photons that are moving toward an observer. It has traveled

a long way through many obstacles, mediums, and materials. Firstly, let’s consider

the beginning of that travel: the AD radiate and this light I want to observe. One

of the biggest impacts in the vicinity of the black hole is different absorbers like a

molecular torus, winds, or a warm absorber. During calculation, I have to take into

account the radiation of them. Relatively close to the system is the host-galaxy region,

which I have to take into account as well. Next, the light has to come through the

intergalactic stellar medium.

Last, but not least, is our mother galaxy – the Milky Way and the absorption in

our atmosphere as well, which is mostly taken into consideration within observations

and calibrated before each observation (Cardelli et al. 1989).

2.2.1 Dereddening

Dust scatters, absorbs light, and contains heavy elements produced by the nuclear

burning of the stars. It is important to take this into account to get data as close as

possible to the truth. The first correction of the Spectral Energy Distribution (SED) of

all objects was the Galactic reddening with an extinction law. Interstellar extinction

influences the whole range of spectra, especially in the ultraviolet. The influence of

our Galaxy is well understood. Interstellar medium were studied by Cardelli et al.

(1989); Schlegel et al. (1998); Fitzpatrick (1999); Hutchings & Giasson (2001); Czerny
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et al. (2004a). This interstellar reddening can be written as (Zombeck 2007):

E(B � V ) := (mB �mV )observed � (mB �mV )intrinsic (2.2)

Where B � mB and V � mV are the apparent brightness measured in blue and

visible color (e.g. at 4000 Å and 5500 Å respectively in the Johnson-Morgan system,

in magnitude). Equation (2.2) is equal to

E(B � V ) = AB � AV (2.3)

where A� = mobserved
� �mintrinsic

� and � is for B and V.

Based on the Pogson relation we know that each A� is equal to:

A� = 2:5 log
F intrinsic
�

F observed
�

(2.4)

In order to calculate proper F intrinsic
� for an object (e.g. WLQ), we must know

A� of it. Cardelli et al. (1989) express Eq. (2.3) in the form :

A� = E(B � V )(a(�)�RV + b(�)); (2.5)

where a(�) and b(�) are functions calculated for each wavelength �.

RV is defined as AV =E(B�V ). a(�) and b(�) are given by the authors. E(B�V )

and AV values for a specific direction are taken from NED 3 database, based on the

dust map of the Milky Way created by Schlegel et al. (1998).

Generally for a normal region RV = 3:2� 0:2; however, it varies from 2.6 to 5.5

in the measurements of the diffuse ISM (Fitzpatrick 1999).
3The NASA/IPAC Extragalactic Database (NED): ned.ipac.caltech.edu
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